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ABSTRACT

Characterization of the Leucine/Lrp reguion in
Escherlichia coll K-12
Rongtuan Lin, PH.D.

Concordia Universlity, 1892.

A highly pleilotropic Escherichla col/il mutant, Irp::Tni10,
was isolated and characterized. The /rp gene product was shown
to be a regulator of a global response to L-leuclne. 27
strains with Ap/acMu Insertion In genes whose expression Is
affected by L~leucine were Isolated and characterized. All of
them are regulated by Lrp. Lrp and L-leucine Influenced gene
expression In a surprising variety of ways. Two genes that are
reguiated by Lrp and not affected by L-leucine were
identiflied. It was demonstrated that Lrp positively regulated
the expression of serA, sdaB, leu, and gcv; and negatlively
regulated the expression of sdaA, tdh, [IIvJ/K, and Irp.

The gel retardation assays demonstrated that purified Lrp
protein could bind to the upstream reglon of /lysU, seraA, soaA,
gev, and Irp. In vitro footprinting experiments showed that
Lrp protected against DNase | digestion over a long reglon.
Primer extension analiysis Indicated that the overa!l positive
effect by Lrp on the transcription of serA Iinvoived both
activation and inhibitlon by Lrp on the dual serA promoters.
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INTRODUCTION

in Escherichla col/l and other enter lc bacteria, syntheslis
of most proteins Is under dlrect envirommental control.
Relatively few proteins are synthesized at a preset,
environmental !y independent rate, |.e. constlitutively. The
cell has a number of programmed responses to particular types
of environmental changes resulting 1In the Induction or
represslon of particular groups of genes, |.e. operons. There
are many possible levels of control in the complex processes
of transcribling genes and syntheslizing approprlate amounts of
gene products. However, regulation at the transcriptional
level |s the most studied, and perhaps the most direct way to
selectlively control gene expression.

In this thesis, | describe a new giobal regulatory system,
the leucline regulon In E. coll, which responds mainly to the
presence of L-leucine In the environment. Expression of the
genes of the leucine regulon Is controlled by the leucine-
responsive regulatory protein, Lrp, encoded by the /rp gene.
Lrp, a DNA-binding protein, regulates the expression of a
number of genes- In most cases acting together with L-leuclne.

This work originated from the finding that a mutant,
rbl::Tn10, selected by virtue of Its Increased L-serine
deaminase (L-SD) activity, also showed aitered activity of a
wide varlety of enzymes Involved in dlfferent metabolic

pathways, the syntheslis of most of these enzymes being



2
regulated by L-leucine. Previous!y Isolated mutants from a
variety of different l|aboratories, Including /hdb, /IvR, and
opp!, have now been shown to be iIn the same gene. The
researchers working on these mutants have agreed that the gene
should be designated /Irp.

In this work | show that the defliclency In I/rp function
In an Insertlon mutant Iincreased L-serine deaminase and L-
threcnine dehydrogenase actlivitles, decreased expression of
serA, gcv and /eu operons, and suppressed the sliow growth of
a metK mutant. The expression of /rp |Is subjected to negative
autoregulation and Is repressed by growing in rich medium. |
then descr ibe exper iments concerned with the molecular basls
of regutation by [rp. Ge! retardation and DNase | footprint
results show that the Lrp protein binds to specific sites In
the upstream regions of sdaAd, serA and'lysU genes In vitro.
Thlis Is consistent with the suggestion that Lrp Is a
transcriptional regulator of these genes.

Since thls work began as a study of the genetic
regulation of .-SD activity, Part | of this iIntroduction will
describe the genetic and environmental factors which affect
the synthesis of L-SD, and shows that the sdaA gene s
regulated by at least two global regutators. Iin Part I |

therefore survey global regulatory mechanisms in general,

discussing In Part 111, the detalils of molecular mechanlisms
used In this regulation. In the final section of the

introduction, part IV, | glve an account of the genes now

known to be controlled by Lrp.
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. GENETIC AND ENVIRONMENTAL FACTORS WHICH AFFECT L-SERINE
DEAMINATION IN E. coll

L-ser ine deamlnase (L-SD) catalyses the conversion of the
amino acid L-serine to an Embden Meyerhof Intermedlate,
pyruvic acid [Pardee and Prestidge, 1955]. As wlli!l be
discussed later, E. col// has two different genes coding for
enzymes with L-SD activity, sdad and sdaB8. Thest¢ enzymes are
sub jected to a very complex reguiation.

L-serine deamlinase 1, the sdaA gene product, has been
studied In consliderable detati. It can be |Induced by glyclne
and/or L-leucine, but not by Its substrate, L-serine [Pardee
and Prestidge, 1955; Isenberg and Newman, 1974]. Wiild type E.
col/il K-12 |Is unable to use L-serine as sole carbon source even
though It syntheslzes large amounts of L-serine deaminase
while It grows In glucose minimal medium. However, |t can grow
on L-serine as sole carbon source when L-~leucline and/or
glycine are also present In the medium [Newman and Walker,
1982]. It has been possible to Isolate mutants deficient (n L-
SD activity by screening for strains which are unabie to érow
on a combination of L-serine, glycine and LL—-leucline as carbon
source [Newman et al/., 1985a; Newman et al/., 1985b] and to
Isolate mutants with overproduction of L-SD by selecting for
strains which can use L-serine as sole carbon source [Newman
et al., 1981; Newman et al/., 1982a]. In this lab, seven genes

have been found to affect L-SD activity.



1-1. L-SD |s Subject to Post-Translational Regulation

L-SD can be assayed Iin whole cells by the Incubation of
cells with a small amount of toluene to permeablillze cells,
but It cannot be detected In cel! extracts wlithout prior
activation by Iron and dithlothreltol [Newman et a/., 1985a].

in the study of mutants which produce less L-SD actlivity,
Newman and Su found that the strains carrylng mutations In any
of three dl fferent genes were deflcient in L-SD actlvity In
vivo (whole cell assay) and unable to use L-serine, glycline,
and L-leucine as carbon source. However, the cell extracts
from these three mutants (MEW128, MEW191, and MEW84) showed
almost as much activity as the parent strain when activated
with Iron and dithlothrelto!l [Newman et al/., 1985a; Newman et
al., 1985b; Su, 19891)}. 1t was surprisling that at! three
mutants required thiamine for growth. It was suggested that L-
SD is made In an inactive form, and enzymatically actl!|vated by
an activating system /n v/vo, or chemically actlivated by Iron
and dithlothreitol I/n vitro. Three possible mechanisms of

activation /n vivo were suggested by Su {Su, 1991].

1-2. Two L-serine Deaminases In E. coll

While the first L-SD defliclent mutants carried mutations
affecting the post-transiational activation system, recently
mutants with defects In the structural gene have been
isolated: strain MEW15, isolated by MudX insertion [Newman et
al., 1985a], and straln MEW22, a AP/acMu9 Insertlion mutant [Su

et ai., 1989).
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The ldentification of these strains as carrlers of
structural gene mutatlons |iIs suggested by the following two
pleces of evidence. First nelther straln MEW15 nor strain
MEW22 showed L-SD actlivity, whether assayed In vivo or |In
vitro. Second, {n both strains, the B-galactoslidase activity
from the /JacZ gene fusion was induced by gl!ycine and L~
leucltne, the known Iinducers of L-SD 1.

The two mutations were mapped to the same locus of the E.
coll chromosome indicating that they affect the same gene. The
mutation in MEW22 was studied further and shown to be caused
by an Iinsertion in a gene named sdaA [Su et al/., 1989, Garnon,
J. personal communicationl. The sdaA gene has been cloned and
sequenced [Su et a/., 1989], and shown to be the structural
gene for L-SD1 [Su and Newman, 1981, Monitakis, J. personal
communication].

The fact that these L-SD 1~defliclent sdaA mutants showed
low level L-SD activity when grown (n minimal medium and had
a great deal of L-SD actlivity when grown In Lurla broth
suggested that a second L-SD structural gene might be found in
the E. coll K-12 genome [Newman et al/., 1985b]. A mutant
carrying a Apl/acMu Insertlon In a gene called sdaB and a
sdaA::Cmr Inactivating sdaA showed no L-SD activity when grown
in either med!ium, suggesting that there are two, and oniy two,
L-SD enzymes In E. coli. This was further Investigated by
showing that B-galactosidase activity from a sdaB::lacZ fuslon
was regulated as L-SD#2, |I.e. Induced In LB. The sdaB gene has

since been sequenced, and shows a very high level oOf
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nucleotide and deduced amino aclid sequence ldentlty between
sdaA and sdaB, suggesting that sdaB Is the structural! gene of
L-SD2 [Su and Newman, 1991; Shao, zZ.Q., personal
communication]. Su and Newman showed that L-SD2 Is simiiar to
L-SD1 |In physical parameters and Is also subject to post-

translational activation [Su and Newman, 1991].

1-3. L-SD-1 Activity 1Is Regulated by Global Regulatory
System(s).

Mutants with a considerable Increase Iin L-SD activity can
be Isoiated by direct sclection for growth on L-serine as sole
carbon source. Some of these carry a mutation In a very
pleliotroplc gene, ssd, unlinked to elther structural gene. An
ssd mutation considerably increased L-SD activity and al lowed
the strain to use L-serire as sole carbon source [Newman et
al., 1881; Newman et a/., 1982b]. This mutation showed a broad
effect on cell metabolism: the ssd mutant had a Ilower
effilclency of glucose utilizatlon; was unable to grow on
succlinate or related carbon sources, or to grow
anaerobically; was resistant to amlinoglycoside antibiotics,
and sensitive to fluoride, and deflcient in proiine and
arginine uptake (Morris and Newman, 1980; Newman et al.,
1981; Newman et a/., 1982]).

The ssd gene was mapped nhear metB. Several mutants with
phenotypes similar to that of the ssd mutant were mapped In
thls area. The genes Involved have been named ecf8 , eup, and
cpxA, depending on thelr orlgin In different laboratories.
[Plate, 1976; Plate ana Sult, 1981; Thorbjarnardottir et al.,

1978; Silverman, 1985]. Based on the fact that the cpxA
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mutation Isolated from Siiverman's laboratory also showed some
of the phenotype assoclated with the ssd/ecfB/eup mutants
(aminogliycoslide antiblotics resistance and impalred proline
uptake), they suggested that the ssd, cpxA, ecfB and eup
mutatlions all itdentlfy i{he same gene [Ralnwater and Sitiverman,
1880]. Resuits presented here show that a plasmid carrying
cpbxA can prevent overproduction of L-SD caused by an ssd
mutation, supporting the suggestion that the cpx gene is the
same gene as ssd.

Like the ssd mutant, the /rp mutant described In this work
has been Iiscolated by direct selection on L-serline, has
considerabiy elevated levels of the enzyme L-SD, and can grow
with L-serine as carbon source. This gene encodes a DNA-~
binding protein, which uses L-leuclne as a co-effector and
regulates the expression of a group of genes, among them sdaaA.

The Irp mutation Is therefore extremely pleoltropic.

I-4. Environmental Stresses Affect L-SD Actlivity

Bacteria can respond to environment stress by moduiating
the expression of speclflic sets of genes. These are suggested
to ald In defense against the stress. In E. coll, the
synthesis of L-SD Is affected by a variety of stresses, though
the metabollc use of L-SD agalnst the stress Is not

understood.

I-4-1. L-SD is Induced by Exposure of E. co!/l/ to DNA-Damaging
Agents
More than 17 gecne products are lnduced upon exposure of E,

coll celis to agents or conditions that damage DNA or
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Iinterfere with DNA replication. These physiological responses
have been termed the SOS responses and the genes whose
expresslon are induced by the SOS system have been referred to
as din (damage-inducible) genes [ Kenyon and Walker, 1980;
wailker 1887]. The expression of din genes Is normalily under
the control of a repressor coded by the /exA gene.

Exposure of E£. coll cells to a varlety of DNA-damagling
agents, such as UV Irradiation, nalidixic acid. and mitomycin
C, Induced syntheslis of L-SD [Newman et a/., 1982a], but it is
not known whether the S0S Is Iinvolived In this regulation. The
increase In L-~SD was shown to requlre protein syntheslis,
consistent with a regutation of sdaA transcription. A mutant
with a hyperactive protease and a nonfunctional /lexA repressor
Is constltutive for SOS functlons, and also showed an elevated
level of L-SD activity [Newman et a/., 1982a]. These facts
suggested, but did not conclusively demonstrate, that the
increase In L-SD in response to DNA-damagling agents might also
be medliated via the SOS system [Newman et a/., 1982a].

The mechanism by which the /exA gene product regulates
transcription 1Is well understood. In vitro transcription
studiles showed that purlfied LexA protelin tnhibits
transcription inlttation. Purified LexA protein has been shown
to bind to the control sequences of a number of din genes.
Footprinting exper i ments revealed that genes repressed by
LexA share a consensus sequence for LexA recognlition and
binding [Little et a/., 1981; Sancar et al., 1982; Walker,
1984]. However, there Is no sequence homology to the LexA

repressor binding site in the reglon upstream of sdaA [Su et
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al., 1889]). This might suggest that the expresslion of sdaA Is
indirectly regulated by LexA.

The molecular mechanism of the SOS response has been
thoroughly studied. After exposure of E. co/! cells to a DNA-
damaging agent, the Inducing signal reversibly actlvates a
protease, the recAa gene product. The actlivation of RecA
protein resuits In the Irreversible destruction of the LexA
repressor by proteolysis. The removal of the LexA protein
feads in turn to Induction of din genes Including recA gene
and /exA gene |Itself [Walker, 1985; Little et a/., 1981;
Gottesman, 1884].

The RecA proteln has also been shown to act as a protease
in other systems, cleavil.y the A repressor and inducing A
prophage [Roberts and Roberts, 1875]. In vitro experiments
Indlicated that the cleavage of the A repressor proceeded more
sliowly than cleavage of LexA protein, so that the cellular d/n
genes may be Induced without Induction of resident A tysogenic
phage [Little, 1983; Little and mount, 1882]. The SOS
responses on the one hand allow the prophage to enter lytic
growth and escape the damaged host. On the other hand, they
allow nonlysogenic cells In which lysis Is not Induced to
transcribe a set of genes whose products are necessary for the

repalr of the DNA damage.

|1-4-2. High-Temperature and Alcoho! Shock Induction of L-SD
Activity
Cells or organisms possess the property of transiently

inducing a set of heat shock proteins after a rise in
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temperature. Thlils heat-shock response Is universal. It has
been found In every organism In whi:>h It has been sought, from
the prokaryotic, eucaryotlc, and archaebacterial klngdoms
[LIndquist, 1986; Neldhardt et a/., 1984]. In E. col/}{ K12, 17
proteins have been lIdentlfled as heat shock proteins by the
analysls of two-dimensional gel electrophoresis patterns
[Lemaux et al/., 1878; Herendeen et al., 1979]. 1%t has been
shown that Induction of heat shock proteins reflects an
Iincreased rate of synthesis of thelr respective mRNAs
[Yamamor! and Yura, 1980, 19882; Yamamorl et a/., 19821 and
Increased transcription initiation at heat shock promoters
[Taylor et al/., 1984]. The heat shock promoters are under the
contro! of a heat shock regulatory protein encoded by the htpR
gene [Neidhardt et al/., 1983]. The HtpR protein Is an
alternative o© factor for RNA polymerase, 032, which
recognlizes a consensus sequence In the heat shock promoters
and stimulates thelr transcription [Grossman et al/.,1884].

L-SD actlivity has been shown to be markedly affected by
growth temperature in E. coll. However the mechanism
responsible for this Is not yet clear. L-SD is induced by an
increase in growth temperature. This Induction requires
protein synthesis, since the Increase In L-SD activity was
Inhibited by Incubation with chloramphenicol. A shift from a
low temperature to a high temperature was followed by a rapid
increase In L-SD actlivity, but the reverse shift from high
temperature to low temperature only changed L-SD activity

siightly. These results Indicated that an iIncrease In
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temperature induces the synthesls of L-SD but does not aiter
enzyme actlvity [Newman et al/., 1982c].

It has been reported that the thermal Inductlon of L-SD
activity Is under the control of the htpR gene product. This
Is shown by the abolishment of heat Induction of L-SD In an
htpR mutant. This I|s also suggested by the fact that both the
heat shock regulon and sdaA are Induced at normal temperatures
by ethano!l shock.

On the other hand the fact that the sequence upstream of
sdaA lacks the heat shock promoter consensus sequence [{Su et
al., 1989] makes It less llkeily that the sdaA gene |s part of
the htpR regulon. On the other hand, not all heat shock genes
contalin this consensus sequence. One which does not Is /ysU.
Though two-dimensional gel patterns showed that the /ysl gene
product, Ilysyl~-tRNA synthetase form 11, Ils a heat shock
protein [Hirshfleld, et a/., 1981; Neldhardt and VanBogelen,
1981], the putative promoter sequence of /ysU gene Is simlliar
to the consensus sequence of strong 070 promoters and Is not
| lke that of heat shock promoters [Clark and Neldhardt, 1980].
This could be explained by the possibility that there is iIn
fact a heat shock promoter In /ysU but it was not seen because
It lies outside the region of upstream DNA that was sequenced.
Alternatively, it was suggested that the heat Induction Is an
indirect effect of htpR functlon rather than a direct one for
both sdaA and IysU [Su et al/., 1989; Clark and Neldhardt,
1990]1. Several heat shock proteins are produced even in

strains carrylng loss-of-function Insertion and deletion
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mutations in the htpR gene, which supports the lIdea of the
exlistence of additional mechan!sms controlling the expression

of some heat shock proteins [Zhou et al/., 1988].

}-4~-3 Summary of Factors Affecting L-SD Actlvity

Apart from DNA damage, elevated temperature, and alcohol
shock, anaerobic growth also stimulates the synthesis of L-SD.
Why L-SD activity Is affected by so many environmental factors
is not known. Indeed the meéabollc roie of L-SD In E. coll
growling In glucose minimal medium is as yet unknown. However,
the fact that alterations In L-SD activity are Incorporated
Into so many complex regulatory mechanisms suggest that [t
must be of considerable metabolic consequence, even |f we
cannot exptain why this Is so.

L-SD actlivity Is also affected by several regulatory
genes. Among these genes are two global regutators, ssd and
Irp. Mutatlions iIn elther the ssd or the /rp genes greatly
Iincrease L-SD actlvity. Since most of the work In this thesis
Is devoted to the characterlzation of the nature and mechanism
of the [Irp regulon, some of the already known global
regulatory systems and thelr molecular mechanisms will now be

reviewed.

11. A SURVEY OF GLOBAL REGULATORY SYSTEMS.
The accurate and efficlent regulation of gene expression
is an Important aspect of biological phenomena such as cell

growth, and the response to environmental conditions. E. col/
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and other enteric bacterla can modulate the expression of
thelr genes, resulting In rapid growth under favourable
conditlions and fostering survival under unfavourable
conditlions.

Regulation of transcription of single genes, or of a group
of contiguous genes, by a transcription factor htuas been
intensively studied, and the lactose operon particularliy so.
These 3 contiguous genes are regulated by a transcriptional
regulator, the lac/ gene product, such that the genes are
transcribed only In the presence of lactose or other Inducer
{and the absence of glucose). By this system, B-gaiactosidase
can be synthesized In a vastly greater amount In the presence
of lactose than In Its absence. iIndeed, there are about 3G39
molecules of B-galactosidase Iin each wild-type E. co/l cell
grown wlith lactose as carbon source, and Iless than one-

thousandth of this number in cells growing In the presence of

glucose, |.e. In lactose non-utillzing conditions.
As lllustrated by the J/ac system, and many others, the
cell has elaborated a sophlsticated mechanism for the

regulation of expression of genes Iinvolved In a single
metabolic pathway. In recent years, It has been discovered
that the cell also has developed controls which coordinate the
expression of genes invoived In several pathways, by way of a
single regulator responding to Internal or external stimull.
This coordinated expression of genes of several pathways |Is
referred to as global regulation,

The term "regulon” has been coined to describe one or a

network of Individual transcription units (ope. 'ns) under the
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control of a common regulatory proteln (giobal regulator).
Usuall!y the regulatory region of the DNA of each operon in a
regulon has a particular sequence common to all members of the
regulon, and that sequence Is the recognlition site for the
regulator [Neldhardt, 1987; Maas and Clark, 1964].

Gottesman [Gottesman, 1984] characterlizes the "global
reguion" by several properties: It must have more than one
sub ject operon; the genes In these operons should code for
products Iinvolived Iin more than one metabolic pathway, and the
expresslion of the genes should be regulated by a common
regulator, rather than by a commnan stimulus. More than 20
global regulatory systems have been recognized Iin enteric
bacteria {Neldhardt, 1987; {.chl and Lin, 1988; luchli et al.,
1989].

investigators have been particularly interested in the
mechan!lsm by which a set of genes may be selectl!ively expressed
In response to an external or internal stimulus. What signals
transmit Information from the exterlior of the ceil to the
promoter of the gene? This Iinvolves sensors Interacting with
the environment, and regulatory proteins which can alter gene
expression by binding to specific slites on DNA, and some

communication between the two.

I1-1. Global Reguiatory Systems Controlied by Actlivators of
Gene Transcription.
Regulatory proteins may either prevent or Increase

transcription by RNA polymerase, and often can exist Iin either
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an active or an lnactive form, depending on environmental
condltions. Repressors may bind to the operator region of a
gene and prevent the Initiation of transcription. On the other
hand, an activator binds to other DNA control sltes and
stimulates transcription initiation.

This Interaction, between a positive regulatory proteln
and the DNA site to which It binds, resulting in activation or
enhancement of transcription Inlitlation by RNA polymerase, is
termed positive control. The regulatory protein, the
activator, Is elther made oniy when It Is required, or made In
an lnactlive form and activated when {(t Is required. 1t may
functlon as a new o factor for the RNA polymerase holoenzyme,
an accessory factor that allows RNA polymerase to Initiate

transcription at specific promoters, or a new RNA polymerase.

11-1-1 Regulation of Transcription by Alternative Sigma
Factors

RNA polymerase purlflies In vitro as a flve subunit enzyme
(B'Ba2w). However It functions /In vivo as an assembly of 6
subunits, the sixth, sigma, being readily lost during
purification. The first RNA polymerase preparations were
complexed with a sigma known as 0'°. It was suggested at that
time that dilfferent sigmas might stimuliate transcription from
different sets of genes of different classes of RNA molecules,
which would constitute a mechar.ism for positive control
[Burgess and Travers, 1970].

Speclflcity conferred by sigma factors has since been

ciearly demonstrated. Four bacterial alternate sigmas and two
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phage-encoded sigmas have been found In Bacl/llus subtllls.
These sigmas function as positive control factors in bacterial
or phage developmental regulation [Loslck and Pero, 1981,
Johnson et a/., 1983]. A slgma factor from E. collvphage T4,
has been shown to be involved In the transcriptlion of phage
late genes [Kassavetls and Gelduschek, 1984; Malik et al.,
1985].

Three alternative o factors which govern speclificity in E.
coll gtlobal regulatory systems, have been Intensively studied.
The role of these factors, the products of the htpR, rpo$s
(katF), and ntrA (gl/nF) genes, Is reviewed In the next
sections ([Grossman et al/., ~984; Hirschman et al., 1985;

Mulivey and Loewen, 1989; Lange and Hengge-Aronis, 1991].

il-1-1a. HEAT SHOCK/slgma 32

Seventeen heat shock proteins are coded by genes whose
induction by heat is under the transcriptional control of the
HtpR proteln, o°2. It has been suggested that heat shock
response Is a result of both activation of this sigma from a
preexisting inactive form, and Increased synthesis of o32 from
newly transcribed mRNA [Grossman et al/., 1984]. The heat shock
proteins also can be induced by UV irradiation and naillidixlic
acld [Krueger and Waiker, 1984], ethanol [Neldhardt et a/.,
1984], Infectlon with A phage [Drahos and Hendrix, 1982;
Kochan and Murialdo, 19827, Inactivation of 4.55 RNA

[Bourgalize et al/., 1980], and carbon starvation [Jenkins et

al., 1991]. Induction by these stimull Is also mediated by
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Increased o levels [Bahl et al/., 1987; Bourgalze et al.,

1990; Gross et al., 1980; Jenkins et al., 1991].

I1-1-1b. STATIONARY PHASE GENE EXPRESSION/sigma KatF.

in E. coll, the physlology of stationary-phase cells is
different from that of rapldly growing cells. Statlionary phase
more closely resembles the condltlions that E. col// encounters
in its mostiy nutrient-Ilimlted natural environments.
Stationary phase cells are smaller, more spherical, and more
resistant to high temperature, high concentrations of Hf% and
high osmoiarity than exponentially growing ones [Jenklins et
al., 1988; 1990; lLange and Hengge-Aronis, 1991].

Studlies In severall laboratories have shown that
transcription of a number of genes increases during stationary
phase, suggesting the possibllity that they may be co-
regulated by a global regulator. The genes which are
transcribed to an increased extent In statlionary phase include
the genes responsible for H{% resistance, the gene for
resistance to near-ultraviolet radiatlion damage, xthA; the
genes Involved in cell division, ftsQ, ftsA, and ftsZ; the
morphogene bolA; the gene encoding acid phosphatase, appA; the
microcin operon, mcbABCDEFG and mcc; and some gl/g genes
invoived In glycogen productlon [Jenkins et al/., 1988; 1990;
Lange and Hengge-Aronls, 1991; Mulvey and Loewen, 1989].

The gene product of katF, seems to be the global regulator
of stationary-phase gene expression. From the nucleotide

sequence of katF, Mulvey and Loewen [1989] suggested that KatF
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proteln Is a nove! o transcription factor, o®. 1t has been
shown to be required for the expression of several of the
stat'onary phase genes: katE and xthA [Sak et a/., 1988], and
also for bolAp1transcrIpt|on [Lange and Hengge-~Aronis, 1991].

This putatlive o factor Is also required for the expression of
proteins involved in thermotolerance, productlion of glycogen,
long term starvation survival, the expression of acldic
phosphatase (appA), and synthesis of a number of proteins
identl fled only by two-dimensional gel electrophoresis [Lange
and Hengge-Aronis, 199ta].

The expresslon of katF itself Is Induced during :-ansitlon
Into stationary phase. Several criterina, in addition to
sequence comparlson mentioned above, strengthen the proposal
that KatF proteln Is a sigma factor. Based on the comparison
of the xthA, katE, and bolAp,promoters, potential -~-35 aﬁd -10
consensus sequences have been suggested for os recognition.
However , there Is stll!ll no direct blochemical evidence showing
that KatF Is Indeed a O factor [von Ossowsk| et al.,1991;

Lange and Hengge-Aronls, 1991].

I1-1-1c. USE OF ALTERNATIVE NITROGEN SOURCES/sigma 54.

E. col/l and related bacteria have a global regulatory
system termed Ntr for reguiation In response to nltrogen
llmitatlon. When ammonlia or other Inorganic nitrogen sources
are limited In the growth medium, enzymes necessary for the
utillization of various alternative nltrogen sources are

Induced [Magasanik and Neidhardt, 1987]. The regulation of the
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activity and level of glutamine synthetase by the Ntr system
has been extensively studied, In E. co/l/. However the system
aiso regulates expresslion of many other genes Including those
that encode protelns that are iInvolved In the degradation of
arglinine, ornithine, agmatine, putrescine, and Y-
aminobutyrate, and In the transport of glutamine and vy-
aminobutyrate [reviewed In Reltzer and Magasanlik, 1987]. In
Klebslella pneumoniae, the operons of Nif system, responsible
for dinltrogen fixatlion, are also under Ntr controt! [Merrick,
1983].

There are flive regulatory genes Involved In the Ntr
regulion, ginG, glinL, ginB, ginD, ginF, the last of which
encodes a new sigma factor. The first of these, gi/inG (ntrC)
codes for nitrogen regulator | (NRI). The active form of
nitrogen regulator | (NRI—P) is requlred for actlvation of
transcription of the genes of this regulon. The inactlive form

of NR,, Is phosphorylated by the NR,, klnase, which converts It

to the actlve phosphorylated form, NRI—P. NR the product of

gl/nL (ntrg8) gene, is an NRl-klnase/NRi—P phosphatase,

What then controls whether NRIls active? This depends on

the state of P the product of the g/nB gene. When the

e
glutamine/2-ketoglutarate ratio Is low, as might be expected

when nitrogen is limiting, P” Ils converted to P”

uridylyltransferase, the product of g/nD gene. Free NR

-UMP by a
Il
protein then acts as a kinase and activates NRV

This Is reversed when nitrogen |s available and the

glutamine/2-ketoglutarate ratio iIs high. Then, the g/nD gene
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product acts as a urlidylyl-removing enzyme, removing the
uridyly!l group from P”. The Interaction of the deuridylylated
form of P” with NR“, converts the latter Into a phosphatase
which dephosphorylates NR“ and Inactlivates transcription
Inttiation at_Ntr promoters ([Magasanik and Neidhardt, 1887;
Stock et al., 1989]. NR| also acts as a repressor;
transcription of g/nA from one of the two g/nA promoters,
g/nAp,, 1Is repressed by NR,, whereas transcription from g/nAp,
I3 activated by NR| [Reltzer and Magasanik, 18851].

Iin addlition to the complex system summarlized above,
another alternative sigma factor, coded for by the fifth
regulatory gene ntrA (ginF), Is also Invoilved 1In thls
regulation. The actlive form of NR, works In conjunction with

]
o54 to initlate transcription at Ntr promoters recognised by

RNA polymerase assoclated with the alternative OM, [Hunt and

Magasanik, 1985; Hirschman et al/., 1985].

Some detalls of the moiecular mechanisms involved have

been elucidated. The o54 RNA polymerase recognizes the

nltrogen-reguiation/nitrogen fixation promoter <consensus

seqguence CTGGYAYR—N(—TTGCA. It was shown that 054 RNA

polymerase interacts wlth the gInApzpromoter i ndependently of

NRI or NR'-p and forms a closed RNA polymerase-promoter

complex. Then NRl-p catalyses Isomerization of the closed form

compiex between o“-RNA polymerase (EOM) and the promoter to
form transcriptionally active open complexes In an ATP-
dependent reaction [Popham et a/., 1989; Ninfa et a/., 1987].

In K. pneumoniae, a nitrogen-fixing organism, NRI—P

activates transcription of the n/fLA operon as well as of Ntr
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promoters. In the absence of NRF1L a closed EOM~promoter
complex was formed at gInAP2 promoter, but close contacts
between Eo54 and -24, -12 reglon (promoter) of nl/fL promoter
were not observed. These resulits suggest that NR,-p may play
an Important role In stabllising the closed complex at the
nlfL promoter as well as Its role In catalysing open complex
formation. 1t has been suggested that OM—dependent promoters
are Important In activation by NR‘ and that the sequence of

54

the ¢ RNA poliymerase binding site Is an Iimportant determinant

of the efflciency of activation [Ray et al/., 1990].

I1-1-2 Positive Global Regulation by Accessory Transcription
Factors.

Transcription Iis positively regulated by sigma factors, as
reviewed above, and also by a large variety of proteins,
operating by a considerable varlety of mechanisms. Among the
global regulatory systems of this type are the two-component
regulatory systems. In these systems, one component (the
sensor component) of each system acts as an environmental
sensor that responds to an environmental signal and transnmits
the signal to a second regulatory component (activator), which
In turn regulates the transcription of certaln genes [Ronson
et al., 1987].

In E. coll, two-component systems are Iinvolved In nltrogen
regulation (ntrB/ntrcC), oxygden regulation (CcpxA/arcA,
narX/narl), response to osmolarity (envZ/ompR), phosphate
starvation (phoR/phoB), and chemotaxis (cheA/cheB). In these

systems all members of the sensor class regulate thelr
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partners by a covalent modl!fication (e.g. phosphorylation)
[Stock et al., 1989)]. Some of these systems will be reviewed

in the next sectlons.

lt-1-2a. REGULATION OF THE USE OF ALTERNATIVE PHOSPHATE
SOURCES

When E. col!l! Is starved for inorganic phosphate (pl), the
expresslon of at least 18 genes |is I nduced [Wanner and
Mcsharry, 1982]. This Irvoives at least 3 regulatory genes
(phoB, phoR, phoM) [Guan et al/., 1983; Shingawa et a/., 1983;
Tommassen et al/., 1882]. They regulate expression of genes
involved in phosphate uptake and metabolism. These Iinclude
genes which code for a hligh-affinity phosphate-specific
transport (pst) system [Rosenberg et al/., 1977; Willsky and
Malamy, 1980] which Is Involved In the scavenging of low
amounts of inorganic phosphate, and for several sugar
phosphate transport systems such as Gpt, Pgt, and Uhp, as well
as for PhoA, PhoE, which are Invoived in the assimilation of
phosphorus-containing organic compounds [Wanner, 1983; Stock
et al/., 1989].

The mechanism for regulation of the pl (Pho regulon) is
very complex. The regulator PhoB 1is essentlal for the
transcriptlional activation of the Pho regulon, Including phoA,
phoE, the pst operon, and the phoBR operon itself [Stock et
al., 1989]. iIn its active, phosphorylated form, the phoB gene
product, P-PhoB, activates the transcription of all operons In

the Pho regulon.
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Whether PhoB 1Is phosphorylated or not depends on the
activity of both the phoR and phoM gene productﬁ. These are
both histidine protelin kinases. PhoR iIs the major histidine
kinase of the Pho regulon [Stock et a/., 19838]. but PhoM may
replace PhoR to activate (phosphorylate) PhoB [Stock et al.,
19897].

The actlvity of PhoR depends on the environment of the
cell. |t may be regulated elther directly by phosphate In the
periplasm or indirectly by an interaction of the receptor with
periplasmic phosphate-dbinding protein. /in vitro, PhoR can
undergo autophosphorylation when incubated with ATP. The
autophosphorylated PhoR can transfer phosphate to PhoB. Thls
suggests that when PhoR Is phosphorylated !'n vivo, It can

transfer phosphate to PhoB, thus actlvatfng It.

I1-1-2b THE CATABOLITE ACTIVATOR REGULON

In the cAMP-CAP system, adenylate cyclase acts as a sensor
protein, but It does not modify CAP covalently. |t senses the
avallable carbon source and makes CcAMP according to the
Information It sees, and the cAMP noncovalently binds to CAP
and alters lts function.

The preferred carbon and energy source of E. col/l! and
related bacterla Is glucose. When glucose |Is available In |Its
surroundings, the synthesis of many of the enzymes responsible
for the utilization of other carbon and energy sources Is
decreased (the glucose effect). Several! components are

involived In this Iinhibitory effect, which Is also known as
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catabol!ite represslion [Magasanik, 1961; 1870; Uilimann and
Danchin, 1983].

Catabolite repression Is under the control of a global
regulatory system, the cAMP-CAP regulon, acting at a wide
variety of promoters, In combination with Iindividual controls
speciflc for each catabolic system. Both CAP, the crp gene
product, and cAMP, produced by adenylylicycliase, the product of
cya gene, are essentlal for the expression of catabolite-
sensitive operons.

Binding of cAMP to CAP s a reversible reaction [Botsford,
1981). When a carbon source such as glucose Iis present, the
Intracellular cAMP concentratlion is very low, and the cAMP/CRP
complex does not form to any significant extent. However, when
glucose Is absent, the Intracelluiar cAMP levels are
Increased, resulting In the formatlion of the cAMP~-CAP complex
{Ullmann and Danchin,1983]. Upon binding cAMP, the CAP dlimer
undergoes a comformational change and binds to DNA target
sites of numerous regulated promoters, activating
transcription initiation from some promoters such as IacPP

galpP and araBAD, and Iinhlbiting transcription from other

11
promoters such as gaIPzand IacP2/P3 [Musso et al., 1977; Xtiong
et al., 1991]. The mechanism by which cAMP-CAP regulates
transcription Iinitliation has been extensively studied (see

next section).

I1-1-2c. REGULATION BY OxyR: Hel Ix-turn-helix motifs.
Many transcriptlional regulators in bacteria contain a

"helix-turn-helix" domaln by which the proteins recognize and
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bind to speclfic DNA sequences [Pabo and Sauer, 1984; Gehring,
1987]. Among these are the LysR family of tfanscrlptlon
activators, whose DNA sequences as transliated Into proteln,
appear to contain a "hellx-turn helix" DNA binding motlf near
thelr N-termini [Henlkoff et a/,, 1388; Christman et al.,
1989]).

One member of this family, the oxyR gene product, OxyR, Is
responsible for a global response to oxidative stress. When E.
coll and S. typhimurium cells are treated with low doses oOf
H0,, at least 30 protelns are induced In response to this
oxidative stress and the celis become resistant to subsequent
lethal doses of hydrogen peroxide and other peroxidizing
agents [Christman et al/., 1985; Demple and Halbrook, 1983;
Morgan et al/., 1986]. The oxyR gene regulates transcription of
one of the (at least) two regulons invoived In thlis response
to oxldative stress, controlling expression of at least nine
of the hydrogen peroxlde-inducible genes [Christman et al.,
1985].

The OxyR protein Is homologous to the LysR family of
bacterial regulatory proteins. All regulators {n this famliy
are between 30 and 35 kDa In slize and all act as positive
regulators.

The oxyR protein senses the oxldlzing conditlions and
regulates gene expression accordingly. In vitro -tudlies
suggest that direct oxidatlion of the OxyR proteln results In
a conformational change by which OxyR transduces the oxidatlive
stress slgnal to RNA polymerase [Storz et a/., 1890]. Like

other members of this famlly (LysR, NodD, livY and MetR), OxyR
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also negatively regulates its own synthesis from the gene that
codes for [t [Henlkoff et al/., 1988; Christman et a/., 1989;
Wek and Hatfleld, 1988].

Studies of two OxyR regulated genes, katG and ahpC, show
that OxyR actlivates at the level of transcription [Morgan et
al., 1986; Tartagllia et a/., 1989]. This mlight Iimply that the
promoters of these genes have a common sequence recoghized by
OxyR, and in fact DNase!l protection studlies of the katG, ahpC
and oxyR promoters showed OxyR-dependent footprinting (n the
upstream reglons of the genes, but there were no obvious
sequence homologies In the protected sites. To account for
this ltack of homology, |t has been suggested that DNA
secondary structure may be important in the binding of OxyR
[Tartagiia et a/., 1989]. Unilke the case for other regulatory
proteins, both the active (oxidized) form and Inactive
(reduced) form of OxyR protein can bind to these three dlverse
sequences upstream of OxyR-regulated promoters. The lengths of
DNA sequence protected by OxyR under oxidizing conditions are
different from those protected under reducing condlitions
suggesting a distinct conformationai change of OxyR between
the two states. The /n vitro studies shown that oxldized but
not reduced OxyR activates transcription. The results suggest
that OxyR proteln undergoes a conformational change in
response to the oxidative stress signal, and that while both
forms bind, only the oxidized form acts as an activator [Storz
et al/., 1990).

Another regulon involved in oxygen stress, controlled by

SOXR, governs at least part of the global response to
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superoxide In E. col/!/ [Tsaneva and Weiss, 1890]. When E. co/|
Is exposed to superoxide anion-generating compounds, the
expression of about 40 protelns |Is Increased [Greenberg and
Demplie, 1989; Walkup and Kogoma, 1989]. Nine of these proteins
are under the control of SoxR, the regulatory protein of the
superoxlde response regulon [Greenberg et al/., 1880; Tsaneva
and Welss, 1980]. This works together with another gene
product, SoxS, to activate this reguion [Wu and Welss, 1891].
Thelr sequences suggest that both SoxR and SoxS contaln hellx-
turn~helix DNA binding domalns. The C-terminal region of SoxS
protein shows homology with members of the AraC famlly of
positive regulators, suggesting that SoxS may be a reguiator.
The SoxR, which contains four closely spaced cysteines, might

then act as a sensor [Wu and Welss, 1981].

1i-2. Negative Control of Transcription.

Repressors that selectively bind to operators and biock
the initiation of transcription are a widely used component In
the regulation of gene expression In all cells [Brennan and
Matthews, 1989). Of the 107 sigma 70 promoters of E. col/l! and
S. typhilmurlum that have been analyzed, 76 are repressible
promoters [Collado-Vides et al/., 1991 J]. Repressors may
control single operons, or global regulons. Indeed, some

global regulators act as both repressor and activator.

{1-2-a. THE S0OS REGULON.
As mentioned ear!ier, LexA protein Is a repressor of the

SOS system. In vi/tro studles show It to be a repressor of
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transcription Iinittation of the SOS genes [Brent and Ptashne,
1981; Little et &/., 1981; Mizusawa et a/., 1983; Sancar, et
al., 1982]. Operon fusion and mRNA studies show that DNA
damagling agents Induce the transcription of SOS genes by
interfering with LexA repression [Kenyon and Walker, 1880,

Kenyon et al/., 1982].

I1-2-b. REGUILONS INVOLVED IN THE ADAPTATION OF E. coll TO
DIFFERENT RESPIRATORY CONDITIONS: Fnr, Nar and Cpx.

E. coll and other enterobacteria can use a varlety of
electron acceptors such as oxygen, nitrate, fumarate, dimethyl
sulfox!ide,and trimethylamine-N-oxIde for respiration [ingiedew
and Poole, 1984; Iluch! and Lin, 1987]. In the absence of
avaliable exogenous electron acceptors, these bacteria can
switch from respiration to fermentation, which ylelds less
energy since In this pathway the energy Is derlved only from
substrate-level phosphorylation. The efficient use of
avaliable compounds Involves both global and specific
regulatory systems which regulate the use of the alternate
respiratory pathways [luchl and LIn, 1981]. Three global
regulatory systems have been shown to be invoived, and some
operons are subject to overliapplng control [luch]l and Lin,
1991].

