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Most studies of global regulatory proteins are performed in vitro or involve phenotypic comparisons between
wild-type and mutant strains. We report the use of strains in which the gene for the leucine-responsive
regulatory protein (Irp) is transcribed from isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible promoters
for the purpose of continuously varying the in vivo concentration of Lrp. To obtain a broad range of Lrp
concentrations, strains were employed that contained the Irp fusion either in the chromosome (I. C. Blomfield,
P. J. Calie, K. J. Eberhardt, M. S. McClain, and B. I. Eisenstein, J. Bacteriol. 175:27-36, 1993) or on a
multicopy plasmid. Western blot (immunoblot) analysis with polyclonal antiserum to Lrp confirmed that Lrp
levels could be varied more than 70-fold by growing the strains in glucose minimal 3-(N-morpholino)propane-
sulfonic acid (MOPS) medium containing different amounts of IPTG. Expression of an Lrp-regulated gitB::lacZ
operon fusion was measured over this range of Lrp concentrations. 3-Galactosidase activity rose with increas-
ing Lrp levels up to the level of Lrp found in wild-type strains, at which point expression is maximal. The
presence of leucine in the medium increased the level of Lrp necessary to achieve half-maximal expression of
the gitB::lacZ fusion, as predicted by earlier in vitro studies (B. R. Ernsting, J. W. Denninger, R. M. Blumenthal,
and R. G. Matthews, J. Bacteriol. 175:7160-7169, 1993). Interestingly, levels of Lrp greater than those in
wild-type cells interfered with activation of gltB::lacZ expression. The growth rate of cultures correlated with the
intracellular Lrp concentration: levels of Lrp either lower or higher than wild-type levels resulted in signifi-
cantly slower growth rates. Thus, the level of Lrp in the cell appears to be optimal for rapid growth in minimal

medium, and the gltBDF control region is designed to give maximal expression at this Lrp level.

The leucine-responsive regulatory protein (Lrp) is a global
transcriptional regulator in Escherichia coli. Lrp affects the
expression of several dozen genes and operons, many of which
are involved in amino acid metabolism and transport or pilin
synthesis (6, 23, 28). It is thought that Lrp enables the cell to
respond to its external environment, primarily sensing the
availability of amino acids and nitrogen-containing bases, in
order to regulate many metabolic pathways (6, 28). Genes
involved in amino acid biosynthesis are positively regulated by
Lrp, whereas genes involved in catabolic reactions are nega-
tively regulated. Consistent with this role of Lrp, the expression
of the Irp gene is high in minimal media and lower in rich
media (6, 22a). One of the most interesting aspects of regula-
tion by Lrp is the number of different modes of regulation
which have been observed and the varied responses to the
coregulator, leucine. Lrp can either activate or repress expres-
sion from target genes, and leucine may antagonize, potenti-
ate, or have little effect on the regulation by Lrp.

We are studying the glutamate synthase operon (gltBDF)
because it is a positively regulated operon that is highly sensi-
tive to Lrp and relatively insensitive to leucine. Previous stud-
ies have shown that the gltBDF operon is regulated by Lrp at
the level of transcription and that Lrp binds specifically up-
stream of gltBDF (12). These studies used in vitro methods
such as gel mobility shift assays to measure the binding of Lrp
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to the promoter DNA of target genes and led to the proposal
that sensitivity of Lrp-regulated genes to leucine depends on
the affinity of Lrp for the promoter DNA of the target genes
and the effective intracellular Lrp levels. According to this
proposal, target promoters with a high affinity for binding Lrp
(such as the promoter for gltBDF) are intrinsically less sensitive
to leucine at normal in vivo concentrations of Lrp than are
low-affinity promoters. That in vitro work enabled us to deter-
mine a unique in vitro Lrp concentration of 5.5 nM, which,
under the growth conditions used, could explain the observed
effect of leucine and Lrp on the target gene, gltBDF.

There are inherent difficulties in basing a physiological
model on in vitro data. DNA-binding proteins such as Lrp have
a certain proportion of their intracellular concentration se-
questered by binding to nonspecific DNA, and this concen-
tration may vary as the total DNA concentration varies in
response to changes in growth rate (3). Therefore, the concen-
tration of free versus nonspecifically bound Lrp in the cell
cannot be predicted from the in vitro binding curves, and the
intracellular concentration of Lrp responsible for the observed
patterns of regulatory expression remains unknown. Other
proteins in the cell, not present in the purified in vitro system,
may also affect the expression of target operons and the con-
centration of Lrp required for their maximal expression. In the
case of regulation by Lrp, it is likely that other players are
involved, and this may help explain the number of modes of
regulation observed (6). There are a number of cases in which
regulation by Lrp is affected by other proteins. Many fimbrial
operons are regulated both by Lrp and by a local fimbrial
regulator (23): for the pap operon producing P pili in E. coli, it
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has been shown that the regulatory protein, Papl, affects the
DNA binding pattern of pap DNA by Lrp (20, 29). Similarly,
both Lrp and the fimbrial regulatory protein, FaeA, control
expression from the fimbrial K88 (fae) operon (18). For the
glycine cleavage (GCV) enzyme system, gcv expression is reg-
ulated by Lrp as well as by the regulatory proteins GevA and
PurR (37). The histone-like protein, H-NS, has also been
found to bind specifically to a promoter segment of /rp and to
play a role in the autogenous regulation of Lrp (22, 31). The
osmY gene is regulated by at least three global regulators: Lrp,
cyclic AMP receptor protein complex, and integration host
factor (21). Thus, from the in vitro data alone, it is impossible
to know whether the interactions between Lrp and gltBDF are
sufficient to explain in vivo physiology.