The reguiatory proteln Fnr (fumarate and nitrate
reductases) |s necessary for the contrecl of the expression of
genes that encode not only anaerobic respiratory proteins

functioning as terminal reductases and primary dehydrogenases



29

but also aerobic respiratory protelns functioning as terminal

ox ldases.
Fnr acts both positively and negatively. It acts as a
transcriptional activator required for the anaerobic

expression of frdABCD, fdnGH!, narGHJI!, and dmsABC, the genes
encoding fumarate reductase, formate dehydrogenase-N nltrate
reductase, and DMSO reductase, respectively [Chippaux, et al.,
1981; Lambden and Guest, 1976; Stewart,1982; Ingledew and
Poole, 1984]. On the other hand, Fnr acts as a negative
autoregulator [Spliro and Guest, 19871 and aiso represses the
expression of ndh, cyoABCDE and cydAB, the genes encodlng NADH
dehydrogenase |1, cytochrome o, and cytochrome d, respectively
[Spiro et al., 1989; Cotter et al/., 1990]. Under microaeroblic
conditions, Fnr Is required for the peak expression of the cyd
operon [Fu et ail., 1991]. Some conflict In.results from
different laboratories has been ascribed to the different
growth conditions used [Fu et al/., 1991]. The amino acld
sequence of Fnr shows a high degree of homology to Cap. The
target promoters regulated by Fnr contaln a 5bp Inverted
repeat: TTGAT----ATCAA [Spiro and guest, 1990].

The presence of nitrate can repress the transcription of
genes involved |n anaeroblc respliration and fermentation, a
response mediated by the two-component regulatory system,
NarX/NarL, [Cotter and Gunsalus, 1989; Iluch! and LIn,1987;
Kalman and Gunsalus, 1988; 139893; Sawers and Bock, 1988;
Stewart and Berg, 1988; Stewart and Parales, 1988]. This

response represses transcription of genes such as frdABCD, and
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OdmsABC; and induces transcription of genes (narGHJ!, fdnGHI)
involved In the anaerobic resplratory chailn, formate-nitrate
ox idoreductase, and the pf/ gene encoding pyruvate formate-
lyase.

Nitrate regulation requires moiybdate [luch!l and Lin,
1987b]. NarX and Narl. have been suggested to comprise a
nitrate-responsive sensor-regutator palr. NarX acts as a
histidine proteln kinase, which senses the avallablillty of
nitrate and molybdenum, and actlivates Narl. The actlivated form
of NarL can bind to nitrate-controltled promoters and regulate
transcription from these promoters [Kaiman and Gunsalus, 1990].
It was found that the effects of narX Insertion mutations on
the nitrate response are due to decreased narl expression, as
a result of polarity which led to the suggestlion that NarX Is
not essential for normal nitrate reguiation [Egan and Stewart,
1990]. Although aill nitrate regulated genes are controlled by
Fnr, the promoters controlled by both Fnr and NarL have
different recognition sites for both regulators. Several NarlL-
reguiated prcmoters contaln two conserved sequences, CTCCTT

and TACCCAT [luch!l and Lin, 1991].

l1-2-c. REGULATION OF OXIDATIVE ENZYMES: ArcA and ArcB.

In E. coll, the global regulatory genes arcA and arcB
mediate the repression of genes encoding for TCA cycle
enzymes, glyoxylate shunt enzymes, primary dehydrogenases,
pyruvate dehydrogenase, cytochrome o, enzymes of B-oxidation

of fatty aclids and the activation of the cytochrome d operon
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[luchi and Lin, 1988; 1991; luchl et al/., 1990]. Based on
thelr amino aclid sequences, It has been suggested that ArcA
acts as a reguiator of a two-component regulatory system and
ArcB as a histidine kinase [Ronson et al/., 1887; luchi and
Lin, 1991]. ArcA also is required for the expression of the F
plasmid DNA transfer (tra) genes. in different laboratorles
this gene has been called dye/msp/fex/sfrA/cpxC respectively
[Beutin and Achtman, 1978; Buxton and Drury, 1983; Lerner and
Zinder, 1979; Sliverman et al., 1980]. In the case o0f the
regulation of F plasmid DNA transfer genes, ArcA acts as a
transcriptional activator, and another transmembrane protein,
CpxA, acts as a sensor proteln [Ronson et a/., 1987; luchi and
Lin, 1891). 1t was shown that the Arc (aerobic resplration
control) and Sfr (sex factor regulatlion) functions of the arcA
gene product are separately expressed and regulated [S!liverman

et al., 1891].

111. A SURVEY OF SOME POSSIBLE MECHANISMS OF REGULATION OF
TRANSCRIPTION INITIATION

The nature of the DNA sequence of a given promoter largely
determines the frequency of transcription initiation at that
promoter. There seem to be two kinds of promoters in E. coll:
one type acts constlitutively uniess repressed and the other
works poorly unless actlivated [Ptashne, 1991].

in the classic model of transcription Initfation
[Chamberlin, 1974)], the formation of an open complex between

DNA and RNA polymerase |Is considered to invoive a two-step
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Interaction of RNA polymerase with the promoter. in the first
step RNA polymerase binds to the promoter and forms a
competitor-sensitive closed complex. This step Is described by
an equllibrium constant, Kb' The DNA near the transcription
start slte then unwinds and forms the tighter-binding open
complex [Kirkegaard et al/., 1983]. The second step, with ‘a

rate constant K Ils a slow step which has been termed the

f’
Isomerization step. Promoter mutations which Increase or
decrease promoter function result In Increasing or decreasing

elther KD. K or both, respectively [McClure, 1985]. The

fl
regulatory proteins, activators or repressors, can ailso affect

the formation of the open complex by cffecting K_ or Kf(Hoopes

b
and McClure, 1887].

Recent studlies suggest that repression and activation in
E. coll may function by common mechanisms. The regulatory
proteins may act by directily facliitating or blocking RNA
polymerase binding, or by affecting promoter structure
resulting In an Increased or decreased affinity for RNA
polymerase.

A comparison of DNA sequences of E. coll Eo70 promoters
ident | fles two hexanucleotide consensus sequences, TATAAT and
TTGACA, centered approximately 10 and 35 bp, respectively,
upstream from the +transcriptlion startpoint [Hawley and
McClure, 1983; Ralbaud and Schwartz, 1984].

Any activator proteln can act as a repressor (f |t binds

In a position that interferes with RNA polymerase-promoter

Iinteractions [Hoops and McClure, 1987)]. Many bacterial
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regulatory proteins can function eilther as activators or
repressors depending on the location of the slites to which
they bind and the nature of the promoter. Regulatory protelns
such as Cap and Fnr activate most of the promoters they
regutate by binding to a posltion near -40 and repress some of
the promoters when their sites are downstream of -20 [Col lado-
Vides et al., 1891]. On the other hand, OmpR reguliatory
protein can repress and activate from the same position [Tsung
et al., 1980]. Perhaps the same OmpR-polymerase Interaction
which can help stabllize binding to weak basal elements can
also Iinhibit the binding when strong basal elements have

already allowed stable polymerase binding [Gralla, 1991].

l11=-1. The Mechanisms of Negative Regulation

The function of a repressor Is to decrease transcription
inittation. Different repression mechanisms are found |In
bacteria. In most cases the operators (the binding sites of
repressor) overlap with the RNA polymerase binding site, The
repressor functions either by competing with RNA polymerase
for a speciflc DNA sequence, thus blocking RNA polymerase
binding, or by Interfering with the function of bound RNA
polymerase, as by blocking Isomerization or Inhilbiting the
actual initiation steps. [Collado-Vides, et al/., 1991). In
some cases, repression also Involves DNA looping [Adhya,
1989], or depends on lInteractions with other DNA-binding

proteins [Gerlach, et a/l., 18911].
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111-1-1, Repressor Directly Competes or Interacts with RNA
Polymerase
To Iinitliate transcription, RNA polymerase has to bind to
a promoter to form a ciosed complex. |If the repressor binding
site overlaps with the site of the closed complex formation,
the binding of a repressor willl prevent the binding of RNA
polymerase. Among 76 repressible promoters that have been
analyzed, 70 contalin at Ileast one operator |In a proximal
position, where the repressor can contact elther the
polymerase or the polymerase recognition elements. The
position of the operator can Infiluence repressibility by
determining when It Is cleared and available for repressor
binding and also by determining how effectlvely the bound
repressor can block the polymerase binding [Collado-Vides, et
al.,1891]. Studies have shown that the ¢l repressor of
bacteriophage A decreased the binding constant'(Kb) of RNA

polymerase for the P, promoter [Hawliey et al/., 1985].

R

During the formation of the open complex, the DNA hellx is
opened and the conformation of RNA polymerase |s changed.
DNasel footprinting shows that there iIs also a change In the
size of the DNA sequence which contacts RNA polymerase [Mecsas
et al/., 1991]. Some repressors can block open complex
formation elther by binding to the DNA sequence necessary for
the formation of a stable complex with RNA polymerase or by
changing the DNA conformation in such a way that RNA

polymerase |s unable to open the hellx for Iisomerization

[Adhya, 19889]. The Arc repressor of bacterliophage P22 of
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Salmonella typhimurilum can bind between the -10 and -35 region
of the Pant promoter and repress through an effect on Kf

[Vershon et al/., 1987].

I11-1-2., Repression by DNA Looping

in both prokaryotic and eukaryotic systems, the direct
Interactlion between protelns bound to separated sltes on the
DNA to form DNA lcops Is one of the important mechanisms for
gene regulation [Adhya, 1989; Gralla, 1989]. Loop formation Is
also important for other blological systems such as initiation
of DNA repllcation and site-specific recombinatlion [Echol,
1986; Moltoso de vVargas et al/., 1989]. A protelin-medliated DNA
looped complex may serve to Increase the relative
concentration of reguiatory proteins at the control site
[Mossing and Record, 1986), providing a way for multiple
proteins to affect transcription from a promoter (Schleif,
1887), or bring regulatory proteln Into contact with RNA
polymerase [Wedel et a/., 1990; Ptashne, 1986], and facliiltate
transfer of a protein from one region of DNA to another [von
Hippel and Berg, 1989]. In some E. col/l! operons, distant
dup!icated operator sites are Involved in repression [Collado-
Vides et al/., 1991].

In the /Jac operon, there are three locations for Lac
repressor binding: a strong repressor binding site 01 (primary
operator) and two weak binding sites (pseudo-operators), O2
(402 bp downstream from 01, within the /acZ coding region) and
0O, (93 bp upstream from 01) [Adhya, 1989; Gralla, 1989]. In

3
vivo footprinting and expression studlies show that O‘ and O2
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cooperate to form a repression complex In vivo, and repress
transcription by both strengthening repressor binding at the

inttilation site within O, and blocking elongation [Flashner

1
and Gralla, 1988; Sasse-Dwight and Graitla, 1988]. Oland Ozmay
form a looped complex which can Inhibit both the Initiation
and elongation of transcription, though the primary effect Is
at the initlation step [Gralla, 1989]. The ablllity of the Lac
repressor to mediate formation of DNA loops was shown both /n
vivo and In vitro {reviewed In Brenowitz et al., 1991]. In
vivo studies show that full repression of the /ac operon
requires all three binding sites. The destruction of just one
pseudo-operator, O2 or 03, reduces repression by wild-type
tetrameric Lac repressor 2- to 3-fold; Inactivation of both
pseudo-operators decreases repression more than 50-fold.
Binding to O] alone represses only 20-fold. A dimeric actlve
ac repressor represses the wild-type /ac operon %o about the
same level as wlld-type binding to O1 alone. These
observations indicate that cooperative interactions between
three operator sites |Is due to DNA loop formation mediated by
a tetrameric tLac repressor. [Oehler et al/., 1990]. Studies
with the /ac repressor-operator system Indicate that DNA
looping can affect local DNA supercoliiing during transcription
[(Wu and Liu, 1991]. Whether altered supercoiling affects the
physlologlical functlions of DNA remalns unknown.
The two divergent ara promoters, F}w and PC' are regulated
both poslitively and negatively by AraC. In the absence of

arabinose, both promoters are repressed by AraC. When AraC

binds to arabinose, it activates PBAD but still represses PV
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AraC can bind to three operator slites upstream from PMD: | and

O1 are located between PBAD and PC, O2 Is within the codling

reglon of araC. The I/In vivo DNA protectlion experiments show

cooperative blnding between I-O2 and QFO Unt iganded AracC

2"
cooperatively binds to | and O, and does not bind to O,,

liganded AraC cooperatively blnds to O1and o

while

2 and also blnds

Independently to | [Martin et al., 1988]. These observatlons

suggest that AraC medlated DNA-Iloop formation Is invoived In

gene regulation. Binding of unliganded AraC to ! and o, forms

a DNA loop between two sites separated by 210 bp and represses

both F%m and PC' Binding of |lganded AraC to | wlll activate
the transcription from PBM’ and the DNA looped complex between
i lganded AraC bound at O1 and 02 still represses PC fLobeli and

Schlelf, 1891]. Both PBAD and Pc are activated by CAP. In vitro

studles have shown that CAP actlivates by breaklng the Ofd
repression looped compliex. The CAP activity Is dependent on
the ortentation and distance of the CAP binding slite relative
to | [Lobell and Schleif, 18913].

Two gal/ promoters are subjected to the dual control of CAP
and Gal repressor, CAP actlivates transcription init!atlion from
P1 but Inhibits Initlation from P2' Gal repressor represses
transcription at both promoters [Musso et a/., 1977]. The two
operator sites, OE and O', do not overlap the promoters. The
In vivo transcription studies show that the repression
requires cooperative binding of the repressor to both sites,
Binding to either O. or O

E I
et al., 1990]. Electron mlcroscopy observations Indicate that

Is not enough for repression [Mandal

repressor blnding to both sites can form a DNA loop [Adhya,
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1989]. 1t has been suggested that a protein-mediated looped
complex between O and O, is required for the repression of
transcription from the gal/ promoter [Adhya, 1989].

In E. coll, the deo operon encoding four ribonuclieoslide
and deoxyrlbonucieoside catabollzing enzymes Is regulated at
the transcriptional level. Inltiatlion of transcription occurs
from two promoters (Pl and Pz) which are located 598 bp apart
[Dandanel| and Hammer, 1985]. Transcription from P1 Is
repressed by DeoR, Whereas P2 is subject to a double negative
control by both DeoR and CytR, and |Is actlivated by CRP
[Valentin-Hansen, 1985]. There are three operator sites in
this operon for DeoR binding; O, and O, compietely overlap P,

and P respectively. Another site OEls 279 bp upstream of OF

2
Full repression requires all three binding sites. The distance
between O, and O2 Ils 599 bp, but represslon of P2 can also be
achleved by moving the O1 1 to 5 Kb downstream of O2 in a
manner [ndependent of orientation [Dandanell et al/., 1987]. In
vitro studlies show that the DeoR repressor cooperatively binds
to two operator sites [Mortensen, et a/., 1988]. The electron
mlcroscopy observations show that when the DeoR repressor
blnds to Its natural operator sites, single and doublie loops
are formed [Amouyal et al/., 1989]. It has been sugg=ested that
a looped complex between O‘ and O2 is required for the
repression of transcription, and that binding to the OE site
may help repression by forming an insurance loop with 0]or 02
[Adhya, 1989].

Most promoters with distant dupllications of operators

require CRP for full actlvation. It was suggested that remote
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operator duplications are usually assoclated with muitiple
promoters subject to more than one system of regulation

[Collado-Vides et al/., 1891].

111-1-3. Repression Involving interaction of Repressor wlth
Other DNA Binding Protelns

In the classical model for negative regulation In
prokaryotes, It Is suggested that repressors block access of
RNA polymerase to promoters [Majors, 1975]. Other mechan!sms
may also be Involved in repression of transcription
initiation. I|f the promoter depends on an activator for
Inttlation of transcription, blocking the interactlon between
the activators and RNA polymerase also can lead to repression
of transcription. Examples of such represslion are the cl/Cro
system of bacteriophage A [Ptashne, 1986a], and some of the
promoters regulated by both CytR and CAP [Martlnussen et a/.,
1889].

The CytR repressor regulates initiatlion of transcription
from at least seven promoters which are Invoived In the
expression of genes encoding proteins for the transport and
catabolism of nucleoslides and deoxynucieosides [Hammer-
Jespersen, 1983; Munch-Petersen and Mygind, 1983; Valientin-
Hansen et a/., 1986]. All promoters regulated by CytR are also
activated by CAP.

As mentioned above, deoP2 Is under negative contro! by
both DeoR and CytR repressors and activation by CAP. The

studies of CytR regultation and CAP activation indicate that

the CytR repressor inhiblts CAP~-dependent transcription
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initiation and that tandem, Intact CAP binding slites are
requlred for CytR repression [Sogaard-Andersen et a/., 1980].
It Is proposed that CytR and CAP may compete for the binding
to some DNA sequences and that the binding of each excludes
the binding of the other. Aiternatively, CytR could bind to
the operator site without precluding CAP binding to DNA and
antagonize the activation of CAP elther by changing DNA
conformation or by directly contacting CAP [Sogaard-Andersen
et al., 1980]. /n vitro studlies show that CytR alone Interacts

weakly with the deoP, promoter, whereas with cAMP-CAP, the

2
binding affinlty of CytR Increases 1000-fold [Gerlach et al.,
1991). It seems that CytR relles on CAP for strong binding to
the deoP2 promoter, and CAP acts both as an activator and a
corepressor [Sogaard-Andersen et al/., 1981]. The studies of

another CytR regulated promoter, tsxP indicate that the CytR

2’
also relles on the presence of cAMP-CAP to regulate tsxP2
transcription anq that the formation of an active repression

complex requires CAP as a corepressor [Gerlach et al/., 1991].

111-2. The Mechanisms of Positive Regulation

In E. coll Eo70 promoters, the mechanisms oOf positive
regulation are similar to those used for negative regulation.
Compar ison of the sequences of positively control ied promoters
with those of other typlical promoters show that sequences (-35
region and the first T of the -10 region) of positively
controlled promoters are often different from the consensus
sequence of typlica! promoters [Raibaud and Schwartz, 1984]. It

is bel!leved that sequences of poslitively controlled promoters
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are deflicient In Information for one or more steps of
transcription Initiation by RNA polymerase [Adhya and Garges,
1990]. Indeed, activator proteins may act to replace the -35
reglon and provide a substitute signal for RNA polymerase
[Makino et al., 1988; Collado-Vides et al., 1991]. An
activator may function In transcription Initiation by
increasing Kb and/or Kﬁ elther 1t acts by directiy contacting

RNA polymerase or by changing DNA conformation.

l11-2-1. Activator Interacting wlth RNA Polymerase

Studies of actlivatable promoters indicate that most
actlivator protelns bind near the -35 reglon and increase the
rate or extent of RNA polymerase open complex formation at the
promoter [Raibaud and Schwartz, 1984; Collado-Vides et al.,
1891]1. Binding of one protein to a strong DNA site can heip a
second molecule bind to a weak affinlty site [Hochschlid and
Ptashne, 1986]. Cooperative binding of an activator proteln
and RNA polymerase has also been shown in both CAP and A cl—PW
positive control systems [LI and Krakow, 1988; Ren et al.,
1988; Hwang and Gussin, 1988].

It Is beltleved that direct protein-protein interaction
between actlvators and thelr corresponding RNA polymerases |Is
one of the Important mechanisms for transcription activation.
This mechanism has been suggested for activators that bind
close to the RNA polymerase bindling site, such as OmpR [Tsung
et al., 1990), AraC [Lee et al/., 1987], and CAP [Ren et al.,
1988; Straney et al., 1989, Gaston et al/., 1980]1. Since most

of the activators of EO70 promoters in fact bind close to the



42
RNA polymerase site, we would expect direct Interaction
between actlvator and RNA polymerase to be the maln activation
mechanism for these promoters.

This Interaction between the activator and RNA polymerase
can lead to Increase of elther K or K, or both. At the Jac
operon promoter, CAP has been shown to Increase Kb by about
20-fold [Malan et a/., 1984]. The cl proteln of bacterlophage
A on the other hand acts at the A PRM promoter by Increasing

the Isomerlization rate; the preserce of cl Increases K, by

f
approximately 10-fold [Hawley and McClure, 1883]. Another A
activator, cll, affects both the binding affinlty and the
Isomerization rate of RNA polymerase at the promoters It

actlivates [Shih and Gussin, 1984].

I11-2-2. DNA Bending and Actlvation

Sequence-~directed and protein-induced DNA bending has been
described In a varilety of promoter regions and has been
thought to be important for the regulation of gene expression,
DNA recombination, and DNA replication [Liu-Johnson et al.,
1986; Goodman and Nash, 1988;]. DNA bending may Increase the
transcription tnitiation rate [Lamond and Travers, 1983; Bossl
and Smlith, 1984; Gourse et al., 1988; McAlllister and
Achberger, 1988]. Actlvator-mediated DNA bendling or other
conformational changes may affect neighbouring promoters,
making them more adequate for transcription initlation by RNA
polymerase [Adhya and Garges, 1990].

Upon binding to DNA, CAP protein In fact induces a

substantlal bending of the DNA more than 9d°[Wu and Crothers,
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1984; Llu-Johnson et al/., 1986]. This may be rejated to
regulation since a synthetic bent DNA sequence can replace the
CAP binding site and activate transcription from the CAP-
dependent gal/ promoter and /ac promoter even In the absence of
CAP. These results suggest that bending Induced by CAP may
constltute Its mechanism of transcription activation [Bracco
et al., 1889; Gartenberg and Crothers, 1991].

Two models have been proposed to explain the role of the
CAP-induced bend. The first explanation .is steric: the bend
makes protein-DNA and/or protein-proteln contacts possible
which are not sterically feasible with a stralght promoter and
these are essential for the transcription initlatlon [Wu and
Crothers, 1884]. The second explanation |Is energetic: the
energy stored in the bend may be used to faclilltate the
transcription initiation [Zinkel and Crothers, 1991].

Two other general regutatory proteins, FIS and IHF, also
can bind and bend DNA. The DNA bending medliated by these two
proteins |Is aliso thought to play an important role In thelr
blological functions. FIS (Factor for Inversion Stimuiation)
is a heat-stable protein that was flrst identifled as a host
factor required tor site specific DNA Inversion reactions such
as the Cin system of phage P1 [Huber et a/., 1985}, the GiIn
system of phage Mu [Kahmann et al/., 1985], and the Hin system
of Salmonella typhilmurium [Johnson and Simon, 1885]. These
slte specific recomblinatlion systems are stimulated by FIS
binding to a c/s-acting recombinatlional enhancer sequence. It
is belleved that binding of FIS to two speclfic slites

separated by a well defined intervening sequence I|nduces DNA
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bpending. This conformational change |Is requlired for the
recombinational enhancer activity [Huber et a/., 1989].

FIS was also found to be involved in the transcriptional
regulation of the rRNA operon rrn8 [Gourse et al., 1986; Ross
et al., 19307 and scme tRNA operons such as tyr7 {[Lamond and
Travers, 1983), /euV [Bauer et al/., 1988], and thrU (tufB)
[van Delft et a/., 1987; Niisson et a/., 1880]. The expression
of these operons Is highly coordinated. All of these operons
have an upstream actlvating sequence (UAS) located between
positions -154 and -48 [Ross et al/., 1980; Niisson et al.,
1990]. These UASs are AT-rich and display DNA bending [Gourse
et al/., 1986]. FIS binding to the UAS may enhance the bending
of the UAS DNA and actlvate transcription [Nllsson et al.,

19901. At the rrnB P, promoter of E. col//, binding of FIS to

1
the UAS Iincreased transcription 20- to 30-fold both /n vivo
and In vitro. Even In the absence of FiS, the UAS activated
transcription 2- to 4-fold In vivo, presumably due to Its
conformational effect [Lelrmo and Gourse, 1991].

Another regulator which |Is thought to work by DNA bendling
is the Integration host factor (1HF), a heterodimeric proteiln
of E. col!l encoded by the himA and hilp genes [Nash and
Robertson, 1981]. This sequence~speclfic DNA binding protein
{Cralg and Nash, 1984] participates In a wlde varlety of
bioilogica! functions iIn bacteriophages, bacteria and plasmids,
including a variety of types of site-specific recombination,
phage packaging and partition, and DNA repliication [Driica and

Rouvlere-Yaniv, 1887; Stenzel et al/., 1987; Friedman, 1988].

in phage A site-speciflc recombination system, proteln-induced
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bending and proteln-mediated looping cooperate to form a
functional multiprotein-DNA complex. In this compiex, the DNA
bending Induced by IHF can stimulate the binding of Integrase
[Molitoso de Varges et al., 1988]; and binding sites for IHF
can be successfully replaced by a sequence-dlrected bend
fragment [Goodman and Nash, 1988]. It Is suggested that the
function of IHF Is to bend the DNA [Moltoso de Varges et al.,
1989].

IHF Is also directiy involved Iin the reguliation of gene
expression of many other genes In phage A and Mu, E. co//, and
other gram-negative bacteria [Drllica and Rouviere-Yanlv, 1987;
Friedman, 1988; Gober and Shaplro, 1990; Hoover et al/., 1990).
In E. coll, |IHF was shown to be Invoived In activating the
expression of gyrA, /1v8 and |/ /vGEDA genes [reviewed In Driica
and Rouviere-Yaniv, 1987], and In Inhibiting the transcription
of ompC, ompF and ompB genes [Huang et al., 1990; Tsu! et al.,
1991]. The gene products of himA and hi/p also negatively
regulate theilr own expression as well as the expression from
the other [Miller et al/., 1981].

Where IHF appears as an actlvator, |t does not Itself
activate transcription, but rather Increases the activity of
a another required activator. The IHF binding sites are always
located between the polymerase and activator binding sites.
iHF then heips the activation by bending the DNA. Thils I|HF-
mediated DNA conformation change would Dbring the bound
activator into a position favourable for contact with the RNA
polymerase-promoter complex [Hoover et a/., 1990; Col |ado-

Vides et al/., 1991). In this mechanism, |IHF wouid resembie
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certain eukaryotic general regulatory proteins, which regulate
the expression of a particular gene by interacting with other
regulatory proteins [Hoover et al/., 1890; Mitchell and TI jan,
1989].

Other mechanisms are also Iinvoived In the activation of

transcription. In the ara operon, CAP may actlvate

BAD
transcription inftlation by breaking the araoz-aral1 repression
loop [Lobell and Schleif, 1991]. In the activation of
transcription I(nitiatlon at dlvergent promoters mal/Ep and
maikp, a complex nucleoprotelin structure formed at the
regulatory reglion Is belleved to invoilve wrapping of DNA
around a core formed by the two bound activator proteins, MaiT
and CAP. Thlis nucieoprotelin complex may be Invaived In
activatlon of transcription [Ralbaud et a/., 1888] and
supercoiling plays a cruclal role In the formation and
stabll ity of this Initiation complex [Richet and Ralbaud,
1991]. in this system, MalT |Is absolutely required for
activation, while CAP acts as an accessory factor [Ralbaud et
al/., 1989]. Recent studies suggest that the activation of
mal/Kp depends on the repositioning of MalT Induced by CAP

[Riched et a/., 19911].

1t1-2-3. The Actlvation of O54 Promoters

As mentioned above, o54 s a relatively minor o factor

found in E. col! and related bacteria. Eo54 recognizes

di fferent basal elements located at -12 and -24 reglon. Al | 054

promoters studied are regulated soletly by activation rather
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than by repression; in most cases, the activator binding site
Is located far from the promoter [Col iado-Vides et a/., 1981].

In the absence of an actlvator, E0° Is thought to bind to
the promoter and forms stable, but Inactive, ciosed complexes
[Sasse-Dwight and Gralla, 1988; Popham et a/., 1989]. The
subsequent binding of an activator activates transcription by
catalyzing isomerization of this cliosed complex to an open
complex [ Niafa et al., 1989; Wedel! et a/., 1990]. By
contrast, Edm can bind to a promoter and melt the promoter DNA
In the absence of an actlivator [Grallia, 1990].

Another mechanistic dilfference between Eo70 and o54

In o54 promoters, activator binding sites are centred farther

is that

from the transcription site, usually near posltlion -110.
Indeed, the NR| binding sltes of g/nAp2 can be moved more than
1 Kb upstream or downstream and stlili have 50% activity
[Reitzer and Magasanlk, 1986]. The binding sltes of two other
o54 promoter activators, FhlaB and NIfA, can be moved 2 Kb
(from FdhF and nifH, respectively) and stlil retailn more than
10% activity [Birkmann and Bock, 1989; Buck et al/., 1986]. As
shown by electron microscopy, the activation of 054 promoters
also Involives the actlvator touching RNA polymerase at the
promoter by a loopling out of the intervening DNA [Su et a/.,
1990]. Some of o54 promoters also use IHF as a coactlvator. |HF
can stimulate actlivation by bending DNA and stabillizing the
formation of a looped compliex which faclllitate productive
contacts between the activator and Eo54 {Hoover et a/., 1990).

The observations Indicate that o54 promoters resemble

eukaryotlc polymerase || promoters In that o54 system contains
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an enhancer-}ike element, makes use of actlvators wlth
eukaryotic-type functional domalns [Sasse-~-Dwight and Gralla,
1990], requires ATP hydrolysis for Iiniltiation [Popham et a/.,
19891, uses coactivators, and uses a phosphorylated enhancer
protein [Weiss and Magasanik, 1988].

Some activators can also act as repressors. Most of these
dual-function regulators medlate negatlive autoregulation.
However several repress transcription of other genes. Thus,
CAP which can repress several promoters [Collado-Vides et al.,
1991), In addition to the many [t activates. Simlilarly, ArcA
can repress many promoters and activate some, but the
mechanism for Its regulation Is still unknown.

Whether a proteln actlvates or repressed may depend on the
propertlies of the proteln, the DNA site where the proteln
binds, and other properties of the promoter. One Important
factor |Is the position of the binding site. A data base
analysis shows that 60% of actlivatable promoters have sltes
overlapping a -40 sequence, whereas 49% of repressible
promoters have operator sites overiapping the transcription
start site [Collado-Vides et al., 1991]. In most cases, when
an actlvator functlions as a repressor, It binds at or near the
transcription start site. These observations suggest that the
position on the DNA to which a regulatory proteln binds- in
particular Its distance from the transcription start site, may
determine whether activation or repression occurs [Col lado-
Vides et al., 1991].

The nature of the promoter Itself is also a determining

factor In the repression/activation balance. When the same
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ompR binding site was fused to a weak and a strong promoter,
both from E. coll, OmpR enhanced RNA polymerase binding to
the weak promoter and actlvated transcriptlion, but repressed
transcription from the strong promoter [Tsung et al., 1990].
It Is suggested that the enhancement of RNA polymerase binding
to the ompF promoter by OmpR can stabllize the closed complex
formation and Iinhiblit the Isomerization step [Tsung et a/.,

1980].

IV. GENES KNOWN TO BE REGULATED BY L~-LEUCINE

The presence of L-leucine in the growth medium can affect
the activity of many enzymes In E. coll. One would certalinly
expect that the activity of enzymes which are Iinvoilved In L-
feucine metabolism may be affected by L-~leucine. But many
enzymes whose actlvity ls affected by L-leucine are
physiologically not related to branched-chaln amlno aclid
metabeciism. L-leuclne may act as an effector for a giobal
response In E. col/! [Fraser and Newman, 1875; Newman et al.,
1976}1. In this work, we found that In most cases, the effect
of L-leucline Is mediated by the Lrp protein. Some of the genes

regulated by L-leucine wiil be reviewed In this section.

IV-1. Genes Related to Branched-Chailn Amino Aclid Metabo!l Ism

The expression of genes whose products participate In L-
isoleucine and L-valine blosynthesis |Is derepressed when L-
leucine is Iimiting [Umbarger, 1987]. This includes [/ /vBN,
{IviH, 1IvC, and [|IvGMEAD. The expression of most of these

genes Is subject to multivalent repression requiring all three
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branched-chain amino acids [Freundiich et al., 1962].
Regulation of /I/vGMEAD and //vBN operons is also medlated by
transcription attenuatlion control. In L-leucine Ilimiting
conditions, the restricted formation of leucyl~tRNA leads to
the derepression of these two operons [Umbarger, 1987].
Expression of //vC gene is controlled by substrate induction.
Limiting L-leucline leads to an increase of acetohydroxy acid
synthase || activity, and this In turn Induces the expresslion
of the //vC gene [Umbarger,1887].

The //viH operon encodes the two subunits of acetohydroxy
acld synthase 111 (AHAS 1I1l), one of the three Isoenzymes
which catalyse the first biosynthetic step common to brancnhed-
chain amino acld synthesis [Squires et al/., 1981]. Northern
hybridization exper iments Indicate that transcription of the
/lviH operon |Is repressed by L-leucine, but not by L-
Isoleucine or L-vallne [Squires et al/., 1981]. A DNA bindling
proteln, termed //v/H-binding (IHB) protein, can bind to two
upstream regions of the //v/H promoter, and the binding
activity |Is decreased by L-leucine /n vitro. The binding of
the IHB protein to this upstream DNA Is thought to be involved
In the regulation of thls operon by leucine [Rlcca et al.,
18851. A Tn1O Insertion within the fhb (/rp) gene, the gene
that encodes IHB (i_.rp) protein, decreases transcription of the
/1IviH operon more than 30-fold [Platko et a/., 1990]. These
results suggest that the |I1HB (Lrp) protein activates
transcription of FiIvIH and that L-leucine represses
transcription by affecting the IHB (Lrp) function [Platko et

al., 1890].
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Lrp also affects transcription from the four genes
involved In leucine blosynthesls, /euABCD, located Ina single
operon. The expression of these genes depends upon L-leucline
avallablillity, decreasing In the presence of L-leucine and
increasing when L-leucine s limlting [Burns et al/., 1968].
This regulation has been ascribed solely to transcription
attenuation-which was thought to be the oniy mechanism of
regulation modulated by L-leucine avallablillty [Umbarger,
19871. The leader sequence of the (eu operon contalns four
adjacent Leu codons, which have been shown to be very
important In transcription attenuatlon control of /leu operon
expression [Carter et a/., 1985]. In this study we show that
the /eu operon may also be subject to the regutatlon of Lrp
protein.

Lrp may also be Involved in a third branched-chain amino
acld function, transport of branched chain amino acids Into
the cell. There are at least three kinetically distinct active
transport systems for branched-chain amino aclds transport
[Quay et al., 1977; Oxender et al., 1877; Yamato and Anraku,
1880]. A iow-affinity membrane tound system (LIV-I11) s
speclflc for all of the three branched-chain amino acids. Two
shockable binding protelns are involved In two high affinity
transport systems. One binding protein can mediate the
transport of L-leucine, L-Isoler'- ne, L-vailne, L-threonine,
L-alanine, or L-serine (LIV~-binding proteln, livd gene
product). The other binds speciflically only to L- or D-leucine
(Leucine-binding protein, [/IvK gene product). A mutation In

IIvR (Ilrp) results in an Increase in both osmotic shock-
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sensitive high affinity transport systems and Iin the ievel of
both binding protelns [Oxender et a/., 1977]. |t has been
shown that transcription from /i/ivJ and //vK occurred at high,
constltutive levels In an /rp::Tn70 mutant [Haney et al.,
18992]1. These results suggest that //vJ and //vK are subject to
the negative control of Lrp, and that L-leucine is requlired

for this repression [Haney et al., 1982].

iVv-2. Other Genes Affected by L-Leucline

The expression of many genes that are unrelated to L-
leucine metabollsm are aiso affected by the presence of L~
leucine In the growth medium. These gene products are involved

In biosynthesis, transport systems and bliodegradation.

IV-2-1. Genes Inveolved Iin Blosynthesis

Among genes whose products are Involved in blosynthesis
unrelated to L-leucine, three are known to be affected by -
leucine. They partipitate In amino acid bilosynthesise (serA),
amino acy!-tRNA synthesis (/ysU), and methyl group donor
synthesis (metkK).

The serA gene of E. coll codes for phosphoglycerate
dehydrogenase, the first enzyme Iin the blosyntheslis pathway of
L-serine and glycine. The level of thils enzyme |Is decreased iIn
cells when L-leucine and certaln amino aclds are present In
the growth medium [McKlitrick and Pizer, 1980]. We found that
either the presence of L-ieucine or a mutation In /rp gene can
decrease transcription from the serA promoter as measured by

the expression of a /facZ reporter gene.



53
Two-dImensional gel electrophoresis studles have shown
that there are multiple forms of Ilysyl-tRNA synthetase (LysRS)
In E. coll [Hirshfleld et al/., 1981]. These multiforms of
LysRS are encoded by two differently reguliated genes. Forms |
and (1| are encoded by a constitutive gene, J/ysS, which has
been mapped at 62.1 min [Emmerich and Hirshfleld, 1987]. An
inducible gene located at 93.5 min, /ysU, codes for LVsSRS
forms || and IV [vanBogelen et al/., 1983]. The /ysU gene shows
aimost no expression under normal growth condltions and can be
induced in a number of conditions, Including the presence of
L-leucine, glycine-L-leucine dipeptides, L-alanine, and heat
shock [Hirshfield et a/., 1981; Matthews and Neldhardt, 1989].
1t was reported that the expression of /ysU Is Increased |In
a metK mutant [Hirshfleld et al., 1977; Matthews and
Neidhardt, 1988]. In this study we show that the metK mutant
used In those experiments Is In fact a metK I/rp double mutant,
and suggest that the constltutlive expresslion of /{ysU may
result from the /rp mutation rather than the metK mutation.
The metkK gene encodes S-adenosylimethionine (SAM)
synthetase which catalyses the reaction of L-methionine with
ATP to produce SAM [Greene et al/., 1973; Hafner et al/., 1977].
SAM has been shown to play numerous important roles in cell
metabolism. |t serves as the majJor methyl group donor In
biological systems, Is involved In polyamine blosynthesis, and
functions as a corepressor In the regulation of the methionine
biosynthesis regulon [Tabor et al/., 1958; Greene et al/., 1973;
Hobson, 1874; Shoeman et al., 1885]. The presence of L-leuclne
In the growth medlium Iincreases the level of SAM synthetase

[Greene et al/., 1973].
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IV-2-2. Genes involved In Blodegradation

As mentioned before, there are two differently reguliated
genes codling for L-serine deaminases (L-SDs). L-SD I, the gene
product of sdaA, |Is produced In both minimal medium and rich
medium, whereas L-SD (1, the sdaB gene product, |{is only
produced In rich medium [Su and Newman, 1981]. In the presence
of L-leucine In minimal medium, the expression of sdaA |Is
increav.ed [Su et al/., 1989; Su and Newman, 1991]. In this
study, we show that the effect of L-leucline |s mediated by the
Lrp protein. In the regulation of sdaA expression, Lrp may act
as a repressor and L-leuclne as an Inducer. In the case of
sdaB, lL.rp may Indlrectly act to activate the expresslion in an
L~-leucine-dependent manner.

L-threonine dehydrogenase (TDH) Is the flrst enzyme of the
two~step pathway converting L-threonlne to giycine and acetyl
coenzyme A [Newman et a/., 1976]. Some organisms such as
Pseudomonas mu:tivorans and ce."tain Fusarl/um can use threonline
as carbon and energy source via this pathway [Lesslie and
Whiteley, 1969; Willets 1972]. In E. coll, which Is unable to
use L-threonine as sole carbon source, TDH is Involved In the
formatlion of glycine ([Newman et al/., 1976; Ravnikar and
Somerville, 1987], but the actual function of this enzyme may
be degradation rather than biosynthesis [Newman et a/., 1976,
Potter et a/., 1977]. The level of TDH Is Iinduced by the
presence of L-leucine [Newman et a/., 1876]. TDH iIs encoded by
tdh which has been mapped at 81.2 min [Ravnikar and

Somerville, 1987].
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The work in this thesls shows that the activity of TDH Is
increased In an /rp mutant, suggesting that Lrp represses the
expression of tdh gene, and that L-leucine acts as an inducer.
Recent studies showed that the Lrp target site Is located in
a 25-bp region between -69 and -44 of the tdh promoter [Rex et

al., 1891].

iv-2-3. Genes Involived In Transport

The binding protein-dependent oligopeptide transport
system of E. col/l and S. typhimurium can transport di- and
ol igopeptides with up to five amino acld resldues [Payne and
Gllvary, 196811. Four genes (OpPPABCD) speclifying an
ol igopeptide permease similar to the system In S. typhlmurium
have been mapped at 27 min on the £. col/l! chromosome [Lenny
and Margoliin, 19801].

Transcription from these genes |Is affected both by L-
leucine and by Lrp. Studies wlith opp-/ac operon fuslons
showed that the addition of elther L-leucline or L-alanline
increased transcriptlion of the opp operon [Andrews and Short,
1986a; 1986bl. Transcription of this operon was also shown to
be negatively regulated by the gene product of opp/, which was
shown to be identical to /rp [Austin et al., 1989, Piatko et
al., 1880].

Another transport system of E. co/! may also be regulated
by Lrp, L-serine can be transported by four different
transport systems: the serine-threonine transport system, one

of the LiV systems, the glycine-alanine system, and the L-
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serine-specific transport system [Hama et al/., 1988]. The L-
ser ine-speclfic system is a H+-coup|ed cotransport and Is an
inducible system. Llike L-serine deaminase | (the product of
sdaA), the L-serine-speclflic system |Is induced by L-leucine,
but not by L-serine [Hama et a/., 1988]. Thils suggests that
the structural gene for the L-ser |ne-specliflc transport system
and the sdaA gene may be regulated In the same way [Hama et

al/., 1988].

What |s the metabolic function of L-leucine and Lrp?
These observations and our studles suggest that the /rp gene
product is a regulator of a gliobal response to L-leuclne-the
leucine reguion. Our further studles show that gcv operon are
regulated by Lrp and are not affected by L-leucine. Thils

system was renamed the leucine//rp regulon.
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MATERIALS AND METHODS

PART 1. STRAINS, BACTERIOPHAGES, AND PLASMIDS
The strains, bacteriophages, and plasmids used in this

study are described In Table 1.

PART 2. CULTURES, MEDIA, AND GROWTH TESTS

2-1. Minimal Medium:

The minimal medium used, neutralized to pH 7, has been
described elsewhere [Newman et a/., 1985a]. Cuitures were
grown with L-isoleucine and L.-vallne, 50 JUg/m! each, added to
all media used to grow straln CU1008 and all Its derivatives
to compensate for the deletlion In /I/vA carrled by these

strains.