To determine if the model based on in vitro data is physio-
logically relevant, we performed an in vivo titration of Lrp and
studied the effects of changes in Lrp concentration on expres-
sion from a gltB::lacZ fusion. An in vivo titration of a regula-
tory protein involves changing the intracellular level of the
protein over a wide range of concentrations in response to
some means of induction. This method allows one to observe
how target operons respond to changes in the concentration of
the regulatory protein and can lead to a determination of its
effective intracellular concentration. Several methods have
been reported for the titration of regulatory proteins or en-
zymes. Haggerty et al. were able to titrate the level of the
regulator of the arabinose operon, AraC, in E. coli by using an
amber mutation in araC that was present in a strain with
temperature-sensitive amber suppressors (15). By manipulat-
ing the temperature, they were able to vary the level of AraC
and observed a linear relationship between the level of AraC
and the inducibility of the arabinose operon. Interestingly, they
found that the expression of the arabinose operon was maximal
at the wild-type level of AraC. Other researchers have used
extrachromosomal elements to adjust the in vivo level of en-
zymes or protein factors in the cell (30, 35, 41). A method for
modulating the expression of enzymes in E. coli by expressing
the desired gene from a lacUV5 or tacl promoter in which the
gene of interest remains on the chromosome has been de-
scribed (19). With this method, the concentration of the H" -
ATPase ¢ subunit varied between very low levels and up to five
times the wild-type level with a dependence on the concentra-
tion of inducer, isopropyl-B-p-thiogalactopyranoside (IPTG).

In this study, we have developed a method to allow us to
examine the effect of varying the Lrp concentration in the cell
on the expression of a gltB::lacZ fusion. We were able to obtain
a wide range of intracellular Lrp concentrations by using two
different constructs. In one construct yielding low concentra-
tions of Lrp, the Irp gene is chromosomally encoded and under
the transcriptional control of the lacUV5 promoter; in the
second construct, higher concentrations of Lrp are achieved by
placing /rp on a multicopy plasmid transcribed from the strong
trc promoter. The data obtained by this method allow us to
compare in vitro binding data for the interaction of Lrp with
gltBDF with in vivo expression data. This study has enabled us
to estimate the concentration of Lrp present in a wild-type
strain during growth on glucose minimal MOPS [3-(N-mor-
pholino)propanesulfonic acid] medium, and by comparison to
the in vitro work, we are able to calculate the fraction of Lrp
within cells that is nonspecifically bound to DNA (or seques-
tered in some other way). This method has also allowed us to
examine the effect of varying intracellular Lrp levels on the
doubling time of cells grown in this medium. The goal of these
studies was to better understand how regulation of target genes
by Lrp and by its coregulator, leucine, is affected by changes in
the intracellular concentration of Lrp.
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TABLE 1. E. coli strains used in this work

Strain Description Source or reference

AAEC546 W3110 AlacZYA placUV5:rp Irp-35:Tnl0 1. C. Blomfield (2)

BE2 W3110 lrp-35::Tnl0 12

BE3479  PS2209 gltB(psiQ32)::lacZ (Mu d1-1734) 12

BW12679  Alac-169 gltB(psiQ32)::lacZ (Mu d1-1734) B. Wanner (24)
creB510 rps267 crp-72 aroB thi

DB3 AAECS546 gltB (psiQ32)::lacZ (Mu This work
d1-1734)

DB7 DB3/pDWB2 (ptrc99::lrp lacl?) This work

IM105 supE endA sbcB15 hsdR4 rpsL thi Promega
A(lac-proAB)

JWD2 IM105/pIJWD2 (ptrc99::lrp) 12

PS2209 W3110 Alac-169 F. C. Neidhardt

F. C. Neidhardt
Stratagene

W3110 F~ prototroph

XL1 Blue recAl endAl gyrA96 thi-1 hsdR17 supE44
relA1 Alac-pro [F' proAB lacl"ZAM15
Tnl0]

MATERIALS AND METHODS

Bacterial strains. The E. coli K-12 strains used in this work are described in
Table 1.

Media and growth conditions. All cultures were grown aerobically at 37°C in
a rotary shaker (180 rpm) with an 8:1 flask volume-culture volume proportion.
Cell growth was monitored spectroscopically at A,,,. Cells were grown in MOPS
minimal medium (27) supplemented with 10 wM thiamine, 0.4% glucose as the
carbon source, and amino acids as indicated. The concentrations of amino acids
were those used in defined rich medium, including 0.4 mM isoleucine and 0.6
mM valine (43). When indicated, leucine was present at a concentration of 10
mM on the basis of previous results in which this concentration of leucine
resulted in a maximal effect in an in vitro gel shift assay (12). The intracellular
leucine concentration in a wild-type strain is 1.7 mM when grown in glucose mini-
mal medium; upon addition of 0.4 mM exogenous leucine, the intracellular leu-
cine concentration rises transiently to 11.7 mM and then is maintained at 5.3 mM
during steady-state growth (34). Antibiotics were used at the following concen-
trations: ampicillin, 100 pg/ml; kanamycin, 50 wg/ml; or tetracycline, 20 wg/ml.
Cultures were maintained on Luria-Bertani agar plates supplemented with the
appropriate antibiotics. IPTG (Boehringer Mannheim) was prepared as a 0.83 M
stock in sterile water and was stored at —20°C in small aliquots; it was added to
the growth medium prior to inoculation with an overnight bacterial culture.

Strain construction. Generalized transduction mediated by P1 vir was carried
out as described by Miller (25). Strain DB3 was constructed by transduction of
the transcriptional fusion gltB::lacZ from strain BW12679 into AAEC546, with selec-
tion for Km". pDWB2 was constructed by subcloning a 2-kb Sphl fragment contain-
ing lacI? and Irp under the transcriptional control of the IPTG-inducible pro-
moter ptrc99 (ptrc99::lrp) from pJWD?2 into the Sphl site of pBR322. Strain XL1
Blue was transformed with the ligation mixture with a selection for Ap". Strain DB7
was obtained after transformation of strain DB3 with pDWB2 and selection for Ap".

B-Galactosidase assay. B-Galactosidase activity and culture density were mea-
sured at six intervals during exponential growth (from an A, of approximately
0.1 to 1.0). The assay used was described by Miller (25), as modified by Platko et
al. (33). At each sampling time, two portions were removed from the culture.
One was diluted in fixer (MOPS minimal medium containing 0.9% [vol/vol]
formaldehyde) and used within 1 h to determine the A4 4,,. The cells in the second
portion were permeabilized by being mixed with an equal volume of an aqueous
solution of cetyl trimethylammonium bromide (200 wg/ml) and sodium deoxy-
cholate (100 pg/ml) and then being incubated overnight at 4°C. Permeabilized
cells (0.5 ml) were mixed with 0.5 ml of assay buffer (0.1 M sodium phosphate
buffer [pH 7.0], 1 mM magnesium sulfate, 2 mM managnesium sulfate, and 50
mM B-mercaptoethanol) and incubated at 28°C in the presence of 0.15 ml of
4-mg/ml o-nitrophenyl-B-p-galactopyranoside (ONPG). When the reaction tubes
were visibly light yellow, the assay was stopped by the addition of 0.325 ml of 1
M sodium carbonate. Cells were removed by centrifugation, and the A,,, of the
supernatant was measured; this value (AA4,) is associated with hydrolysis of
ONPG by B-galactosidase. The units for B-galactosidase activity were calculated
by dividing AA4,,, by the time allowed for the reaction and by the volume of
permeabilized cells used for the reaction. The units of B-galactosidase activity are
arbitrary units: 1,000 X AA,,, min~! ml~!. The specific activity reported was
obtained by determining the slope of a plot of B-galactosidase activity versus the
Ayso Of the culture, and the units are (1,000 X A4, min~! ml~")/A4,,, of the
culture (Fig. 1). A series of similar plots (not shown) of the B-galactosidase
activity versus the optical density of the culture for all strains and growth con-
ditions were constructed, and the slopes of the lines are used as the reported
values for B-galactosidase specific activity in Table 3. The slopes from these plots
were found to be linear up to an A, of the culture of at least 1.2 and indicate
that all measurements were made during balanced growth.
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FIG. 1. Effect of IPTG titration on B-galactosidase activity from a gltB::lacZ
operon fusion. Cultures of strain DB3 (low range of Lrp concentration) were
grown in glucose minimal MOPS medium containing isoleucine, valine, and 10
mM leucine. IPTG was used to induce Lrp expression; the micromolar concen-
tration of IPTG used is indicated to the right of the lines. The growth of the
cultures was spectroscopically monitored at A4, The slopes of the lines (B-
galactosidase activity/44,, of the culture) determined by linear regression are
reported as B-galactosidase specific activity in Table 3. Similar experiments were
done in the absence of leucine for strain DB3 and in the presence and absence
of leucine for strain DB7.

Western blot (immunoblot) analysis. Western blot analysis was used to quan-
tify Lrp levels in cell extracts from 1-ml samples harvested at an 4,,, of approx-
imately 1.0. Extracts were obtained by treating the cell pellets with 46 ul of a
sodium dodecyl sulfate (SDS)-B-mercaptoethanol solution (0.3% SDS-5%
B-mercaptoethanol in 58 mM Tris-Cl [pH 8]), boiling them for 2 min, and then
incubating them on ice for 10 min with 4 pl of a nuclease solution (1 mg of
DNase I and 0.3 mg of RNase A per ml [Worthington Biochemical Corp.]).
When necessary, the extracts were diluted with extract prepared in the same way
from strain BE2, which contains /rp-35::TnI0. Small aliquots of the extracts were
mixed with an equal volume of 2X sample buffer (0.1 M Tris-HCI [pH 6.8], 10%
B-mercaptoethanol, 20% glycerol, 2% SDS, trace amount of bromophenol blue)
and boiled for 5 min, and then 4 pl of each sample was subjected to SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) with 15% polyacrylamide gels.
After fractionation in electrophoresis buffer (0.025 M Tris [pH ~8.3], 0.192 M
glycine, 0.1% [wt/vol] SDS), proteins were electrophoretically transferred to
Immobilon-P Transfer Membrane (Millipore) with a Mini Trans-blot cell (Bio-
Rad) at 100 V for 1 h in transfer buffer (0.025 M Tris [pH ~8.3], 0.192 M glycine,
20% methanol [vol/vol], chilled to 4°C).

The blots were incubated for 0.5 h in a Tris-buffered saline solution with 0.05%
Tween 20 (TBST) and 1% bovine serum albumin as a blocking agent. Blots were
then incubated for 0.5 h with 15 ml of TBST containing polyclonal rabbit anti-
Lrp serum (kindly supplied by J. M. Calvo), washed three times with TBST, and
then incubated with TBST containing a 1:7,500 dilution of anti-rabbit immuno-
globulin G alkaline phosphatase conjugate (Promega). After three more washes,
the antibody complexes were visualized by incubating the blots with the sub-
strates nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (Proto-
Blot II AP System; Promega).