2-2. SGL Medium:

Medium wlith a combinatlon of L-serine, glycine and L-
leucine as the only carbon source other than L-lsoleucine and
L-valine Is called SGL medium. L-Serine, glycine and L-
leucine were usually prov!ided at 2,000, 300, and 300 ug/mi,

respectively (unless otherwise noted).

2-3. NSIV Medlum

Medium with 0.2% of L-serine to replace D-glucose as sole

carbon source.
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Strains, Bacterjiophage and Piasmids

Stralin, phage Descriptlon

or plasmid

Reference

or source

E. coll K-12

cu1008 E. coll K-12 l1IvA L.S. Wililams
KEC9 cu1008 ssd Newman et al/.,b1982b
DRN-1 serA::Mu di Ramotar and Newman, 1986
MEW1 AlacZ derlvative of strain CU1008 Newman et al/.,1985b
MEW22 MEW1::Ap/acMu9 SGL™ Kan' Isolated

by transduction from MEW21 to

MEW1 and selecting for Kan' Su et al., 1989
MEW26 MEW1 /rp::Tn10 This study
MEW28 MEW1 sdaA: :Cm' su, 1991
MEW30 MEW1 metK62 This study
MEW31 MEW1 metK62 rbl::Tn10 This study
MEW32 MEW31 sdaA::Cmr from MEW28 This study
MEW33 MEW1 rbl/-62 This study
MEW34 MEW1 metK62 rbl-62 This study
MEW35 MEW22 ssd This study
MEW36 MEW22 rb/: :Tn10 This study
MEW37 DRN-1 ssd This study
MEW38 DRN-1 rb/::Tn10 This study
MEW39 DRN-1 rbi1-62 This study
MEW40 MEW38 sdaA: :Cm' This study
MEW41 DRN-1 ihb This study
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Cont.
MEW42 Cv8975 rbl::Tni10 This study
MEW43 MEW1 Jhb::Tn10 This study
MEW44 MEW22 /hb: :Tn10 This study
MEW45 MEW1 /rp:: lacZ This study
MEWS85 MEW1 serA (select by UV treatment) This study
MEWS86 MEWS8S5 Irp::Tnio This study
MEWS7 MEW45 metdJ: :Cm' This study
CP1-68 MEW1 carrying Apl/acMu9 Insertions
in Lrp-regulated genes This study
A401 HfrC polA1 Russel and
Hoimgrem, 1988
XL 1 recA (recAt1, lac , endAl, gyrAss,
thl!/, hsdR17, supE44, relAl1, (F’
pProAs8, Iaclu, lacZ M15, Tn10) Stratagene Co.
RG Witd-type E. coll] K-12 Matthews and
Neldhardt, 1988
RG62 RG metK spontaneous ethionine- Matthews and
res(stant Neldhardt, 1988
CvVa75 lIviIH::lacZ J. M. Caivo
CV1008 CVv975 thb::Tni10 J. M. Calvo
TK4100 MC4100 metdJ: :Cm' R. C. Greene
CAG5051 HfrH nadAS57: :Tn10 Singer et al/., 1989
CAG5052 KL227 btuB371971::Tnio Singer et al., 1989
CAG5053 KL208 2zbc-280::Tn10 Singer et al., 1989
CAG5054 KL9& trp883: :TnioO Singer et al.,1989
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Cont.

CAG5055 KL16 zed-3069::Tn10 Singer et al., 1889
CAG8208 KL228 zgh-3075::Tn10 Singer et a/.,b 1989
CAGB160 KL14 th!/-39::Tn10 Singer et a/., 1989
CAG12206 HfrH nadA3052: : Tn10kan Singer et al., 1989
CAG12204 KL227 btuB-3192::Tn10kan Singer et al/.,1989
CAG12203 KL208 zbc-37105::Tn10kan Singer et a/., 1989
CAG12202 KL96 trpB-3193::Tn10kan Singer et a/., 1989
CAG12200 KL16 zed-3720::Tn10kan Singer et a/.,1989
CAG12205 KL228 zgh--3159::Tn10Kkan Singer et al/.,1989
CAG12201 KL14 th!~3178: :Tn10kan Singer et a/.,1989
CAG12079 MG1655 fuc-3072::Tn10 Singer et al.,1989
CAG12135 MG1655 recD-19017::Tn10 Singer et al/.,1988
CAG18604 MG1655 zgb-37156: : Tn70kan Singer et al/.,1989
CAG12112 MG1655 zb/-3109::Tn10 Singer et a/.,19889
CAG18478 MG1655 zb!-1203::Tn10 Singer et al/., 1989
CAG18528 MG1655 zb/-3110::Tn10kan Singer et al., 1989
CAG12095 MG1655 zac-3057::Tn710 Singer et al/.,1989
CAG12168 MG1655 zgd-2710::Tn10 Singer et al/.,1989
CAG18450 MG1655 zhf-50::Tn10 Singer et al/.,19898
CAG18638 MG1655 zhg-3086::Tn710 Singer et al/.,1989
CAG18488 MG1655 z jd-2231::Tn10 Singer et al/.,1989
CAG18427 MG1655 z je-2241::Tn10 Singer et al/.,1989
WM1776 asn8, asnC::Km, lacYy, thi W. Messer
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Cont.
Phages
M13KO07 Vielra and Messing 1987
AplacMu9 A placMuKmr Bremer et al., 1985
APMUS07 A cl ts857 Sam7 MuA+8+

(Heiper phage) Bremer et al., 1985
ATn10 Acts SamS53 Wood, 1981
ATF10 AKohara phage214 Kohara et a/., 1987
Plasmids
pBR322 Bol lvar et al., 1977

Bluescript

pMC1871
pPACYC184
pSD100
pLSK35-3
pLSK92-2

pPMES28

PMES22
pGS146

pPGSU1

pwWBE

pPFN120

KS+ and KS-,

pBR322 carryling lacZ

Stratagene Co.
R.K. Storms

Chang and Cohen, 1978

Moskaluk and Bastla, 1988

Kolling and Lother, 1985

Kolling and Lother, 1985
plasmid pSD100 contalning
the sdaA gene In-frame fuslion Su, 1991
pBR322 carrying sdaA gene Su, 1991

PACYC184 carrying gcv

Stauffer et al., 1987

Bluescrlpt+ carryling 2 kp sall-

to-Smal fragment from pGS146

Bluescrlpt+ carrying sdaB

This study

Z2.Q. Shao

pBR322 carrying lysU gene Clark and Neldhardt, 1990
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Cont.
pFU2 Bluescript! carrying 3.3 Kb EcoR|

fragment from pFN120 This study
pFU10 Bluescrlpt+ carrying 108 bp Sau3A-

to-Dral fragment from pFU2 This study
pFU20 Bluescr ipt’ carrying 256 bp Sau3A

fragment from pFU2 This study
pGT17 pBR325 carrying serA gene G. A. Grant
pGU2 Bluescrlpt+ carrying 1.3 Kb Hindill-

to-BamH| fragment from pGT17 This study
pGU3 Bluescr ipt' carrying 522 bp BstEl |-

Pvull fragment from pGU2 This study
pGU4 Bluescr ipt' carrying 214 bp BstEl|-to-

Msel fragment from pGU2 This study
pGUS Bluescript' carrying 238 bp Sspl-to-

HInPl fragment from pGU2 This study
pGUS Bluescrlpt+ carrylng 277 bp Tagl

fragment from pGU2 This study
pGU7 Bluescr ipt' carrying 144 bp Msel-to-

Sspl fragment from pGU2 This study
pSuU1 Bluescr ipt’ carrying 684 bp Sa/!-to-

Avall fragment from pMES3 This study
psSu2 Bluescrlpf carrying 344 bp EcoRV-to-

Hindl |1l fragment from pSuU1l This study
pSU3 Bluescrlpf carrying 173 bp Sspl-to-

Hindl )| fragment from pSU2 This study
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pSuU4 Bluescrlpt+ carrying 171 bp Sspl-to-
EcoRV fragment from pSuU2 Thils study
pLR1 PACYC18B4 carrying 6.5 Kb Irb’HIndlll
fragment from A1F10 This study
pLR2 pBR322 carrying 6.5 Kb /rp' Hindli 1]

fragment from pLR1 This study
pLR3 Bluescrlpt+ carrying 1.2 Kb Irp+

Hindlll-to-Hpall fragment from pLR1 This study
pLR4 Bluescript” carrying 1.2 Kb Irp’

Hindl |l-to-Hpall fragment from pLR1 This study
PLRN1 PACYC184 carrying 1.2 Kb /rp'

Hindl l-to-Hpall fragment from pLR1 This study
pLRN2 PACYC184 carrylng a Irp::lacZ fuslon This study
pLRE1 PLR4 carrying a EcoRl site In /rp stop

codon created by in vitro mutagenesis This study
pLRE2 Bluescrlpt+ carrying Irp’ EcoR| fragment

from pLRE1, stop codon near Kpn! site This study
pLRE3 Opposlite orientation of EcoR! fragment

in pLRE3 This study
pLRE4 Bluescrlpt+ carrying an I/rp-lacZ 2-part

fusion Thils study
pPLRES Bluescrlpt+ carrylng an /rp-collagen-

lacZ 3-part fusion This study
pLRD1 Bluescrlpt+ carrylng downstream reglon

of I/rp gene This study
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pLRD2 Bluescript carrylng downstream reglon

of Irp gene This study
pLRU1 Bluescrlpt+ carrying 0.5 Kb EcoRl-to-

Bgl!ll fragment from pLR3 This study
pLRU2 Biuescript carrying 0.5 Kb EcoRl~to-

Bgl/ll fragment from pLR3 This study
pTS7 S. Adhya
pBRZ1 pBR322 carrying promoterless lacZ

from pT7S7 This study
psSuUz2 pPBRZ1 carrying 373 bp HindlIll-to~-BamHI

fragment from pSu2 This study
pSUZ3 pPBRZ1 carrylng 202 bp Hindlll-to-BamH!|

fragment from pSU3 This study
pSUZ4 pBRZ1 carrying 201 bp Hindlll-to-BamH|

fragment from pSuU4 This study




65

2-4. Determination of Doubling Times
The doubling times of cultures were calculated from growth
curves determined by measuring turbidity with sidearm flasks
fitted for a Kiett colorimeter and using a blue (»42) flliter.
To do this, overnight zultures were subcultured, aliowed to
grow to exponential phase and diluted into the medium In which
growth was tested. Turbidity was determined every 30 or 60

minutes.

2-4. Determination of Nutritional Requlrements

To determine whether amino acids could be used as nitrogen
source, precultures were grown with a reduced amount of
ammonium sulfate (500 ug/mi) and then diluted 4,000 times Into
test medium so as to minimize the possibility of carry over of
ammonium sulfate. Growth was followed as Indicated above.

To determine whether a compound could be used as carbon
source, It ‘was used to replace D-glucose at a final

concentratlion of 0.2%.

2-5. Other Additlilons to the Medlum
Antibiotics were used at the foilowing concentrations, In
ug/mt: Ampliciiltn (Amp) 100, tetracycline (Tet) 15, kanamyclin

(Kan) 80, chloramphenicol (Chi) 25 and streptomycin (Str) 100.

PART 3. ENZYME ASSAYS

3-1. L-Serine Deaminase

L-SD was assayed as previously described In toluene-

treated whole cells [Newman et a/., 1985b]. One unit of L-SD
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in the whole cell assay |s defined as the amount of enzyme
which catalyzes the formation of 1 ymol of pyruvate in 35 min.

Assays of L-SD in LB-grown cellis present the problem that
results could be confused by deamination of L-serine due to
another known enzyme, the blodegiradative L-threonine deamlnase
[Goss and Datta, 1984). To avoid this, LB cuitures were grown
wlith increased (0.5%) glucose so as to repress formation of

that enzyme.

3-2. B-Galactoslidase Assay

Cells were grown to the log-phase in the test medium. B-
Galactoslidase actlvity was assayed In whole cells according to
the method described by Mlliler and expressed In his units

(Mitler, 1972].

3-3. Protein Assay
Protein concentration was determined by the method of
Lowry [Lowry et al., 1951] with bovine serum altbumin as the

standard.

3-4. Cystathlionine-B-Lyase Assay
Cystathlonlne-B-lyase was assayed in whole cells by the
method of Hunter et al/. (:«lunter et al/., 1975), usling toluene

Instead of lysozyme, as suggested to us by R.C. Greene.

3-5. Proline Oxldase Assay
Proline oxldase was assayed by a slight modification of

the method of Dendinger and Brill (Dendinger and Briil, 1970),
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using whole cells grown In glycero! minima! medium with 1

mg/ml L-proline.

3-6. Tryptophanase Assay

Tryptophanase was assayed by the method of Botsford and
DeMoss (Botsford and DeMoss, 1971), using whole celtls grown In
glycerol minimal medium In which the nltrogen source was

replaced with 800 ug/mi L-tryptophan.

3-7. Threonine Dehydrogenase Assay

L-Threonine dehydrogenase assays were made In toluene-
permeabllized cells by the modifleu method of McGilvray and
Morris [McGilvray and Morris, 1971] as previousiy descr ibed by
Potter et a/. [Potter et al/., 1977]. Mid-log phase cells grown
In 250 mil flasks were chilled |In |(ce, harvested by
centrifugation, washed once with cold Trils buffer (10 mM, pH
8.5), and resuspended In Tris buffer at a turbidlty of 500
Klett unlits (540 fltiter). The assay mixture contained: 0.3 ml
of cells, 0.1 ml of 0.3 M L-threonine, 0.1 ml of 25 mM NAD,
and 0.922 m! toluene. Assay blanks wlth water in place of L-
threonine were used. The reaction (3”0 20min) was started
with the addition of L-threonine and stoped with 0.05 ml| of
cold 30% trichloroacetic acid. Proteln were removed by
centrifugation, and samples were assayed for amlnoacetone by
the rapid determination method of Urata and Granick [Urata and
Granick, 1963] with the modified Ehrilich reagent of Mauzeral |l
and Granick [Mauzerall and Granick, 1856] wusing deita-

aminolevulinic aclid as a standard.
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3-8. Determination of Yield
Yleld of protein per unit carbon was determined by the
method descr lbed by Newman et al/. [Newman et a/l/., 1878], on
cultures which had reached statlionary phase as Judged by

constancy of turbidity measurements.

3-9. Analog Sensitivity Tests

Analog sensitivity was tested by placing var lous
concentrations of y-glutamy! methyl ester (GGME) on flilter
disks [Kraus et al., 1979], and also by streaking strains to
be tested on glucose minimai medium plates containing 2 mM

GGME .

PART 4. STRAIN CONSTRUCTIONS
4-1. Isolatlion of A Tn10 Insertion In the /rp Gene

Strain MEW1 was Infected with A::Tn70 as described by J.
Wood (Wood, 1981) and tetracycline resistant cells able to use
L-serine as sole carbon source were selected on NSIV plate
contalning tetracycllne (15 ug/ml). The /rp mutation from one
Isolate was transduced to strain MEW1, selecting for
tetracycline resistance and verifying use of L-serine as sole

carbon source. This strain was cal ied MEW26.

4-2. lsolation of Mutant Stralins Carrying Protein Fuslions in
Genes Whose Expression Is Controlled by L-Leucine and the Lrp

Proteln
Principle: AplacMuS(kanr) [Bremer et al., 1985] was

inserted into the strain MEW1 genome and kanamycin-resistant
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cells whose expression was affected by L-leucine were screened
and kept for further studles.

Detai!l: Straln MEW!1 was infected with Ap/acMu8 and helper
phage ApMu507, as described by Welnstock and hls co-workers
{Bremer et al., 1984, Bremer et af., 1985]. Cells were
Incubated for 1 hour in LB medium, centrlifuged, washed and
piated on lactose minimal medium with kanamycin 80 ug/ml, with
or wlthout L~leuclne 300 ug/ml. The resultant colonles were
streaked on LB kanamycl!n, and on minimal kanamycin medium with
or wlthout L-leucine. B-galactosidase assays were made on
strains In which the growth rate on lactose minimal medium
seemed to be altered by the presence of 300 pg/mi L-leucine.
The Irp::Tn10 mutation was then transduced Into relevant
strains, and B-gatactosidase agaln assayed. Mutatlons In genes
affected by Lrp and L-leucine were transduced by kanamycin
resistance Into strain MEW1, and the /rp double mutants
recreated by the same transduction as before. The strains with
target mutations transduced Into straln MEW1, known here as
CP1-CP66, and the corresponding /rp derivatives, were used iIn

this study.

4- 3, Isolatlion of an L-Serine-Requlring Mutant

Straln MEW?1 was treated by ultraviolet irradiation,
subcultured in minimal medium for 1 hour, and ampicliliin was
added to 50 ug/ml. After about 4 hours further |Incubation,

cells were washed and spread on LB piates. Survivors of the
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ampliciiiin selection were screened for those which might carry
a serA mutation by testing for a strain which required elither
L-serine or glycine. That the mutation was 1In serA was

confirmed by demonstrating 20% cotransduction with metK, and
by cotransduction with a Tn70 insertlon In Singer strain CAG

18604 .

4-4. |solatlon of Mutations Carrying a Protelin Fusion In the
Glyclne Cleavage (GCV) Genes

Principle: From a random Ap/acMu insertion poo! In a serA
stralin, the mutants which were able to grow on minimal lactose
kanamycin plate with serine but unabie to use glycine as
ser lne source were screened and kept for further studyn

Detall: Strain MEWB5 serdA was infected wlith Ap/acMu9 and
APMUS07 as above. After being washed with sallne, cells were
Incubated In minimal glucose kanamyclin medium with glyclne for
60 min. Ampicilitn was then added to final concentration of 50
ug/mi and the culture incubated for a further 3-4 hours. The
cells were then washed, resuspended In saline and spread on
minimal lactose kanamycin plates with L-serine. Colonies which
grew with glucose and L-serine but not wlth glucose and
glycine were screened and retalned as possibie GCV mutants
[Newman et as/., 1974). This attribution was conflirmed by
mapping with the Singer mappling kit [Singer et a/., 19891, and
by a further transduction Into MEW85 serA to verify the
phenotype. For physiological studies, two Independently
Isolated GCV mutations were transduced Into strain MEW1,

creating strains CP67 and CPG8.
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4-5. Isolation of a Strain Carryling a Proteln Fuslion In the
Irp Gene

Strain MEW85 serA was Infected with Ap/acMu9 and treated
as above, and then spread on an NSIV kanamycin plate to select
for [/rp mutants. Strains able to grow on glucose minima!
medium when suppliemented with L-serine but not gliycine were
retained as possible /rp mutants. The strains that carrled
insertions in Irp were confirmed by transducing from an
Irp::Tn10 (Tet’) mutant Into the putative /rp::Ap/acMu (Kan'),
and showing that 100% of the 50 tetracycline-resistant

transductants tested were sensitive to kanamycin.

4-6. Constructions of Other Stralins

Other strains were constructed by +transductions as
follows,

Irp from strailn MEW26 was transferred by selecting for
tetracycline resistance and verifying that the transductants
grew with L-serine as carbon source, except for derivatives of
MEW22 and MEW28, In which this verification could not be made.

To transfer rb/-62, the Tn10 from Singer strain 18478 was
filrst transduced Iinto RG62, selecting for tetracycllIne
resistance, and the tetracycliine-resistant transductants which
grew with L-serine as carbon source were used as donors of
roi-62. rbl-62 was cotransduced with Tn70 and verifled by
growing on NSIV plate.

metkKse2 from strain RG62 was transduced Into strain DRN1
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serA or MEWB5S serA, selecting for serine-independent growth.
These transductlons were done In the presence of L-leucline,
which facliltates growth of metK mutants. Strains were
verifled by GGME resistance. Transductions of metK62 were also
done by transducing a Tni0Okan from Singer strain 18604 into
RG62, transducing kanamycin resistance and screening for
transductants which were resistant to GGME.

ssd was transferred from strain KEC9 in two steps. Flirst
the reciplent was made met8 by selecting tetracycline
resistance from Singer strain 5052 btuB::Tn10 metB. A
methionine-requliring recliplent was transduced to methionline
independence using an ssd donor, and other characteristics of
the strain were verlified as required.

Ihb: :Tn10 was transferred from strain CV1008 by selecting
tetracycline reslistance.

sdaA::Cmr was transferred from straln MEW28 by selecting
chloramphenlicol resistance and verifying that the stralns

could not grow on SGL plates.

PART 5. HYBRIDIZATION .

Hybridization was performed by the method of Southern
[Manlatis et al., 1982] with minor modifications, and using
gels drled according to the method of R.K.Storms. The DNA
fragments, Iisolated from agarose gels, were randomly ol igo~
labelled with a—wP—dATP by the procedure of the suppller

({Boehringer-Mannheim).
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PART 6. SITE-DIRECTED MUTAGENESIS
Otigonuctleotide-directed mutagenesis was performed by the
method of Kunkel [Kunkei,1987] with the niuta-Gene Phagemid in

vitro mutagenesis kit from Blo-Rad Laboratories.

6-1. Creating an EcoRl Site in the Stop Codon of the /rp Gene

in order to fuse the R-galactosidase to the C-terminal of
the Lrp protein, an EcoRl slte was created In pLR4 by usling
the oligonucleotide 5'-CACCTGTTCCGAATTCGCGCGTCTTAATAAC-3’
(mismatches are underllined). To do this, 200 ng of
ol igonucleotide was phosphorylated, and annealed to U-strand
DNA prepared from strain CJ236 carrying plasmid pLR4. The
syntheslis of the complementary strand was carrled out
following the protocol In the Instruction manual from Blo-Rad.
The reaction mixture was transformed Into strain XL1. Pilasmlids
fsolated from 24 transformants were dligested with EcoRl and
analyzed on agarose gels. One of these plasmids showed a new

EcoRl slte and was named pLRE1.

6-2. Creating an EcoRl Site in the Upstream Region of the irp
Gene

In order to construct a hybrid plasmid in whlich the
expression of /rp gene could be under the control of other
promoters, an EcoRI| slite was created at 15 bp upstream of the
start codon. This new EcoR! slite was created by using the
oilgonucleotide 5'-GTCTCTCTGAATTCCTTC-3" (mismatch Is

underlined) using the method described above.
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PART 7. PLASMID CONSTRUCT IONS

7-1. Subcloning the /rp Gene from Kohara Phage

The serA |rp double mutant cannot use glyclne as a source
of L-serlne. | took advantage of this to subclone the /rp gene
from Kohara phage. Kohara phage A1F10 was digested with
Hindlit, and the resulting Hindlll fragment |lgated Into the
Hindlll site of plasmid pACYC184. The |igation mixture was
transformed to a serdA I/rp strain, and transformants which

could grow on glucose minimal medium with glycine were

selected. One plasmid Isolated from one of these
transformants, pLR1, carrled an “6.5 Kb H/indlll fragment from
AMF10. This 6.5 Kb Hindtlll fragment was Iinserted Into the
Hindlll site of pBR322 to yleld plasmid pLR2. An ~1.25Kb
Hindl ) l-to~-Hpa!l fragment from pLR1 was subcloned into the
Hindl11 and EcoRV sites of plasmids pACYC184, Bluescript’ and

Bluescript to produce pLRN1, pLR3, and pLR4, respectively
(Fig. M1). AIll these plasmids could complement the Irp
mutation, as Jjudged by fB-galactosidase activity transcrlibed

from the sdaA and other promoters.

7-2. Construction of Plasmids Carrying I/rp Upstream and
Downstream Region for Sequenclng

To subclone the downstream region of the [Irp gene,
plasmids pLR3 and pLR4 were digested with M/ul and EcoRl!, made
biunt ended with klenow enzyme and dNTPs, and |igated with T4

ligase. Self-ligation of the large M/ul-to-EcoRl fragments



75
HO H1 E H2 E H3
mam { | | | |
H
PACYC184
H
oLR1
H1 A E H2
.25 kb Hi1-A fragment
PACYC184 BS+/BS-
H/R H/R
H AR H AR
oLRN1 pLR3/pLR4

Figure M1. cloning of Irp gene from Kohara phage lamda 1F10
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Figure M1. Cloning of the /rp gene from Kohara phage
AMF10. The Kohara phage A1F10 was digested with Hindll1,
tlgated with PpACYC184 dligested with the same restrictlion
enzyme, and transformed into a serdA Irp strain. Plasmid pLR1,
which carrying a 6.5 kb Hindlll fragment from A1F10, was
Isolated from one of transformants growing on glucose minimal
medlum supplled wlith glyclne. A 71.25 kb Hindliil-to-Hpal
fragment from plasmid pLR1 was isolated from an agarose gel,
Inserted Into the EcoRV, H/ndllIl sites of plasmids pACYC184,
Bluescrlpt+. and Bluescript to produce plasmids pLRN1, pLR3,
and pLR4, respectively. Abbreviations: H, Hindlll; E, EcoRl;
A, Hpal; R, EcoRV. The thick |iIne corresponds to E. co/l DNA

and the thin line corresponds to plasmid DNA.
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Lrp
PLR3/pLR4 Il
H (v a e
digesting with M/E
N5 kb G-E fragment
making blunt end
self-ilgatlon
PLRD1/pLRD2 ~ If B/E
M : BS+/BS-
v "
pLRU1/pLRU2 8/G c "

Figure M2, Construction of plasmids carrylng the Irp upstream or

downstream reglon
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Flgure M2, Construction of plasmids carrying the Irp
upstream or downstream reglon. To construct plasmids carrying
the /rp upstream region, a ~“500 bp Bgl/li-to-EcoR! fragment
from plasmid pLR3 was Isolated from an agarose gel and
inserted Into the BamHI, EcoRI sites of Bluescript' and
Bluescript, forming plasmids pLRU! and pLRU2, respectively.
To construct plasmids carryling the /rp downstream reglon,
plasmids pLR3 and pLR4 were dlgested with the EcoRIl, Miul,
made blunt end with Klenow enzyme and 4 dNTPs and subjected to
self-ligation. The resulting plasmids, pLRD1 and PpLRDZ,
carrying the [Irp downstream reglion In Bluescrlpt+ and
Bluescript, respectively. Abbreviations: H, Hindlll; E,
EcoRIl; M, Mlul; G, Bgl!li. The thick IlIine corresponds to E.
col/l] DNA and the thin 1ine corresponds to piasmid DNA. The
size and dlirection of translation of /rp are marked by an

arrow.
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from pLR3 and pLR4 generated pilasmids pLRD1 and pLRDZ,
respectively (Fig. M2). The 0.5 Kb EcoRI-to-Bgl/ll fragment
from pLRN3 was Isolated, Inserted Into the EcoRl and BamHI
sites of Bluescrlpt+ and Bluescript , producing pLRU1 and

pLRUZ2, respectively (Fig. M2).

7-3. Construction of Plasmids Containing an /rp::lacZ Fuslion

Plasmid pLRN2 carried an in-frame l/acZ fusion to /rp gene
at the unique Bg/l! site. To construct this plasmid, a 3.1 Kb
BamH!| fragment carrying part of the /acZ gene from pMC1871 was

Isolated, and Inserted into the Bg/ Il site of pLRN1 (Fig. M3).

7-4. Construction of Plasmids Carrying Irp-lacZ and I!rp-
Col lagen-/acZ Fuslons.

A 1 Kb EcoRIl fragment from pLRE1 was isolated and Inserted
into the EcoRl site of Bluescrlpt+. In one of the resulting
plasmids, pLREZ2, the newly created EcoRl site was near the
EcoRV site (Flg. M4). Another piasmid, pLRE3, carried the same
fragment, lnsertéh in the opposite direction (Fig. M5). These
two plasmids were used for the construction of 2-part and 3-
part fusion proteins.

The Irp-lacZ fusion plasmid was constructed by isoclating
a 3.1 Kb Smal-to-Sal/l fragment from PMC1871, Illgating wlth
pLRE2 which was digested with EcoRV and Sal/l (Flg. M4). The
resulting plasmid was named pLRE4.

To construct an /rp-collagen-/acZ fusion plasmid, a 8 Kb

Smal-to-Sal/l fragment from pMES28 was isolated from agarose
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Bglll BamH|
-.@GC AAA GAT CTC .QCC GGG GAT CO(IJ/
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Hindlll  *so 2’ Hpal/EcoRY

leeZ’

PLRN OMC1871

Bl .1 kb BamHI| fragment carrying lacZ'

Bglll/BamHI

Hindlil
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-
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"’
PLad
PR
®
PXd

Bgill/BamHI
Hpal/EcoRV

Figure M3. Construction of plasmid pLRN2 (Irp:lacZ).
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Figure M3. construction of plasmid pLRN2 (/rp::lacZ).
Plasmid pMC1871 was dligested with BamH! and a “3.1 kb fragment
carrying JacZ®' (lacking both Its promoter and the coding
sequence for the several N-terminal amino acids) was iIsolated
from an agarose gel. This fragment was Inserted into the Bg/ll|
slte of pLRN1 and transformed into MEW1. Plasmid pLRN2 was
Isolated from one of the resulting colonies which showed B-
galactosidase actlvity. !ts slze (8.6 kb) and restriction

dligest pattern were checked.
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Ficure M4, Construction of plasmld pLRE4.
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Figure M4. Constructlon of plasmid pLRE4 carrying the
intact Lrp coding reglion fused in frame to the /acZ gene. To
construct a piasmid coding for an Lrp-B-galactosldase protein
fusion, a 1 kb EcoRIl fragment from plasmid pLRE1 (stop codon
of Irp was mutated; see section 6-1) was Isolated from an
agarose gel and inserted Into the EcoR!l site of Bluescrlpt+.
In one of the resulting plasmlids, pLRE2 (4 kb), the lnsertion
was In the directlion which placed I1ts newly created EcoRl site
near the EcoRV site. A 3.1 kb Smal-to-Sal/l fragment carrylirg
LacZ' was Isolated from plasmid pMC1871 and iInserted Into the
EcoRV and Sa/l sltes of pLRE2, and the ligation mix was used
to transform MEW1. Plasmid pLRE4 was Iisolated from one of
resulting colonies which shown B-galactosidase activity. The
slze (7.1 kb) and restrictlon pattern of pLRE4 were checked.

The reading-frame of both genes is indicated.
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Figure M5, Construction of plasmid pLRES.
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Filgure M5. Constructlion of plasmid pLRES carrying the
intact /rp coding reglion fused In frame to the /acZ gene by
means of an lintervening collagenase sequence. A 1 kb EcoRI
fragment from plasmid pLRE1 was Isolated from an agarose gel
and Inserted Into the EcoRIl site of Bluescrlpt*. in one of the
resulting plasmids, pLRE3 (4 kb), the newly created EcoR| slte
was near the Pstl slite, that Is, Insertion In the opposite
direction from pLRE2 (Fig. M4). A 1 kb Sal/l-to-Smal fragment
from plasmid pLRE3 and a 6 kb Sal/l-to-Smal fragment from
plasmid pMES28 (Su, 1991) were isolated from agarose gels and
llgated with T4 DNA | lgase. The ligation mixture was
transformed Into strain MEW1 and Amp resistant colonies were
selected at 28%2. A 7 kb plasmid Isolated from one of these
colonles showing the expected restriction site was named

pLRES. The reading-frame of these genes is Indicated.
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gels, and {igated with a "1 kb Smal-to-Sal/l fragment isotlated
from pLRE3 to produce plasmid pLRE5S (Fia. M5).

Only preliminary experlments were done wlth these

constructs, so results are not included in the text.

7-5. Construction of Plasmids Carrying fyv3U Upstream Reglon
Plasmid pFU2 (Table 1) containing the DNA fragments from
the I/ysU upstream reglion was produced In the constructlion of
plasmlds pFU10 and pFU20, the sources of DNA fragment for
binding assays and footprinting. A 3.3 Kb EcoRI fragment from
IysU'pIasmld pFN120 [Clark and Neldhardt, 1990) was subcloned
into the EcoRIl site of Bluescrlpt+, yielding piasmid pFU2
(Flg. M8). Plasmid pFU2 was then dligested with Drail, producing
a 497 bp fragment carrying the /ysU upstream sequence. This
fragment was dligested with Sau3A, and the resulting 108 bp
fragment was !igated Into the BamHl and EcoRV sites of
Bluescr iptt, generating the plasmid pFUIO (Fig. MB). The
ptasmid pFU20 was constructed by Inserting a 256 bp SaulA

fragment from pFU2 Iinto BamH! site of Bluescrlpt* (Flg. MB).

7-6. Construction of Plasmids Contalning the sdaA Upstream

Region
Four plasmids (Tabl 1) carrying sdaA upstream regions
were produced as the - urces of DNA fragments for gel

retardation assays. A 681 bp Sal/l-to-Avall fragment from pMES3
[Su et al/., 1989] was made biunt with Kienow enzyme and dNTPs
and llgated Into the EcoRV site of Bluescrlpt+ to vyleld
plasmid pSU1 In which the Avall end was near the H/ndlil site

(Fig. M7). A 349 bp Hindlll-to-EcoRV fragment was then
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Flgure M6. Construction of plasmids carrying the (ysU
upstream reglon. A 3.3 kb EcoR|l fragment carrying IysU
upstream reglon from plasmid pFN120 [Clark and Neidhardt,
1990] was lIsclated from an agarose gel and inserted Into the
EcoRl site of Bluescrlpt" to produce plasmid PpFU2. Two
subclones were made from pFU2. (1). A 108 bp Dral-to-Sau3Ail
fragment carrylng J/ysU promoter reglon was Iisolated from
p!asmid pFU2 and Inserted Into the BamHl and EcoRV sites of
Bluescript’, yielding plasmid pFU10. (2). A 256 bp Dral
fragment from plasmid pFU2 was isolated from an agarose gel
and Inserted into BamHI| of Bluescrlpt+ to produce plasmid
pFU20. Abbreviations: H, Hind!11; E, EcoR!l; P, Pstli; V, Pvull;
B, BamHl; C, Clal; S, Sall; N, Ndel; U, Nhul; A, Hpal, R,
EcoRV; D, Dral; Y, Sau3A; and BS', Bluescript'. The thick Iine
corresponds to E. col/l DNA and the thin Iline corresponds to
plasmid DNA. The dotted |ine represents the area of pFU2 from

which subclones were made.
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Flgure M7, Construction of plasmids carrying the sdaA
vostream reglon.
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Figure M7. Constructlion of plasmids carrying the sdaA
upstream region. The ends of a 681 bp Sal/l~to-Avall fragment
from plasmid pMES3 (Su et al/., 1989) was made bilunt wlth
Klienow enzyme, Isolated from a agarose gel and inserted Into
the EcoRV slite of plasmid Bluescrlpt+ to yleld plasmid pSuUt.
From plasmid pSU1, a 349 bp Hindlli-to-EcoRV fragment was
Isolated and Iinserted Into the Hindill and EcoRV sites of
Bluescr ipt’, producing plasmid pSU2. Two subclones were made
from plasmid pSuU2. (1). A 178 bp HiIndl 1l Il-t0o-Sspl fragment was
isolated from plasmid pSU2 and Inserted Into the Hindiltl and
EcoRV sites of Bluescrlpt+, producing plasmid pSU3. (2).
Plasmid pSU4 was constructed by isolating a 177 bp EcoRli-to-
Sspl fragment from plasmid pSU2 and inserting into the EcoRlI
and EcoRV sites of B!uescrlpt+. Abbreviations: H, Hindill; E,
EcoRl; S, Sspl; R, EcoRV; and BS', Bluescript’. The thick Ilne
corresponds to E. col/i DNA and the thin |ine corresponds to

piasmid DNA.
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Figure M8. Construction of plasmid pGU2 and the
description of the restriction map of the serA upstream
region. A 1.26 kb Hindll1-to-BamH| fragment carrying the sera
upstream region from plasmid pGT17 (Tobey and Grant, 1986) was
isoclated and inserted Iinto the Hindil!l and BamHI sltes of
Bluescrlpt+ to produce plasmid pGU2. The restriction map of
serA upstream region carried in this plasmid was shown In
bottom. BS': Bluescrlpt+. A section of the serA reglon of
plasmid pGU2 Is enlarged and its restrictlion map Is Indicated.
Several fragments discussed in section 7-7 were Iisolated from

this plasmid.
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isolated from pSU1l and subclohed into Hindill and EcoRV sites
of Bluescrlpt+, ylelding plasmid pSU2 (Fig. M7). Plasmid pSU3
was constructed by ligating a 178 bp Hindlll-to-Sspl| fragment
from plasmid pSU2 Into Hindill and EcoRV sites of Bluescrlpt+
(Flg. M7). A 177 bp EcoRI-to-Sspl fragment from pSU2 was
Ilsolated , and Inserted Into EcoR! and EcoRV slites of

Bluescrlpt+ €0 produce plasmid pSu4 (Fig. M7).

7-7. Construction of Plasmids Carrying the serA Upstream
Region

A series of plasmids (Table 1) were constructed for
producing fragments for binding assays. The plasmid pGT17
[Tobey and Grant, 1986] was digested with H/ndlll and BamHI,
a 1.26 Kb fragment was Isolated and inserted into the Hindl 1t
and BamH| sites of Bluescrlpt+ to yield plasmid pGU2 (Fig.
M8). All plasmids carrylng the serA upstream region were
der ived from plasmid pGU2. Its restélctlon map |Is shown In
Fig. MB. A 522 bp BstEll-to~-Pvull fragment was Iisolated from
pGU2, the ends were made blunt with Kienow enzyme and NTPs,
and ligated Into Smal site of Bluescrlptﬂ producing the
plasmid pGU3. A 364 bp BstEll-to-Sspl fragment from pGU2 was
digested wlith Msel, made the ends blunt, and Inserted Into
EcoRV site of BluescrlpU' to produce plasmid pGU4, which
contains 222 bp BstEll-to-Msel fragment, and pGU7, which
carrys a 144 bp Msel-to-Sspl fragment. A 333bp Aatlil-to~Sspl
fragment from pGU2 was digested with HinPIl. The large fragment
(238 bp) was Isolated and |igated into EcoRV and C/al sites of
Bluescrlpt+. The resulting plasmid, pGUS, contained the

upstream sequence of serA gene from -23 tc -260 related to
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transcription start site. A 728 bp BamH|-to-BstEil| fragment
from pGU2 was digested with Tag! and subcloned Into Cl/al site
of Bluescrlpt+. The resulting plasmid, pGU6, carried a 277 bp

Tagl fragment from pGuU2.

7-8. Construction of Plasmid pGSU1

A 2 Kb Sall-to-Smal fragment containing the gcv upstream
region was Isolated from an agarose gel and Inserted into the
Sall and EcoRV sites of Bluscr!pt+ polylinker to vield plasmid
PGSU1.

7-9. Construction of Piasmids Carrying sdaA-/acZ Operon Fuslon

A 4 kb EcoRI-to-Pst!l fragment carrying promoterless
lacZz from plasmid pTS7 was Isolated from an agarose gel and
inserted Iinto the EcoR! and Pstl sites of pBR322. The
resulting plasmid, named pBRZ1, was used for the construction
of fuslon plasmids. The HIindllil-to-BamH| fragments from
plasmids pSU2 (373 bp), pSU3 (202 bp), and pSU4 (201 bp) were
Isolated from agarose gels and Inserted Into the HindlIil and
BamH!| slites of pBRZ1, ylelding plasmids pSuUzZ2, psSuZ3, and

pSUzZ4, respectively.

PART 8. DNA SEQUENCING

8-1. DNA Sequencing by the Dlideoxy-Mediated Chalin Termination
Method

DNA sequences of upstream and downstream reglons of /rp
gene were determined by the dldeoxy-chaln terminatlion method

of Sanger et al/. [Sanger et al/., 1977], following the protocol
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Iindlcated in the Sequenase kit from Unlted States Biochemical

Corporation, Cleveland, Ohlo. The sequencing markers for
primer extension were also determined by this method.

Single-stranded DNAs were prepared from strain XL1

harbouring Bluescript plasmids carrying the required fragment

by superinfection with the helper phage KO07. This was done by

methods described In Su‘s thesls [Su, 1991].

8-2. DNA Sequencing by the Maxam-Gl Ibert Method

The A+G reaction of Maxam-Gllbert sequencing [Maxam and
Gllbert, 1980] was used to prepare the sequencing marker for
the DNase | footprint. To do thlis, 20,000 cpm 3'-end-labeled
DNA was mixed with 4 mg sonicated herring sperm DNA In a
volume of 24 Ul. 4 Yl of M plperidine formate was added and
Incubated at 37%: for 15 min. After adding 240 ul of cold
hydrazine stop solution, the DNA was preciplitated with ethanol
and cleaved Iirn 100 yl of 1M piperidine at 90%3 for 30 min. The
plperidine was removed by evaporating In a rotary vacuum
lyophillzer. The DNA was redissolved In 10 gl of sequencing

gel~loading buffer.

8-3. Sequencing Gel
The DNA sequencing gel! system used was developed by F.

Lang [Lang and Burger, 1890].

PART 9. GEL RETARDATION ASSAY
The DNA fragments used for gel retardation and
footprinting studlies were Isolated from agarose gels using the

MERmaidTM kit (Bic-101 Inc) by the procedure Indicated In the
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kit, and 3'-end labeliled with c—&P-dATP or dCTP using Klenow
enzyme by the method described by Maniatis [Maniatis et al/l.,
1982].

The Lrp protein used In these studies was the generous

gift of Joseph Calvo and Debble Wiliins. The protein was
purifled to greater than 98% as described by Wliilns et al.
[Wiltliins et a/., 1881].

Binding of Lrp protein to the upstream reglon of IysU,
serA, sdaA, Irp genes and other DNA fragments was determined
by the gei1 shift assay described by Ricca et al/. [Ricca et
al., 19881 wlith stlight modifications. From 1-5 ng (5000 cpm)
of 3’'~end-labelled DNA <Yragment was incubated at room
temperature for 10 min with 2 g sonlicated herring sperm DNA
and 0-1000 ng Lrp protein In 20 Uyl binding buffer. Samples
were resoived by electrophoresis through a 5% polyacrylamide
gel pre-electrophoresed at 10 v/cm and electrophoreslis of the
samp les was performed Iin the same conditions. The gel was cast
and run in 1x TBE buffer [Manlatis, 1982]. The gels were drled

at 60%:ln gel drier and subjected to radloautography.

PART 10. DNase | FOOTPRINTING

For DNase | footprinting, the plasmids carrying the source
DNA fragments were digested with two different restriction
enzymes, OFf which one generated 5° protruding ends whlich couid
be labelled with kienow enzyme, and the other generated 3°
protruding ends which could not be labelled with Klenow

enzyme. After treatment wlith Klienow enzyme and a—PW-dNTP,
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these fragments were oniy labelled Inh one end and thus were
sultable for DNase | footprinting. Alternatively, the plasmids
were digested wlth one of the restriction enzymes which
generated 3‘ protruding ends, labelled with Klenow enzyme, cut
with another restriction enzyme, and the appropriate fragment
Isolated from an agarose gel.

To determine the footprint, 5-20 ng (20,000 cpm) of end-
label led DNA fragment were Incubated with 3 JUg bovine serum
albumin and Lrp proteln In 20 Ul of binding buffer as above.
After 10 min at room temperature, 0.4 units of DNase | were
added and Incubated at 30°C for 2 min. the reaction was
terminated by adding 20 Ul of stop solution (O.6M pH5.2 sodium
acetate, 50 mM pH8.0 EDTA and 1 ug/f! sonicated herring sperm
DNA). After ethanol precipltation, the pellet was resuspended
In 6 Yyl of formamide loading buffer. Half of this sample was
loaded onto a 7% or 8% polyacrylamide-8 M urea sequencing gel

for electrophoretlic resolution.

PART 11. RNA-PRIMER EXTENSION

11-1. 5'-End-Labelled Olligonuclieotides

The oligonucleotide primers were purified from 20%
polyacrylamlide gel by the "Crush and Soak" method described by
Maniatis [Maniatis ¢t al/., 1982]. 100 ng of olligonucleotide
primer 20-24 nucleotides long was 5’ end-labelled with y-&P-
ATP using i4 polynucleotide kinase. The probe was precipitated
three times at -20°C in 2 M ammonium acetate and 10 volumes of

cold ethanol. After preclipitation, the probe was resuspended

In 100 ! of 0.3 M sodium acetate.
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11-2. Isolation of Total Cellular RNA
The total celiuiar RNA was Isolated using aclid guanidinium
thlocyanate-phenol-chloroform extraction modified by the
method from Chomrzynskl and Sacchi [1887]. The strains
carrying the plasmids pMES22 or pGU2 were grown In minimal
medium. 40 m! of mid-~log phase cells were chliled In Ice,
harvested by centrifugation, and then resuspended in 5 m!l of
denaturing solutlon which contalned 4 M guanidinium
thiocyanate, 25 mM sodium cltrate (pH 7), 0.5% sarcosyl, and
0.1 M 2-mercaptoethano!l. Sequentially, 0.5 ml of 2 M sodlum
acetate (pH 4), 5§ ml of water saturated phenol, and 1 ml| of
chioroform-isoamy! alcohol mixture (24:1) were added. The
mixture was vortexed for 10 seconds and cooled on lce for !5
min, After centrifugation at 10,000 rpm for 20 min at 4°C, the
aqueous phase which contalned RNA was transferred to a fresh
tube, mixed with 1 ml of cold Isopropanol, and RNA
precipitated at -20°C for more than 1 hour. After
centr {fugation (10,000 rpm for 20 min), the RNA pellet was
dissolved In 0.6 ml of denaturing solution, transferred to a
1.5-m! Eppendorf tube, and preciplitated with 0.6 ml of
Isopropanol at -20°C for more than 1 hour . After
centr i fugation, the RNA pel let was washed with 75% ethano! and

dissolved Iin 100 yl Of 0.5% SDS.

11-3. RBRNA Primer Extensian
Primer extension was performed on the RNA following the
method of Gel iebter modiflied from Current Protocols [Ausubel

et al., 1987] as suggested to us by Karlin Everett. To do
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this, 1-5 ng of labelled primer was mixed with 10 ug of RNA in
a volume of 12 UI which contalned 250 mM KCI and 10 mM Tris,
pH8.3. Primer was annealed to RNA by heating in a heat block
at 80°C for 2 min, and slow coollng at 30°C. After 4 hours, the
annealed mixture was placed at 42°c. 12 m! of reverse
transcriptase buffer was added, which contained 24 mM Tris (pH
8.3), 16 mM MgCIZ. 8 mM dithiothreitol, 0.7 mg/ml actinomycin
D, 0.4 mM each dATP, dCTP, and dTTP, 0.8 mM dGTP, and 20 units
of AMV reverse transcriptase. The reaction mixture was
Incubated at 42°% or 47°% for 90 min. 1 !l each of 0.5 M EDTA,
and img/m! RNase was added and the mixture was Iincubated for
10 mIin at 37%:. The mixture was treated by adding 100 ul of
2.5 M ammonium acetate and extracting with 100 pl
phenol/chioroform/isoamyl alcoho!l (24:24:1). The aqueous phase
was transferred to a fresh tube and the cDNA extension product
was precliplitated with 300 Hdi ethano! at -ZCPC. After
centrifugation, the pellet was resuspended In 6 HU! formamide
load!ng buffer. Half of thls sample was loaded onto an 8%
polyacrylamide-8 M urea sequencing gel. A sequencling l|ladder
labellied with 35s and primed with the same oilgonucleotlide was

run In adjacent lanes.

PART 12. OTHER GENETIC METHODS

12-1. Piasmid lIsolation
The plasmid "miniprep" Isolations were made according to
the methods of Maniatis et al/. [Manlatis et al/., 1982]. The

large amount of plasmid requlired for gel retardation and DNase
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! footprints was |Isolated by a method from F. Lang’'s
lab(personai communicatlion) with slight modificatlon. Celis
from a 100 mi cuiture of plasmid-contalning cells were
harvested by centrifugation and resuspended In 20 ml of
Triton-mix buffer (0.4% Triton-100, 100 mM Tris pH8.0, 100 mM
EDTA) Iin a 250 ml flask, then 1 ml of 10mg/ml Ilysozyme was
added. The flask with the cell suspension was put In a
bolting water-bath for 1-2 minutes. After that, the samples
were poured into centr i fuge tubes and centrifuged at 10000 rpm
for 15 minutes. The supernatant was transferred to centrlfuge
tubes and precipitated with 2-3 volumes of 0.5 M ammonium
acetate in ethano!l. The DNA pellets were then resuspended in
0.3 M sodium acetate to preciplitate proteins, and treated with
3.3 M LIC! to precipltate RNA, and with RNase, protelinase K
digestlion, and phenol and chioroform extraction. Finally,
plasmld DNA was precipitated with ethano! and resuspended In

TE buffer.

12-2. Chromosomal DNA and A DNA iIsolation

Chromosoma! DNA [solation was carrlied out as descr lbed by
Sliihavy et al/. [Silhavy et a/., 19841 and A DNA was isolated
according to the methods of Manlatis et a/. {Manliatlis et al.,

1882].

12-3. Transformation
Transformations were performed according to Maniatis et

al. [Maniatis et al/., 1982].
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12-4. Transduction and Conjugation for Mapping

initlal mapping of I/rp::Tn10 and some of the Apl/acMu
Iinsertion mutatlicns was carrited out by conjugation with Hfr
stralins from Singer et al. [Singer et al., 1989].
Spontaneousiy-occurring streptomycin~resistant or
chioramphenicol-resistant transduced from MEW28 der ivatives of
these strains were used as reciplents. The protocol used was
from Miller [Miller, 1972].

More accurate mappling was done by P1;medlated
transduction also according to the method described by Miller
(Mlller, 1972]) usling Singer’'s mapping kit, a collection of
stralns carrying Tn10 Insertlons at convenient locations (12-
22 min. for Irp, 62-64 min. for serA and GCV, 60-865 min for
CP8, CP41 CP52, and CP57, 70- min for CP36, and 91-85 min for

CP61) [Singer et a/., 1989].
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RESULTS

This theslis Is devoted to the definition and
characterization of the leuclne/lLrp regulon of E. col/l. The
exper iments are repcorted (In two sections. In Part A, | wilil
describe the experiments that defined the regulon, and
characterized it as a metabolic and regulatory entlity. In FPart
B, | wlilll present molecular experiments concernling the
interaction of Lrp with the regulatory sequences of some genes

it controls.

PART A. IN VIVvO STUDIES OF LEUCINE/LRP REGULON

It has been a surprise of E. c¢ol/l metabolism that
synthesis of many diverse gene products Is regulated according
to the availablility of exogenous L-leuclne [Newman et al.,
1876]. In this part of the thesis, I will describe the
Isolation and characterization of an £€. coif/l! mutant which, as
the resuilt of a single mutation, has lost the leucline-
mediated control on the expression of several of these
leucine-reguiated genes. The genes so affected are now
considered to be members of the leucine reguton.

We originally used the name rb/ (regulation by leucine)
for the gene in which this plelotropic mutation occurred. This
has now been renamed [rp (leucine-responsive regulatory
protein) according to a consensus of Iinvestigators In this
field. | show here that the rbi//iIrp gene product Is the

regulator of global response to leucline.
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1. Isolation and Character ization of an rb/::Tn10 Mutant
| began this study by trying to Isolate an Insertion
mutation In a regulatory gene affecting L-SD synthesis. Under
the assumption that a regulatory mutation which increased L-SD
activity would ailow the strain to grow on L-serine, |
selected tetracycl!lne-resistant strains for those which could
grow with L-serine as carbon source, as described in the

followling sectlon.

i-1. Isolation of Mutants Using L-Serine as Sole Carbon Source
by Tn10 Insertion

Willd-type E. co/l Is unable to use L-serine as sole carbon
source unless L-teucine and/or glycine are also present In the
medium. Two classes of mutations which allow the cell to grow
on L-serine alone have been |solated and/or described In this
lab. One class of mutants acqulred defects In methionine
metabolism along with the ability to grow with L-serine as
carbon source. Surprisingly, they did not show |Increased L-SD
activity [Brown et al/., 1990]. In this class are metJ mutants
which grew on L-serine by derepression of methionine
biosynthetic enzymes, and gos mutants which could grow on L-
serine by an unknown metabolic event causing a conditional
requlirement for L-methionine. A second class of mutants, ssd,
could use L-serine as sole carbon source by overproduction of
the enzyme L-SD.

Since the expression of L-SD Is Induced by L-leucine and

glyclne, and increased in some mutants [Newman et al/., 1982b1],
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one would expect the gene coding for L-SD to be subject to
negative control. If this were true, the destructlion of the
gene encoding the sdaA repressor would result in the
overproduction of L-SD and a mutant with an Ineffective
repressor would be able to grow on L-serine as sole carbon
source. To determine whether |t was possible to Isolate an L-
serine utilizer by a null mutation, | selected mutants growing
on L-serine from a pool! of MEW1 cells carrylng random
insertions of transposon Tn10 elements on the chromosome [see
materials and methods). The Tn70 Insertion from one such
Isolate was transduced back Into strain MEW1 via generallzed
transduct ion mediated by P1 phage, selecting for tetracycl ine
resistance, and verlfled that the transductants coulid grow on
L-serine. This procedure showed that the insertion mutation
itself was sufficlent to permit growth on L-serine. This
mutation was named rb/-1::Tn70, for regulation by leucine. One
rbl::Tn10 transductant, strain MEW26, was kept for further

study.

1-2. Genetlic Locus of the rbl! Gene

To determine the chromosomal location of thls mutation, a
spontaneous streptomycin-resistant derivative of strain MEW26
was isolated and mated with the varilous strains from the Hfr
kit of Singer et al. [Singer et al., 1989]. Recomblnants
resistant to both kanamycin (carrled by the Hfr stralns) and
streptomycin were selected and scored for loss of the rb/

phenotype ()l.e. loss of tetracyclline resistance and of the



105
ablllity to grow on the L-serine). 95% of the recombinants with
Hfr straln CAG12203 (Tn70kan at 12 min) and 67% of those wlth
Hf- stralin CAG122086 (Tn7Okan at 17 min) lost the rb!/ mutation,
This result suggested that the rb/ gene was located on the E.
col/! chromosome between 12-21 min.

The rbl!/ gene was located more preciseiy by Pl-mediated
transduction. In P1 transduction wlith the donor strain
CAG18528, rbl! was found to be 15 to 20% |linked to Tn70kan,
inserted at 20 min. (72 of 412 transductants scored). The
mutation was also shown to be 40 to 50% cotransducibie (87 of
147 transductants scored) with serC at 20.1 min. Thus, the rb/
gene |Is located near 20 min. This map location Is obviously
different from that of previously described mutations
permitting growth on L-serine: ssd at 88 min [Newman et al.,
1982b], metJ at 89 min and gos at 90 min [Brown et al/., 19901].
| concluded therefore that this mutation Identified a new gene

governing L-SD expression.

I1-3. Physlologlical Characterization of Strailn MEW26

The rbl/::Tn70 mutation of strain MEW26 is a very
pielotroplic mutation. It confers the ablllty to grow with L-
serine as the sole carbon source, and it also resuits In many
other changes In cell metabolism. The characteristics of the
mutant straln Incliude a decreased growth rate, an inablility to
grow Iin minimal medium at elevated temperature, Inefficient
use of exogenous L-serine source and ioss of the ability to

use glycine as nitrogen and L-serine source.
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1-3-1. Decreased Growth Rate of Strain MEW26 In Minimal-
Glucose Medium
As a preiiminary assessment of the physioclogical state of
straln MEW26, | compared Its apparent doubling time (a.d.t.)
with that of its parent strain MEW1 (Table 2). The rb/ mutant
MEW26 grew more siowly than Its parent straln MEW1 In glucose
minimal medium,{(a.d.t. 77 min compared with 56 min for straln
MEW1). The addition of elther L-leucine or L-serine Increased
the growth rate considerably. The presence of 100 ug/m! of L-
leucine Iin glucose minimal medium had essentlially no effect on
the growth rate of the wild-type strailn but Increased that of
the rb/ mutant (a.d.t. 67 min.) This result suggested that L-
leucine blosynthesis might be limited In the mutant, whicn was
later shown to be true. The additlion of L-serine to glucose-
minimal medium aiso Increased the growth rate of rbl/ mutant
(a.d.t. 69 min.). The effects of L-leucine and L~serline were
somewhat additive: a combination of L-leucline and L-serine
decreased the mutant a.d.t. to 64 min but had no effect on

that of wlld-type strain.

1-3-2. Straln MEW26 Requlired L-Serine for Growth at Elevated
Temperature

While straln MEW26 grew more slowly than Its parent at
37°%C, it could not grow at all In glucose minimal medium at
42%:, conditions in which the wlid type straln grew well
(Table 3). The mutant grew well at the higher temperature |f

also supplied wlith L-serine (100 ug/m!), suggesting that It
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TABLE 2. Doubiing times of the rb/::Tn70 mutant and its parent

straln MEW1 during exponential growth at 37°Ct.

Additlion to glucose Doubling time (min) of stralnc

b
minimal medlum

MEW1 (rbit) MEW26 (rbi”)
none 56 77.5
L-leucline 56 67
L-ser {ne 55 69
L-leucine + L-serine 56 64
a: Values are averages of at least three dlfferent

exper iments.

b: Both L-leucline and L-serine were added at 100 Jug/ml final
concentration.

c: Stralns were grown In glucose-minimal medium overnight,
subcultured in the media to be tested for 3-4 hours to allow
adaptatlion to these conditlors and assure that the cells were
in the exponential growth phase, and then subcultured, each In
the medium used for subculture In sidearm flasks equipped for
determining turblidity with a Klett colorimeter. Turbidity was
measured at 30 minute Intervais using a blue (#42)filter. The
doubling time was calculated from semi-log plots of turbidity
as a function of incubation time. Data presented are the

average of three different determinations.
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was deflcient In L-serine at both temperatures, but more
seriously defliclent at the high temperature. |f this were
true, [t might be that a serA gene cioned In a hlgh-copy
number plasmid could Increase L-serine blosynthestis and
restore growth of the mutant at 42%:. | transformed piasmid
pGU17 (pBR325 carrying serat gene, kindly provided by G. A.
Grant) Into straln MEW28 rb/::Tn70 and In fact this straln
with pserA grew well at 42°%. This Is consistent with the ldea
that the rb/ mutatlion decreases synthesis of phosphogiycerate
dehydrogenase, the serA gene product, and the first enzyme In
the L-serine blosynthetic pathway.

A defliciency In L-serine might be due to Increased
degradation rather than (or |In addition to) decreased
syntheslis. Temperature-sensitlive growth might have resulted
from Increased L-SD activity, the more so since L-SD activity
Is known to be temperature-inducible, and was Increased when
cells were grown at elevated temperature. However strains
which expressed much higher L-SD activity - MEW1 carryling
plasmid pMES22 sdaA and KEC9 ssd- grew well at 4?@ (Table
3), and also at 37°C. This demonstrates that high L-SD

activity did not suffice to starve the cell for L-serlne.

1-3-3. Inefficlient Use of Exogenous L-Serine

Nonetheless, high teveis of L-SD would be expected to lead
to less efflcient use of exogenous serlne, since the
converslion of serine to pyruvate Is not reversible. This was
descr ibed earlier for an ssd serA strain which had a much

higher requirement for L-serine than the parent serA strain.
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TABLE 3. Growth and L-SD actlvltya of the rbl/ mutant and retated strains.

Straln Plasmld Relevant 37°¢ 42°¢ 42°C + L-ser ine®
genotype growth® L-sSD growth L-SD growth L-SD
MEW1 None wWild-type + 10 + 29 + 32
MEW1 pMES22 MEW1 psdaA + 150 + 505 + 507
MEW26 None  rbl + 64 - Nnad 4 06
MEW26  pMES22 rb/ psdaA + 590 - NA + 480
MEW26 pGT17  rb/ pserA + 64 + 87 + ND®
KEC9 None ssd + 214 + ND + ND

a: Ceils were grown In glucose~-minimal medium, In one case with L-serine
500 ug/ml added, at the temperatures noted above, subcuitured, and
assayed In exponential phase. L~SD activity was determined In whole cells
and is expressed as mllliunits of activity catalyzed by 0.1 ml of a 100
K.U. suspension of (~lls In 35 min, 1 unit of enzyme is the amount of
enzyme which syntheslzed 1 umoil of pyruvate In the assay. Values are
averages of three different experiments. Antiblotics was added to the
culttures of strains carrying plasmids.

b: L-Serline was added at final concentration of 100 sg/ml.

c: Growth was measured as follows: overnight cultures grown at 37 C In
glucose minimal medlum were diluted 1000 times Into test medium and
incubated for 36 hours at the temperature noted. + represents good growth
within 18 hours, and - represents the absence of turbidity after 36 hours.
d: NA, Not avallable; celils do not grow In this condition.

e: ND, Not determined.
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Since the rb/ mutation also resulted in overproductlion of
L-SD, one would expect to see the same inefficient use of L-
serine. To 1iInvestligate this, | constructed strains MEW37
(serA::Mu d1 ssd) and MEW38 (serA::Mu dl rbi/::Tn10) and
compared the yield per unit serine of these two strains and
thelr parent strain DRN1 (serd::Mu d1). In fact the high L-SD
was accompanied In both cases by a decreased ylield per serlne
(8.5 and 6.6 ug proteln/ug serine In the mutants compared !
14.4 In DRN1; Table 4). It was surprising that the yleld of
the ssd mutant was higher than that of the rb!/ mutant, since
the ssd mutant has much higher L-SD activity. No explanation
can be given at this time, other than the suggestion that some
other aspect of the rb!/ mutant phenotype may also be involved

in the Inefficlent use of L-serine.

1-3-4. The rb! Mutant Cannot Use Glycine as L-Serine Precursor
or as Nitrogen Source

A serA mutant can grow In glucose-minimal medium with
el ther exogenous serine or exogenous glycine. |t converts some
of the glycine to C1-THF via the glycine cieavage enzymes (gcv
product), and condenses thls with other glyclne molecules to
form L-serine via the g/yA gene product.

The rbl! serA double mutant (MEW38) dliffers from Iits
parent In that It can use exogenous serine but not exogenous
glycine to compensate for the serA mutation. This deficlency
Is not lilkely to result from high L-SD activity, because an
ssd serA double mutant (MEW37) grew well wlth glycine as (-

serine source.
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TABLE 4. The ylieid of cell material obtalned by a serA mutant

2
and Its derlvatives from L-serlne .

Straln Relevant L-serine Turbidity Proteln Protein/ug L-serine

genotype (ug/mi) (K.U.) {ug/mi) (ug)
DRN-1 serA 40 59 576 14.4
80 109 1090 13.6
MEW37 serA ssd 40 31 380 9.5
80 62 736 9.2
MEW38 serA rbl 40 27 264 6.6
80 48 528 6.6

a: The strains were grown in glucose minimal medium with 200
Hg/ml of L-serline overnlght, c_ntrifuged, washed twice with
minimal medium without glucose and L~serine (NIV), diluted 100
fold In NIV. 0.1 ml each of the diluted suspension was used
to Inoculate 20 m! cultures with the serine concentrations
noted. Cells were grown to constant turbidity, water added to
20 m! to compensate for evaporation, and the turbidity
measured using Klett colorimeter with green (#54) filter. 9
ml samples of the flnal cultures were preciplitated with
trichioracetic acld, and digested with NaOH, and the amount of
protein assayed, as descrlbed in the Materia!s and Methods.

The values glven are the averages of three determinations.
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This physiological deficiency Is much lilke that caused by

a gcv mutation. The gcv mutant would be unable to cleave
glycine to C1-THF, and would therefore be unable to use
glycine as elther L-serine or nitrogen source. In fact, straln
MEW26 rbl/::Tn10 was also unabie to grow In glucose minimal
medium with glycine as nitrogen source while the parent strain
MEW1 grew well., The metJ serA doubte mutant showed the same
physiological deficiency. This suggests the possiblliity that
both rbl! and metJ gene products may directiy or indirectly be

involved Iin the regutation of gcv expresslon.

ll. The Expression of sdaA and tdh |s Regulated by the rbd/
Gene Product

In this sectlion | show that the activity of two amino
acld-degrading enzymes, L-SD and TDH, is regulated by the rbi
gene product. However, the rb/ gene Is not a general regulator
of amino acld-degrading enzymes since other amino acld-

degrading enzymes are not affected Iin rbl/ mutant.

itil-1. Increased L-SD Activity In the rbl! Mutant

The previously described ssd mutant KEC9, selected for its
abillty to use L-serine as carbon source, was shown to have an
increased L-SD enzyme activity [Newman et a/., 1982b]. When
grown inminimal glucose medium, the rb/::Tn70 mutation straln
MEW26 also produced more L-SD than the parent strain MEW1, but
less than the ssd mutant KEC9 (Table 5). This presumably
accounts for the ablllity of the mutant to use L-serine as

carbon source, slince an Increase In L-SD activity has been
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shown to be sufficlent to permit the growth of £E. coll strain
on L-serine [Su et a/., 1989]. In this respect, the rb/ mutant
Ils different from the gos-3, gos-5, and metJ mutants, which do
not overproduce L-SD though they do grow with L-serline [Brown
et al., 1990].

Formation of actlve L-SD requires posttranslational
activation [Newman et a/.,1985). A regulatory system might act
by affecting elther gene expression or posttranslational
steps. However, the Increased actlivity observed in the rb/ and
ssd mutatlon strains reflects an Increased rate of expression
of the sdaA gene, the structural gene whlich codes for L-SD
[Su, 1992]. This effect of rbl/ and ssd on sdaA expression was
shown by means of an sdaA::/acZ proteln fusion, constructed by
insertion of Ap/acMu8 in frame Into the sdaA coding sequence,
putting the structural gene for B-galactosidase under the
centrol of the sdaA promoter [Su et al., 1989]. B-
galactosidase activity was increased sevenfold in the
sdaA::lacZ rbl::Tn10 strain MEW36 and ninefold In the
sdaA3::lacZ ssd straln MEW35 (Table 5). It Is thus clear that
the rb/ and ssd mutations cause a significant increase In sdaA
expression.

As previously described, L-SD activity In the wlild-type
straln was Induced during growth in the presence of L-leucine.
The four-fold induction factor Is about half that due to the
rb! mutation. These effects were not additive; in the rbl
mutation straln MEW26, the presence of L-ieucine stimulated
the L-SD activity no more than 1.1-fold (Table 6). L-Leucline

exerted similar effects on the expression of J/acZ from sdaA
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TABLE §. Synthesis of B-galactosidasc from the sdaA promoter

in the rbl/ mutant and related E. col! K-12 stralnsa

Strain Relevant L-SD 3-galactosidase from
genotype actlvltyb the sdaA promoterc

MEW 1 Wild type 10 NAY

MEW26 rbi 96 NA

KEC9 ssd 214° NA

MEW22 sdaA:: lacZ no' 50

MEW36 MEW22 rb ! ND 350

MEW35 MEW22 ssd ND 450

a: Assays were done on mid-exponential-phase cultures grown in
glucose minimal medium at 3”0. Values are averages of three
different experiments.

b: Expression as in Table 3.

C: Reported In Miller units.

d: NA, Not availtilabie.

e: Value taken from Table 3.

f: ND, Not determined.
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TABLE 6. The effect of amino aclds on synthesis from the sdaA

prornotera

Addition to glucose L-SD activity of B-galactosldase activity
minimal medium’ MEW 1 MEW26 MEW22 MEW36

(relevant genotype) Wild-type rbl sdaA:: lacZ MEW22 rb/

None 10 68 73 423
Glycine 20 81 201 558
Glycine + .-leucine 84 85 507 645
L-leucine 42 70 268 474
L-Alanine 24 72 191 428

a: Values are averages of two or three diff{erent experiments

and expressed as in Table 5.

b: The amino aclids were added at the following concentrations:

300 Hg/mi for glycine and L-leucine, 500 ug/mi for L-alanine.
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promoter: 4-fold induction in the rb/t strain, compared with
no more than 1.2-fold further Induction In the rb!/ mutant
(Table 6). Table 6 also shows that the presence of L-alanine
or gliyclne also could induce the expresslion of sdaA gene, and
stimulated both L-SD activity and B-galactosidase from sdaa
promoter to 2- to 2.4-fold. In the rb/ mutant, the addition of
glycine still Induced the expression from sdaA promoter,
whereas the presence of L-alanine had only a slight effect
(Table 6). Thls may indicate that L-alanlne acts through the

rbl! gene preoduct but glycine does not.

11-2. increased TDH Activity In the rb!/ and ssd Mutants

I f the rbl mutation affects regulation by L-leucine, other
enzymes regulated by thils amino acid might aiso show altered
activity In the rb/ mutant. L-threonine dehydrogenase (TDH),
which catalyses the first step In a pathway of glycline
blosynthesis from threonine, has been shown to be induced by
the addition of L-~leucine to the growth medium [Newman et a/.,
1976]. Since the rb/ mutatlon seemed to mimic the effect of
exogenous L-leucine on L-SD activity, | examined Its effect on
TDH activity. The TDH activity In the rb/ mutant MEW26 was 7
to 8-fold higher than that in the parent strain MEWi1 when
grown In glucose minimal! medium (Table 7). The additlion of L-
leuclne to the growth medium stimulated the wlilid-~-type level
threefold but had essentlaliy no effect on the TDH level in
the rb/ mutant. It is clear then that leucine regulates TDH
via the rbl! gene product (Tablie 7).

Since the ssd mutant Is highly plelotropic [Newman et a/.,
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18811 and affects L-SD synthesis, | examined the possiblllty
that this mutation also affects TDH activity. As shown |In
Table 7, TDH activity was Increased fourfold In the ssd
mutant. Although the effects were quantitatively different,
poth L-SD and TDH activities were regulated by rb/ and ssd
gene products. The L-SD activity was higher In the ssd mutant
than In the rbl/ mutant; whereas the fourfold Increase of TDH
activity In the ssd mutant was about half of the Increase
resulting from the rb/ mutation,

To determine what other similarity there might be In the
regulation of these two amino aclid- degrading enzymes, TDH
actlivity was assayed In cells grown in the presence of other
amlno aclds which were known to increase L-SD actlivity. The
results show that the addition of glycine to the growth medium
had no effect on TDH actlivity In wild-type strain but
decreased the level of TDH In the rb/ mutant. On the other
hand, the presence of L-alanine in the medium resulted In the
TDH level increasing 2.5-fold In the wild-type strain but
decreasing slightiy In the rb/ mutant. Since the expression of
another rbl regulated gene, IysU, was also stimulated by both
L-leucine and L-alanine, it Is possible that regulation by L-
alanine may be mediated by the rbi/ gene product, but this
questlion has not been settlied In this work.

Newman et al/. showed that strain JEV73R, a mutant strain
which was able to derlve Its glycine from endogenously
syntheslzed L-threonine, has constitutively Increased levels
of TDH In minimal medium [Newman et al/., 1976]. Thils Increase

In TDH level might be caused by a mutation Iin the gene coding
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TABLE 7. TDH activity of different strains grown In glucose

minimal medium with and without addltion of amino acldsa

Relevant TDH activity In minimal medlum wlthb
Strain genotype None L-leucine Glycine L-alanine
MEW 1 wWild type 5.1 17.5 5 17
MEW26 rbl 40.5 44 27 30
KEC9 ssd 24.5 ND® ND ND

a: Assays were done on mid-exponential-phase cultures grown in
glucose minimal medium at 37%3. Values are averages of at
least three different exper iments. TDH activity was expressed
as nanomoles of aminoacetone formed by 0.3 ml of a 500-Klett-
unit suspension of cells in 20 min as described In Matertials
and Methods.

b: The amino acids were added at same concentration as In
Table 6.

Cc: ND, Not determined.
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for TDH. However |t could also have been due to an rbl
mutatlion. To see whether straln JEV73R carries an rbl
mutation, the rb/ gene was cotransduced wlith the |inked serc’
gene from JEV73R to an MEW!1 serC strain. Of 187 L-ser ine-
independent transductants, 68 were able to use L-serine as
sole carbon source. All three L-serine-utillzers assayed had
high levels of L-SD (data not shown). This observation
suggested that JEV73R harboured an rb/ mutation, which

resuited In the overproduction of TDH.

11-3. Tryptophanase and Proline Oxidase Are not Affected by
the rb/ Mutation

Since both LL-SD and TDH are amino acld-degrading enzymes,
it seemed possible that the rb/ mutation might also stimulate
the syntheslis of other enzymes Involved in amlno acld
catabol Ism. We assayed L-proline oxidase and L-tryptophanase
actlivities In wild-type straln MEW1 and In MEW26 rbl/::Tn10.
The rb!/ mutatton had no effect on the level of elther enzyme
(data not shown), excluding the hypoéhesls that the rb/ gene
product Iis a general regulator of all amino acid-degrading
enzymes.

It has previously been reported that L-proline oxldase
activity Is not affected by the addition of L-leucline to the
growth medium [Tam et a!/., 1978]. | also found that L-
tryptophanase activity was not affected by the presence of
exogenous L-leuclne (data not shown). These observations
suggest that the rb/ gene product Is the specific mediator of
L-leucline effects, but the metabollc thread connecting L-

leuclne effects Is as yet obscure.
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iil. The rb/ Mutation Decreased Transcription from the seraA
and /IlviIH Promoters

I f the regulation of leucine-sensitive genes by L-leuclne

Is medlated by rb!/ gene product, the expression of other

leucine-regulated genes should be altered in the rb!/ mutant.

Both serA and //vIH, whose gene products are Involved In amino

acld biosynthesls, are regulated by L-leucine and the rb/ gene

product.

i1i-1. Decreased serA Transcription In the rb/ Mutant

The serA gene codes for the enzyme phosphogiycerate
dehydrogenase, which |Is responslble for the first step
specific to L-serine blosyntheslis. The phosphoglycerate
dehydrogenase level has also been shown to be regulated by L-
leucline. However, unlike L-SD and TDH, 1t Is expressed at
lower levels when L-leuclne |Is added to the growth medium
[McKitrick and Plizer, 1980]. To examlne the effect of the rb!/
mutation on serA transcription, the rb/l::Tn10 allele was
transduced Into a serA-/acZ operon fuslion strain, DRNt1. G-
galactoslidase activity was measured In cells grown In the
presence and absence of L-leuclne (Table 8). The data
demonstrated a fivefo!d decrease of /acZ expression from the
serA promoter Iin the rb/ mutant. Exogenous L-~leuclne repressed
serA-lacZ expresslion twofold in the wlld-type strain but had
essentially no effect In the rbl!/ mutant. These results
indicated that the transcription of serA is under the positive
control of Lrp.

The ssd mutation had no effect on transcription from the

serA promoter (Table 8). This observation suggested that the
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TABLE 8. Regulation of serA-lacZ expression

strain Relevant genotype B-galactosldasea
- L-leucine + L-Ieuclneb
DRN-1 serA::lac2 2350 1360
MEW38 serA::lacZ rbl 450 500
MEW37 serA::lacZ ssd 2250 ND°
MEWA40 serA::lacZ rbl 425 ND
sdaA: :Cm’

a: Assays were carried out on log-phase cu!tures grown In
glucose minimal medium with 100 Ug/ml| L-serine at ch. The
data In this Table Is the average of two or three different
exper iments and reported In Mil!ler units.

b: L-Leucine was added at the concentration of 100 ug/mi.

c: ND, Not determined.
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ssd and rbl/ gene products belong to different, although
possibly overtiapping, regutatory systems.

Since the rb/::Tn70 mutant was selected by Its abillty
to grow on L-serine and Iincreased L-serine degradation, It
seemed posslible that the decrease of transcription from seraA
promoter might be an Indirect result of high L-SD activity.
However | constructed a triple mutant In which the sdaA gene
was Inactivated and no L-SD could be made, strain MEW40,
serA::lacZ rbl::Tn10 sdaA::Cm . In this strain, transcription
of lacZ from the serA promoter was also flvefold decreased
(Table 8). Thils data demonstrates that the decrease of serA
transcription Is not a secondary effect resulting from L-SD

overproduction.

111-2. Decreased //vIH Transcription in the rb! Mutant

The IIviH operon encodes the two subunlits of acetolactate
synthase 111, an enzyme Involved In the blosynthesls of
branched-chain amino acids [Squires et al/., 1983]. Expression
of tIviH Is also affected by L-leuclne. A Northern blot
analysis demonstrated that the addition of L-leucine to growth
medium resulted In an 8- to 10-fold decrease In the syntheslis
of fIvIH mRNA [Squires et al/., 19811].

To study the effect of the rb/ mutation on [IviH
transcription, the rb/::Tn170 mutation was transduced into
strain Cv975, an //viH::lacZ fusion strain kindly provided by
J.M. Calvo. The rb/ mutation resulted in a 27-foid decrease in

the level of transcription from the //vI/H promoter (Table 9).
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TABLE 9. Reguiation by L-leucine in the rb! mutant®

Activity Strain Relevant Activity In minimal effect of
assayed genotype med lum wlith L-leuclne
no addition L-leucine B/A X 100

(A) (B)

L-so MEW 1 rb1* 11 46 418
MEW26 MEW1 rb] 67 73 109
TOH® MEW 1 roit 5 18 305
MEW26 MEW1 rb/ 36 43 112

B-gatactosidase
d

from sdaa’ MEW22 sdaA::/acZ 56 225 402
MEW36 MEW22 rb/ 425 530 125

sera’ DRN-1 serA::facz 2350 1360 58
MEW38 DRN-1 rb/ 450 500 113

JiviH® CV975 IIviH::lacZ 322 38 12
MEW42  CV975 rbl 9 9 100

a: Values are averages of at least two different experiments.
b: Expressed as In Table 3.
c: Expressed as In Table 7.
d: Expressed as in Table 5.
e: Cells were grown In glucose minmal medium with 50 ug/ml L-

proline and 1ug/ml! thiamine. Expressed as In Table 5.
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As summarlized Iin Table 9, four leucine-reguliated genes
(serA, sdaA, tdh and [/IviIH) whose products are involved In
di fferent metabolic pathways are all regulated by the rdp/ gene
product. !n the rbl! mutant, the expression from these leucine-
regulated promoters was no longer affected by the presence of
L-leucine. That Is, in the absence of the rbl gene product, L-
leucine does not affect expresslion of these genes. Indeed, the
mutant behaves as though L-leucine were constantly present In
the growth medium. Based on these results, we suggested that
the rb! gene product might be the regulator of a global

response to L-leucine.

V. Effects of rb! Mutations in a metK Stralin
This sectlion shows that the rb/ mutation suppressed the
slow growth of a metK mutant, and that the most commonly used

metK straln carried an rb!/ mutation.

iV=1. A True metK Mutant Grows Slowly In Glucose Minimal
Med um

Strain RG62, a metK mutant deficient In S~
adenosyimethliconine (SAM) synthetase activity, was Isolated by
Greene et al/. by virtue of Its ethionlne-resistance [Greene et
al., 1973]. This strain shown Iless than 3% resldual SAM
synthetase activity and high leveis of methionine biosynthetlc
enzymes and was resistant to y-gtutamy! methyl! ester (GGME).
It was reported recently that straln RG62 had an unusual
abllity to degrade exogenousliy suppilied L-ser ine [Matthews and
Neidhardt, 1989], and they suggested that the straln might

have high L-SD actlvity. R. Matthews kindly provided us wlth
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TABLE 10. L-SD, B-galactosidase activities and GGME resistance

of rbl! and metK mutants and reiated stralns of E. coli K-12

Strailn Relevant L-SD GGME B-galactosidase
genotype actlvltya reslstanceb from promoter ofc

sdaA serA

RG willd-type 30 -

RG62 metk62 rbl-62 71 *

MEW1 Wi ld-type 119 -

MEW26  rb/::Tn10 671 -

MEW33 rbil-62 66 -

MEW30 metKeé2 11 *

MEW3 1 metK62 rbil::Tn1t0 65 +

MEW22  sdaA::/acZ 56

MEW36 sdaA::lacZ rbl 425

MEW46 sdaA::lacZ rbl-62 385

DRN-1 serA::lacZ 2350

MEW38 serA::lacZ rbl 450

MEW39 serA::lacZ rbl-62 386

a: Expressed as In Table 3. Values are averages of three

dlfferent assays.

b: As Judged by growth on glucose minimal medium contalning 1

mM GGME.

Cc: Expressed as

+, Reslis

in Table 5.

d: values taken from Table 9.

ince; -, sensitivity.
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her lIsoiate of straln RG62. It did Indeed have iIncreased L-SD
levels: 71 mU/100 Klett units versus 30 for the metk' parent
stralin RG (Table 10). Furthermore, strain RG62 was able to use
L-serine as sole carbon source, whereas the parent straln RG
could not.

Since another metK mutant In thils lab did not show
overproduction of L-SD and could not grow with L-serine as
carbon source (data not shown), It seemed possible that these
properties of RG62 might be due not to the metK mutation but
rather to an unsuspected rb/- or ssd-like mutation present in
the strain. To test this possliblility, the metX mutation from
RG62 was transduced Into our strain background, by
cotransduction with sera’ to
reciplent strain DRN-1. Of the transductants, 10 to 20% were
resistant to GGME, conslistent with the establ ished genetic map
distance between serA and metkK [Bachmann,1983].

One such metK62 transductant, MEW30, was characterized In
more detaill. It showed some of the characteristics of the
original metK strain: GGME resistance as stated above, and
high B-cystathionase activity (the product of the metC gene),
as expected from a metK straln, which |s derepressed for the
methionine blosynthetic genes (data not shown). However,
unlike RG62, It showed |low L-SD activity (Tabie 10) and was
unablie to ¢grow with L-serine as sole carton source.
Furthermore, MEW30 grew exceedingly slowly In glucose minimal
medium. The fastest growth rate measured in MEW30 (a.d.t. 120
min) was only half that of the parent strain, but the growth

rate was variable and usually even siower (Table 11). On the
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octher hand, RG62 had a doubiing time of 80 min, only slightly
longer than that of the wild-type straln. The growth rate of
MEW30 was conslderably Increased by the presence of exogenous
L-leucine In the growth medium (a.d.t. 89 min) (Table 11);
This might be related to the observation that exogenous L-
leucine |1 eased the residual SAM synthetase activity three-

to four-fold In strain RG62 [Greene et al., 1873].

iv-2. Demaonstration that Straln RGS2 Carries an rb/ Mutation

As Indicated above, when we transferred the metK gene out
of strain RG62, the abillity to use L-serine as carbon source
did not accompany It. It seems that straln RG62 must carry a
second mutatlion responsible for L-serine utillization. |
located this mutation by conjugation and transduction, and
then moved the mutation to our laboratory reference strain
MEW1 and confirmed that the resuitant strain showed the rb/
phenotype.

Conjugation studlies with the Singer Hfr kit iocated the
second mutation responsible for L-SD overproduction In RG62
between 12 min and 21 min; 1t was highly Ilinked to Tni10
elements at 12 min (44/50 exconjugants with strain CAG5053)
and at 17 min (24/49 exconjugants with strain CAG5051),
consistent with it being In the rbl/ gene.

The mutatlion was more accurately mapped by Pl-mediated
transductlion, and located at the same map position as
rbl::Tn10, 50 to 70% cotransducible with a Tn70 element at 20
min (straln CAG18478). | then used the Tn/0O element Inserted

next to the mutation In the preceding experiment to transfer
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TABLE 11. The growth rate of the metK mutant and related

stralns In glucose minimal medium with and without L-leucline

a.d.t. In glucose

Strain Relevant genotype minimal medlium with
no addition L-1eucine’
RG62 metk-62 rbl-62 80 (NoX
MEW 1 Wild-type 56 56
MEW26 rbl::Tn10 77.5 67
MEW30 MEW1 metK-62 142 89
MEW3 1 metK-62 rbl::Tn10 81 80
MEW32 MEW31 sdaA::Cm' 82 ND°

a: A.d.t. was measured as described in Table 2. Values are
averages of more than two different experiments.
b: L-Leuclne was added at a concentration of 100 ug/mi,

c: ND, Not determined.



129
the mutation to strain MEW1, screening tetracycline resistant
derivatives of MEW' for strains which could grow on serine.
These ¢transductants had high L-SD activity but were not
resistant to GGME (Table 10), and they had low cystathlonase
activity (data not shown).