For quantitation, dilutions of purified Lrp were included on every blot. The
Lrp was diluted with cell extract from strain BE2 (Irp::Tnl0); dilution into an
Lrp~ cell extract was found to be essential for optimal sensitivity, as previously
reported (1, 45). By this method, we were able to detect Lrp with a sensitivity of
approximately 50 pg per lane, and we were able to quantify Lrp levels over the
range from 50 pg to 4 ng by using an Lrp standard dilution-response curve
constructed for each blot. When necessary, sample extracts were also diluted with
cell extract from strain BE2 in order to have an Lrp concentration for all samples
in the range between 50 pg and 4 ng. To normalize for slight differences in
sensitivity between blots, identical samples of extract from strain BE3479 (Irp™*)
were included on each blot.

The intensities of Lrp signals on each blot were quantified with an XRS
scanner with BioImage version 4.6Q software. A standard curve of signal inten-
sity versus Lrp concentration was constructed for the dilutions of purified Lrp.
The concentration of the experimental samples was determined by comparison
to this standard curve. The concentration of the undiluted sample was deter-
mined by the Protein and Carbohydrate Structure Facility at the University of
Michigan by amino acid analysis by the phenylthiocarbamyl method (16, 39).

RESULTS

Development of an in vivo system in which the intracellular
concentration of Lrp can be varied continuously over a wide
range. Our goal was to develop a method by which the intra-
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cellular concentration of Lrp could be varied over a continuous
range from near zero to greater than the wild-type level and to
study the effects of these changes on the expression of the
Lrp-regulated gene, gltB. Lrp expression is affected by growth
conditions: expression is maximal in glucose minimal medium
and repressed in rich media such as Luria-Bertani medium (6,
22a). All of our measurements were made from cultures grown
in glucose minimal MOPS medium, and all samples for quan-
titation of Lrp levels by Western blot analysis were obtained at
an A,,, of approximately 1.0. Since Lrp-dependent regulation
of many genes is affected by leucine (6), experiments were
performed both in the presence and in the absence of exoge-
nous leucine.

The wild-type concentration of Lrp for cells grown in glu-
cose minimal MOPS medium was determined for strain
BE3479, which contains a wild-type chromosomal /rp gene and
a transcriptional gltB::lacZ fusion (Table 2). Irp is known to be
autogenously regulated (22a, 42), but studies measuring (3-ga-
lactosidase expression from Irp::lacZ transcriptional fusions
showed little effect of leucine on expression (22a, 32). We
found that for strain BE3479, the presence of leucine resulted
in slightly greater intracellular Lrp levels than its absence. This
observation is consistent with autogenous repression of Lrp
that is relieved by leucine. The abundance of Lrp in an lIrp™
strain (CSH26) has been previously reported to be about 3,000
dimers per cell, corresponding to an intracellular concentra-
tion of about 5 uM (45). Although we used a different strain,
our values are in close agreement (Table 2). We generally
report Lrp concentration in terms of nanograms per microliter
of cell extract: conversions into units of dimers per cell or
molarity introduce increased error since they require knowl-
edge of the number of viable cells and the cellular volume,
which are strain and growth rate dependent. These calculations
have been made for strain BE3479, and the values are listed in
Table 2; however, it must be stressed that these conversion
factors should not be applied to other strains or growth con-
ditions.

We used strain AAEC546, constructed by 1. C. Blomfield, as
the basis for development of an Lrp-titratable strain. In strain
AAECS546, Irp expression is controlled by the IPTG-inducible
lacUV5 promoter (2). Strain DB3 was constructed by transduc-
tion of a gltB::lacZ transcriptional fusion into AAEC546. Ini-
tial experiments showed that Lrp levels in strain DB3 were
lower than those of the wild type, even with maximal induction
by IPTG. To increase the range of in vivo Lrp levels, a second
strain was constructed that was isogenic to strain DB3, except

TABLE 2. Intracellular Lrp concentration in wild-type
strain BE3479

Intracellular Lrp concn
Presence of
leucine”

ng/pl of cell

extract’ Dimers/cell® LM
- 1.21+03 2,485 4.95
+ 1.57 +0.2 3,224 6.42

¢ Strain BE3479 was grown in glucose minimal MOPS medium containing
isoleucine and valine with or without 10 mM leucine.

b Lrp concentrations were determined by Western immunoblot analysis of cell
extracts with antiserum raised against Lrp and dilutions of pure Lrp as standards.
Lrp concentrations are represented as nanograms of Lrp per microliter of cell
extract * standard deviation, and the values were adjusted for slight differences
in culture density by dividing them by the A,5.

¢ Values for Lrp dimers per cell were calculated with the experimentally
determined value of 3.9 X 10° cells per ml at an 44, of 1.0 for strain BE3479 and
a molecular mass of 37,600 g/mol for a dimer of Lrp (45).

4 The intracellular concentration of Lrp was calculated with a value of 0.833 fl
for the volume of E. coli B/r cells with a doubling time of approximately 1 h (10).
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FIG. 2. Western blot analysis with polyclonal antiserum to Lrp of cell extracts from strains BE3479 (Ip ™), DB3 (placUV5::lp Irp-35::Tnl10), and DB7 (placUV5::lrp
Irp-35::Tnl0/pDWB2 ptrc99::lip lacl?). Cells were grown in glucose minimal MOPS medium containing either isoleucine and valine or isoleucine, valine, and 10 mM
leucine. Cultures were induced with IPTG at the concentrations indicated below the samples. Cell extracts from 1 ml of culture were obtained at an A, of
approximately 1.0. Prestained markers (Bio-Rad; not shown) were included on each blot, and the approximate molecular weights are given to the left of each blot. Equal
volumes of cell extract plus sample buffer (4 pl) were loaded into each lane. Strain designations and the absence (—) or presence (+) of leucine are indicated above
each sample. Lrp standards are amounts of purified Lrp diluted into an Lrp~ cell extract (strain BE2 [lrp-35::Tnl0]) and added to the lanes in the following amounts:
a, 4.0 ng; b, 2.0 ng; ¢, 1.0 ng; d, 0.5 ng; e, 0.25 ng; f, 0.125 ng; g, 0.0625 ng. The lane indicated by the arrow is an equivalent volume of extract from strain BE2. Lanes
labeled “wt” are samples of cell extract from strain BE3479 (PS2209 Irp ™" gltB::lacZ), which were diluted 1:4 with extract from strain BE2. (A) Strain DB3 samples (lanes
1 to 6) from cultures induced with IPTG at concentrations of 0, 10, and 20 pM. (B) Strain DB3 samples (lanes 7 to 12) from cultures induced with IPTG at
concentrations of 40, 80, and 200 wM. (C) Strain DB7 samples (lanes 13 to 18) from cultures induced with IPTG at concentrations of 0, 1, and 2 uM. Strain DB7 samples
were diluted 1:4 (samples 13 and 14) or 1:20 (samples 15 to 18) with cell extract from strain BE2. (D) Strain DB7 samples (lanes 19 to 24) from cultures induced with
IPTG at concentrations of 4, 8, and 16 wM; these samples were diluted 1:20 with cell extract from strain BE2.