The preceding experiments confirm that stralin RGB62
carrled two mutations, one mapping In the rb/ gene, and one In
metk. Because of the physliological iInterest of this finding,
{ verifled It further by transducing the mutation at 20
minutes Into the sdaA::/acZ fuslion strain MEW22 and serA::/acZ
fusion strain DRN~1. The RG62-der Ived mutation caused a six-
fold increase In sdaA expressicnh and a six~fold decrease In
serA transcription, similar to results for the sdaA::/acZ
rbl/::Tn10 strain MEW36 and serA::lacZ rbl::Tn10 strain MEW38
(Table 10). | conclude that RG62 harbours a second, heretofore
unsuspected, mutatlon,qan rbl allele, and suggest for It the
allele designation rbl/-62.

The fact that exogenous L-leucline Increased the growth
rate of the metk-62 transductant, strain MEW30, suggested that
the relatively fast growth rate of RGB2 might be due to Its
rbl-62 mutation. To test this possibility, the rbl::Tni10
mutation from strain MEW28 was transduced Into a newly
constructed, slow-growing metK-62 straln, selectlng for
tetracycline resistance on LB plates and screening for growth
with L-serine. |In glucose minimal medium, the metk rbl/ doublie
mutant grew at the same rate as RG62 (a.d.t. 80-min Tabtle 11),
and much faster than the metK-62 parent strain. This growth

rate was about the same as that of the metK-62 stralin growing
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In the presence of exogenous L-leucine (Table 11). The same
exper iment was performed with the rb/-62 mutation from RG6E2,
and with a mutation previously known in J. M. Calvo's lab as
lhb::Tn10 mutation from thelr straln CV1008, and recognized by
them as an aliele of rb/. These gave the same acceleration of
growth rate in the metK background (data not shown).
| wondered which of the pleiotropic effects of the rbl!
mutation might be involved In increasing the metkK growth rate.
The compensation for siow growth of the metK mutant did not
depend on a functional L-SD enzyme. As shown In Table 11, a
metK rbl::Tn10 sdaA::Cmr triple mutant grew as rapldly as the
metK rbl::Tn10 parent straln (and much faster than the metkK
single mutant), Iindicating that the rb/ mutation could
compensate for the siow growth of the metK In the total
absence of L-SD activity.
Together wlth the observation that the serA::l/acZ
rbl::Tn10 sdaA::Cm' also decreased serA transcription, It
could be conclude that these phenotypes are not secondary

effects resulting from L-SD overproductlon In rb/ strains.

IV=3. During Growth In Glucose-Minimal Medium. metK Mutants
Accumulated Derivatives Able to Grow on L-Serine

Strain RG62, Ilike most metK strains described, was
isolated by resistance to a methlionine analog, In this case
ethlonine [Greene et al/., 1973]. It grew a |[ittle more slowly
than the parent straln but was not severely handlcapped,
especially as used In later studies [Matthews and Neidhardt,

1988:; 1989). Since the same metK-62 allele transduced into
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another straln stlll conferred slow growth, it was possible
that the secondary rbl/-62 mutation had arisen early durling
culture of the original metK Isolate and that the double
mutant had been selected by virtue of Its faster growth rate
such that most published studies used the double mutant
Inadvertently.

To determine whether this type of event could be
reproduced, the metkK-62 mutation was transduced into a newly
isolated single colony of strain DRN-1 serA, a serine-
independent GGME-resistant transductant (seraA’ GGME') was
Isolated, and grown In glucose minimal medium, and the number
of cells able to grow with L-serine as sole carbon source were
periodically tested. Whereas the first transductant could not
use serine as carbon source, by the fourth subculture In
glucose-minimal medium (about 30 generatlons), 19% of the
cells could grow on L-serine (Table 12). No such aécumulatlon
of L-serine utlllzers was observed during growth of the parent
strain MEWI1. it could be concluded that an rbi/-like
mutatlion(s), permitting growth on L-serine, accumulated during
cultivation of a metK mutation strain in glucose minimal
medium- |.e. that a mutation which Increased the growth rate
in glucose minimal medium also conferred ability to grow with
serine.

Although many raplidly growing metK derlvatives were able
to grow wlth L-serine as carbon source, others were not. This
suggest that there Is more than one way to restore rapid

growth to metK strains.
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TABLE 12. Selection of celis growing on L-serine during growth

of a metk mutant® In glucose-minimal medium

No. of cells forming colonles

on minimal medium with given % L-Serline
Step Culture carbon source utillzers,
Glucose (A) L-Serine (B) B/A X 100
a Inoculum 1.4 x 10° 5 X 10° 4 x 10
b Culture 1 6.4 X 107 1.8 X 104 2.5 X 10-2
¢ Culture 2 g x 10° 2.4 x 10° 0.3
d  Culture 3 1.6 x 10° 1.6 X 10’ 1.0
e  Culture 4 7.5 X 10° 1.4 X 10° 19

a: A recently transduced isolate of strain MEW30 was plated on
glucose and L-serine minimal medium plates (step a),
inoculated Into tiquid glucose minimal medium at 37°C. grown
overnight, and plated on the same two medium (step b). It was
then subcultured into fresh glucose minimal medium (culture 2)
at 0.1 ml/20 ml of culture, and that culture was |ncubated
overnight, plated (step c¢), and subcultured. The exper iment
was contlnued In the same way for cultures 3 and 4. Each
subculture allowed approximately elght generations of growth.
Columns A and B show the number of cells In 1 ml of each
culture at the time of subcuiture, as Jjudged by the colony
counts on glucose and L-serine minimal media, respectively.
Glucose and L-serine was provided at 0.2%. The results given

are those of one experiment; two others gave simllar resulits.



133

V. rbpl Is ldentical to /hb and Might Be identical to opp!
There are several reports of regulatory genes located near
20 min of E. coll chromosome whose functlion Is mediated by
leuclne, These genes, Including rbl!, Ihb, opp!, and !IvR,
mlight alil be alleles of the same gene. In thils section | show

that the rb/ gene Is In fact identical to /hb.

V=1, rbl and ihdb Have Similar Phenotypic Effects

J.M. Calvo and his collaborators have described a protein
that binds to the regulatory region of the E. colil IIvIH
operon [Ricca et al/., 1989} and mediates Its repression by L-
leucine. They have also Isolated a mutant, /hb::Tn70, In which
this proteln Is absent [Platko et a/., 1980]. The /hb mutant
was [ocated near 20 min and caused decreased expression of the
IIviH operon. J. M. Cal ‘0 suggested to us that our Instances
of L-leuclne regulation might be modulated by the same
protein. In this case, the rb/ gene might be ldentical to /hb,
the tructural gene for the /I/v/H binding proteln.

To test this, | transduced /hb::Tn10 mutation from CV1008
(provided by J. M. Calvo) Into our strains, and examined the
effect of the /hb and rb/ mutations on TDH and L-SD activity
and on the expression of lacZ from sdaA, serA and [IvIH
promoters. The results show that the two mutations had
quantitatively similar effects in all cases: Iincreasing L-SD,
TDH activity, and sdaA expression and decreasing the
expression from serA and /IvIH promoters (Table 13).
Furthermore, the strains carrying /hb mutations {MEW43 and
Cv1008) were able to grow with L-serine as sole carbon source,

whereas parent strains (MEW1 and CV875) could not.
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TABLE 13. Comparison of stralns carrying rbi and [Ihbd

mutatlonsa

Strain Relevant Activity of B-galactosldase from promoter ofd

genotype L-SD® TDH®  sdad® seral I 1viIH
MEW1 Wilid-type 10 5.1
MEW26 rb/ 96 40
MEW43 /hb 93 42
MEW22 sdaA::/acZ 50
MEW36 MEW22 rb/ 350
MEW44 MEW22 /hb 375
DRN-1 serd::lacz 14 2350
MEW38 DRN-1 rb/ 83 375
MEW41 DRN-1 /hb 84 375
CVe75 I1IvIH::lacZ 13 275
MEW42 CV975 rbl 51 10
CV1008 CV875 Ihb 8 10

a: Assayed In exponential-cells <~ ~wn |In glucose minimal
medium (wlth additions as needed). Values are averages of at
least two different experiments.

b: Expressec as in Table 3.

c: Expressed ac In Table 7.

d: Expressed as In Table 5.

Expressed as units from an sdaA::/acZ fuslon.

@

f: Expression as units from a serA::lacZ fuslon,

g: Expression as units from an [/vIH::lacZ fuslon.
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Another regulatory gene, oppl/, Is aiso known to be located
near 20 min on the E. co/l! chromosome. The oppl!/ gene product
was shown to be a negatlve regulator of oppABCDF operon
expresslion [Austin et a/., 1989]. It has been reported that
the addlition of L-leucine to the growth medium resulted in a
dramatic Increase in the expression of the opp operon-encoded
transport system [Andrews et al/., 1986]. The opp/ mutatlion- or
L-leucine-mediated elevation of peptide transport was
accompanied by increased sensitlivity to toxic tripeptides. To
test the relatlonship between rb/ and oppl, the sensltlv[ty of
our wlld-type and rb/ mutant stralns to tripeptides
triornithine (Orns) was determined. Fifty ug Orn3 on a 7-mm
disk resulited in a 26-mm zone of growth Inhibitlon of strain
MEW1 llvA*grown on glucose-minimal medium; the addition of L-
leucine to the medium increased the inhibltion zone to 31-mm.

In the same conditlons, MEw26 //v'

(rbl) showed a larger
inhibltlon zone without leucine (33 mm). This was not further
Iincreased by the presence of exogenous L-leucline. This
observation is consistent with the ldea that the rb/ gene Is

identicai to opp!/.

V-2. Subcloning of the rbl! Gene from the ¥Kohara Phage
Cotllection.

To study It In more detall, | chose to subclone the rb/
gene from the Kohara phage which carried DNA In the region
deflined by transduction as the Ilocus of rbil. Thus DNA was

isolated from Kohara phage A1F10, digested with Hindlll, and
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Inserted onto plasmid PACYCi84. A 6.5 Kb H/ndlll fragment
contalning the rb/ gene was cloned by usling a serA rb! double
mutant, which cannot use glyclne as a source of L-serine, and
selecting for transformants which could grow on glucose
minimal medium wlith glycine. From this plasmid, which was
termed pLR1, a 1.3 Kb fragment was subclioned first onto
Bluescript KS+and then onto pACYC184, ylelding plasmlid pLRN1,
which was used for complementation tests.

The putative rbl-carrying clones were all Isolated by
their abillty to use glycine as a source of L-serine. The rb/
mutant cannot cieave glycine to C-1 THF source. |f a plasmid
in fact carried a wlld-type rb1t gene, It might also be
expected to restore the expression of sdaA and serA of an rbl
mutant to wild-type levels. To test this, plasmid pLRN1 was
transformed Into strains MEW26, MEW36, and MEW38. As shown In
Table 14, plasmid pLRN1 complemented the rbl/ mutation wlith

respect to both sdaA and serA expression.

V-3. Hybridization of a 2.5 Kb Fragment from pLR1 to
Chromosomal DNA Isolated from Strains with an Insertion In
rbl::Tn10 or Ihb::Tni1o

1t Is clear that plasmid pLRN1 can complement the
regulatory deficiencies caused by the rb/ mutation. However
this does not demonstrate that the rb/ gene was In fact
carried on plasmlid pLRNt1, but shows only that the plasmid

carries some gene which complements an rb/ deflclency.
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TABLE 14. L~SD and f3-gatlactosidase activities In strains with

plasmids carrylng the putative rbi/ genea

Straln Plasmid L-SD activity’ B-galactosidase from

promoter of

sdaA® serA®

MEW1 None 11

MEW26 None 76

MEW26 pPLRN1 9

MEW22 None 65

MEW36 _ None 420

MEW26 PLRN1 66

DRN-1 None 14 2387
MEW38 None 95 430
MEW38 PLRN1 15 2312

a: Cells were grown In glucose minimal medium (with additlions
as needed) at 37%:, and assayed In exponential-phase.
Antiblotlics was added to plasmid-carrylng cellis during both
overnight and subculture as listed In material and methods.
Values are averages of two or three different measurements.
b: Expressed as In Table 3.

c: Expressed as In Table 5.
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Flgure 1. Southern blot analysis of chromosomal DNA from
mutants MEW26 and CV1008. Chromosomal DNA was Isolated from
strains MEW1, MEW26 and CV1I008, digested with EcoR|! and
Hindl 11, and fractlonated by electrophoreslis through agarose
gel. The gel was dried and hybridized with SP-labelled EcoR|-
Hindl Il fragment derived from piasmid pLR1. Lanes t through 3

represent the hybridization of chromosomal DNA from stralin

MEW1, MEW26, and CV1008, respectively.
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To determine whether pLR1 carried the rbf//I/hb gene, a 2.5

Kb EcoRi-HIndlll fragment from pLR1 was used to probe EcoRI-
Hindlll dligests of chromosomal! DNA Isolated from wild-type
straln MEW1, rb/::Tn10 mutation strain MEW26, and /hb::Tn10
mutant CV1008 (Fig. 1). The Southern blot analysis showed that
the digest of DNA from straln MEW1 contalned only one band
hybridizing to pLRt I|.e. that the gene carried on pLR1 was
intact In strain MEW1., This band (2.5 Kb) was replaced In
digests of DNA from both mutants by two other bands. It Is
clear then that the gene carrled on pLRt1 is split by the
Insertions Into two parts, |.e. that pLR1 carries the wild
type version of the gene mutated in strains MEW26 and CV1008,

that Is, the rbl/ gene located In this region.

V-4. protein Encoded by pLRN1 Has DNA Binding Activity

The /hb gene product has been shown to be a DNA binding
proteln [Ricca et a/., 1989]. If rbl is ldentical to /hb, then
lts product should be the same DNA binding activity. Then
extracts of cells grown with plasmid pLRN1 should contain the
binding protein. To test thls, the DNA fragment carrylng sdaA
promoter reglon was used for binding assay, and the binding
activity in crude extracts prepared from strains MEW1, MEW26,
and MEW26 carrying plasmid pLRN1 was compared with purified
IHB protein (Flg. 2). The extracts of MEW1 and MEW26 carryling
pPLRN1 showed a pattern of band shifts similar to that of
purifled IHB protein, though the plasmid-containing stralin
MEW26 had much higher activity than that of MEW1. in all cases
additlion of L-leucline to the binding buffer prevented

retardation. Consistent with the idea that strain MEW26 has a
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Filgure 2. Gel retardation assays performed with sdaA DNA.
A 349 bp end labeliled Hindll|-EcoRV fragment from pSU1 was
Incubated with cell extracts of MEW1, MEW26, or MEW26 pLRN1,
or with purified Lrp protein, and fractionated by
electrophoresis. Lanes 1 through § represents the addition of
o, 17, 33, 66, and 66 ng of purified Lrp protein; 1 yl cell
extract from MEW26, 1 Ul extract from MEwW1, 0.25, 0.5, 0.6 Ui
extract from MEW26 pLRN1 were added to lanes 6 through 10,
respectively. Total protein concentrations (ug/ut) In each
extract were as follows: MEW1, B8.5; MEW26, 8.1; MEW26 pLRNI1,

16.2. Lanes 5 and 10 also Incubated with 38 mM L-leucine.
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nonfunctional rb/! gene, the extract of strain MEW26 did not
show detectable binding actlivity. The observatlions described
In sectlons V-3 and V-4 allow the concluslion that the - rb/ gene

Is ldentical to the /hb gene to be made.

Since the rbl/lhb/opp! gene product Is invoilved In the
regulation of a number of operons with different functions,
and Is now studied In several labs, It seemed better to agree
on a new name which would apply to all of these. The
researchers workling on this locus agreed that the locus
mapping near arcA and serC that affects expression of sdaA,
serA, tdh, and //viH |Is assigned the designation /rp (leuclne-
responsive regulatory protein). From the next section, | wlll

therefore call this gene /rp instead of rbil.

VIi. Isolation and Prelimlnary Characterization of Apl/acMu
Inserts In Genes Controlled by the I/rp Gene Product

As descr ibed above, the regulation by L-leuclne of several
genes from different metabollc pathways Iis mediated by Lrp
protein. There Is no reason to suppose that this inciudes all
the Lrp regulated genes. in the following experiments, |
assess the possibillty that other L-leucine-regulated genes
might also be regulated by /rp gene product, characterize the
patterns of regulation of the varlous genes, and attempt to
assess the size of the leucine regulon.

For thls purpose, | took advantage of the fact that

AplacMu8 Inserts randomly In the chromosome, creating protein
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fusions of lacZ to various genes. This involved first
Isolating /acZ translational fusions to genes whose expresslon
are affected by the presence of exogenous L-leuclne; and then
making the corresponding /rp derivatives by P1 transductlion
(see materials and methods) and measuring B-galactosidase
actlivities of cells grown In glucose-minimal medium with and
without L-leucine 100 ug/ml. In all of Ap/acMu |nserts
isolated whose expression was affected by exogenous L-!eucine,
the B~galactosidase levels were also regulated by Lrp protein,

The expression of lacZ from these promoters was regulated
by L-leucine, and by the /rp gene p.oduct, but In several
different ways (Table 15). In some cases (class 1), Lrp
activated gene expression and L-teucine decreased activity, a
pattern described above for serA and /IvIH. In others (class
2), Lrp repressed and L~leucline Increased activity, as In sdaA
and /ysU. In class 3, both the /rp gene product and L-leucine
were required for inductlion, and in class 4, both were needed
to repress. Most of these genes have not yet been identified,
nor Is It known how many different genes are represented.
However, all were assayed for L-SD and showed the same
activity as the parent strain.

Among the 22 prototrophlc Isolates studied, | found 11 of
class 1, 6 of class 2, 4 of ciass 3 and only 1 of class 4.

In class 1, the presence of Lrp iIncreased the expression
of B-galactosidase (in the absence of L-leucine) from 4- to
35-foid. In most of the strains, the absence of Lrp had a much

greater effect on gene expression than the addition of
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TABLE 158. Actlivity of B-galactosidase transcribed from Lrp-

regulated promoters®

B-Galactosidase activity In Effect of Effect of Lrp
Strailn glucose minimal medium with L-~leucline (Irp*/lrp') in

None(A) L-leucine(B) B/A X 100 A B

Class 1. Lrp activates, L-leucine rel ieves

CP4 632 232 44 35.1 15.5
CP4 Irp 16 '5 94
cpP5 362 21 5.8 22.6 1.4
CPS Irp 16 15 84
CpP7 151 26 17 5 0.8
CP7 Irp 30 34 113
cpP8 498 242 49 19.2 9.7
CP8 Irp 26 25 96
CP10 484 190 38 19.8 5.3
CP10 Irp 35 36 103
cpP14 457 197 43 18.3 7.3
CP14 Irp 25 27 108
cP26 379 135 36 23.7 7.5
cP26 Irp 16 18 113
CpP27 426 144 34 32.8 12
CP27 Irp 13 12 92

e .,
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Cont.

cpP28 2€5 144 54 14.7 9
cpP28 Irp 18 16 89

CP30 172 141 82 11.5 9.4
CO30 Irp 15 15 100

CP31 911 377 41 26.8 10.5
CP31 Irp 34 36 106

Class 2. Lrp represses, L-leucline retl leves

CcP21 52 96 185 0.45 0.75
CcP21 Irp 115 128 111

CpP23 28 117 418 0.08 0.21
CcP23 Irp 538 556 103

cP25 35 114 326 0.52 1.56
CP25 irp 67 73 109

CP59 19 63 332 0.17 0.52
CP59 Irp 114 121 106

cpPeo 21 86 409 0.17 0.62
CP60 Irp 127 149 109

CPE1 30 80 270 0.02 0.07
cP61 Irp 1239 1184 96
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Ccont.

Class 3. Lrp and L-leucine actlvate together

CprP1 92 229 248 1.26 2.4
CP1 Irp 73 71 97
cP41 170 355 209 0.99 2.29
CP41 Irp 172 155 g0
CP52 35 114 326 0.97 3.26
CP52 Irp 36 35 97
CP57 38 114 300 0.9 2.92
CP57 Irp 42 39 93

Class 4. Lrp and L-leucine repress together

CP36 496 7 1.4 0.96 0.02

CP36 Irp 515 443 86

a: Celis were grown In glucose minimal medium elther lacking
or containing 100 ug/m! L-leucine at 37%:, and subcultured in
the same medium. The B-galactos!idase was assayed In cells from
exponentiali-phase cultures and expressed as In Table 5. Values

are averages of two or three different experiments.
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L-leuclne to the growth medium of the wlid-type, as described
for serA and /I/vi/H above. This observation suggests that the
lrp gene product is needed for the expression of these genes,
and that L-leucine modulates expression of the activated
genes, probably by virtue of its Iinteraction with Lrp, but
that In most cases It does not totally reverse it, as |t would
If It removed Lrp from the DNA.

The repressive effect of Lrp In class 2 is also greater
than the effect of L-leucine In most isolates, as is the case
In sdaA. The Lrp repressed expression from 2- to 40-fold,
wh!le the presence of L-leucine only Increased the expression
to from 1.8~ to 4-fold. The /n vivo data suggested that two
conformations of Lrp, free or bound with L-leucine, could each
be active. 1t Is possible that there are some genes for which
one Lrp conformation acts as activator and the other acts as
repressor. In such a case, one would expect that the
expression level in an /rp mutant would be Iintermediate
between those in the Irp+ straln In the presence and absence
of L-leucine. In strain CP25, the presence of exogenous L-
leuclne indeed had a greater effect then the {rp mutation.
This might suggest that in the absence of L-leucine, Lrp acts
as a repressor of thls gene. However, the Lrp-leucine complex
could stimulate the expression of the strain CP25 Inserted
gene. In both class 3 and 4, nelther Lrp nor L-leucine alone
could affect the gene expression. Furthermore, L-leucine had

no effect on gene expresslion in /rp mutants of all 4 classes.
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Vil, ldentification of Some Lrp Regulated-Genes
In the last section | described that the Inserts whose
expression was affected by Lrp showed four modes of
regulation. These mutations were isolated by a selectlion based
on regulatory function, as was done in the isolation of din
genes. However this In Itself gives no Information as to the
identity of the genes affected.

In order to understand the physiological function of Lrp,
| trled to ldentify some of the Lrp-regulfated genes. These
exper Iments are described In the foliowlng paragraphs, which
also Include the demonstration that the expression of L-
leucine-blosynthetlic enzyme(s) also falls under the control of

Lrp.

Vil-1. iInsertlions In Some Lrp-Regulated Genes Leads to L-
Leuclne Auxotrophy
The system used for Iisolating iInsertion mutants in Lrp-
regulated genes would not allow the Isolation of auxotrophs
wlth the exceptlion of those requiring L-leucine. | dld Isolate
several leucine-requlring strains. This Is consistent with the
ldea that L-leucine biosynthes!s seemed to be limited In the
irp mutant, as Judged by the fact that the addition of L~
leucline Increased the growth rate of the /rp mutant.
Some of the L-leucline auxotrophs were studied further.
As shown in Table 16, the expression of B3-galactosidase from
the 5 insert-carrying strains studied was regulated by the /rp

gene product (Table 16). In all of the cases, the /rp mutation
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reduced the expression of B-galactoslidase In cells grown with
sufflicient iL.-leuclne for growth (50 ug/mi). Lrp stimuliated
expression between 2.6 ana 12-fold Iin the 5§ strains.

All of the stralns were mapped using the Singer kit, and
showed ! Inkage to a Tn10 element at 2 min (straln CAG12095):
82% |inkage for strain CP66, and 97-100% for the other 4
strains. It seems |lkely that all 5 stralns carry Insertions
In the L-leucline blosynthetlc operon at 1.8 min.

Because strain MEW1 //vA requires L-isoleucine for growth,
each of these mutations were transduced Into an I 1vat
der ivative of MEW1 to allow testing of the ablllty of the
auxotrophs to grow in the absence of L-isoleucine. In the
presence of only L-leucine In glucose- minimal medium, four
stralins (CP83, 584, 55, and 64) grew well, but one (CP66) grew
slowly. Based on the low level of stimulation seen In straln
cPee, lts lower linkage to the iInsert at 2 min., and |{ts
di fference In growth requirements, It Is possible that strain
CP66 constltutes a separate phenotyplc class of leucine
auxotrophs.

|f these mutants were Iinserted in L-leucine blosynthetic
Jenes, as the results suggest, one wouid expect them to be
derepressed Iin L-leucine-starved cells. To test this, cells
were grown with elither 5 or 50 ug/ml of L-leucine overnight,
subcultured In the same medium, and assayed B-galactosldase.
In 4 simllar mutants, L-leucine star* ation resulted In a 4- to
23-fold increase in RB-galactosidase activity, and {(t did so

both In the /rp mutants and In the /rp+ strains (Table 16).
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TABLE 16. Regulation gene expression L-leuclne
auxotrophs

B-Galactoslidase activity Effect of Effect of Lrp
Strailn giucose minimal medium with L-Leucline (Irp+llrd3 on

L-leucine of starvation A B
5 pg/mli 50 ug/mli A/B

CP53 3806 688 5.5 4.2 8.1
CPS53 Irp 900 85 10.6
CcpP54 3179 610 5.2 2.8 10
CP54 Irp 1126 61 18.5
CP55 4449 831 5.4 2.6 11.2
CP585 Irp 1707 74 23.1
CPb64 33256 685 4.9 2.7 12.2
crP64 Irp 12561 56 22.3
CP66 392 774 0.5 7.3 2.6
CP66 Irp 54 302 0.18

Results expressed as

or 3 determinatlons.

in Table 15, Values are the average of 2
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This confirms that these mutants do carry insertions In one or
more of the L-leucine blosynthetl¢ genes.

The expression of these L-leucine-biosynthetic genes |Is
clearly activated by Lrp, as Jjudged by these resulits. It Is
also control led Independent!ly by L-leucine. The effects of L-
leucine starvation and the /rp gene product were additlve.
This Is the first case of L-leucine affecting expression in an
Irp mutant, and probably reflects the transcriptional
attenuation mechanism by which the /J/eu operon I|s regulated
{Wesslier and Calvo, 1881].

The regulation of straln CP66 was very dlfferent. B-
Galactosidase activity of CP66 was actually repressed by L-
leucine starvation, both In the parent straln and In the Irp
mutant. The I/rp gene product Increased expression In the
presence of excess L-leucine, and mitigated the repressive
effect of L-leuclne considerably durlng L-ieucline starvation.
This is consistent with the Idea that strain CP66 differs from
the other 4, and perhaps suggest that the iInsertion may even

be In a different, though closely |inked, gene.

Vii-2. Location of Some Inserts Near the sdaB Gene

Three of our class 3 Iinserts, Inciuding strain CP41, CP52,
and CP57, mapped very close to the Inserts In straln CAG12079
(fuc::Tn10) and strain CAG12135 (recD::Tn10), showing | inkage
of 79, 94, and 85% to fuc::Tn70, and 50, 80 and 67% to
recD::Tn10, respectively. This strongly suggests that the
inserts are in or near the sdaB gene which Iis immediately

adjacent to the fucose operon on the E. col// chromosome (Shao,



151
Z. Q., personal communication), and codes for a second L-
ser ine deamlinase expressed malnly In rich medium [Su and
Newman, 1991].

To test whether these Insertions were located within the

sdaB gene, B-galactosidase activity was assayed In cells
grown |In three medlia: In glucose minimal medium where the
expresslion of sdaB |Is repressed; In glucose minimal medium

with L-leuclne where It Is slightly induced; and In LB medium
where sdaB |s expressed at Its highest level [Su and Newman,
1991}. In these strains, B-galactoslidase activity followed
exactly that pattern, 150, 350, and 2000 in CP41, and 35, 125
and 350 In CP52.

sdaB functlon In the Insertion stralns was tested by
constructing sdaA::Cmr derivatives. |f these Insertlons in
fact inactivated sdas, the double mutants (sdaA::cmr
sdaB: :Apl/acMu) should have neither of the L-SD coding genes,
and thus should be
almost complietely deficient In L-serine deaminating abllity
when grown In LB medium. As shown In Table 17, the CP41 and
CP52 Insertions decreased the L-SD levels In LB medium 5- and
10-fold, respectively.

The preceding data shows clearly that L-SD activity from
sdaB8 Iis low In both strains CP41 and CP52. Nonetheless,
hybr idlzation exper iments showed that there is no insertion in
sda8 in elther strain. When a 2.6 Kb DNA fragment from pwBS,
carrying the intact sdaB8 gene, was hybridized with DNA from
CP41, CP52, and the parent strain MEW1, only one band was

seen, at the same poslition (2.6 Kb In size) In each straln
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TABLE 17. The B-galactosidase and L-SD activities In CP41,

CP52, and related strainsa

L-SD activity B3-Galactosldase activity In

Strain in LB M®® MM + L-leucine’® LB
MEW1 sdaA::Cm' 63 ~no® ND ND
CP41 sdaA::Cm' 6 160 374 1482
CP52 sdaA::Cm' 13

CP41 161 352 1925
CP4l Irp 1579 147° 1499
cP52 35 114 384
cP52 Irp 37 35 378

a: L-SD and B-gatactosidase were assayed and expressed as In
Table 3 and Table 5, respectively. The values are averages of
two or three different determinations.

b: MM, glucose minimal medium. L-~Leuclne was added at 100
Hg/mil .

c: ND, Not determined.

d: Values taken from Table 15,
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({data not shown). But when an 8 Kb fragment from the same
plasmid was used as probe, two hybridized bands could be seen
tn both CP41 and CP52, while oniy one band (8 Kb In size) was
seen (n MEW1 (Fig. 3). This observation Indicated that the
insertions In strain CP41 and CP52 are located immediately
ad jacent to the sdaB gene, but not within it.

The Irp mutation nonetheless largely decreased the
transcription of both sdaB8, and the gene carryling the insert.
it might be suggested that there Is a reguliatory gene sltuated
close to sdaB whose product |Is necessary for sdaB gene
expression. The full expression of that gene then wouid
require both Lrp and L-leucine. It Is also possible that the
regulation of sdaB8 by Lrp and L-leucine |Is an \Indirect
metabolic effect.

In any case the major Influence on the expression of both
CP41 and CP52 Is not Lrp. Lrp increased the B-galactosidase
activity In CP41 and CP52 In glucose minimal medium with L~
leucine, as shown In Table 17. However the !/rp mutation had
almost no effect on the high level expression In both strains
in LB medium. It can be concluded that the reiatively slight
L-feuclne effects are medliated by Lrp, but that other
effectors result In major changes in regulation of

transcription In rich medium.

VI1-3. Possibie ldentification of an Insert In /IvJ/K
Iin the only mutant of cliass 4 Isolated so far, strain
CP36, Lrp together with L-leucine repressed expression

profoundly, to about 1% of the level seen In cells grown In
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1 2 3

Figure 3. Hybridlzatlon of chromosomal DNA of mutant
strains CP41 and CP52 to a DNA fragment carrying sdaB.
Chromosomal DNA from strain MEW1, CP41 and CP52 were isolated,
digested with pstl, and electrophoresed on a 0.7% agarose gel.
The gel was dried, hybridized wlith a 32P--lat:zellec:l Psti
fragment derlived from plasmid pWwBS§6, 21d subjected to
radioautography. Lanes 1 through 3 represent the hybridization
of chromosomal DNA from strain MEW1, CP41, and CP52,

respectively.
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the absence of L-teucine (Table 16). This mutation was mapped
using the Singer‘s Hfr and transduction mapping kit and found
that the wild-type aliele of the Iinsertion In strain CP36 was
73.5% cotransducible with a Tn70 iInsertion at 75.5 min In
strain CAG18450 (144 of 196 transductants), and 28.6% with one
at 76.5 mln In straln CAG18638 (61 of 2068). This Is consistent
with the Iinsertion belng located In [/vJ/K, known to be
regulated by Lrp, and coding for the branched chain amino acid

transport operon [Quay et al., 1877].

Vil-4. Further Metabolic Screening of the /rp Mutant and the
Strains Carrying Lrp-Regulated Insertlons

In order to try to identlfy the function of the remaining
genes carrying Insertions regulated by Lrp. strains MEW1,
MEW26 /rp::Tn10, and al! the insertion strains were screened
for their abillty to use varlous carbon and nitrogen source.
The /rp mutant could not use glycine as nitrogen source, and
nelther could several of the Insert stralns. However, several
insert mutants ailso had diffilculty using a whole group of
nltrogen sources, L-serine, L-arginine, L-alanine and L-
proline, which MEW1 used easily (Table 18). This suggests that
the stralns are deficlent in reactlions transferring
ammonlia/amino groups, and that the /rp gene product regulates
syntheslis of one or more of the enzymes for handling nitrogen
obtained at low level from these amino acids. These Insertion
strains are found In both classes 1 and 2, and thus represent
at least two different genes, and perhaps more. One of these

might be gitB, the gene coding for glutamate synthase, since
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TABLE 18. Abllity of varlous stralns to use amino aclds as nitrogen
source?
Strain Growth on =N glucose minimal medium wlith

glycine L-serine L-alanine L-prolline L-Arginine
MEW 1 + + + + +
MEW26 - + - - -
CP4 - + + - -
cP8 - - + - -
CP10 - - - - -
CP14 - - - - -
cP25 - - + - -
cP26 - - + - -
cp27 - - + - -
CP30 - - + - -
CP31 - + + - -
CPB7(CP68 - + + + +

a: To determine the abillity of a strain to use an amino acid as nitrogen

source, the ammonium sulphate of our minimal medium was repiaced with the
amino acld(5 mM) to be tested. Stralns to be tested were streaked on
plates with the amino acid Indicated, and incubated at 37°C for 24 hr. +:
growth; -: no growth. All of our insertlon strains grew well with L-
aspartic acid, L-asparagine, or L-giutamine as nitrogen source. All
strains other than those listed In this table could use glycine, L-serine,
L-alanine, L-arginine, and L-proline as nitrogen source. This experiment

was carried out three times, with similar resulits.
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mutation Iin gi/tB8, were originaliy described as being unable to
use L-arginine, L-proline, or glycine as nltrogen source
{Pahel et al/., 1978). The /rp mutant grew poorly In the medium
uslng L-alanine, L-proline, or L-arginine as sole nitrogen
source. This may suggest that a functional Lrp protein |is
requlred for the expression of enzymes Iinvolving 1In using
organic nltrogen sources.

Similarly straln CP8, In which activation by Lrp s
lessened by L-leucine (class 1), was unable to use several
carbon sources, D-xylose, D-rlbose and rhamnose, which both
the Irp mutant and Its parent strain were able to use. Usling
the Singer mapping Kkit, the conjugation and Pil-mediated
transduction results showed that the wild-type allele of the
gene carryling the Insertion In CP8 was 47% (275/5685)
cotransduclble with an Tn/O element I[nsert at 63.5 min In
straln CAG12168. When the Insertion mutation In CP8 was
transduced into a serA mutant, 4 of 17 transductants were L~
ser ine-independent. 1t Is clear that mutation In CP8 located

near 63.5 min.

These observations suggest that Lrp target genes code for
products Involved Iin a much larger array of metabolic
react ions than was previously thought. This Is also suggested
by the following paragraph.

wWe have seen that L-leucine Interacts wlith Lrp and a
number of genes. Another amino acid, L-alanine, also Interacts
with some of the Lrp target genes. L-alanline Induces synthesis
of L-SDs«1, and increases expression of lacZ from CP4, CP36,

CP60, and CPB1. Of these, CP61 can be tentatively ldentifled
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as carrylng an insert in /ysU. The expression of CPs1 |Is
Increased at 42%L a characteristic of IlysU, ard |t mapped In
the same location as /ysU. P1 transduction showed that In 82
of 89 transductants, the /acZ insertlion was replaced by a Tn10
element at 84.5 min In strain CAG18427. Simliiariy, lacZ was
replaced In 7 of 82 transductants by a Insertlion at 93.75 min
in strain CAG18488.

In short, the gene carrying the Insert In straln CP61 Is
similar to 1ysU in that both are located in the same positlion,
and both are known to be induced by L-alanine and high
temperature. However, the expresslion of /ysU |Is Increased in
a Irp mutant only 4- to 5-fold, while the fB-gatactoslidase
level of strain CPB61 was Increased more than 40-fold In the
Irp mutant. Whether CP61 carrles an Insertion Iin lysU cannot

be decided at present.

Vill. Regulation of the Glycine Cleavage Operon by Lrp, but
not by L-Leucine

in the previous section [t was shown that Lrp could
Iinteract with L-leucine and the promoters |t regulated In at
least 4 ways. Study of the glyclne cleavage (gcv) genes
indicates that Lrp can also have drastlic effects on expresslon

of genes which are not affected by L-leucine,.

VIilli=1. Lrp Is Required for the Expression of g¢cv Operon
Since Lrp Is already known to contro! the synthesis of

several enzymes Involved In L-serine and glycline metabolism

(L-SD, phosphoglycerate dehydrogenase, and L-TDH), one might

expect that other enzymes of related function might also be
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affected by the I/rp gene product. The followling exper iments
show that the expression of gcv genes Is In fact also under
the contro! of Lrp. To do this, | Isolated Insertlions In the
gcv operon, confirmed that the strains dild in fact carry the
appropr late insertion, and then studied the effect of L-
leuclne and Lrp on gcv expression.

Strains which carrled Ap/acMu insertions In the gcv operon
were Isolated using a selection described earlier [Newman et
al., 18741, namely screening a random pool of lInserts In a
serA strain for those which were able to use L-serine but not
glycine to fulfil thelr autotrophic requirement. The mutations
were then transduced Into straln MEW1 selecting antiblotlic
resistance, resulting Iin the formation of strains CP67 and
CcP68, which carrled only the gcv mutatlion, but not serA (see
materlals and methods).

That strain CP67 Indeed carrlied a gcv mutation was
conflirmed by the map poslition of the Insertion, 40% |inkage to
serA (63 min) by P1 transductlion, consistent with the reported
location of the gcv operon at 62.6 min. Straln CP68 was mapped
Iin the same way with simlilar results. To verlify this further,
plasmid pGS146 carrying the gcv operon was obtained from G.V.
Stauffer and transformed Into the serA gcv stralins from which
CP67 and CP68 were derlived. This plasmid allowed the strain
which was assumed to carry serA and gcv mutations to grow with
glucose and glycine- confirming that the insert was Indeed In
gev.

To determine the effect of Lrp and L-leucine on gcv operon

expression, B-galactosidase activity was measured in strains
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TABLE 19. Regulation of gene expression in gcv mutants

Strain Relevant genotype B-galactosidase ievels In medlum with

no addlition UL-leucine (100 ug/mi)

CP67 wild-type 1675 1458
CP67 Irp Irp::Tn10 68 65
CcPE8 Wi ld-type 1466 1247
CpP68 Irp Irp::Tn10 74 67

Results are expressed as in Table 5. Each experiment |Is the

average of three different determinatlions.
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CP67, CP68, and their respective Irp derivatives In the
presence and absence of L-leucline. As shown In Table 18, the
Irp mutation decreased transcription of /JacZ from the gcv
promoter to a very low level, 4% of that seen In the parent
strain, whether L-leucine was present or not. The addition of
L-leucine to either the parent strain or the /rp mutants had
no significant effect on gcv expression (85% of the level
without L-leucine). The data of Table 19 demonstrate that Lrp
Is absolutely required for gcv expression. Thils Is the first
operon ldentlfled in which Lrp regulation |Is unaffected by L-

leucine.

Vilil-2. Physliologlcal Deficlency Iin Glycline Cleavage In the
Ilrp Mutant

If the requirement of Lrp for the transcription of the gcv
operon ls Indeed close to absolute, as the preceding
exper iments suggest, an /rp mutant (e.g. MEW26 /rp::Tn10)
should have the same physiological deficiency as a gcv mutant.
tt would be unable to cleave glycine to CI1-THF, and would
therefore be unable to use any pathway which depends upon
glycine cleavage. In particular, It could not derive either L-
serine or nitrogen from glyclne, since both of these require
cleavage. In fact, the /rp mutant was deflicient In both of
these functions,

wWhile the parent strain MEW1 could grow in glucose minimal
medium wlith glyclne as nltrogen source, strain MEW286
(/r¥p::TN10) could not. Simllarly, the serA I/rp double mutant
could grow with serine but was unable to use glycline as L-

serine source. This stratn could grow In glucose minima!l
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medium with L-serine but not with glyclne, presumably due to
Its Inablllty to derive C-1 unlits from glycine, resulting in
a L-serine deficiency Iin glucose-glycine medium. On the other
hand, Its parent strain, a serA mutant, could grow |n glucose
minimal medlum with elther L-serine or gliycine. 1t Is clear
then that the /rp mutation reduces gcv expression to a
physiologlically Insigniflicant level.

A glycine-cleavage deflclency was further confirmed by
showing similar growth problems Iin an /rp gl/yA double mutant.
E. coll derives its C-1 units malnly from L-ser lne conversion
to glycine via the glyA gene product,serine
hydroxymethyltransferase (SHMT), and from giycine cieavage. An
Irp glyA should bhave neither SHMT nor glycine cleavage
enzymes, and so should have great difflculty in generating C-1
units.

An Irp glyA mutant was constructed by transducing
Irp::TN10 Into a MEW1 gl/yA strain. The /rp gl/yA double mutant
grew well on LB plates which were supplemented with compounds
whoce syntheses requlire C-1 unlts: purines, L-methlionine, L-
histidine, and thymidine. However |t grew slowly on LB plates
wlthout such supplement, or on clucose minimal medium with It,
and could not grow on glucose minimal medium with glycine. It
is clear therefore that Lrp Is &2 major, physliological effector

of synthesis of glycine cleavage enzymes.

VIII-3. Other Factors Reguiating gcv Expression
During the assays of gcv expression, | noticed a great
varliatlion In the results from experiment to experiment.

Further studies Indicated that f3-galactosidase levels from
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both gecv::lacZ fuslions varlied directly with the density of the
culture. There was a gradual progression from 1150 units at
iow 0.D.(0.1585) to 2275 units In a much more dense culture
(O.D. 1.089) In straln CP67 (Fig.4, curve A1, B1). This same
progression was seen In the presence of L-leucine (A2) or
glyclne (B2). In the /rp mutant, there was so littie activity
that one could not determine whether such a pattern exlisted
(A3, A4). 1t Is clear then that gcv expression Is Iinfluenced
by some factor related to the growth phase, and that It may be
difflcult to compare the expression of gcv indlfferent growth
conditicns without controiling for this.

Another factor regulating expression of the gcv genes is
the avallabiliity of C-1 units from other sources, or the
avallabllity of compounds whose blosynthesis requires C-1
units [Newman and Magasanik, 1963; Newman et al., 1974]. As
reviewed by Stauffer [Stauffer, 1987], there Is a good deal of
confusion as to the effect of C-1 units on gcv expresslion.
However, In these experiments, It Is clear that addition of
the C-1 end-products greatiy decreased gcv expression. When
strain CP67 was grown with the end-products of C-1 metabolism:
adenine, guanine, L-methionine, L-histidine and thymidine, the
level of B-galactosidase fell to 35-75 unlits, varylng little
throughout the growth cycle (B5). Most of this decrease was
due to the addlition of p.~-ines, as Indicated by the B-
galactoslidase levels from 475-150 at different stages of the

culture with purines (B3, B4).
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Figure 4. Regulation of gcv expression. Cells were grown

In glucose minimal medium at 37°C with the additions noted
below, subcultured in the same medium, and B~galactosidase was
assayed at different points In the growth curve. Cell denslity
s plotted In O.D. units as measured at 600 nm. Additions made
were: Flg. 4A: stralin CP67~-- A1 (open squares), no addlition;
A2 (fllled squares), L-leucine; Straln CP67 /rp--A3 (open
clircles), no addition; A4 (filled clirclies), L-leucine. Fig.
4B: Straln CP67-~ B1 (open squares), no addition; B2 (filled
squares), glycine; B3 (open circles), adenine; B4 (filled
circles), guanline; B5 (fllled trianglies), adenine, guanine, L-
histidine, L-methionlne, and thymidine. L-Leucine, adenine,
and guanine were provided at 100 pg/ml each, glycine at 400

Hg/mi, and all others at 50 ug/ml.
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IX. The Regulation of Irp Gene Expression
Since the /rp gene product iIs Involved in regulating the
expression of such a large and diverse array of genes, an
interesting question is how the /rp gene itself iIs regulated.
This section shows that the expression of Irp is
autoregulated, Lrp decreasing Its own syntheslis - a neat
homeostatlc mechanism. However, Lrp synthesis is also affected
by environmental factors, so that the cellular concentration
of Lrp probably varies considerably despite this homeostatic
mechanlism. A varilation in Lrp levels might then be expected to

affect the expresslion of target operons.

IX-1. The Expression of Irp |s Decreased by Lrp, and by Growth
In Rich Medlium but Increased in a metJ Mutant
To study the regulation of /rp gene expression, an /rp-
lacZ translational fuslon was constructed by /n vitro methods
In vector pACYC184 (pLRNz) and a mutant carrying an [rp::/ac2
fuslon In chromosome was isolated by Ap/acMu9 Insertion (see
Materials and Methods). To determine whether the expresslon of
the /rp gene Is autoregulated, plasmid pLRN2 was transformed
into Irp+and Irp strains, and B-galactosidase activities were
measured from cells grown In glucose minimal medlium with and
without L-leucline (Table 20). The data indlcated that a 3-fold
repression of /rp-/acZ In the /rp' strain.
The preceding experiment shows that expression from a
plasmid-carried Irp promoter Iis regulated according to the

pres2ance or absence of Lrp In the cell. | also measured
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TABLE 20. Regulation of Irp expression’®

B-Galactoslidaseactivity In

Strailn Plasmid Relevant genotype minimal medium with LB
none L-leucine
MEW45 PpACYC184 /rp::lacZ pACYC134 15602 1507 123
MEW45 plLRN1 /rp::lacZ pACYC184 Irp* 145 200 86
MEW1 pLRN2 plrp::lacZ 4271 4625 858
MEW26 PLRN2 Irp plrp::lacZz 12546 12234 838
MEW45 None Irp::lacz 1972 ND" 126
MEW87 None Irp::lacZ metdJ 35623 ND 342

a: The strains Indicated were each grown at 37°C in glucose
minimal medium wlth and without L-leucline 100 Hg/m! or In LB
medium, with chloramphenicol 50 ug/mit for plasmid-carrying
strains, subcultured In the same medium, and B-galactosldase
activity was measured and expressed as in Table 5. The values
glven are the average of 3 determinations.

b: ND, Not Determined.
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expression from a chromosomal /rp::/acZ insertion. To do this,
plasmids PpACYC184 and pLRN1 (pACYC184 carrying Irpﬂ were
transformed Into straln MEW45 which carrled a Apl/acMu
Insertion In [Irp gene, and f-galactosidase activity was
assayed as above (Table 20). This showed a 10-fold repression
in the strailn carrying the Ird*gene on a multi-copy plasmid.

It is clear from these experiments that /rp expresslon is
autogenously regulated. On the other hand, the expression of
lrp |s essentlaltly not affected by L-leucline. This is the
first representative we have ldentifled of the 6th class of
Lrp/leucine Interactions, those promoters are repressed by Lrp
but unaffected by L-leucine.

A major decrease In /rp expression was seen In LB medium.
Both the chromosomal and the plasmid-carrled /rp::lacZ were
repressed over 10-fold by growth In LB medium (Table 20). It
seems then that there 1Is a higher concentration of Lrp In
cells growing In minimal medium than Iin those !n rich medium.
Even though the expression of /rp |s autoregulated, some other
regulation must override this, In order to result In this low
level of Lrp In cells grown (in LB medium,

Llke an /rp serA double mutant, a metJ serA double mutant
Is also unable to derive L-serine from gilycine. Since the
expression of gcv was not repressed In thls double mutant
(data not shown), | wondered whether the metJ gene product Is
required for the expression of [Irp gene. To test this, a
metJ::Cm’ mutation was transduced Into MEW45, an /rp::/lacZ
strain, and B-galactosldase actlivity was assayed from cells

grown In glucose minimali medium and LB med .m. The data
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demonstrate that the expression of Irp~lacZ In the metJd mutant
was Increased 2-fold In glucose minimai medium and 3-fold In

LB medium (Table 20), rather than decreased as expected.

iX-2. Changes of Expression of l/acZ from Target Insertions In
LB-Grown Cells May Be Secondary to Changes in Lrp
Concentration

Since the expression of /rp |Is repressed Iin LB medium, one
would expect that the expression of Lrp-repressed genes might
be increased in LB medium, whille that of Lrp-activated genes
might be decreased. This Is true for most of the class 1 and
class 2 mutation stralns (Tabie 21). |f the effect of LB on
gene expresslion Is due to the low level of Lrp, Introduction
of a plasmid carrying lrp+ should at least partiy restore Lrp
regulation.

To examine this, the plasmids pACYC184 and pLRN1 were
transformed Into stralns carrylng target insertions, and B-
galactosidase activity assayed In cells grown with and wlthout
plasmids In LB medium. As shown In Table 21, plasmid pLRN1
Increased fB-galactosidase levels of class 1 mutants but
decreased that of class 2 strains,.

It Is clear then that the decreased Lrp concentration In
LB Is one of the major factors determining the expresslon of
target genes In LB, Since Lrp Increases transcription from
serA and //vi/H promoters (class 1) and decreases the activity
of blodegradative enzymes L-SD and TDH (class 2), It is
possible that Lrp Is a mechanlism for controlling a switch from

rich environments to the poor environments.
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TABLE 21. Regulation of gene expression in LB medium by Lrpa

Strain B-galactosidase activity In strain carrying plasmid

none PACYC184 (A) PLRN1 (B) B/A X 100

class 1 Actlivated by Lrp; decreased by L-leucl!ne.

CcpP4 29 16 113 7086
CcP8 40 19 131 689
CP10 24 15 92 613
CP14 25 10 88 880
cP26 18 11 124 1127
crP27 12 11 78 709
CcP2§& 12 13 61 469
CP30 18 15 81 540
CP31 40 18 85 447

ciass 2 Repressed by Lrp; Induced by L-leuclne.

cP23 328 136 19 14
CP59 ND" 52 10 19
CP60 ND 50 13 26
CcP61 216 102 14 14

a: B-Galactosidase activity was measured in exponential~phase
cultures grown in LB medium wilth antibiotics appropriate to
the particular plasmids at 37DC and expressed as |In Table 5.
Values are averages of two or three different exper Iments.

b: ND, Not Determined.
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IX~3. The Simitlarities between /rp and asnC

Lrp Is a bas!c DNA-binding proteiln composed of two
subunits of molecular weight 18.8 kDa each [Willins et al.,
1891). A search of Genbank Indicated that the sequence of /rp
gene did not resemble any of the known sequences of E. coll
DNA-binding proteins except AsnC, the asnC gene product
[KollIng and Lother, 1985]. The amino acld sequences of Lrp
and AsnC shown 24% identity. Furthermore, Lrp and AsnC each
act as both repressor and actlvator. The asnC gene product
stimulates the expression of asnA (coding for asparagine
synthetase A) but It Inhibits Its own synthesis, l.e. s
autogenously regulated ilke Ilrp. Stimulation of transcription
from the asnA gene by AsnC Is abollished by asparagine, whiltle
the autoreguiation of asnC Is not affected by this amino acid
[Kolling and Lother, 1985].

In view of these similarities between asnC and Lrp, |
wished to determine whether AsnC has any physlologlcal
relation to Lrp. | therefore transformed plasmid pLSK35-3, (a
kKind gift of W. Messer), which carried the aan+ under the
control of the tac promoter into a serA /rp double mutant. |If
the plasmlid could substitute for the |Irp gene, It might
overcome the physiological deflclency of glycline cleavage
enzymes and restore the abliity to use glycine as L-serine
source. Indeed the serA /rp/pasnC strain did grow in glucose
minimal medium with giycine.

This experiment suggests that pasnC substitutes for /rp
in the serA Irp doubtie mutant. However the experiment iIs not

unambliguous, since one would expect the same result if pasnC
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TABLE 22. The effect of pasnC on the expression of Lrp-regulated genosa

Straln Plasmldb B-galactosidase activity In

minimal medium wlth

none IPTG (1 mM)
MEW36 none 446 ND®
MEW36 pLSK35-3 (pasnC) 433 278
cvioo0s none 12 ND
cvioos pLSK35-~3 (pasnC) 15 32
CP67 Irp plLSK92-2 52 43
CP87 Irp pLSK35-3 (pasnC) 84 703
CP68 Irp plLSKS2-2 61 ND
crPe8 Irp plLSK35-3 (pasnC) 87 639
CP36 Irp none 585 594
CP36 Irp pLSK35-3 (pasnC) 501 104
CP52 Irp none 35 ND
CP52 Irp plLSK35-3 (pasnC) 42 63

a: Cells were grown In glucose minimal medium with or without IPTG
overnight and subcultured In the same medium, 100 yg/mi amplciilin was
added to the cultures carrying plasmids. B-galactosidase activity was
measured and expressed as In Table §. Values are averages of two or three
different experiments.

b: Plasmid pLSK35-3 contalns the asnC gene under the control of the tac
promoter of plasmid pJF118u [Kolling and Lother, 1985]. Plasmid pLSK92-2
as a control,

¢c: ND, Not Determined.
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did not complement /rp but instead acted directly to stimulate
gcv expression. This expectation Is strengthened by the fact
that this double mutant carrylng a gcv+ gene In high copy
plasmid also can use glycine as L-serine source.

To distingulsh between compiementation of [(rp and
stimuiation of gcv expression by pasnC, | determined the
effect of pasnC on several Lrp-regulated genes (Table 22),
Several of these were affected by pasnC. These results
strongly suggest that AsnC |Is slmllar. enough to Lrp to
substitute for It. Whether this Indicates a physiologlcally

important role Is not clear.
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PART B. IN VITRO BINDING STUDIES OF LRP PROTEIN TO SOME OF
PROMOTERS OF THE LEUCINE/LRP REGULON

Lrp, under the name of |hb, has been shown to bind to two
regions upstream of the I//viH promoter [Ricca et a/., 1989].
This binding stimulates transcription from the /I/v/H operon
[Willins et al., 1991]. It Is possible that Lrp reguiates
transcription initlation via proteln~DNA Interactions. |If this
were true, one would expect Lrp to bind to the upstream
reglons of other genes of the leucine/Lrp regulon. To test
this, | Investigated the abllity of Lrp to bind to the
upstream reglions of /ysU, sdaA, and seraA.

l. in vitro Study of Interactlon between Lrp Proteln and the
lysU Upstream Region

Lysy I -tBRNA synthetase Isozyme ||, the /ysU gene product,
was shown to be Induced In a metK strain, RG62 [HIirshfield et
al., 1981]. Thils inductlion was thought to be due to the metk
mutation. However, the overproduction of LysU proteln was not
corrected when straln RG62 was transformed with a plasmid
carrying a wl ld-type metK gene {Matthews and Neldhardt, 1988).
As shown In this thesls, stralin RG62 carrles both /rp and metkK
mutations. Both assays of enzyme activity [I.N. Hirshfileld]
and 2-D gel electrophoresis analysis [R. Matthaws] Indlcated
that the constitutive expression of the /ysU gene seen In the
metK Irp strain |Is due to the I/rp mutation. However,

measurement of the levels of proteln expression does not
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provide any Indication of whether the regulation of lysU
expression by Lrp Is direct or Indirect, a question which is

addressed In the following sections.

i-1. Lrp Binds to the /ysU Promoter Reglon

It has been shown that plasmid pFN121 can compliement the
lysU mutation [Clark and Neldhardt, 1990] and also responds to
heat shock [R. Clark, personal communicatlion]. |t must
therefore carry the regulatory and coding reglons of lysU.
This plasmid carries E. coll DNA starting from a 5°‘'-end EcoRV
slte (128 bp upstream from transltatlion start site,
corresponding to nucleotide 188) that Is Just In front of the
putative promoter.

To test the possibiilty of Interaction between Lrp
protein and the /ysU regulatory reglon, a corresponding 497 bp
Dral fragment was Isolated from pFN120 [kindly provided by R.
Ciark] including nucleotides 158-654 from the /yslU sequence
[Clark and Neldhardt, 1990]. The three fragments (382, 108,
and 7 bp, respectively) produced from this Dral! fragment after
digestion with Sau3A were 3'-and labelled with Kienow enzyme
as described in Materlals and Methods.

These fragments were Incubated with purlfied Lrp protein
(kindly provided by J. M. Calvo) followed by poliyacrylamide
gel electrophoresis. The 108 bp fragment, containing the
putatlive /ysU promoter and regulatory region (bases 50 to 158

upstream from the transiation start site), migrated more
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Figure 5. Gel retardatlion assays with Lrp protein and the
lysU promoter region. Gel retardation anaiysis was performed
as described In Materlals and Methods. (A). Gel retardation
assays performed with the 150 bp Hindltl-to-Sacl fragment from
pFU10 which carries 108 bp of /ysU upstream region. Lanes 1-6
represent Incubations with 0, 25, 50, 100, 200, and 400 ng of
Lrp proteln. LLanes 7-13 represent Incubations with 200 ng of
Lrp protein and L-leucline at 2, 4, 8, and 16 mM, glycine at
10, 20, and 40 mM, respectlively. (B). Effect of varlous amlino
acids on gel! retardation assays with Lrp protein. Experiments
were performed as in (A) with 200 ng of Lrp protein In all
exper iments except lane 2 in which no protein was added. L-
leucine 1, 2, 4, and 8 mM; gliyclne 10, 20, and 40 mM; L-
alanine 5, 10, 20, and 40; and L-Isoleucine 4, 8, 18, and 32
mM were added to lanes 3-17 respectively. (C) Lrp speciflicrlly
binds to the /ysU upstream region. A 497 bp Dral DNA fragment
from pFU10 was digested with Sau3A1; 3'-end—”P—radlolabeled
with Klenow enzyme; and Iincubated with varying amounts of
purlfied Lrp protein. Lanes 1-6 represent the addltion of
increasing amount of Lrp protein (O, 50, 100, 200, 300, and
400 ng, respectlively). Lanes 7-9 represent Incubations with

400 ng of Lrp protein and L-leucline at 5, 10, and 20 mM,

respectively.
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slowly than did the same fragment analyzed in the absence of
Lrp protein (Fig. 8C). On the other hand, migration of the 382
bp fragment was essentially unaffected by the presence of Lrp
protein. The 7 bp fragment was too small to test, and In any
case ran off the gel.

It is clear that the 108 bp fragment Is retarded by Lrp.
To study this further, the 108 bp fragment was Inserted into
the BamHI|-EcoRV slites of Bluescrlpt*, yielding plasmid pFU10.
When this plasmid pFUI0 was cut with Hindtll and Sac, a 150 bp
fragment which contained the entire 108 bp sequence was
formed. This 150 bp fragment was retarded by Lrp Just as the
108 bp fragment had been. As shown In Flgure 5A, the fraction
of DNA retarded I[ncreased as the amount of Lrp proteln
Increased from 25 to 400 ng, all the iInput DNA being bound
when 400 ng of binding protein was added.

If the binding of Lrp protein to DNA from the upstream
region of |IysU represents a speciflc Interaction of Lrp
protein with this DNA, and If binding Is directly rejlated to
regulation of gene expression by Lrp protein, one might expect
that the Lrp/DNA compliex would not be formed In the presence
of l.-leuclne. In Figure 5A, lanes 7-10 show the effect of
adding Increasing concentratlons of L~-ieucline to Incubatlions
of the 150 bp fragment with 200 ng of the same preparation of
Lrp protein used earller. Addlition of 4 MM L-leucine decreased
bindingd of Lrp to the DNA noticeably, and at the presence of
i6 mM L-leucine, no retardatlon band could be seen. The
concentration of L-lteucine which eliminated binding of Lrp to

the I/ysU DNA |s comparable to the concentratlon which greatly
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reduced binding of Lrp to DNA from the upstream region of
1lvIH [Rlcca et al., 1989].

As shown above, synthesis of L-serine deaminase, the sdaA
gene product, Is also regulated by Lrp. Because L-SD Is
induced both by L-leucine and glycine, and the expression of
IlysU Is Induced by the presence of L-giycylleucine [Hirshfield
et al/., 1981]., | thought that /ysU might also be regulated by
both amlno aclds, and so tested the effect of giycine on the
binding of Lrp protein to JysU. Even at 40 mM, glycine had
very little effect (Flg 5B, lanes 7-9). This suggests that
glyclne is not an effector Iin regulation of the /ysU gene by
Lrp.

Two other amino aclds, L-alanine and L-liIsocleucine, also
affected retardation of the 150 bp fragment by Lrp. The effect
of L-alanine Is shown In Filg. 6B, lanes 10-13, and that of L-
Isoleucine In Flg. 5B, lanes 14-17. The fact that L-alanine
decreased retardation, perhaps removing the repressing protein
from the DNA correlates well with the fact that L-alanine
Induces |ysyl|l-tRNA synthetase activity [Hirshfleld et al.,
1981] and Increases J/ysU expression as shown by 2-D gel
electrophoresls (R. Matthews, personal communication). The
effect of L-Isoleucine on Ilysyl-tRNA synthetase activity |Is
not known, but additlion of L-Isocleuclne and vallne to the
medium does not lead to Increased expression of /[ysU as
anailyzed by 2-D gel electrophoresis (R. Matthews, personal
communication).

Since the Lrp proteln binds to at least two sites upstream

of //vIiH [Ricca et a/., 1989), | tested the possibility of Lrp
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Figure 6. Binding of Lrp to the /ysU upstream reglion. (A)
Gel retardation assays. Lanes 1 through 7: a 308 bp end-
label led Xbal-to-Hindll] fragments from plasmid pFU20
(fragment A lcdentlifled In panel A) were Incubated wlith O,
12.5, 25, 50, 100, 200 and 200 ng of purified Lrp protein,
respectively. Lanes 8 through 13 represent Incubation of a 168
bp end-labelled Xbal-to-Dral fragment from plasmlid pFU20
(fragment B In pane! A) with 0, 25, 50, 100, 200, and 200 ng
of Lrp proteln, respectively. Lanes 14 through 19 represent
incubation of a 140 bp Hindlll-to-Dral fragment from pliasmid
pFU20 (fragment C in panel A) with O, 25, 50, 100 200, and 200
ng of Lrp protein respectively. In lanes 7, 13, and 19, L-
leucine was added to 20 mM. (B) Schematic representation of
the /ysU upstream reglon, with the thick |ine corresponding to
bacterlal DNA and the thin |ine corresponding to polylinker In
plasmid Bluescript. The positions of several restriction sites

are shown.
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binding to other site(s) upstream of /ysU. As shown In Filg. 6
(lanes 8-13), Lrp also binds to the DNA fragment contalning a
154 bp sequence upstream of the 108 bp sequence (corresponding
to nucleotides 4-157 from the |JysU sequence [Clark and
Neldhardt, 1980). Flg. 6 also shows that the concentration
dependence for binding of Lrp to the DNA fragment contalining
the 154 bp sequence [s similar to that for binding to the
fragment contalning the 108 bp sequence (compare |anes 8-13
with tanes 14-18). The concentration for binding of Lrp to the
fragment containing both 154 bp and 108 bp sequences is lower
(Flg. 6, lanes 1-7). This suggests that the 154 bp and 108 bp

DNA fragments each carry only a part of the binding site.

|-2. DNase | Footprint for Lrp Binding to /ysU Upstream Reglion

To lidentify the upstream sequence of /ysU to which Lrp
protein binds, DNase | protection experiments were performed.
The 3'-end labelled DNA fragments which contain the 108 bp
lysUu promoter reglon were saturated with increasing
concentrations of Lrp protein before treatment with DNase |I.
Several reglons from nuclieotlde 157 to nucleotide 265 In the
lysU coding reglion were protected by Lrp protein from DNase |
digestlon (compare, for Iinstance, lanes 2 and 5 in Flg. 7A,
which contain O and 8 ng of Lrp, respectively). Concomitant
addition of L-leucine substantlally decreased the protection
observed (Flg. 7A lanes 5§, 8; Fig. 7B lanes 9, 10).

To determine whether subregions of the DNA protected by
the Lrp protein from DNase | cleavage showed different

affinities for Lrp, | varied the amount of Lrp protein (from
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5'~AAACCATTTTGATGGTTATTTATTAGTGATATCAACTTGAGGTAA
. 160 . 170 .180 . 190 .200
3'=-TTTGGTAAAACTACCAATAAATAATCACTATAGTTGAACTCCATT

GCGTTAGTTTCGATAAGATAAACTGAGTTACTAATAGTCGAGGCA
.210 .220 230 .240
CGCAATCAAAGCTATTCTATTTGACTCAATGATTATCAGCTCCGT

GATAATACAGTGTACCGA-3'
.250 . 260
CTATTATGTCACATGGCT-5"

Figure 7(C). Schematic representation of DNase |
footprints of Lrp bound to /ysU upstream sequence
(both strands).
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Figure 7. Protection of the IJ/ysU upstream region by Lrp
proteln from DNase | digestion. (A). Digestion patterﬁ of the
coding strand. The 147 bp Xbal-to-Xhol fragment from pFU10 was
labrlled with 3’ZP at 3’ end of the Xbal-cleaved site for the
footprinting of the codlng strand. The ladder of the Maxam-
Gllibert A+G reactlion of probe DNA was shown In lane 1. Varying
amounts of Lrp protein were Incubated with label led DNA before
treatment with DNase 1. Lanes 2-7 represent incubations with
0, 2, 4, 8, 16, and 32 ng of Lrp protein, respectively. Lanes
B-10 represent Incubations with 8, 16, and 32 ng Lrp protein
in the presence of 20 mM L-leucine. (B). Digestion pattern of
the non-coding strand. The 150 bp Hi/indl | 1-to-Sact DNA fragment
was labelled at 3' end of the Hindlll-cleaved site. Lane 1,
A+G sequencing ladder. Lanes 2-9, additlion of Increasing
amounts of Lrp protein (0, 2, 4, 6, 8, 16, 32, and 64 ng,
respectively). Lane 10 represents an incubatlon with 64 ng of
Lrp protein and 16 mM L-leucine. (C). A comparison of sltes
protected by Lrp protein cn the two strands of /ysU upstream
sequence. Solld llnes are drawn under protected nucleotides.
This fragment runs from nucleotlide 158 to 265 of the origlnal
clone [Clark and Neldhardt, 1990] on which the transl!ation

startsite is at 316.
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O to 64 ng) incubated with the DNA fragment which was labei | ed
In the non-coding strand (Flig. 7B, 2-9).There was no evidence
for differentlal affinity of Lrp for subsites within the
region. Instead | observed a concentration-dependent Increase
in protection over the entire regilon.

Fig. 7C compares the patterns of protectlon seen on the
coding and non-coding strands. The protected areas do not
correspond exactly on the two strands, but over lap for most of
their length. The reglons separating the protected areas
showed a regular pattern of alternately Increased and
decreased sensitivity to DNase | dligestion, as was reported
for the MalT actlvator binding to reglions upstream of mal/E and

malkK [Raibaud et al., 1988].

Il. The Interaction between Lrp Proteln and serA Reguiatory
Region

It seems then that Lrp binds to the upstream regions of
both /ysU and [IvIH, Since In vivo data iIndicated that the
transcription of serA, like /IvIH, Is poslitively regulated by
Lrp and reduced by the presence of exogenous L-leucine, It
seemed likely that Lrp would also bind to the serA upstream
region. In this section, | examine the possibllity of protein-

DNA Interactlion between Lrp and the serA upstream regilion.

i1-1. Mapping of the serA Promoter
The Initiation sltes of serA transcription had not been
determined. | therefore ldentiflied them by primer extenslion

with reverse transcriptase and a 22-mer 5'-end-label led
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TTGGTGACATGTGTCACGCT TTTACCAGGCAAT TGTCGAT TGCTCTAAAT

P2 -36

AAATCCTCTAAACCAGCATAT TCATCCAAGAAT TACCT TTGCGTGATAT T

P2 -10 /[‘/P

T4T3

TCCTCAACATCGCGACGCAAACGT TCATAT TGCCGCAATATTATTTTTTG

-35

ATATGT TGAAAGGCGGATGCAAATCCGCACACAACAT T TCAAAAGACAGG

o M

T2T1

AT TGGGTAA@GCAAAG GTATCGCTGGAGAAAGACAAGAT TAAGTTTCT
Y

N\

serA primer

rigure 8. Meppling of the 5' terminus of serA mRNAS.
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Figure 8. Mapping of the §' terminus of serA mRNAs. Total
cliular RNA from strains MEW1/pGT17 (Irp+) or MEW26/pGT17
(/rp’) was hybridlized with a 5'-end-labelled single stranded
oligonucleotide primer corresponding to bases 9 to 30 from the
translation start site (Tobey and Grant, 1986). After
extension of the primer with AMV reverse transcriptase, the
products were resolved by electrophoresis on a 6%
polyacrylamide 8 M urea gel. The size of the transcripts was
determined by comparison wlith the products of a sequencing
reaction performed wlith the same ol igonucleotide primer. Lanes
G, A, T, C correspond to the sequencing pattern of serA
obtained through the dideoxy chaln termination method [Sanger
et al., 1977] with a single-stranded DNA template from plasmid
pGU2. Lane 1-6, various extenslion products obtalned from RNAs
of straln MEW1/pGT17 or straln MEW26/pGT17: lane 1-3, strain
MEW1/pGT17 grown in glucose minimal medium without or with 100
Hg/ml L-leucine, or grown In LB medium, respectively; lanes 4-
6, strain MEW26/pGT17 grown tn glucose minimail medium wilthout
or with 100 uyg/ml L-leucine, or grown in LB medium,
respectively. The extenslion reactlion of lane O was the same as
that of lane 1 except that reverse transcriptase was not

added.
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oligonucleotide primer (The primer was kindly provided by J.
M. Calvo) which hybridlized near the AUG start codon of the
serA gene (Filg. 8). Extenslon products were analyzed by
polyacrylamide gel electrophoresis, I(n paralliel with the
products of a dlideoxy sequencing reaction performed with the
same oligonucleotide primer. Several extension products
appeared on the electrophoretograms of the extenslon reactlons
performed with the RNAs Isolated from strain MEW1 (lrp*) and
stralin MEW26 (/rp ) carrying plasmid pGT17 (Fig 8). Transcript
T1 Is the major product in the wlld-type strain MEW1 grown In
minimal medium whether with or without L-leucine (Fig. 8,
lanes 1 and 2). This transcript Is present In much lower
amount elther In the wildtype strain grown In LB medium or in
the [Irp mutant MEW26 grown In both minimal medium and LB
med lum.

The slize of this extenslon product Indicated that the
Initlation site of transcription was located 45 bp upstream
from the serA start codon AUG (Flg. 8). The G residue of the
T1 Inittation slte was designated +1 (Fig. 8). The DNA
sequence upstream from thils start site (Fig. B) reveals a ~-10
region showing 4 of 6 bp homology with the consensus Pribnow
box sequence and a -35 region showing 4 of 6 bp homology wlth
the -35 box consensus sequence for other E£. co/! promoters
[Hawley and McClue, 18983]. Another transcript, T2, which is
only one bp longer than transcript 71, seems to be transcribed
from the same promoter, P]' It is clear that the transcription
from this promoter Is activated by /rp gene product.

Transcripts T3 and T4 appeared on the electrophoretograms
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of the extension reactions performed with the RNAs isolated
from straln MEW26 (/rp ) carryling plasmid pGT17, or from wild-
type straln grown In LB medium (Fig. 8, ianes 3-6). Slince
transcript T4 Is only two bp longer than T3, It seems that
these two transcripts are transcribed from the same promoter,
P.. The slzes of these two extenslon product Indicated that

2
the initiation site of transcription from P, Is located 138

2

and 140 bp upstream from the serA start codon (Fig. 8).
Upstream from these transcriptlional start points, both -10 and
-35 reglon homology with the consensus sequence could be
recognized (Fig. 8). The primer extension analysis also
demonstrates that the transcription from promoter P2 Is
repressed by the /rp gene product. In both promoters, the
sequence resembles standard £. co// o70 promoters ratner than
sequences recognized by other o0 factors.

In summary, [t seems that transcription from serA can

start at two different promoters. One of these, P is used {in

1,

the presence of Lrp. Initiation at the other, P is repressed

2'
by Lrp.

11-2. Lrp protein Binds to at least Two Sites In the serA
upstream region

Since the serA upstream regton showed two promoters, |
wished to know whether Lrp might bind near either or both. To
study this, several plasmids which contain the serA promoter
and upstream region cloned Into the polylinker of vector
Bluescript were constructed as described in Materials and

Methods. To determline the Interaction of Lrp protein with the
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Filgure 9. DNA binding assay of Lrp to the fragments derived

from the serA upstream region.
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Figure 9. DNA binding assay of Lrp to the fragments
derived from the serA upstream region. (A) End-labelled
fragments 1dentifled In panel B were incubated without (lanes
1, 4, 7, 10, 13, and 16), with 25 ng (lanes 2, 56, 8, 11, 14,
and 17), or 250 ng (lanes 3, 6, 9, 12, 15, and 18) of purlfled
Lrp protein and analyzed by the gel retardation assay. The DNA
fragments used are: A (lanes 1-3), 554 bp HI/ndilli-to-BamHi
fragment Isolated from pGU3; B (lanes 4-6), pGU4 digested with
the EcoRlI and Hindliil; C (lanes 7-9), 306 bp Xbal-to-Kpni
fragment Isolated from pGUS5; D (lanes 10-12), pGUS dligested
with the EcoRIl and Nrul; E (lanes 13-15), pGUB digested wlith
the EcoR! and Sspl; F (lanes 16-18), pGU7 digested wlth the
EcoRI| and Nrul. Iin B, D, E, and F, the Larger (top) fragment
Is from Bluescrlpt+. which has at least one Lrp binding slte.
(B) The top |Iine represents a physical map of the serA
upstream region. The thick lines correspond to bacter lal DNA
and the thin |I|lnes correspond to polyliinker In plasmid
BIuescrlpt*. +1, the transcriptional start site of serAP“ .,
fragments that bind Lrp protein; **, same as * but with low
binding afflnlity, as shown In panel A. The thick bars at the
bottom represent reglions within which binding occurs, as

deduced from the results of this exper Iment.
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Figure 10. Gel retardatlion assays performed with serA DNA
fragments. (A) Binding of Lrp to the DNA fragment carryling
both high affinity and low afflnity binding sltes. A 3’'-end
labellied EcoRlI-to-Xho! fragment from pGUS was incubated with
var ious amounts of purified Lrp protein in the absence or
presence of dlfferent concentrations of amino aclids. Lanes 1
through 7 represent the additlion of O, 6.3, 12.5, 25, 50, 100,
and 200 ng Lrp protein, respectively. 50 ng of Lrp were added
to lanes 8 through 20. L-leucine §, 10, 20 mM, glycine 10, 20,
40 mM, L-alanine 10, 20, 40 mM, and L~Isoleucine 5, 10, 20 mM
were added to lanes 8 through 20, respectively. (B) Binding of
Lrp to the DNA fragment carrying only the high affinity
bindlng site. Experiments were performed as In (A) except that
the 3°'-end labelled Xbal-to-Kpnl fragment from pGUS was used
in the binding assay. (C) Binding of Lrp to the serA low
affinity binding site. Binding reaction containing 3'-end
labelled EcoRI-to-Nrul DNA fragment prepared from plasmid
pGUB. Each reaction contains 400 ng Lrp protein except l!lanes
1, 2, 3, and 4, whlich contalns O, 50, 100, and 200 ng Lrp

protein, respectively.
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serA upstream reglon, a variety of end-labeiled DNA fragments
contalning dlfferent serA upstream reglons were derlved from
these plasmids and tested for thelr ablliity to bind to Lrp
protein and be retarded by It.

The results of these gel retardation assays Indicated that
the Lrp protelin binds to at least two different regtltons, one
located between -168 and -52 and the other between -25 and
+170 relative to the transcription startpolnt (P,) (Flg. 9).
As shown in Fig. 9, the binding affinity of the upstream slte
(-168 to ~52) for Lrp protein Is much higher than that of the
downstream site (-25 to +170).

The resulits of Lrp binding to a DNA fragment containing
both binding stites are shown in Flg. 10A. After
electrophoresls, DNA was found In six poslitlons: the free DNA
band with the fastest mobllity, and five shlfted bands
corresponding to proteln-DNA complexes. Four bound-DNA bands
were observed In the gel retardation assay performed with the
DNA fragment carrying only the low affinity binding site (Flg.
10C). However, only one major protein-DNA complex was formed
In the interaction between Lrp and the DNA fragment carryling
the high affinlty binding slite (Fig. 10B). These observation
suggest that there must be more than one slite In the low
affinity binding region.

To determine whether the presence of L~leucline affects the
binding of Lrp, the DNA fragments which contain either a
single binding site or both bindling sltes were used In gel
retardation assays In the presance of L-leucine or other amino
aclds. As shown in Flg. 10A (lanes 9-11), the presence of L-

leucline did affect the binding of Lrp to DNA fragments
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contalning both binding sites. However, whereas at J/ysU, L-
leuclne greatly reduced Lrp binding, at serA, the additlion
of L-leucine resulted In the formation of a further retarded
DNA band not seen In Its absence.

These results can be explalined In at least two ways.
First, Lrp with L-leuclne bound to It may bind to a new site
of this DNA to which unllganded Lrp does not bind.
Alternatively, binding of L-feucine may change the
conformation of the DNA-protein complex. The addition of L-
alanlne only slightiy affected the retardation pattern (Fig.
10A, lanes 15-17). Nelther glycline nor L-lsoleuctne affected
the retardatlon pattern (Fig. 10A, lanes 12-14, 18-20).

The results were dlfferent when DNA carrying only one of
the two sltes was tested. Elther L-ieucine or L-alanine
reduced the binding of Lrp to the DNA fragment carrying the
low affinity binding reglon (Fig. 10C, lanes 7-9), but neither
affected binding of Lrp to the DNA fragment carrying only high
affinity binding site (Fig. 10B).

DNase | footprinting assays were performed to further
define the high affinity Lrp binding slte. The 3'-end-labelled
Xbal-to-Kpnl fragment from plasmid pGUS (coding strand) was
saturated with Increasing concentrations of Lrp protein before
treatment with DNase |I. The results demonstrate that Lrp
protein protects this fragment from DNase | action In the
region -155 to -81 (Flg. 11).

it seems clear from the combination of retardation and
DNase | protection, that Lrp binds with high affinity In the
-1585 to -81 reglion of serA. Thils Is consistent with the idea

that Lrp represses transcription from this promoter.
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=260 .=-250 .=240 =230 .=-220
5’ -CGCGGACGTTGCGTGATTGGCACACCTGACGGTGTCAAAACCATT

.~-210 .-200 .~190 .=-180
GTGAAACTGACTCTGACGGGGGAACCTCCCNNTAAAAAAATTCTC

.~=170 .=160 .=-150 .~-140 .-130
TTCATTAAATTTGGTGACATGTGTCACGCTTTTACCAGGCAATTG

.~120 .-110 .=-100 .=-90
TCGATTGCTCTAAATAAATCCTCTAAACCAGCATATTCATCCAAG

.—80 .~70 .=60 .-50 .=40
AATTACCTTTGCGTGATATTTCCTCAACATCGCGACGCAAACGTT

.=-30
CATATTGCCGCAAT

Figure 11(B). Schematic representation of the DNase |
footprint of Lrp bound to the serA upstream sequence
(coding strand).
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Figure 11, DNase | footprint analysis on the seraA
sequence. (A). Digestion pattern of the coding strand. The 306
bp Xbai~to-Kpnl fragment from pGU5, labelled at the Xbal end
with a—&P—dATP, was Incubated with Increasing amounts of
purified Lrp proteln: lane O, no Lrp; 1, 4 ng; 2, B8 ng; 3, 16
ng; 4, 32 ng; 5, 64 ng. After DNase | treatment, the samples
were fractlionated by electrophoresis through an acrylamide-
urea gel. The same labelled fragment was subjected to the A+G
sequencling reaction and served as a size standard (lane M).
(B) . Boundaries of DNase | protection on the serA sequence are
shown from -155 to -81. Solid |Ines are drawn under protected

nucleotides. The G residue of the T1 Initiation slte was

des ignated +1 (Flg. 8).
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1i11. The interaction between Lrp protelin and the sdaA upstream

sequence

The preceding data showed that Lrp binds to the upstream
reglons of both /ysU and serA. Since in the case of sdaA,
as In the other two cases, In vivo experiments demonstrate
that the expression of sdaA gene Is negatively regulated by
Lrp, It seemed |lkely that Lrp would also bind to the sdaA
upstream region. In this section, | examine the possibillty of
proteln-DNA Interaction between Lrp and the sdaA upstream
reglon.

This question was agaln approached with gel retardation
assays. For this, DNA fragments of varlous slzes were
subcloned from the sdaA upstream region into the EcoRV site of
the Bluescrlpt+ polylinker (see Materials and Methods).
Several 3'-end labellied DNA fragments contalning parts of the
sdaA upstream sequence were used for binding experiments. As
shown In Flg. 12, at the 5§ ng/yl concentration, Lrp could
bind only to fragments contalning the 171 bp Sspl-to-EcoRV
sequence. However, at higher concentration, Lrp was shown to
bind to a new site downstream of the high affinity site (Fig.
13, lanes 11 through 15).

The expression of sdaA Is known to be Induced by the
presence of glycine, L-leuclne, or L-alanine. |If the effect of
these amino aclids on sdaA expression I|Is mediated via Lrp
protein, one would expect, by the same reasoning as used
earliter, that the presence of the amino acid would affect Lrp
binding. To determine this, the binding assays were per formed

with DNA fragments contalning elther the high affinity site,
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Flgure 12, Binding of Lrp to the sdaA upstream regilon.
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Figure 12. Binding of Lrp to the sdaA upstream region
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Flgure 12, Binding of Lrp to the sdaA upstream reglion. (A)
End-label led fragments identifled In panel B were |ncubated
without (lanes 1, 3, 6, 7, 9) or with (lanes 2, 4, 6, 8, 10)
100 ng purlfled Lrp protein Iin a total volume of 20 u! and gel
retardation assays were carrled out. In lanes 1 and 2, the
larger (top band) fragment Is from plasmid Bluescrlpt+. lanes

1 and 2 (fragment B): pSUl dligests with the EcoR! and EcoRV;

Lanes 3 and 4 (A): 681 bp EcoR!-to-HiIndlil |l fragment from pSU1;
Lanes 5 and 6 (C): 361 bp Hindlll-to-Pstl fragment from pSu2;
Lanes 7 and 8 (D): 189 bp Hindlll-to~Pst| fragment from pSu4;
Lanes 9 and 10 (E): 180 bp HIindlili-to-Pst!| fragment from pSuU3.
(B) The top Ilne represents a physical map of the sdaA
upstream reglion. The thick lines correspond to bacterial DNA
and the thin |lInes correspond to polylinker in plasmid

Bluescrlpt+. * fragments that bind Lrp protein, as shown In
panel A. The thick bars at the bottom represent the region
within which binding occurs, as Judged from the results of

this exper iment.
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Figure 13. Lrp binds to at least two sites upstream of sdaA.



211

Figure 13. Lrp blnds to at least two slites upstream of

sdaA. End labelled Hindlli-to-Pstl fragment from pSU4 (lanes

1=10) or from pSU3 (lanes 11-20) were used in gel retardation
assays. Lanes 1 through 20 represent incubations with O, 20,
40, 60, 80, 100, 40, 80, 80, 100, O, 200, 400, 600, 800, 1000,
400, 600, BOO, and 1000 ng, respectively. Lanes 7 -10, 17-20

the incubation mix also contained L-leucine at 20 mM.
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the iow affinity site, or both. As shown In Fig. 13 (lanes 7
through 10, 17 through 20) and Fig. 14 (14A, lanes 8 through
12; 14B, lanes 3 through 7; 14C, lanes 3 through 7), in all
cases, the presence of L-leucline greatly reduced Lrp binding
activity, particularly with the DNA fragment contalning the
low affinity site or both sites.