for the addition of a pBR322-derived plasmid containing Irp
expressed from the IPTG-inducible #7¢99 promoter. In this
strain, DB7, transcription from the #c99 promoter is very
leaky, and thus Lrp levels are quite high even when no IPTG
is present.

Quantification of Lrp levels involved Western blot analysis
followed by image scanning and signal quantitation. Strains
DB3 and DB7 were grown in glucose minimal MOPS medium
in the presence or absence of leucine and at many different
concentrations of IPTG. Samples for Western blot analysis
were obtained at an A,,, of approximately 1.0 for all cultures.
Figure 2 shows representative Western blots for cell extracts
obtained from the cultures. After the scanning and quantifying
of each Western blot, a standard curve of Lrp concentration
versus signal intensity was constructed with purified Lrp stan-
dards diluted into a cell extract from an lrp::Tnl0 strain, BE2.
The Lrp concentrations in cell extracts from cultures of strains
DB3 and DB7 were quantified by interpolation of their values

for signal intensity to the Lrp standard curve. DB3 produces
Lrp levels ranging from near zero, with no IPTG induction, to
approximately two-thirds of the wild-type level with 0.2 mM
IPTG induction; strain DB7 produces levels of Lrp similar to
those of the wild type with no induction and much higher than
the wild-type level with IPTG induction.

Since transcription of Lrp is controlled by IPTG-inducible
promoters in these strains, we were able to continuously vary
the intracellular concentration of Lrp as a function of IPTG
concentration. As shown in Fig. 3, even very low levels of IPTG
resulted in substantial induction. For strain DB3, Lrp levels
became maximal at 40 uM IPTG both in the presence and in
the absence of leucine. Even lower levels of IPTG resulted in
a huge induction of Lrp in strain DB7. In the presence of
leucine, 4 uM IPTG resulted in maximal Lrp concentrations,
whereas in the absence of leucine, further induction with IPTG
led to increased Lrp levels. At an IPTG concentration of 16
M, the intracellular Lrp level in strain DB7 (in the absence of
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FIG. 3. In vivo titration of Lrp. Cells were grown in glucose minimal MOPS
medium containing either isoleucine and valine (solid circles) or isoleucine,
valine, and 10 mM leucine (open squares). Lrp concentrations were determined
by Western immunoblot analysis of cell extracts obtained at an A, of approx-
imately 1.0 with antiserum raised against Lrp and dilutions of purified Lrp into
an Lrp~ extract as standards. Lrp concentrations are represented as nanograms
of Lrp per microliter of cell extract, and the values were adjusted for slight
differences in 44, at the time of cell harvest by dividing by 44,(. (A) Strain DB3
(placUV5::rp Irp-35::Tn10) was induced with 0, 10, 20, 40, 80, and 200 pM IPTG.
(B) Strain DB7 (placUV5::rp Irp-35::Tn10/pDWB2 ptrc99::lrp lacIv) was induced
with 0, 1, 2, 4, 8, and 16 uM IPTG.

leucine) was approximately 70 times the wild-type level. In
contrast to our results with wild-type /rp in strain BE3479
(Table 2), levels of Lrp were lower in the presence of leucine
than in its absence for both strains DB3 and DB7. We expected
no effect of leucine on Lrp levels, since /rp is no longer under
the control of its own promoter in these strains. Moderate
effects of Lrp and leucine on expression of B-galactosidase
from the lac promoter have been reported previously (40);
Lrp activates expression, and leucine antagonizes the effect
of Lrp. Our finding of reduced Lrp expression from placUV5
in the presence of leucine is consistent with these observa-
tions.

The level of expression from a gltB::lacZ operon fusion de-
pends upon the level of induction with IPTG. Previous studies
with a gltB::lacZ operon fusion in strain BE3479 (Irp™) showed
that expression of the fusion is positively regulated by Lrp and
decreases in the presence of 10 mM leucine (11, 12). We
examined how expression of the same gltB::lacZ fusion re-
sponded to changes in the intracellular Lrp levels obtained by
IPTG titration of strains DB3 and DB7. Cultures of strains
DB3 or DB7 were grown in the presence or absence of leucine
with a ramp of IPTG concentrations. Figure 1 shows the series
of plots obtained for B-galactosidase activity versus 4,,, of the
culture for strain DB3 grown in the presence of leucine and
various levels of IPTG. The same cultures were used to quan-
titate Lrp levels and to obtain samples for B-galactosidase
expression from the gltB::ilacZ fusion. As the concentration
of IPTG (and therefore Lrp [Fig. 3]) increased, the specific
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activity of the gltB::lacZ fusion, as measured by the slope of
the line, also increased. Data for a complete set of experiments
for strains DB3 and DB7 are presented in Table 3. For strain
DB3, wild-type levels of B-galactosidase activity were never
reached; this is consistent with the level of Lrp (~70% of wild
type) present in this strain at even the highest levels of IPTG.
In strain DB7, the highest level of B-galactosidase activity
occurred with no induction by IPTG. Induction of strain DB7
with IPTG resulted in very high levels of Lrp (Fig. 3) but
somewhat surprisingly led to a decrease in B-galactosidase
activity from the gitB::lacZ fusion. Addition of exogenous
leucine resulted in an approximate threefold decrease in 3-ga-
lactosidase activity for strain BE3479 (which contains /rp under
the control of its own promoter) compared with the activity
from cells grown in the absence of leucine.