The presence of glycine had no sign!lficant effect on Lrp
blrding actlivity (Flg. 14A, lanes 13 through 16; 14B, lanes 8
through 11; 14C, lanes 8 through 11). However glycline |s known
to be an Inducer of L-SD synthesis. Thils seems to suggest that
the effect of glycine on sdaA expression Is nu" mediated by
Lrp.

Two other amino acids, L-alanline and L-Isoleucine, dlid
affect binding of Lrp to the sdaA upstream reglon. The effect
of L-alanline Is shown In Fig. 14 (14A, lanes 17 through 20;
14B and 14C, lanes 12 through 16) and that of L-isoleucine Is
shown In Flig. 14B and 14C, lanes 17 through 20. The fact that
L-alanine inter feres wlith Lrp binding to sdaA, perhaps
removing the repressor from the DNA, correlates well with the
Invivo result that L-alanine induced sdaA expresslion. Whether
L-Isoleucline affects sdad expression Is not known.

To deflne Lrp binding sites in a second way, DNase |
footprinting experiments were performed with the DNA fragments
carrying the high affinlity or low affinity binding slte. To
del lneate the high affinity binding site, a 190 bp Hindlll-to-
Pstl fragment from plasmid pSU4 was 3'-end labelled at Hindl 1|
site (coding strand), incubated with increasing concentrations

of Lrp, and then subjected to DNase | digestion. As shown iIn
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Fig. 16A, a large reglon of the DNA from nucleotides 432 to
510 was protected by Lrp protein against DNase | cleavage. In
the absence of L-leucine, the protection against DNase | could
be seen at as low as 8 ng of Lrp protein (Fig. 15A, lanes 3,
4, 5). However, In the presence of L-leucine, the protection
required a hlgher concentration of Lrp (Fig. 15A, lanes 9,
10).

Similar studies were done of DNase | cleavage protectlon
patterns Iin the low affinlity binding site (coding strand; Fig.
186B). In this site, protectlion was weak and the slte protected
was much shorter. in the absence of L-leuclne, protection by
Lrp was seen with 20 ng of Lrp protein (Flg. 15B, lanes 2, 3,
4, 5), while In the presence of L-leucline, no protection was
shown even with 320 ng of Lrp (Fig. 15B, lanes 6, 7, 8, 9).
There was no evidence for differentlal afflnlty of Lrp for
subsites wlthin the reglon. The boundarles for DNase |
protection are Indicated under the sequence In Flg. 15C.

The transcription start slte of sdaA ls as vet
unidentified. To locate the promoter and regulatory reglion of
sdaA, ‘I constructed sdaA-lacZ operon fusions carryling
dl fferent parts of the sdaA upstream region In plasmid pBR322
(see materials and methods). As shown In Flg. 16, the fuslion
plasmid pSUZ3 had no significant RB-gatactosidase activity.
However, plasmids pSUZ2 and pSUZ4 both showed a high level of
B-galactosidase activity suggesting that they carried the sdaA
promoter. This Iindlicates that the promoter may be located
within the 171 bp Sspl-to-EcoRV reglon.

The expression of J/acZ from plasmid pSUZ2 was shown to be
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Figure 14. Effect of various amlino acids on the binding of Lrp

to sdaA upstream region.
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Figure 14, Effect of various amlino aclds on the binding of Lrp

to the sdaA upstream region.
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Figure 14, Effect of various amino acids on the binding of
Lrp to the sdaA upstream region. (A) A 361 bp end labelled
Hindlll-to-Pst| fragment from plasmid pSU2 was Incubated with
var ious amounts of Lrp protein and amino aclds and analyzed by
the gel retardation assay. O, 5, 10, 20, 40, 80, and 160 ng of
Lrp protein were added to lanes 1 through 7, respectively. 80
ng of Lrp proteln, and L-leucline 1, 2, 4, 8, 16 mM, giycine 5,
10, 20, 40 mM, L-alanine 5§, 10, 20, 40 mM were added to l|lanes
8 through 20, respectively. (B) Experiments were performed'
with a 189 bp H/ndlil-to-Pst | fragment from plasmid pSu4. 50
ng Lrp protein was added to all experiments except tanes 1 iIn
which no protein was added. L-leuclne 2.5, 5, 10, 20, 40 mM,
glyclne 10, 20, 40, 80 mM, L-alanline 10, 20, 40, 80 mM, and L-
lsoleuclne 1.9, 3.8, 7.5, 15, 30 mM were added to lanes 3
through 20 respectively. (C) A 190 bp HiIndl |l i-to-Pst | fragment
from plasmid pSU3 was used for binding assay. Experiments were
per formed as Iin (B) wlth 500 ng of Lrp proteln (in lanes 2
through 20) except that the concentration of L-leucine is 10-
times lower, that is, 0.25, 0.5, 1, 2, 4 mM L-leucline was

added to lanes 3 through 7, respectlively.
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. 350 .360 .370 . 380
5'-ATCTACCGCCGTGGTGATTCACATCGGGTATGGCTGTCCTGGTACGAACA

.390 .400 .410 .420 .430
GTATTTTGTATGGGGAATGACCGCAGGCATAATTCGTGAGCTGGCGCTGC

. 440 .450 .460 -470 .480
AAATTGGTGTGAAACCCTGACTATACTTATCTTTACATCTACAAAACACT

.490 . 500 .510
ACTTGAGACAATCATCGCAAT-3"

.520 .530 .540 .550 .560
5 '-ATTAGTTAAATCGCGGTTTTTGATTAGTTTAATTCATGTGAATAGTTAAG

.570 .580 . 590 .600 .810
CCAGTCGCCGCGTTCCCTCTTACACTATGCGCTGTTATTAGTTCGTTACT

.620 .630 .640 .650 .660
GGAAGTCCAGTCACCTTGTCAGGAGTATTATCGTGATTAGTCTATTCGAC

.670 .680
ATGTTTAAGGTGGGGATTGGTC-3"*

Figure 15(C). Schematlc representation of the DNase |
footprints of Lrp bound to the sdaA upstream sequence
(coding strand).
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Figure 15, DNase | footprint analysis on the sdaA upstream
region. (A) Digestion pattern of the high affinity binding
slte. The 206 bp Xho!-to~EcoRl fragment from pSU4 was label led
at the Xho! site, Incubated with Increasing concentrations of
Lrp protein, and subjected to DNase | digestion. Lane M, G+A
sequence marker. Lane O, no Lrp proteln was added. Lanes 1
through 5 represent Incubatlons with 2, 4, 8, 16, and 32 ng of
Lrp proteln, respectively. Lanes 6 through 10 represent
Incubatlons with 2, 4, 8, 16, and 32 ng Lrp In the presence of
20 M L-leucine. (B) Digestion pattern of the low affinlity
binding site. The 207 bp Xhol-to-EcoRl fragment from pSU3 was
used for the footprinting analysis as in A).. Lane M, A+G
sequence marker. Increasing amounts of Lrp protein were added
to the incubatlions shown In lanes numbered as follows: O, nho
Lrp; 1, 20 ng; 2 and 6, 40 ng; 3 and 7, 80 ng; 4 and 8, 160
ng; 5 and 9, 320 ng. L-feucine (20 mM) was added to those In
lanes 6 through 8. (C) Boundaries of DNase | protectlion on the
two sites upstream of sdaA (high affinity binding sequence
shown from nucleotides 432 to 510, and the Ilow affinity
binding site shown from nucieotldes 584 to 622). Solid llines
are drawn under protected nucleotlides. Numbering is based on
the original clone (Su et a/., 1889) on which the transliation

start site Is at €45.
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Plasmid  Fragment fused to lacZ B-galactosidase activity in

wild type Irp fold

EcoRV  Sspl  Hindill
DSUZI 2010 27830 13.8

EcoRV Sspl 8570

pSUZ2 21130 20

Sspl Hinalll

pSUZ3 — 5 5 ;

Flgure 18. Multiple-copy expression of repressed (wlid-typ)and de-repressed

(Irp) sdaA-lacZ fuslons. Plasmlds was construct as described In Materlals

and methods. The location of fragments was shown In Fig. 12.



222
subject to a 10-fold repression In the Irp+ strain. This Is
consistent with the data described earller for the chromosomal
sdaA-lacZ translational fusion In straln MEW22. This
observation demonstrates that L.rp repressed the transcription
of sdaA. In plasmid pSUZ4, the presence of Lrp protein only
showed a 2- to 3- fold repression. This suggests that the
downstream low affinlty Lrp binding site may Interact with the
upstream reglion, so that the regulation of sdaA expression

Involves both slites.

IV. Binding of Lrp to gcv and [rp upstream regions

Both gcv and /rp are regulated by Lrp but not affected by
L-leucine In vivo. The expression of gcv operon Is under the
positive control of Lrp while the expression of Irp |Is
subJected to negative autoregulation. Since binding of Lrp to
particular sites in the upstream regions of several genes
regulated by leucine and Lrp together had been demonstrated,
I was interested to see whether Lrp also bound to genes not
regulated by L-leucine, using gel shift assays as before.

For this purpose, a Sal/l-to-Smal fragment containing the
gcv upstr ‘am reglion from pGSi146 was cloned I(nto the Sall,
EcoRV slites of the Bluescrlpt+ polylinker, and the resulting
plasmid, pGSU1, used In binding experiments. Plasmid pGSU1
was digested with EcoR| and Pstl, end labelled, and incubated
with purified Lrp proteln. The results showed that Lrp could

bind to the gc¢v upstream region (Fig. 17, lanes 3-8). The
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presence of 20 mM of L-leucine has no effect on the Lrp
bindlng activity (compare lanes 3, 4 with lanes 6, 7). This In
vitro binding activity Is consistent wlith the /n vivo data
that L-leucine has no effect on the gcv expression. Since the
expressior of gcv |Is repressed by adenine, the effect of
adenine on Lrp binding activity was tested. However, the
presence of 2 ug/y! of adenine also had no effect on the
binding actlvity (Flg. 17, lanes 8 and 9).

A similar study was made on the /rp upstream region
carried on ptasmid pLR4. As expected, Lrp proteln was shown to
bilnd to a 500 bp EcoRI-to-Bgl/ll fragment containing the Irp
upstream region (Flg. 17, lanes 11-16). Agaln, the presence
of 20 mM of L-leuclne had no effect on binding activity (Flg.

17, lanes 14-16).
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Figure 17. Binding of Lrp to the upstream region of gcv and

Irp.
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Figure 17. Binding of Lrp to the upstream region of gcocv
and Irp. For the experiments represented In lanes 1-9: plasmlid
pGSU1 carrying gcv was digested wlith EcoRl and Pst!, 3'-end
labelled with a—32P—dATP by Klenow enzyme, and i{ncubated with
o, 5, 10, 20, 40, 10, 20, 10, and 20 ng of purifled Lrp
protein respectively. L-leucine (20mM) was added to
incubations shown in lanes 6 and 7, and adenline (2 ug/ml) was
added to those In lanes 8 and 9. For the exper iments shown In
lanes 10-16: plasmid pLR4 carrylng /rp was digested with EcoRi
and Bgi/ti, end labelled, and Incubated with O, 5, 10, 40, 10,

20, and 40 ng of purlfied Lrp proteln, respectively. L-leucline

(20mM) was added In lanes 14-16.



DISCUSSION

The work reported In this thesls, as well| as observatlions
from other labs, has resuited in the discovery of a new global
response In £. col/l, the leucine/Lrp regulon. The experiments
reported here Include the Isolation and characterlization of an
Irp mutation, the identification of members of the leuclne/Lrp
regulon, the beginning of the study of the physiological
effects of leuclne/Lrp reguion, and studies of the iIn vitro
Interactions between Lrp and some of Its target promoters. !n
this discussion, | will consider the techniques used for this
study, the possible physiological role of Lrp and the

regulatory mechanism(s) by which Lrp acts.

I. The Study of the Irp Gene

I-1. Insertional Inactivation of the Irp Gene

| began this work by +trying to Iisolate an insertion
mutation resulting In overexpression of L-SD. It was known
that L-SD activity was Increased In the presence of L~-leucine
and/or glycline In the growth medium. This Increase was
considered to be (probably) due to the Induction of
expression of the structural gene for L-SD, sdaA [Su et al.,
1988). For iInstance, one might consider that the transcription
of sdaA Is under negative control, and that thils repression
could be released by L-teucine or glycine. If this were true,
a mutation which caused a deficlency of repressor should
result In the constitutive expression of L-SD and allow the

mutant to use L-serine as sole carbon source.
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Several mutants which could use L-serine as sole carbon
source had been Isolated In this laboratory prior to the start
of thls work. One of them, the ssd mutant, showed high L-SD
activity, and permitted growth on L-serine. [t has been
suggested that the ssd gene is ldentical to cpxA. Were this
true, the fact that a strain carryling a cpr::Cnf mutation
could not grow on L-serine would exclude the possibility that
the ssd gene product Is a repressor of sdaA gene expression.
1t seemed worth iooking further for the sdaA repressor. |
chose to do this by Insertlion mutageneslis, which has been
widely used for Isolation of nu!il mutations. Previous work |n
this laboratory took advantage of Mud [Casadaban and Cohen,
1979) and Apl/acMu [Bremer et a/., 1984; 1985] technology to
Isolate Insertion mutatlions. These Insertions provided a
powerful tool to study the regulation of gene expression slince
they put the /acZ gene under the control of the promoter of
the particutlar gene of Interest.

The transposon Tnl’O has also been used for Isolating
Iinsertion mutatlions In regulatory genes. It has advantages of
smal | slze, high Iinsertion rate and stabllity of Its
insertions. Because of these characteristics, an insertlon
mutation which allowed growth on serine could be easl!ily moved
Into a strain carrying an sdaA::/acZ mutation (created by
Apl/acMu insertion) and the effect of the Tn70 Insertion on L-
SD expression could be studled via B-galactoslidase assays.

The selection for mutations affecting sdaA regulation |Is

complicated by the fact that other mutations apparently
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unrelated to L-SD may also permit the use of L-serine as
carbon source. i isolated 70 Independent tetracycline-
res|Istant mutants able to grow on serine, and most showed high
L-SD actlvity. To be sure that this high activity was due to
the tInsertion, and not due to a concomitant selection of
mutations In ssd, [Newman et al/., 1982b], the Insertion from
one of stralins was transduced Into MEW1 by selecting
tetracycline resistance. The tetracycline-resistant reclipient
had the same phenotype as the dondr strain. |t grew on L-
ser ine, and showed high L-SD in glucose-minimal medium grown
cells. This mutation was termed rb/-1::7Tn10, for regulation by

leucine. It has since been renamed /rp::Tni10.

1-2. The rbl! Gene Product Might Be the Regulator of a Global
Response to L-Leucine
As shown In Table 3 and 4, the rb/ mutation increased the
actlvity of L-SD and TDH sevenfold. The presence of L-leucine
In growth medium stimulated the wild-type activities five- and
three-fold, respectively, but had essentilally no effect on the
mutant levels (Table 9). This suggests that the mutant lacks
the factor through which the L-leucine effect Is mediated.
The rb/ mutation resulted in Increased expression of the
gene coding for L-SD. This was shown by studles of 8-
galactosidase syntheslis from an sdaA::/acZ fusion, which
places f-galactoslidase synthesis under the control of the
promoter of sdaA, the structural gene of L-SD [Su, 1881]. The

B-galactosldase activity was Increased seven-fold In an rb/
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mutant (Table 3), demonstrating that Rbl (Lrp) decreases
expression of that gene.

Simlilar studies showed that the rb/ mutation strongly
decreased transcription of the serA and /IvI/H operons, coding
for phosphogliycerate dehydrogenase and acetolactate synthase
i1, respectively (Table 8 and 9). Both of these operons are
known to be repressed In the wild-type straln by the presence
of exogenous L-leucine [McKitrlck and Plzer, 1880; Squlres et
al., 1881].

In summary, the rb/::Tn170 mutant, though selected for Its
effects on L-serine degradatlion, was also affected In the
activities of enzymes Iinvolved In several! other metabollc
pathways. In all of +the cases first studied, the enzyme
activities were similarly affected In thewild-type strains by
the presence of L-leucine, and Indeed the phenctype of the
mutant was similar to that of wlld-type strains cultivated
with L-ieucine. These observatlion led us to name the gene rb/
(for regulation by leucine) and to suggest that |t codes for
the reguiatory proteln of a new global response, the leucine
regulon. The fact that the mutant studlied carried a Tnf0
insertion, presumably resulting in the total absence of any
active product, suggests that In these cases the effect of
exogenous L-leucline Is to inactlvate the rb/ gene product.

1t was previously suggested that L-leucine might trigger
increased expression of degradative functions in rich medium,
with a concomitant decrease In blosynthetlc functions [Newman

et al., 1976]. The scheme Is clearly less general than thls,
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since not all catabollic functions are affected by the rb/
mutation or by the presence of exogenous L-leucline. Activity
of at least two amino acld degradative enzymes, L-
tryptophanase and L-proline oxldase, were unaffected by either
the presence of the rb/ mutation or by the presence of L-
leucine In the growth medium. Thus the rb/ can control at

least a subset of degradative enzymes.

1-3. Map Location and Functlion Indlcate that rb/ Is tdentical
to Ihb, oppl, and !IVvR

The rbil::Tn710 mutation was located near 20 min on tre E.
col/l genetic map, first by conjugatlion, and then by Pi1-
mediated transduction. No gene then known to be located near
20 min seemed likely to be identical to this new gene, |.e. to
regulate L-SD syntheslis. It seemed then that rb/ might be a
new member of the group of genes affecting L-serine
metabol ism. However it soon became clear that several other
mutations In this gene have been Isolated, under a variety of
names and functions.

| located the rb/ gene within the Kohara phage collection.
A subclione from Kohara phage AIF10 compiemented the
deflclencles of the rb/::Tn70 mutation. Southern blot analysis
demonstrated that the 2.6 Kb EcoRI-Hindlil | fragment from this
plasmid hybridized to an Interrupted gene in the rb/::Tni10
mutant. This indicated that the Tn/0 element was Inserted
within this fragment. Since subclones carryling this 2.8 Kb
fragment (or less) complemented the rb! mutation, It Is clear

that the rb/ gene Is located within this region.
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in the same region Iis found the /hbd gene. identifled by
its effects on expresslion of the /I/viH operon [Rlcca et al.,
1990]. J.M. Calvo suggested to us that the /hb gene might
encode a general mediator of L-leucine effects. Several
observatlons presented here indlicate that rb/ and /hb refer to
the same genhe. The two mutatlons rb/ and lthb . have
gquantitat+'vely similar effects on L-SD and TDH actlivity and on
sdaA, seraA, and liviH transcription (Tabie 13). The
hybridization analyslis also showed that the 2.6 Kb EcoRi-
Hindill fragment from Kohara phage A1F10 hybridized to an
Interrupted gene In strain CV1008 (/hb::Tn10 mutant).
Several other genes Iin the 20 min reglion have been
ldentified as regulators of L-leuclne-sensitive operons and
have been shown to be ldentical to rb//ihb. These iInclude /IvR
[Anderson et al/., 1976] and opp! [Andrews et al/., 1986;
Andrews and Short, 1986]. The //vR gene codes for a regulatory
protein affecting high-affinity transport of branched chain
amino acids through the LIV-] transport system, encoded by the
livd and ! IvKHMGF operons [Nazos et al., 1984]. The expresslon
of both operons Iis repressed In the presence of L-leuclne
[Anderson and Oxender, 1977]. it was recently reported that
livkR and Irp (rbi/ihb) are allellc and the suggestlion was made
that Lrp acts directly or Indirectly to repress /ivJ and [/I/vK
expression, and that L-laucine Is required for thils represslon
{J. M. Calvo, personal communication].
The oppl! gene In E. coll represses the expression of the
OPPABCDF operon, which encodes a transport system primarily

for tripeptides [Andrews and Short, 1985]. The expression of
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this operon was also shown to be induced by the presence of L~
leucine or L-alanine [Andrews et a/., 1986; Andrews and Short,
1986b]. The Identlty of the I/[hb and opp! genes was
demonstrated by DNA sequencing studles [blatko et al., 1990;
Austin et a!/., 1989). It Is clear that /nhb, II/vR, oppl!, and
rbl/ are all the same gene. We have agreed that the designation
Irp (leucine-responsive regulatory proteln) Is to be used In

the future for all of these.

11. Isolation of Insertion Mutants in Genes Controlled by L-
Leucline/Lrp Using Ap/acMu-Medlated /acZ Fusion

The presence of L-leucline In growth medium has long been
known to affect the expression of a number of enzymes not
directly Involved in L-leucine metabolism. As mentioned above,
The additicon of L-leucine to the culture medlium repressed
expression from [//vIH, serA, Ilivd, and [IvK genes and
stimulated expression of other genes Iincluding sdaA, tdh,
lysU, and OppABCDEF. In all these cases, the effect of L-
leucine Is mediated by Lrp.

It seemed interesting to find out how extensive the set
of L-leucline-regufated genes In E. col/l might be, and whether
In each case the effect of L-leucine |Is mediated by Lrp. This
question stimulated a systematic search for L-Ileucine-

control led genes.

il-1. The Techniques Used for This Study
Genes whose expression is affected by any particular

factor In the environment can be Identifled elther by
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examining the gene products directly on two-dimenslional gels
or by studying expression of reporter genes with any one of a
variety of gene fusion techniques. These two approaches have
been used successfully to study a variety of stimuli which
result in giobal changes In protein syntheslis.

Two~dimensional gels, which allow separation of more than
1,000 proteins [O'Farrel, 1975], have been used to particular
advantage in defining the nature of the heat-shock response in
E. coll [Neldhardt et al/., 1984]. This is the most direct way
to determine the changes in the pattern of protein synthesls,
and can be applied to both essentlal and nonessential
protelns. The technlque has also been used to study changes In
proteln synthesis In response to glucose starvation [Jenkins
et al., 18881, shifts In avallable carbon sources, or changes
between aerobic and anaeroblic growth [Pedersen et a/., 1978;
Smith and Neidhardt, 1983a; 1983b].

Use of /acZ gene fuslions Is equally valuable In the study
of regulation of gene expression. Based on the exact location
of the fuslon Joint, two types of fuslon, protein fuslion and
operon fusion, can be constructed. In the protein fusion, a
lacZ gene lacking both transcription and ¢translation
Initiation signals is fused In frame to the coding sequence of
a target gene; while In a operon fuslion, a promoterless /acZ
gene containing Its own translation start site Is fused to an
exogenous promoter. The expression of B-galactosidase from
both types of fusion Is under the controcl of the promoter of
target gene. Both types of fuslion can be used to study

transcriptional regulation of any gene. The protein fusion
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also can be used to study the translational control. Takling
the advantage of transposable genetic elements, it I{s possible
to move the /ac genes to any position on the chromosome. Since
the Insertion In a gene will lead to its Inactivation, this
method cannot be used to Identify essential genes, nor Is It
useful to study genes subject to autoregulation.

The defectlve Mu phage, Mu d1(Ap /ac) was first used for
genetic identification of genes subject to a common regulatory
signal by Kenyon and Walker [Kenyon and Walker, 1980). The Mu
d phage carried a promoterless /ac gene and a selectable
antibliotlc resistance gene replacing many of the Mu lytic
functlons [Casadaban and Cohen, 1979]. When the phage Inserts
downstream from a target promoter, the B-galactosldase
activity wili reflect the transcriptional-regulating
properties of that promoter. Using this technology, a set of
genes whose expression Is Induced by DNA-damaging agents and
regutated by the recA and /exA gene products were identlfled
[Kenyon and Walker, 1980]. A similar approach was used for
study the cellils response to phosphate starvation and resulted
in the Identiflication a number of new genes regulated by
phosphate {[Wanner and McSharry, 1982].

| decided to use Ap/acMu phage for ldentification of L-
teucine-controlled genes since It has several advantages
compared with Mu d phage [Bremer et al/.,1984]. Efflcient Mu
transposition requires four elements Including both ends (s
and c) of the Mu phage and the products of genes A and B.

Apl/acMu carries the two Mu ends and a promoterless /ac gene
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next to the s end. 1t can Insert Iike Mu Into genes
nonspeclifically using the Mu transposition machinery provided
by a helper phage carrying the Mu A and B genes. However,
since Apl/acMu prophages are stable and are not induced at high
temperature, the fusions Isolated with AplacMu can be
sub jected to a varlety of genetlic manlpulations which the Mud

system cannot support.

11-2. The Leucline/Lrp Regulion

There are a targe number of protelns whose synthests is
regulated by Lrp. In the screening of random /acZ fuslons, 27
were found to respond to exogenous L-leucine. All of these L-
leucine-controi ied genes were also shown to be regulated by
Lrp. Furthermore, L-leucine had no effect on gene expression
In the absence of the /rp gene product in all these Insertlions
except for those Inserted in L-leucine-biosynthetic genes.
These observatlions suggested that In most cases the regulation
of L-leucline Is mediated by Lrp. The effects of L-leucine and
Lrp on the expression of L-leuclne-blosynthetic genes were
additive; In these insertions L-leucline |limitation stimulated
expression even in absence of Lrp. This might be due to
control by transcription attenuation of /eu operon, or to
local control by another leucine senslitlve reguliatory proteln
speclflc to thils operon.

Among genes lidentified later, there were some whose
expression was controlled by Lrp but not affected by L-

jeucine. To include these, the regulon was renamed and IS now
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called the leucine/Lrp regulon. The system used for |Isolating
Insertion mutants In this study would not allow us to isolate
fusions to promoters regulated In this way, nor could we
Isolate those which produced auxotrophs (wlith the exception
of those requiring L-leucine).

How large might the leucine/Lrp reguion be? Since several
known members of the regulon (such as sdaA) were not Isolated,
| probably have not even isolated Insertions Iin all the genes
which could be ldentified by the screening | used. Based on
the two dimenslional gel analysis, Ernsting and coworkers
demonstrated that the expression of more than 30 polypeptides
were affected by the absence of Lrp, and reported that many of
those were regulated by Lrp but not by leucine [Ernsting et
al., 1992]. This number Is likely to be a low estimate. The
expresslion of many of the fusions varied only 2- to 3-fold
with Lrp, and these would probably not be seen by comparlson
of 2-D geis. Moreover some proteins were not resolved on 2-D
gels, due to thelr large molecular weight or thelir basic
Isoelectric points [Ernsting et a/., 1992]. This suggests that

the description of genes regulated by Lrp has just begun.

t11. Genes Regulated by Lrp

The members of the leucline/Lrp regulon identified so far
are shown In Table 23. Lrp actlvates the expression of some
genes, and represses that of others. The known genes which are
activated Include //vIH, serA, leu, gltD, fan, pap, and gcv.
Those that are repressed Include sdaA, tdh, lysU, kbl,

OPPABCDF, Ilivd, IIvKHMGF and Irp itself.
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I1i-1. Genes Regulated by Lrp and L-Leucline

As mentioned above, the genes regulated by Lrp code for
proteins cataliyzing a wlide varliety of reactions. The gene
products of teucline/Lrp regulon identifled so far are Involved
In amino acid biosyntheslis (serA, leu, IIvIiH, and gi/tD), amino
acid and ollgopeptide transport (livd, I 1 vKHMGF , and
OpPABCDF), amino aclid degradation (sdaA, tdh and kbl!), amino
acyl!-tRNA synthesis (lysU), C] metabolism (gcv) and piti
formation (fan and pap) [D. A. Low, personal communication].

For most of the Lrp-regulated genes. the presence of L-
leucine partially alleviated the effect of Lrp. Some genes
(class 1, Table 15) whose expression |Is activated by Lrp are
turned off by L-leucine. In most cases, e.g. serA, fan and
IiIviH, the effect of L-leucine |Is |less severe than the effect
of an absence of Lrp protein. Conversely, genes repressed by
Lrp (class 2, Table 15) are Induced by L-leucine, but agaln in
most cases, e.g. sdaA and tdh, the effect of L-leucine Is not
as great as that of an /rp mutation.

In some genes, regulation by Lrp required the presence of
L-leucine, rather than being reversed by it. This Jjoint action
resutts In activation of several genes (class 3, Tabile 15),
and repression of at least one. L-leucine Is required for Lrp
to repress //vd and /iIvKk expression (class 4 of Table 15) [J.
M. Calvo, personal communication].

These observation suggest that Lrp may exist In two
conformations, one In association with L-leucine, and the

other without It. Elther conformation could act as an



TABLE 23. Genes regulated by Lrp
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Gene Map location Function

Effect of

(min) Lrp L-leucline
tIviIH 2 lle, Val Activator Antagonist
serA 63 Ser " "
gltD 70 Glu " "
fan ? piiit formation “ "
sdaA 41 L-ser deamlinase Repressor Antagonist
tadh-kbl 81 Thr deaminase " "
OPPABCDF 28 Ol igopept. uptake " "
lysuU 94 Lysyl-tRNA synth. " "
sdaB €0 L-ser deamlinase Actlvator Requlred
livd/K, 76 Leu, val, & lle Repressor Required

uptake
gcv €63 Gty cleavage Activator None
pap ? piilt formation " "
Irp 20 Regulator Repressor None
ompF 21 Porin Activator ?
leu 2 Leu " ?
ompC 48 Porin Repressor ?
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activator at some genes and as a repressor at others. For
genes in class 3 and 4, free Lrp seems to be Inactive. when L-
leucine Is bound to It, it assumes an state and can elther act
as an actlvator or a repressor, depending on the particular
structure of the gene. On the other hand, for genes in class
1 and 2, the free Lrp conformation Is active.

It Is not known whether there |Is any gene of the
leucine/Lrp regulon for which one Lrp conformation actlivates
and the other represses, analogous to AraC functlon at the
araBAD promoter [Lobell and Schlelf, 1991]. However, In one of
the unidentified class 2 mutants, CP25, the B-galactosidase
level In the absence of Lrp is Iintermedliate between those In
the lrp+ straln growing with and without L-leuclne. This
suggests that CP25 might be regulated In this way. That 1Is,
in the absence of L-leucine, free Lrp would repress
expression, while with L-leucine, the leucline-Lrp complex

would activate.

111-2. Genes Regulated by Lrp but not by L-Leucine

The system used In this study for screening Lrp-regulated
genes depends on a response to L-leucine. No fusion of /acZ to
L-leucine-independent promoters would be Isolated by this
screen. However, studies of Apl/acMu insertions In gcv operon
and /rp gene indicated that both of these, and doubtliess other
genes, are regulated by Lrp with no effect of exogenous L-
leucine.

Transcription of the gcv operon, whose products are

Involved in the conversion of glyclne to C1-THF, |Is totally
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dependent on Lrp, but essentially unaffected by L-feucine. In
this operon, the activation of Lrp |Is physiologlcally
signlficant, so much so that a straln carrying a /rp mutation
Is phenotyplically gcv .

1t has been recently shown that the methylation blockling
factor gene (mbf) is ldenticatl to /rp [D. A. Low, personal
communication]. This gene product has been shown to be
required for the transcription of pap operon [Braaten et al.,
1991], and this activation iIs not affected by L-leucline,

Transcription of pap depends on the methylation of 2
upstream GATC sites by deoxyadenosine methylase (Dam). Removal
of the methyl group from the upstream GATC slite Is required
for the transcription of thls operon [Braaten et al/. 1981).
Lrp binding to this stte Iis thought to block methylase access,
particularily since It was shown that Lrp binds to a pap DNA
fragment containing both GATC slites. The suggestion was then
made that binding of Lrp Inhiblits Dam methylation by steric
hindrance [D. A. Low, personal communication].

The remalning class of Lrp-regulated genes are those which
are negatively regulated by Lrp In a L-leucine-independent
fashion, e.g. the /rp gene itself. The expresslion of the Irp
gene Is repressed by Its product, Lrp, with no effect of
exogenous L-leucine.

Analyslis by 2-D gels Indicated that the synthesls of
glutamine synthetase (GInA), the small subunit of glutamate
synthetase (GItD), and OmpF are poslitively regulated by Lrp,
and synthesis of OmpC negatively regulated, alt in a L-

leucine-~independent fashion [Ernsting et a/., 1992]. Since
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the 2-D gel analyslis probably can not detect less than 2- to
3-fold reguilation by L-leucline, the expresslion of some of
these genes may in fact also be reguiated by L-leuclne. This
is clearly true for the gl/tD gene, where no L-leucline effect
Is noticed on the 2-D gels, but a 2-fold decrease was seen
when glutamate synthase was assayed directly In L-leucine-
grown cells. On the other hand, this effect is very minor,
when compared to the 1000-fold lower level seen In the /rp

mutant [(Ernsting et al/., 1992].

IV. Metabolic Effects of the Leucine/Lrp Regulon

Lrp regulates the expression of a large number of genes,
by a factor of between 2- and 1000-fold. Inspection of the
nature of the genes regulated by Lrp suggests that, wilth some
exceptions, Lrp activates expresslion from blosynthetic genes
and represses expression from genes whose products are
Involved Iin degradation of amino acids and transportation of
amino aclds and oligopeptides. This section will examline the
physiologicai and metabollc consequences of a loss of [Irp

funct ion.

IV-1.A Mutation I{n /rp Suppresses the Metabollc Deficlency In
a metK Mutant

It was long bel leved that the metK mutations, which result
in the loss of aimost all S-adenosyimethionine synthase
activity, had very little physliological effect on the cells.
However, the work In this thesis demonstrates that the metk

mutat ions have more profound effects on ceil metabolism than
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previously expected, and that these effects can be greatly
reduced by Iinactivation of the /rp gene product. In fact, the
effects of metK mutations are so severe that the commonly
studied metK mutants carry a second mutation, often an /rp
allele, which suppresses the extreme effects of metk.

The metK strain used In this study, RG62, Is the prototype
metK strain, Isoliated by virtue of Its ethionlne resistance
and shown to have less than 3% of wlld-type SAM synthetase
activity when grown In the absence of L-leucine [Greene et
al., 1973). It was recently reported that this strain, RG62,
has an unusual abli!ity to degrade L-serine, and this was
attributed to the metK mutation [Matthews and Neldhardt,
1989). Our resulits showed that straln RG62 Indeed had unusual
L-serine degradation propertlies: It could grow with L-serline
as sole carbon source and had high levels of L-SD. However,
this was not due to the metK mutation; since these properties
did not follow when the metK mutation from RG62 was transduced
Iinto another strain.

The metK transductants, unlike strain RGB2, grew very
slowly In glucose minimal medium unless provided with L-
leucine or suppressed by an /rp mutatlion. In fact, it was
shown that RG62 harbours a /rp mutation as Jjudged by its
focation near 20 min, and the facts that It Iincreases
expression of LL-SD, decreases expression of serA, and permits
growth on L-serline. Furthermore, durling growth In glucose, the
slow-growing metK transductants rapidly accumulated fast-
growing derivatives, many of which had acquired the ability to

grow on L-serine as a result of the overproduction of L-SD,
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consequent on a mutation shown to be cotransduclible with sercC.
These observations suggested that during the puriflcation of
the original ethionine-resistant mutant, RG62 accumulated an
Irp mutation, allowling It to grow much faster than the
original metK strain. It 1Is clear then that the RG62,
previously characterized as a metK mutant, Is In fact a metk
Irp double mutant.

This Is not the only mutant of methionine metabol lsm which
shows alterations in serlne metabolism. Other strains
derepressed for methionine biosynthesls, including metdJ
mutant, were shown to grow slowiy wlith L-serine as carbon
source [Brown et a/., 1980]. However, this abil ity depended on
overproduction of the metC gene product, L-cystathionase, and
was not accompanlied by an increase In L-SD [Brown et al.,
18901].

Other phenotypes ascribed to the metK mutation may ailso
have to be reconsidered. It was reported that strain RG62
required L-serine and L-Isoleucine for growth at 4Jh
[hatthews and Neldhardt, 1989]. In this study, we showed that
the /Irp::Tn10 mutant required l.-serine for growth at high
temperature. This suggests that the temperature-sensitivity of
RG62 Iis due to the /rp mutation. L-SD was known to be
overproduced at high temperature [Newman et a/., 1985]. This
effect Is additive with the stimulation due to the Irp
mutation, so that the rate of L-serine degradation should be
quite high In the /rp mutant when grown at high temperature.
This, coupled with the observation that the mutation in Irp

resulted in decreased serA expression, probably Is sufficient
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to explain the high-temperature L-serine requirement. The L-
Isoleucine requlrement couid result from the known senslitivity
of E. coli to L-serlne, which Is relleved by L-isoleucline
[Cosloy and McFall, 1870; Uzan and Danchin, 1978].

Another Intriguing mutant is the temperature-sensitive
htrA::Tn10 described by Lipinska et a/. [Lipinska et al.,
19891, which, required elther L-serine or L-~-leucine for growth
in minimal medium at temperatures above 42°c. wWhether this
phenotype related to Irp |Is unciear.

The lysy|-tRNA synthetase || (product of the /ysU gene),
a heat shock protein that Is normally expressed only at
elevated temperature, was reported to be cons.ltutively
expressed In straln RG62, but thils property was not corrected
by the presence of a cloned me tk* gene [Matthews and
Neldhardt, 1988]. Since the syntheslis of lysyi-tRNA synthetase
11 is Induced by the addition of L-leucine to the growth
medium, It seemed Illkely that this constitutivity resulted
from the /rp mutatlion in RGB62 rather than the metK allele. A
direct assay of enzyme activity showed that the synthesis of
lysyl-tRNA synthetase |l Is derepressed In an /rp mutant but
not In a metkK mutant [{I. N. Hirshfield]. The 2-D gel analysis
also Indicated that the expression of JysU at 37%: Is
assoclated with the /rp allele [Ernsting et al/., 1992].

The extremely siow growth rate of metkK mutants may be a
result of a Ilow pool of SAM Jeading to problems wlith
methylation reactions. One might expect that Lrp normally
represses the synthesis of an enzyme which can substitute for

SAM synthetase, either a second synthetase, such as the
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recently described metX gene product [Satischandran and
Markham, 1890], or an alternative methy! donor. It was
reported that the metX could be expressed oniy (nh rich medIium
[SatIschandran and Markham, 1990]. The effect of the mutation
In Irp could be understood If |t resulted In the expression of
metX In giucose minimal medium, or In the actlivation of a gene
whose product permitted synthesis of methy!l groups from a new
source. It Is also posslﬁle that the /rp mutation could

bypass the need for some critical methylation reaction.

IV=2. Lrp as a Major Regulator of C1 Metabol ism

Whatever |[ts other, and possibly more general, metabollc
roles may be, Lrp has a profound effect on C1 metabo!l ism. One
carbon (C1) metabolism in £. co/!/ Is based on the syntheslis of
single carbon tetrahydrofolate-derivatives. When E. coll |Is
grown in giucose minimal medium, C1 units are derived mainiy
from L-serine, elither directiy, by serine hydroxymethyl
transferase (SHMT, the gene product of glyA) wlth the
concomltant synthesis of glycine, or Indlirectiy from glycine
via the glycine cleavage enzymes (the products of the gcv
operon) [ Newman et al., 1974]. These routes are balanced
according to the ratio of C1 to glycline required by the ceil.

Lrp Is clearly Involved In maintaining this balance. The
presence of L-leucine In the growth medium would decrease the
amount of L-serlne avallable, both by Increasing deamination
of L-serine, and decreasing the blosynthesis of L-serine.
Desplte the decrease Iin L-serine, the supply of giycine could

still be maintained. Though the glycine coming from L-serine
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via SHMT may be reduced, additional glycine might be derived
from L-threonine via threonine dehydrogenase (TDH) and 2-
amino-3-ketobutyrate CoA |igase (KBL), whose expresslion Is
induced by exogenous L-leucine and inhibited by Lrp. Glycine
would then be made from both serine and threonine, and C1
units would be made from both L-serine and glyclne.

The !rp mutation, with I(ts very low level of glycline
cleavage enzymes, |s physiologlically gecv, unable to use
glycine as nitrogen source or as source of Ct units. In the
Irp mutant, then, the celils must become entirely dependent on
SHMT for the productlion of C1 units, unless it has some other
pathway for C1 production. However, the fact that an /rp gl/yA
double mutant could not grow In glucose minimal medium with
glycine wlthout the addition of the end-products of Ci1
metabol Ism suggests that no other pathway contributes much C1
in an [I/rp background. Since the cell requires much more Ci1
units than glycline motecules, and the high level of TDH in the
Irp mutant suggests that It may dJderive much of its glycline
from L-threonine, the mutation In Irp must encounter
difficulty In baiancing its C1 units and glycine production.

How it solves this problem Is still unclear.

{IV-3. Lrp Regulated L-Serine Metaboiism

L-Serine plays an Iimportant role Incell metabolism. Apart
from its obvious use Iin protein blosyntheslis, L-serine Is the
major source of C1 units, and the direct or indirect precursor
of glycine, L-cystelne, L-methionine, L-trypiophan and purines

[Newman and Magasanlk, 1963; Kredich and Tomkins, 1966; Tran
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et al/., 1983; Yanofsky, 1960]. However, L-serine Is also known
to be toxic to £E. col/i and other organisms [Cosloy and McFallt,
1970; Isenberg and Newman, 1874; Hama et al/., 1990, Uzan and
Danchin, 1978]. Therefore, there must be some mechanlsm(s) for
cell to control its Internal level of L-serine carefully.

In wild-type E. col/l/ grown Iin glucose minimal medium, the
synthesis of L-serine starts from 3-phosphoglycerate, an
intermediate of the Embaen-Meyrerhof pathway. The three
reactions Involved In L-serine blosynthesis are catalyzed by
3-phosphoglycerate dehydrogenase, 3-phosphoser |ine
aminotransferase, and 3-phosphoserine phosphatase, coded by
serA, serC and serB respectively {[Stauffer, 1987]. However,
some mutants coulau derive their L-serlne from L-threonlne
[Fraser and Newman, 1975], using the conversion of threonine
to glycine and acetyl coenzyme A catalyzed by threonlne
dehydrogenase (TDH) and a-amino-B-ketobutyrate |ligase (KBL)
[Chan and Newman, 1981). |In these mutants, L-serine was
synthesized from glycine via the serine
hydroxymethy |l transferase reaction [Scrimgeour and Huennekens,
196217 .

Both biosynthesis and degradation of L-serine are
regulated by leucine/Lrp. The mutatlon In /rp decreased the
transcription of serA 6-fold and Increased the L-SD activity
7- to 10-fold. The /rp mutant also has a 7-fold Increase In
TDH activity. However, since the /rp mutant is physiologically
gcv , it cannot derive its L-serine from glyclne. One might
expect then that the /rp mutant, grown In glucose-minimal

medlum, has a low level of internal L-serine, and that the
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cells are partially starved for L-serine. Indeed, the ada.tlon
of L-serline to the growth medium actually Increased the growth
rate of the /rp mutant at 37°%C and exogenous L-serlne was
absolutely requlired for this mutant to grow at elevated
temperature. This L-serine starvation is probably caused more
by the decrease In 3-phosphoglycerate dehydrogenase than by
the Increase In L-SD actlivity, slnce a stralns producing
higher levels of L-SD, due to the presence of the sdaat gene
on a high-copy plasmid or due to a mutatlion in ssd, grew well
at 42°C without the addition of L-serine.

Deamination of L-serine by E. col/! Involves not only one
but two L-serine deaminases encoded by two dlilfferent genes,
sdaA and sdaB [Su and Newman, 1981]. The expression from both
sdaA and sdaB promoters is regulated by Lrp and L-leucine, but
In different way. The expression of sdaA |Is repressed by Lrp
and this repression |Is partiailly alleviated by L-leucine; as
shown by the fact that the B-galactoslidase level from the
sdaA::lac fusion was Increased 7-fold In the /rp mutant
strain. On the other hand, fuil expression of sdaB In glucose
minimal medium required both Lrp and L-leucine [Su, 1991]. The
expression of a gene(s) near sdaB, mutated Iin strains CP41 and
CP52, and perhaps a regulatory gene essential for sdaB
expression, Is regulated by Lrp In a similar way. It Is
possible that the regulation of sdaB by Lrp Is a secondary
effect of this regulatory protein. However, Lrp had alimost no
effect on the high level expression of elther sdaB or this
regulatory gene. It has since become clear In any case that

the major Influence on the expression of these genes |is
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mediated by cyclic-AMP and catabolite activator proteln [Shao,

personal communication].

IV-4. Lrp-Regulated Ammonia Assimllatlion

E. coll can use a varlety of organic nltrogen-containing
compounds as the sole nitrogen source, though growth with
these organic nitrogen sources is slower than with ammonium
sulfate. Celis can derive nitrogen for biosynthesis from the
amido group of glutamine, the amino group of glutamate, or
directly from Incorporation of ammonium f(on ([Reitzer and
Magasanik, 1987]. Based on the product of degradation,
nitrogen sources can be divided to two classes: the ammonia-
generating (such as D- and L-serine) and the glutamate-
generating nitrogen sources (such as L-proline and L~
aspartate).

When cells are grown in medium with a low concentratlion of
ammonium f[on or with a poor nlitrogen source, glutamate
synthase and glutamine synthetase are essential for ammonla
assimliation and Important for the regulation of nlitrogen
metabot ism [Pahel et al., 1978]. 1t has been reported that a
stralin carrying a mutation In glutamate synthase cannot use
any of the ammonlia-generating nitrogen sources except D-serine
[Pahel et al/., 1978].

On the other hand, when cells are grown with a glutamate-
generating nitrogen source, gl!utamate synthase Iis required
only for the establishment of steady-state nitrogen timlted
growth; once the nitrogen source |s degraded, the glutamate
synthase 1s not required for the synthesis of glutamate

[Reitzer and Magasanik, 1987]. However, a high level of
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giutamine synthetase Iis requlired for ammonia assimilation
whether with an ammonlia-generating or a glutamate-generating
nltrogen source [Reltzer and Magasanlk, 1987]1. Mutation in
other genes also can result in a plefotroplc inabllity to use
a varliety of poor nltrogen sources. Such as the deficlency of
the glutamline-dependent asparagine synthetase in K. aerogenes
or certain amlidotransferase In S. typhimurium resuits In the
Ilnabitlty to grow with ,a wide varlety of a single nitrogen
sources [reviewed In Reltzer and Magasanlk, 1987].

As shown Iin thls study, a strain carrying a mutation In
Irp 1Is unable to use glycine, L-alanine, L-proline, or L-
arginine as nltrogen source. This suggests that Lrp may
regulate the expression of one or more genes whose product is
Involved in ammonla assimilation. The Inabllity of this mutant
to grow with glycine as niltrogen source may result from its
ilow level of glycine cleavage enzymes. Inability to use other
nitrogen sources might be due to the Iow level of the
glutamate synthase, since It was reported that In /rp mutants,
glutamate synthase activity was decreased 1000-fold [Ernsting
et al., 1992], This 1Is consistent with the fact that a
mutation tn g/tB, the gene which encodes the large subunlit of
glutamate synthase, resulited in Inablitity to use glycine, L-
proline, and L-arginine as nitrogen source.

On the other hand, the /rp mutant Is able to use L-
serine, one of the ammonlia-generating nltrogen sources, as
sole nitrogen source. That might be due to the fact that L-

serine |s degraded so rapldly in the /rp mutant that enough
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ammonia |Is produced for the synthesis of glutamate by
glutamate dehydrogenase, as was proposed for another ammonia-
generating nitrogen source, D-serlne [Pahel et a/., 1978].

Several of the Lrp-regulated Insertion mutants were also
shown to be unable to use a group of amino acids as nltrogen
source. These Inciude glycine, L-serine, L-proline, and L-
arginine. The genes affected have not yet been Iidentifled. The
fact that these Insertion stralns are found in two classes
suggests that more than one gene of this type is affected.
Since the effect of Lrp on the expression of these insertlons
Is no more than 40-fold, It seems that none of the Inserts
were In gi/tB. Thus, Lrp must regulate two othe: genes which

are involved In ammonia assimilation.

tiv-5. Lrp Regulates the Blosynthesis and Transport of
Branched-Chain Amino Acids

The synthesis of the L-leucine biosynthetic enzymes |Is
known to be decreased in the presence of L-leucine. If this
regulation |Is mediated by the Irp gene product, then a
mutation Iin /rp may result In such low levels of these enzymes
that L-leucline is Iimiting for growth and cells are partialily
starved. This could explain the cbservation that although the
frp mutant behaves as though It were constantiy in the
presence of excess L-leucine, the addition of L-leucine to the
growth medium actually Iincreases the growth rate. The
partial! characterization of Insertion mutations showed that
Lrp positively controls the expression of as yet unidentiflied

genes Involved In L~leucine blosynthesis. These mutations were
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mapped at 2 min on the E. col/l! chromosome. The map location
and the fact that the mutants require only L-leucine for
growth suggests that these strains carried Inserts In the L-
leuc ine blosynthetic operon. The expresslon of these L-leucine
biosynthetic genes Is also affected by L-leucine independentiy
of Lrp. This ls probably due to the transcriptional
attenuation mechanism found In the J/eu operon [Wessler and
Calvo, 1981].

Acetohydroxy acid synthetase |l | (coded by /I/viH operon)
is one of two Isoenzymes synthesized by E. co/l! whlch
catalyses the first step unique to the blosynthesls of L-
Isoleucine, L-valine, and L-leucline. The transcription of this
operon Is repressed 5- to 10-fold when cells are grown in the
presence of L-leucine, but not L-Isoleucine or L-valline
[Squires et al/., 1981]. Lrp Is involved In L.-leucine-mediated
regulation of /I/viH operon expression [Ricca et al/., 1989)].
The /rp mutation decreased expression from this operon more
than 30-fold. It was suggested that Lrp activated the
transcription from //vI/H operon and that L-leucine repressed
expression by interfering with the action of Lrp protein
[Platko et al/., 1990]). Despite the low expression from the
l'lviH operon, the //v/H mutant is not notlceably starved for
any branched-chain amino acid. This suggests that the
Isoenzyme acetohydroxy acid synthetase | (the gene product of
IIvBN operon) Is sufficlently expressed in the /rp mutant
[Ricca et al/., 1989].

The /lvJ and |ivkKHMGF operons, which are located near 76

min on the €. co/! chromosome and whose products are involved
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Iin high affinity transport of the branched-chaln amino aclids,
are simllar to //viH Iin thelr reguiation. The expresslion of
each of these operons |Is repressed In the presence of
exogenous L-leucine [Quay and Oxender, 1976]. It was shown
that the effect of L-leucine on the expression of /ivJ and
l1vKHMGF aiso |Is mediated by Lrp, but the mechanism |Is
different from that used for the //vI/H genes. Lrp represses
the expression from the /ivJ and [|IivkKHMGF promoters and L-
leucine acts as a corepressor for the repression [J. M. Calvo,
personal communicatlion].

Two-dimensional gel analysls indicated that other genes
are regulated by Lrp [Ernsting et al., 1992]. These Include
genes coding for glutamine synthetase (g/nA), and for the
outer membrane porins (OmpC and OmpF), Considering that so
many genes are regulated by Lrp, 1t Is surprising that
mutations In /rp, even Insertions, result In such a |Imited
phenotype. As mentioned above, /rp mutants are physiologically
gcv. and g/t ; they are able to use L-serine as sole carbon
source and requlre lL-serine for growth at elevated
temperature, and are partlally starved for L-leucine. No
extreme physliologlcal deflcit |Is seen |n glucose-minimal

medlium grown cells.

V. Some considerations as to the probable physliological role

of Lrp

V-1. The regulation of I/rp gene expression
Since Lrp is Iinvolved In regulating the expression of such

a large and diverse array of other genes, It Is Interesting to
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know how the I/rp gene Itself Is regulated. The studles on the
expression of /rp-lacZ fusions Indicated that expression from
the /rp promoter s regulated by Lrp itself, and by growth In
rich medlium.

The B-galactosidase activity from a chromosomal /rp::lac2
insertion was repressed 10-fold when the strain carriled a lrp+
gene Iin piasmid pACYC184. However, this did not involve L-
leucine since the presence of L-leucine had no significant
effect on expression of Irp::lacZ.

The expression of Lrp was decreased more than 12-fold when
cells were grown Iin LB medium, again as shown by B-
galacotosidase activity from the chromosomal [/rp::lacZ
Iinsertion. This suggests that autoregulation by Lrp must be
overridden by other controls. Since the addition of 0.5% of
casamino aclds to the giucose minimal medium can repress Lrp
expression over 6-fold, while the presence of any single amino
acids had essentialiy no effect (data not shown), 1t seems
that the regulation In LB medium is mediated by a comblination
of several amino acids, or by some general measure of nitrogen

avallablllty.

V-2. The Lrp may be used by E. col!/! for adapting between the
free 1iving state and the easy life Inside the host

The resuits of this study, combined with those of other
laboratories, iIndicated that genes regulated by Lrp encode
proteins Involved In amino acid blosyntheslis, amino acid and

olligopeptide transport, amino aclid degradation, ammonia
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assimilation, amino acy!~-tRNA syntheslis, Ct1t metabolism, and in
methylation reactions.

Lrp activates the expression of genes whose products are
involved In the blosynthesis of amino acids (/I/vIH, leu, serA,
ginA, gitD, and g/t8), In ammonia assimilation when cells are
grown in nttrogen-limiting conditions (g/tD, and g/nA), in C1
metabolism (gecv), and In the adaptation of the cells to grow
In conditions of low osmolarity and low temperature (ompF).

On the other hand, Lrp represses expression of genes whose
products are involved In transport of small molecuiles into the
cell (/livd, [IIVKHMGF, and OppABCDF), In the degradatlion of
amino aclds (sdaA, tdh, and kbl), and In the adaptation of
cells to grow In high osmolarity and high temperature
condltions (ompC and /ysU).

One could summarize this, with the idea that Lrp Increases
blosynthetic functions and decreases degradative ones, a
tendency which Is partialily alleviated by exogenous L-fteucline.
This would be even more evident In LB medium, where there
would be a conslderable concentration of L-ileucline, which,
combined with the great decrease In Lrp concentration, would
have the result that the degradative functions would be even
more favoured In LB than Inminimal medium with L-leucine. The
fact that the expression of Irp Is decreased more than 12-fold
in LB medium suggests that the role of Lrp may be Iless
important In conditions in which the cell Is surrounded by
food.

These observatlions suggests that the leucine/Lrp regulon

serves to decrease the syntheslis of proteins required
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primarlly In rich medium and to Increase the synthesis of
biosynthetic enzymes required In poor medium. Since the
intestinal tract of the host |Is usually richer than most
external environments, It seems that Lrp plays a role In
controlling a switch of E. coll cells between the rich,
intestinal-type environments and the poor environments of the
outs!ide worid. Lrp would repress the genes involived Iin the
degradation of exogenous compounds and the adaptation of the
cells to grow In Intestinal tract of the host, while
activating the genes Involved Iin the biosynthesis and the
adaptation of celils to grow In free living environments.

A high concentratlon of L-leucine probably occurs In
nature only as a result of massive proteolysis. This could
make L-leucline, which Is a metabolic dead-end In E. coll/l, a
convenient indicator of a rich environment. As studled so far,
the member genes of the leucine/Lrp regulon which are Induced
by the presence of L-leucine tend to favour catabolism,
whereas those repressed by exogenous L-leucine seem to favour

blosyntheslis.

Vi. The Irp gene product

Lrp Is the DNA binding protein which governs expresslion of
the leucine/Lrp regutlon [Platko et al/., 1990]1. It is a
moderately abundant, baslc protein, existing In cells as a
homodimer of molecuiar welight 38 kDa [Willins et a/., 1991].
DNA binding activity of Lrp was first shown at the //vIH
promoter, under the name of Ihb (/I/vi/H binding protein) [Ricca

et al., 1989].
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Both /n vivo and In vitro studlies demonstrate that Lrp

acts directly to activate the expression of [/rp-regulated

operons [Q. Wang and J.M. Calvo, personal communication]. /n

vitro, It was shown that Lrp blinds to two sltes upstream of

the i/vIH promoter and that mutations in each slite prevent

binding. The mutations that decrease binding activlity decrease

the /in vivo transcription from /I/vIH operon. In additlion, In

vitro studies show that purifled Lrp stimulates transcription
from the //v/H operon.

Apart from the fact that 1t contains no tryptophan
residues, Lrp does not seem to have particutar structural
features differentiating It from other DNA-binding proteins.
Lrp has a region centred at amino acld 40 that shows modest
simitlarity to a known hellx-turn-hellx DNA binding motifs
[Willins et al., 19891].

Comparlison of the complete amino acid sequences of Lrp and
AsnC showed 25% of amino acl!d residues are identical between
the two protelns [Willins et a/., 1991]. | showed In thls work
that the simitlarity between Lrp and AsnC is enough for AsnC to
substltute for Lrp to stimulate the expression of gcv operon
and regulate some other members of leuclne/Lrp regulon.

Whether Lrp can replace AsnC In the activation of
transcription from the asnA promoter or repression of the
transcription of asnC Is unclear. The effects of AsnC on the
expression of different members of leucine/Lrp regulion are
different (Table 26). The expression of some members of the
leucine/Lrp regulon Is not affected by AsnC at altl (data not

shown). Whether the cross-speclfliclties of these regulators
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has physliological significance is not known. In any case, the
fact that the amino acid sequence homoclogy |Is uniformly
distributed throughout the two proteins strongly argues that
the structural genes for AsnC and Lrp have evolived from a
common ancestral gene.

Other examples of cross-regulatlion are known. It has been
shown that the protein kinases CheA and NR” have cross-
speclificities [Ninfa et a/., 1988). As mentioned in the
introduction, NR|I Is a histidine kinase of the Ntr regulon.
CheA Is a histidine kinase In the bacterial chemntaxis system
that acts to phosphorylate two response regulators: CheY,
which dlirectly Interacts with the flagellar motor to contro!
swimming behaviour [Wylie et al., 19881, and CheB, a
methy lesterase that controls receptor methylation and thus
sensitlivity of the chemotactic sensory system [Ninfa et al.,
1988]. CheA can catalyze the ATP-dependent phosphorylation of
NR, and thereby activate transcription from gInAp2 promoter,
and NR, can phosphorylate CheY [Ninfa et za/.,1988]. It was
suggested that, to some degree, any histidine klnase can act
as a phosphodonor for any response regulator [Stock et al.,
1989].

There are several cases In which functional similarities
like those of AsnC and Lrp are thought to be due to the fact
that they are coded by homologous genes which have a common
origin, either through duplication of an ancestral gene or
trancslocation from a related prokaryote [Mizuno et a/., 1983;
Ferrara et al/., 1984; Belfalza et a/., 1986; Leveque et al.,

1990])]. The proteins that are highly homologous usually show
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functional simlilaritles [Cralgen et al/., 1885; Bolllinger et
al., 1984; Mlizuno et al/., 1983; Belfaiza et al/., 1986]. In
some cases, the proteins encoded by the homologous genes have
exactly the same function, such as |ysyi-tRNA synthetases
(encoded by the JysU and /ysS genes) [Clark and Neldhardt,
1990; Leveque et al/., 1980}, elongation factors EF-Tu (encoded
by the tufA and tufB genes) [An and Friesen, 198B0; Yokota et
al., 1880], aspartokinase-homoserine dehydrogenases (encoded
by the thrA and metl genes) [Ferrara et al/., 19841, ornithline
carbamoyltransferases (encoded by the argF and arg!/ genes)
[Von Viiet et al/., 1984], and SAM synthetases (encoded by the
metK and metX genes) [Satishchandran et a/., 1990].

Iin some cases, DNA-binding protcins resembie one another
even more extensively than AsnC and Lrp, and have been
organized Into different conceptual famiiles [reviewed In
Henikoff et al., 1888]. For example, |Ia two-component
regulatory systems, gene expression |Is controlled by 2
proteins, member of orne of two homologous families of
proteins: one belonging to the histidine proteln kinase famlly

and the other to the response regulator famliy.

VIii. Techniques for the Study of Protein-DNA Interactions

A number of methodologles have been used to study the
Interactlions of regulatory proteins with the speclflc DNA
sequences which they recognize and bind. A technlique which was
e censively used In early work Is the filter binding assay
[Riggs et al., 1970}, 1n which the DNA-protein complex |Is

retalned on a nitrocellulose filter while free DNA passed
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through the filliter. One of the IImitations of this method is
that It does not allow analysls of the detailed composition of
the products of the binding reaction. Since the binding of a
single protein to a DNA molecule Is usually sufficlent cause
for flliter retention, It is Impossible to determine directly
the extent to which a single DNA speclies binds several
proteins,

A rapid and simpie technique, gel retardation, which
Involves separation of free DNA from DNA-protein complexes
based on differences In thelr electrophoretic mobillties
{Garner and Revzin, 1981; Fried and Crothers, 1981], has been
widely used In the study of protelin-DNA Interactions.

The gel retardation assay has several advantages compared
to the fliter binding assay and other common techniques used
to study protein-nuclelc acld interactions. The gel
retardation method can be used In study of the simultaneous
interactions of more than one proteins with DNA [Garner and
Revzin, 1981] and to study the Interactlion of a gliven binding
proteln with a mixed population of DNA fragments [Friled and
Crothers, 1881]. This method Is probably more sensitive In
attempts to show the exlIstence of klnetically lablle protein-
DNA comp iexes than . : the flliter binding assay, because of the
tendency for such compliexes to dissoclate during washing of
the fltter. Cne example of this It that the presence of IPTG,
LacR-operator complexes can be detected by the gel retardation
method but not by the filter binding assay [Fried and
Crothers, 1881].

Further, the gel retardatlion method i.as two Important and
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unique advantages. Since the protein-DNA complexes c.n be
separated from the free proteins, this method can be used for
purlfyling new proteins that binds to a deflned target DNA. The
other unique advantage |Is that the proteln-DNA complexes can
be resolved even If they differ only In thelr stolchiometries
or In the physlcal arrangement of their components {[Carey,
1990].

Whatever thelr advantages, nelther the fllter binding
assay nor the gel retardation methods deflne the protein
binding sites on DNA. This can be done by DNA footprinting.
The current popularity of techhique dates from the origlinal
reports of DNase | footprinting [Galas and Schmitz, 1978].
There are two kinds of footprinting experiments, the
protection methods and Interference methods [Tulllus, 1989].

The protection experiment I|Is based on the fact that
bound proteln blocks some cleavage or modification reactlon
performed on the DNA-proteln complex. The reagent used for
protection footprinting studles can be a nuclease or a small
molecule that reacts wlith unprotected DNA, for Instance
dimethyl sul fate, hydroxy | radical, MPE , and copper
phenanthroline. DNase | |Is the most common reagent for
protection studles because of Its relatively low sequence
specificlty In cleavage of DNA [Drew and Travers, 1984] and
the footprint |Is usually easy to obtain and simpie to
Interpret.

In the Interference experiments, the DNA Is speclfically

modified at different sites. A study as to which of the
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specifically chemically modiflied nucleotides Interfered wlith
the binding of proteln to DNA then Indicates which nuclieotlides

were Iimportant for proteln binding.

Vilili. The Interaction between Lrp and the Upstream Reglon of
Genes Regulated by Lrp

Lrp, wunder the name of |hb, was known to bind to two
reglons upstream of the //vIH promoter [Ricca et et., 1989].
It Is possible then that Lrp binds to the promoter regions or
the regions upstream of the promoters of alil genes It
regulates. Usling the gel retardation technique, | show that
Lrp binds to promoter/regulatory reglons of serA, sdaA, lysU,

gcv and /rp In vitro.

Viii-1. Lrp Binding to the IysU Upstream Region

The expression of the /ysU gene iIs regulated by the Irp
gene product. This was Indlicated by the fact that Ilysyl-tRNA
synthetase activity Increased 4-fold in an /rp::Tn10 mutant,
and that thls corresponded to an actual increase in the /ysU
gene product as ldentifled by 2-D gel analysis.

Gel retardation and DNase | footprinting experiments
demonstrate that purified Lrp proteln binds to the DNA
sequence Iimmediately upstream of the /ysU gene, and may exert
Its effect on /ysU directly. The pattern of expression of /ysU
seen by 2-D gel analysis and measured by enzyme activity is
consistent with Lrp acting as a repressor of /ysU expression,

and L-leucline counteracting this repression. In agreement with
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the pattern of expression observed In /n vivo experiments, the
gel retardation experiments showed that the binding of Lrp
protein to the I/ysU upstream region was inhiblted by the
addition of L-leucine. These observations are conslistent wlith
a direct and speciflic effect of Lrp protein on lysU
expression, although further experiments will be required to
conclusively prove that the regulation of J/ysU expresslion by
Lrp Is mediated by the binding of Lrp protein to this region
of E. col/l DNA.

The observation that L-leucine reduces the binding of Lrp
to the /ysU upstream region |s also consistent with the
observations on the effect of L-leucine on the regulatlion of
l1lviH by Lrp [Rlicca et a/., 1989]. Although //viIH expression
is positively regulated by Lrp, and /ysU expression |Is
negatively regulated, In both cases the presence of high
concentrations of L-leucine reduces the binding of Lrp to the
upstream region of the genes. These observations are
consistent with ar allosteric regulation of Lrp proteln by L~
leucline, wlth the actlive DNA-binding form of Lrp being
unli lganded.

Not only L-leucline, but also L-iIsoleucine and L-alanline
were observed to reduce the binding of Lrp proteln to /ysU
upstream region In /In vitro experiments. In vivo, the presence
of L-teucine or L-alanine, but not L-isoleucine, resulted in
the Increase of |JysU expression as measured by enzyme
activity. The addition of L-alanine to the growth medium had

already been shown to Increase lysyl-tRNA synthetase activity
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[HIrshfleld et ar., 1981], and to elevate the syntheslis of
lysU gene product as judged by 2-D gel analysis [R.G.
Matthews, personal communication]. A role for L-alanine In the
regulation of protein synthesis In the leucine/Lrp reguion lIs
also suggested by earlier studies of regulation of genes now
known to be regulated by Lrp. It has been reported that the
addition of L-alanine to growth medium led to the Iincreased
transcription of the oppABCOF operon [Andrews and Short,
1986]. Transcription of the ol lgopeptide permease operon is
known to be negatively regulated by the opp/ gene [Andrews and
Short, 1986; Andrews et al., 1988)]. The fact that opp/ was
recently shown to be lidentical to /rp [Willins et a/., 1991]
and the fact that the expression of several Lrp regulated
genes was affected by the presence of L-alanine suggests that
the effect of L-alanine on the binding of Lrp protein to the
lysU upstream reglion |Is speciflc and relevant to the
regulation of JysU expression In vivo.

As shown 1In Fig. 6, Lrp could bind to two sequences
upstream of J/ysU. The concentration dependence for binding of
Lrp to two separated sequences was much higher than that for
binding to the fragment containing both sequences. This might
suggest that the binding of Lrp to two sequences |Is
cooperative, or that each of the sequences contained only part
of the Lrp binding slite.

It was recently shown that two transcriptional initiation
sites are seen upstream of /ysU, these being located 80 and 88

bp upstream from the start codon AUG [Leveque et a/., 1881].



265
The result of DNase | footprinting experiments identlfy one
region of binding of Lrp between nuclieotides 160 and 240. This
binding site overlaps both ~10 and -35 boxes. It Is possible
that binding of Lrp to this site can potentially occlude both

-10 and -35 elements and block the binding of RNA polymerase.

Viltl=2. Binding of Lrp toc the serA Promoter Reglon
A. Dual promoter control the expression of seraA.

Two extension products were shown on the
electrophoretograms of the primer extenslon reaction performed
with the RNAs Isolated from the /rp mutant. In contrast, only
one Iniltiation site of serA transcription (serAP]) was
observed In the wild-type strain. It |Is surprising that
transcription from serAP, was repressed by Lrp, since the
transcription of serA was known to be positively controlled by
Lrp. However, In several cases, coordinate regulation of
transcription from different promoters was observed In genes
controlled by dual or multiple promoters [Musso et al., 1977,
Mailan and McClure, 1984; Huang et a/., 1990; 19382], such that
increased transcription from one promoter can be brought about
by bliocking another.

The occurrence of two or several promoters In the
regulatory reglons of genes or cperons In E. coll Is not a new
observatlion. In some of CRP-cAMP regulated genes, clusters of
overiapping promoters are controlied thi .ugh a single CRP-cAMP
target site. In the gal/ operon, two rvserlapplng promoter are
separated by 5 bp [Musso et al/., 1977; Alba et al/., 1981]. It

was suggested that the presence of CRP-CAMP resulted |In



266
transcription Initlation belng shifted from the upstream
promoter (gale) to the downstream promoter (gaIP1) and that
the regulation of transcription through promoter selection
might be a common feature of CRP-cCAMP regulated promoters
[Malan and McClure, 1984]1. In the /ac operon, two weak

promoters, [/acP, and [acP are located 22 and 15 bp upstream

2 3’

of the strong ‘acP, promoter [Malan and McClure, 1984; Xiong

1
et al., 1990]. All three promoters are controlled through one
common CRP-cAMP target site: Iach and IacP3 are repressed by
CRP-cAMP, while IacP]ls stimulated by CRP-cAMP [Xlong et al/.,
1990]. It was recently reported that the positive effect of
CRP~-cAMP on ompB expression in vivo Is also a composite of
activation and Inhibltion by CRP-cAMP of multiple ompB8

promoters [Huang et a/., 1992].

B. Binding of Lrp to the serA promoter region may alter
transcription.

The transcription of serA In E, coll |s under positive
control by Lrp, but the mechanlism of thls effect |Is unknown.
The gel retardation assay indicated that Lrp binds to at least
two sites of serA upstream region. This observation suggest
that Lrp Is a direct effector of serA /n vivo and In vitro.
The overall positive effect of Lrp on serA transcription in
vivo seems to be a composite of activation and repression by
Lrp on muitiple serA promoters. Primer extension analysls
shows that one serA transcript |Is actlivated by Lrp,

concomitant with the Inhibitlon of synthesis of a second
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transcript. The result of DNase | footprinting ldentlfled one
reglion of high affinity binding between -82 and -157. This
region Is overlaps the proposed -10 and -35 boxes of serAPz.
Lrp proteln negatively controls the promoter that overlaps
this Lrp binding site and positively regulates the promoter
that Is located further downstream from this site. Binding of
Lrp to this region then might well hinder the binding of RNA

polymerase to serA°P and Inhilbit transcriptlion from this

9
promoter.

Lrp Is both a positive and a negatlive regulator of
transcription of numerous operons In E. col//. The dual control
of Lrp protelin on serA expresslon is unusual, In that this Is
the flirst iIndicatton that Lrp both activates and represses
transcription from an individual operon.

In this mechanism, Lrp Is similar to CRP-cAMP. in the
extensively studled gal/ operon, a single Lrp binding slite In
the gal/ promoter region poslitively regulates the galP]
promoter and negatively regulates a second promoter, galpP,
[Adhya, 1987]. It was recentiy shown that binding of CRP~-CAMP
to the ompB promoter region actlivated transcription from two
promoters that overlap the CRP binding site, and Inhibited

transcription from the other two that are Ilocated further

downstream from this s!ite [Huang et al/., 1892].

Viil=3. Lrp Binds to the sdaA Upstream Reglion
Simitar to the case of /ysU, the expression of sdaA |Is

under the negative control of Lrp. The gel retardation assay
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demonstrated that there is a high affinity Lrp binding site
and at least one low affinity binding site lcvcated in the
upstream region of sdaA.

The transcriptlion start slte of sdaA Is still unknown,
despite considerable effort. However, B-galactoslidaseactlivity
from plasmid pSUZ4 (promoterless lacZ fused to the sdaA high
affinity binding site) Is simllar to that from plasmid pSuUz2
(containing both binding sites) In [Irp background. This
observation suggests that the promoter of sdaA |Is located
withln or upstream of high affinlty binding site.

On the other hand, the expression of B-galactosidase from
plasmlid pSUZ4 |Is also repressed by Lrp protein, but only 2- to
3-fold, a much lower effect than In seen Iin the intact gene.
With plasmid pSUz2, which carries both sites, the presence of
Lrp protein decreases the expression of B-galactosidase more
than 10 fold- simllar to regulation of the chromosomal gene.
These observations suggest that both two binding sites are

required for full repression of sdaA expression by Lrp.

IX. Possible Mechanisms by which Lrp Regulates Gene Expression

IX-1. The Mechanisms by Which Lrp Interacts with Its Target
Promoters

Several £. co/l regulatory proteins, such as CRP and AracC,
can actlvate transcription of some operons and Inhibit
transcription of others. CRP-cAMP can both positively and

negatively regulate transcription through dil fferent promoters
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with a single operon. The ligand-free CRP has no function In
gene regulation. Both actlivation and repression require the
presence of the |igand cAMP.

Lrp, Ilike CRP, can posltively regulate the expression of
some operons and negatively regulate the expression of others.
The interaction between Lrp and Its effector, L-tleucine, |Is
very complex. At least six patterns of Interaction between Lrp
proteln, L-leucine, and Lrp-regulated promoters have been
demonstrated (Table 24).

As shown In Table 24, Lrp can stimulate or repress the
expression of |Its target genes both with and without
involvement of L-leucine. In both cases, there are three
types of Iinteractlion known: Lrp acts alone, Lrp action
requires L-leucine, or Lrp action Is reversed by L-leucine.

As shown In this study, Lrp protein greatly stimulates the
expression of the gcv operon, but the presence of L-ileucine
has Ilittle or no effect. Consistent with this Is the fact that
the gel retardation assay shows that the purified Lrp protein
blnds to the upstream reglion of the gcv operon; the presence
of L-leuclne does not affect the binding actlvity. On the
other hand, the expression of Irp |Is subject to negative
autoregulation, and Is very little effected by L-leucine.
Again the /n vitro binding study shows that L-leucine has no
effect on the binding of Lrp to the /rp upstream region.

In the one of the most extensively studlied Lrp regulated-
operon, transcriptlon from //v/H promoter Is activated by Lrp
and repressed by L-leucine [Platko et a/., 1990}. Both /n vivo

and /n vitro data suggested that L-leuclne represses //IvIH



TABLE 24. The Interaction between Lrp,

target promoters.
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L-leucine, and the

Action

Prototype gene

Lrp activates
L-leucine reduces the effect of Lrp
L-leucine |Is required for Lrp effect

L-teucine has no effect

Lrp represses
L-leucline reduces the effect of Lrp
L-leucine is requlired for Lrp effect

L-leucine has no effect

1IviIiH
sdas?

gecv

sdaA
livJd/K

Irp

2, Or gene regulating sdasB.
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expression by interfering wlith the action of Lrp protein
[Platko et al., 1890]. This Is also true for serA. The
expression from sdaA and /ysU promoter, on the other hand, |Is
repressed by Lrp and thls repression is reduced by L-leuclne.
The results of In vitro binding assays are consistent with the
In vivo observations, that is, the presence of L-leucine can
reduce the binding of Lrp protein to upstream reglon of sdaA
and lJlysU. However, It has not been shown clearly that
binding of Lrp to these reglons Is the factor that In fact
controls their expression of sdaA and |ysU.

In other cases, Lrp can acts as either repressor (/i/vJ/K)
or activator (CP41, CP52 and CP57) only in combination with L~
leucine. For this type of regulation, the /n vitro ktinding
study which would demonstrate whether Lrp does bind to these
promoters and whether binding of Lrp requires the presence of
L-leucine has not yet been done.

In the case of the araBAD operon, both ligand-free and
| lgand-bound AraC protein can bind to the araBAD reguiatory
reglon. However, in the absence of arablinose, llgand-free AraC
protein binds to aral1 only and represses transcriptlion from
the araBAD promoter; In the presence of Inducsr arablnose, the
| igand-bound AraC protein binds to both aral1 and ara/2 slites
and activates the transcription of araBAD [Lee et al., 1987].

There Is no real evidence that such a swltcih mechanism
occurs In Lrp/leucine regulon. However, Iin iInsertion mutant
CP25, in the absence of L-~leucline, Lrp represses expression,

whereas In the presence of L-leucine, Lrp stimuiates
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expression. This could suggest that both the repressor and
the activator forms of Lrp protein are Involved in the
regulation of an iIndividual gene or promoter.

What can be sald In general of the role of L-leucline In
gene regulation? It Is possible that L-leucine binds to Lrp
protelin and the Iinteraction between L-leucine and Lrp changes
the protein conformation. Both ligand-free and | Ilgand-bound
Lrp proteins have binding activity, but In the presence of the
llgand L-leucline, Lrp proteln recognlizes and blinds to
different sequences. Alternately, L-leucine may not affect Irp
binding activity, but may affect Its regulatory property. The
gel retardation exper Iments show that at least In some cases,
L-leucine did affect Lrp binding activity (as dliscussed
above).

In the case of /rp and gcv promoters, the presence of L-
leucine has essentlally no effect on the gene expression. The
gel retardation experiments also demonstrated that the
addition of L-leuclne has no effect on the Lrp binding
actlivity, |f there are two conformations of Lrp, wlith and
wlthout L-leucine, these observations suggest that elther both
forms of Lrp protein bind to a single binding site or they
bind to different sites but have simlilar effects on
transcription. A footprinting study might answer this
question. In other types of promoters (except CP25), It seems
that only one forms of Lrp protein can activate or repress

transcription.
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1X-2. Interaction of Lrp with 1ts Target Promoters

In vitro exper iments have shown that Lrp can bind to the
regulatory region of at least some of Its target genes. The
surprise |Is that DNase | footprinting experiments Indicate
that the Lrp protectlion site Is unusually large: 70 bp In
lI1vIiH [Ricca et al/., 19891, 88 bp Iin lysU, 75 bp In sdaA, and
70 bp In serA, compared with the 21 bp protected by LacR
[Galas and Schmitz, 1978] and the 20-24 bp protected by PurR
at tts various sites [He et al., 1980). Since Lrp Is a small
homodimer proteln, wlith a monomer molecular mass of 18.8kDa
[Willins et a/., 1991], such a long binding slite must bind
more than onhe molecule.

Moreover, the DNase | footprinting exper Iments
demonstrated that the subsites of the DNA protected by Lrp
show simliar affinlty throughout the whole reglon. The
subregions separating the protected areas showed a regular
pattern of alternately Increased and decreased sensitivity to
DNase | cleavage, as In the cases of MalT actlivator binding to
malE and mal/K regulatory region [Raibaud et a/., 1989] and
pulAp and pulCp regulatory region [Vidal-inglgliardl et al.,
1991]. It ls possible that Lrp, ltke MalT, forms a
nucleoprotelin compliex at the reguliatory reglion of its target
promoters.

Based on the sequence date from the upstream of target
genes, |t has been proposed that TTTATTCtNaAT Iis a consensus
sequence of a Lrp binding site [Rex et al/., 1991]. This

sequence was found wlthin the Lrp binding sites of /ysU.
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However, It Is not found within the Lrp binding site of sera
and sdaA, and even can not be found In the upstream region of
the serA, sdaA, and /ivJ/K operon. Furthermore, thls sequence
Is rather common in both prokaryotic and eucaryotlc genes, and
can also be found within the coding reglion or downstream
reglon of genes. No other consensus sequence has been
identifled so far.

It Is also possibie that Lrp recognizes DNA secondary
structure rather than primary sequence, as proposed for OxyR
[Tartaglla et al/., 1989]. In the case of OxyR, flve large DNA
binding sites (about 45 bp) do not show any simllarity.

[Tartagl!la et a/., 1989].

IX-3. The Posslble Mechanism of Lrp actlon

Lrp, | ike CRP-cAMP, activates expresslion from some
promoters and Inhibits expression from others. DNase |
protection experiments demonstrated that at least In some Lrp
repressed promoters, such as serAP2 and /ysU, the Lrp binding
site overiaps with the RNA polymerase binding site. These
observations suggest that the role of Lrp Iin negative control
may due to Lrp competing with RNA polymerase for the DNA
binding slte. Binding of Lrp to the operator site then would
block the Interaction between RNA polymerase and the promoter.

In the Lrp-regulated promoters studled so tar, most of
them containing muitiplie Lrp binding sltes in the upstream
region. In the case of sdaA, It seems that both binding sltes

are required for full repression. Deletion of the downstream
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low affinity binding site largely reduced repression by Lrp.
Whether a repression loop is formed between these two binding
sites would be worth testing.

How then does Lrp actlivate the expression of lts target
promoters? It Is possible that Lrp’'s mechanism of action wlli
be similar to that of CRP, since there are already some
simllarities between these two global regulatory protelins.
Both of them are sma!l, basic, relatively abundant proteins
that function as homodimers [Anderson et a/., 197'; Willins et
al., 1991]. That Is, Lrp may actlvate transcription Initlation
through direct protein-protein contact with the RNA polymerase
or through the bending of DNA, as proposed for the mechanlism
of CRP-CAMP actlivation of /ac expresslion [Reznikoff, 1892].
The DNase | footprinting experiments showed that repeating
DNase | hypersensitive sltes are present within all Lrp
binding sltes studied so far. This suggests that binding of
Lrp might loop or bend DNA.

Conslidering Lrp binding to an unusually long stretch of
DNA and the large number of Lrp binding site In the E. coll
chromosome, at least 4 Lrp binding site in pBR322, the bindling
of Lrp may effect DNA structure and may be one determinant of

the speclficity for folding DNA in the cell.

X. Summary
This thesis described the isolation and characterlization
of a highly plelotropic Escherichia coll mutant, I/rp. The Irp

gene was |ocated near 20 min of E. co/l chromosome and shown
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to affect the activity of a number of enzymes involved In
different metabolic pathways, most of which are regulated by
L-leucline.

Selected for Its ablility to grow with L-serine as sole
carbon source, the /rp::Tn70 mutant showed high levels of L-
serine deaminase activity (due to Increased transcription of
sdaA, one of the structural genes for L-serine deaminase),
and of another amino acld-degrading enzyme, L-threonine
dehydrogenase, and decreased the transcription of serA and
lIviH operons, coding for amino acid blosynthetlic enzymes. The
effect of the /rp mutation on the expression of these genes
could also be observed in Irp+ strains grown In the presence
of L-leucine, whereas exogenous L-leuclne had essentially no
effect on the Irp mutant strains. The J/rp mutation or the
addition of exogenous L-leucline also suppressed the s!low
growth of a metK mutant, deficlient In S-adenosyl!methionine
synthetase. We propose that the /rp gene product Is the
regulator of a global response to L-leucine.

To determine whether other genes whose expression is also
reguiated by Lrp, 27 strains with Ap/acMug9 Insertlion In L-
leucline~-reguliated genes were Isolated and characterized. The
expresslion of lacZz from all of these Insertlion mutants was
shown to be reguiated by Lrp. On the other hand, L-leucine had
no effect on gene expression In [I/rp mutants of all these
insertions except for the insertions within the /eu operon.

Lrp and L-ileucine influenced gene expression |In a

surprising variety of ways. In most cases, gene expression was
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elther positively or negatively regulated by bLrp, and L-
leucline could alleviate the effect of Lrp. In other cases, Lrp
elther actlivated or repressed only In combination with L-
leuclne (sdaB8 and [/IvJ/K).

However, not all genes regulated by Lrp were affected by
L-leucine. The expression of gcv and /rp are under the control
of Lrp but not affected by L-leucline.

The expression of /rp |Is repressed during growth in rich
medium. Together with the facts that Lrp tends to activate the
express!ion of blosynthetic genes and repress the expression of
degradative and transport genes, this suggests that Lrp
increases the synthesis of protelns required for growth In
poor environments and decreased the synthesis of protelns
required In rich medium.

The primer extension analyslis demonstrated that the
overall positive effect of Lrp on serA expression /n vivo
seems to be a composite of activation and repression by Lrp on
muitiple serA promoters.

Gel retardatlon assays Indlcated that Lrp binds to
upstream region of /ysU, sdaA, serA, gcv, and I/rp. The effect
of L-leucine on binding activity Is consistent with the /n
vivo results. DNA footprinting analyslis showed that Lrp
protein protected upstream region of /yslU, serA, and sdaA from
DNase | dlgestion In a large region. However, no consensus

sequence for Lrp binding was found.

PPl e e e
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