Maximal expression from a gltB::lacZ fusion occurs at the
wild-type intracellular Lrp concentration. Combining our
measurements of in vivo Lrp levels (Fig. 2) with our data on
gltB::lacZ expression from the same set of experiments (Table
3) allowed us to construct a plot showing the effect of intra-
cellular Lrp concentration on the B-galactosidase specific ac-
tivity of the fusion (Fig. 4). The vertical line in Fig. 4 was drawn
at the average Lrp concentration found in wild-type cells
grown in glucose MOPS minimal medium supplemented with
Ile and Val with or without Leu (Table 2). At Lrp concentra-
tions lower than the wild-type level, expression from the
gltB::lacZ fusion increased with an increase in Lrp concentra-
tion. Maximal expression of the fusion was obtained at the
wild-type Lrp concentration. At Lrp concentrations greater
than those of the wild type, interference with activation of
fusion expression was observed.

The data in Fig. 4 show a pattern reminiscent of theoretical
Hill binding curves (17) and were fitted to equation 1, the Hill
equation, with the addition of a factor allowing for the inter-
ference with activation at high Lrp concentrations:

¥ = {Ypax * [Lrp]"/(Kyy + [Lrp]™2)} — 1)
{AY - [Lrp]/(K,, + [Lrp])}

The first bracketed term of this equation describes the activa-
tion of expression observed in the left half of Fig. 4. K, is the

TABLE 3. B-Galactosidase specific activity from a gltB::lacZ fusion
in strains BE3479, DB3, and DB7 in response to IPTG titration

B-Galactosidase

. IPTG concn sp act”
Strain (uM) P
— Leu + Leu
BE3479 (Ip™) 0 308 102
DB3 (placUVS5::rp Irp-35::Tnl0) 0 7 6
10 36 8
20 138 14
40 181 29
80 192 35
200 184 41
DBT7 (placUVS5::rp Irp-35::Tnl10/ 0 289 75
pDWB2 ptrc99::irp) 1 191 69
2 155 64
4 185 54
8 179 48
16 192 43

@ B-Galactosidase specific activity is reported in arbitrary units of A4,,, min ™"
ml~1/A 4, of the culture, and was calculated by linear regression of the slopes of
the lines of plots (such as in Fig. 1) of B-galactosidase activity (Ad4, min~"
ml~") versus A, of the culture.
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FIG. 4. Expression from a gltB::lacZ operon fusion as a function of intracel-
lular Lrp concentration. Cultures of strains DB3 and DB7 were grown in glucose
minimal MOPS medium containing either isoleucine and valine (closed circles)
or isoleucine, valine, and 10 mM leucine (open squares). IPTG was used to
induce Lrp expression. The diamonds represent the wild-type intracellular con-
centration of Lrp for strain BE3479 (Ip™) in the absence (solid diamonds) and
presence (open diamonds) of leucine. The vertical line is drawn at the average
wild-type intracellular Lrp concentration. Lrp concentrations were determined
by Western immunoblot analysis of cell extracts obtained at an A,,, of approx-
imately 1.0 with antiserum raised against Lrp and dilutions of pure Lrp as
standards (data taken from Fig. 2). Lrp concentrations are represented as nano-
grams of Lrp per microliter of cell extract, and the values were adjusted for slight
differences in culture density at the time of cell harvest by dividing by 44,,. The
B-galactosidase activity represents the values reported in Table 3, calculated
from the slopes of plots of B-galactosidase expression versus optical density of
the culture at various levels of IPTG induction (Fig. 1). Theoretical Hill binding
curves (17) were fitted to the data with the addition of a term allowing for
interference with activation at high Lrp concentrations.

apparent dissociation constant for the Lrp-DNA complex that
activates expression of gltB::lacZ, and Y, is the maximal
B-galactosidase specific activity. To obtain the best fit to the
data, Y, .. in the absence of leucine was empirically set at 400
U, and the degree of cooperativity of binding was set at 1.5.
Given these constraints, the curve-fitting program in Kaleida-
Graph (Synergy Software, Reading, Pa.) was used to find an
optimal value for K,,, resulting in a K,; in the absence of
leucine of 0.23 ng/pl of cell extract and a K, in the presence
of leucine of 0.51 ng/pl of cell extract. The second bracketed
term of the equation allows for the interference with activation
at high Lrp concentrations, as observed in the right half of Fig.
4, and assumes that interference with activation is due to sim-
ple, noncooperative binding of more Lrp. An Lrp-binding mo-
tif has been identified within the glitBDF gene at nucleotide
+36 relative to the start site of transcription (13); since this site
is located within gltBDF, it might be expected to have a nega-
tive effect on transcription if bound by Lrp. AY is the difference
between Y,,,, and y at infinite [Lrp], and K, is the apparent
dissociation constant associated with this interference. In the
absence of leucine, if Y, is set at 400, then K, is predicted to
be 3.46 ng/pl of cell extract. Our assumption in fitting the data
was that leucine has no effect on the observed interference with
activation. It is apparent from the data in Fig. 4, that the
addition of leucine to the medium results in a shift of the
binding curve to the right. Although the precise values of the
apparent dissociation constants are dependent on the assump-
tions made for the degree of cooperativity and Y,,,,,, the K, of
activation in the presence of leucine remains approximately
twofold greater than that in the absence of leucine. This indi-
cates that the level of Lrp necessary to produce half-maximal
expression of the gltB::lacZ fusion is greater in the presence of
leucine than in its absence. If these activation curves directly
reflect binding, their shape and position would indicate a shift
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in the apparent dissociation constant of Lrp for gltBDF DNA
with the presence of leucine resulting in a decrease in affinity.

The optimal growth rate in glucose minimal MOPS medium
occurs at the wild-type intracellular Lrp concentration. In the
course of growing strains DB3 and DB7 under various levels of
IPTG induction, it became obvious that there were significant
differences in the doubling times. Figure 5 shows a plot of the
doubling times for strains DB3 and DB7 as a function of
intracellular Lrp concentration. For strain BE3479 containing
the wild-type Irp gene, the doubling time was 57 min (triangle,
lower dashed line). The most rapid doubling times for strains
DB3 and DB7 were approximately 65 min and occurred at Lrp
concentrations near the wild-type level. At Lrp concentrations
either lower or higher than wild-type levels, the doubling times
increased significantly to approximately 84 min, a value very
similar to the doubling time of 85 min for strain BE2 contain-
ing Irp-35::Tnl0 (upper dashed line).

DISCUSSION

Lrp-controlled genes show a surprising range of regulatory
patterns. In beginning this study, our goal was to explore the
relationship between in vitro behavior and in vivo effects of
Lrp. This exploration has led us to five main conclusions.

Leucine sensitivity of target operons is a function of intra-
cellular Lrp levels. Comparing the effect of in vivo titration of
Lrp levels on the expression of an Lrp-regulated target operon,
glitBDF, to the in vitro results from gel mobility shift assays of
Lrp binding to the control region DNA of gltBDF (12) has
enabled us to test a model for Lrp regulation of target genes.
In this model, proposed by Ernsting et al. (12), the sensitivity
of Lrp-regulated target operons to leucine is dependent on the
affinity of the promoter DNA for Lrp. Lrp has a high affinity
for the gltBDF promoter, and expression from gltBDF is rela-
tively insensitive to leucine (the dissociation constant for the
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FIG. 5. Effect of intracellular Lrp levels on growth rate. Cultures of strains
DB3 and DB7 were grown in glucose minimal MOPS medium containing either
isoleucine and valine (solid circles) or isoleucine, valine, and 10 mM leucine
(open circles). IPTG was used to induce Lrp expression. Growth of the cultures
was monitored by spectrophotometric measurement at A,,, and the doubling
times were calculated from the exponential portion of the growth curves. Lrp
concentrations were determined by Western immunoblot analysis of cell extracts
obtained at an A4, of approximately 1.0 with antiserum raised against Lrp and
dilutions of purified Lrp as standards. Lrp concentrations are represented as
nanograms of Lrp per microliter of cell extract, and the values are adjusted for
slight differences in A,,, at the time of cell harvest by dividing by 4,,. The
dashed lines are drawn to illustrate the doubling times of 85 min for strain BE2
(Irp-35::Tn10) and 57 min for strain BE3479 (Ip™). The triangle indicates the
growth rate and Lrp content of the wild-type strain (BE3479).

a1 aal 1 /| T




6910 BORST ET AL.

w
T

Leucing sensitivity
Y

2 A
0.1 1 10

Lrp {ng/ul cell extract)

FIG. 6. Leucine sensitivity as a function of intracellular Lrp concentration.
Lrp concentrations are represented as nanograms of Lrp per microliter of cell
extract and represent the values determined by Western immunoblot analysis of
cell extracts obtained from cultures grown in glucose minimal MOPS medium
containing isoleucine and valine. Leucine sensitivity was calculated as the ratio of
B-galactosidase specific activity in the absence of leucine to that in the presence
of leucine for a given concentration of Lrp. The values used for the B-galacto-
sidase specific activity for cultures grown in the absence of leucine were the
actual values shown in Table 3. Since there are no corresponding values for
B-galactosidase specific activity of cultures grown in the presence of leucine at
these exact Lrp concentrations, the 3-galactosidase values for these cultures were
obtained by interpolation of the lower curve shown in Fig. 4. Measurements of
both B-galactosidase activities and Lrp concentrations are less accurate at very
low levels of Lrp (below 0.3 ng of Lrp per pl of cell extract); therefore, those data
have been excluded from this analysis. The region of 0.3 to 10 ng of Lrp per ul
of cell extract, however, does encompass the physiologically relevant range of
Lrp concentrations. The curve represents an empirical fit to the data. The
vertical dashed line is drawn at the wild-type level of Lrp.

Lrp-gltBDF complex is 2.0 nM in the absence of leucine and 6.6
nM in the presence of 30 mM leucine). In contrast, the operon
coding for acetohydroxy acid synthase form III (ilvIH) is more
sensitive to leucine, and the Lrp-ilvIH complex has a lower
affinity (the dissociation constant is 6.9 nM in the absence of
leucine and 14.1 nM in the presence of leucine).

The model predicts that the leucine sensitivity of high-affin-
ity operons will increase as intracellular Lrp levels decrease.
Figure 6 shows the combined data from strains BE3479, DB3,
and DB7 for leucine sensitivity as a function of intracellular
Lrp levels obtained by the in vivo titration of Lrp reported in
this study. The range of Lrp concentrations shown in Fig. 6
encompasses the physiologically relevant range of concentra-
tions for regulation of gltfBDF by Lrp. The effect of changing
the level of intracellular Lrp on expression from gltB::lacZ is
just what is predicted by the model. At the wild-type Lrp
concentration indicated by the vertical line, there is a ~3.5-fold
effect on B-galactosidase specific activity from gitB::lacZ (cal-
culated as the ratio of B-galactosidase specific activity in the
absence of leucine to that in the presence of leucine). Leucine
sensitivity progressively increases as the concentration of Lrp
decreases. Leucine sensitivity remains constant at about a
threefold effect for Lrp concentrations up to at least 10-fold
higher than the wild-type level of Lrp.

Activation of gltBDF is a function of Lrp binding, but the
maximal level of activation is also decreased in the presence of
leucine. Figure 7 shows the result of overlaying the activity
curves obtained from the in vivo titration experiments reported
in this paper (Fig. 4, solid symbols) onto the binding curves
from the earlier in vitro gel shift assays (open symbols) (12).
The two sets of curves were overlaid such that a 100-fold
difference in Lrp concentration used in the in vitro work cor-
responded to a 100-fold difference in Lrp concentration ob-
tained by the in vivo titration, and the curves were shifted with
respect to each other in order to maximize agreement of the
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two data sets obtained in the absence of leucine. There is a
remarkably good fit between the two sets of data, up to con-
centrations of Lrp near the wild-type level in glucose minimal
MOPS medium. This indicates that Lrp binding can explain all
or most of the activation seen.

A surprising result of the in vivo titration was the observa-
tion that very high levels of Lrp actually lead to decreased
expression of the gltB::lacZ fusion (Fig. 4). We interpret this
result as interference with activation from the gltBDF pro-
moter region and propose that it may be due to additional
binding of Lrp within the operon that interferes with transcrip-
tion. An Lrp binding site starting at nucleotide +36 in gltB was
predicted by a computer analysis identifying an Lrp motif
based on 23 gene sequences and a consensus sequence of
experimentally defined binding sites (6-8, 13). The in vitro
model proposed that at very high concentrations of Lrp, the
final level of activation would be the same in the presence and
absence of leucine (see Fig. 6 of reference 12); however, be-
cause of the competing effects of activation by Lrp and inter-
ference with activation at high concentrations of Lrp, we were
unable to fit our data to the in vitro model at these higher
levels of Lrp.

We also observed an effect of leucine on the maximal acti-
vation of expression of gltB::lacZ by bound Lrp. For the curves
shown in Fig. 4, we assumed a threefold-lower maximal level of
activation in the presence of leucine (Y, = 133) than in its
absence (Y.« = 400; empirically determined for equation 1)
based on the in vivo observation that maximal 3-galactosidase
specific activity from a gltB::lacZ fusion is approximately three-
fold lower in the presence of leucine. This assumption implies
that leucine decreases both the affinity of binding for Lrp-DNA
and the efficiency of transcription of gltB::lacZ; however, it is a
formal possibility that transcriptional efficiency could be unal-
tered or even increased in the presence of leucine but that this
effect is masked by the competing effect of interference with
activation at high Lrp concentrations. In vitro studies with
mutant DNAs or mutant Lrp could be useful in separating the
effects of binding and activation.

Most Lrp in the cell is sequestered. The vertical line in Fig.
7 represents the Lrp concentration determined by analysis of
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FIG. 7. Comparison of in vivo titration results with an in vitro model of
leucine sensitivity for the gitBDF promoter. The effect of leucine on B-galacto-
sidase activity from a gitB::lacZ transcriptional fusion is shown as a function of
intracellular Lrp concentration (— leucine, solid circles; + leucine, solid
squares). The intracellular concentration of Lrp in strain BE3479 (Irp ™) is indi-
cated as a solid diamond (— Leu) and a solid triangle (+ Leu). The open symbols
represent the in vitro data from gel mobility shift assays of Lrp binding to the
glitBDF promoter (Fig. 6 of reference 12): open circles, — Leu; solid circles, +
Leu. Theoretical Hill binding curves (17) were fitted to these in vitro data. The
vertical line is drawn at the concentration of Lrp predicted by the in vitro model
to represent the effective intracellular concentration of Lrp during exponential
growth in glucose minimal MOPS medium.
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the gel shift assays to result in the observed in vivo effects of
leucine and Lrp on gltBDF and therefore represents a theoret-
ical effective concentration of Lrp in the cell. This theoretical
concentration is 5.5 nM. The solid diamond and triangle sym-
bols represent the in vivo concentration of Lrp determined in
this study for strain BE3479 (which contains a wild-type Irp
gene) grown in glucose minimal MOPS in the absence or
presence of leucine, respectively. This in vivo concentration is
approximately 5 wM (Table 2), which is the same value deter-
mined by Willins et al. for strain CSH26 (45). This concentra-
tion corresponds to a value of 3,000 dimers of Lrp per cell, or
approximately 0.1% of the total protein molecules in the cell
(calculated with the value of 2,350,000 molecules of protein
per cell [26]). This concentration of Lrp makes it a moderately
abundant protein, but it is significantly less abundant than
other global regulators such as Fis and HU, which have con-
centrations near 30,000 dimers per cell (1, 36), and integration
host factor, which has a concentration of approximately 10,000
dimers per cell during exponential growth (9, 44).

By overlaying the in vitro gel shift data onto the in vivo
expression data as shown in Fig. 7, we may estimate the effec-
tive concentration of free Lrp in the cell by calculating the ratio
of the amount of Lrp added in vitro, which results in the
observed leucine sensitivity, to the total intracellular Lrp,
which also results in the observed effect of leucine. This ratio
is ~1:1,000, and indicates that only 1 in 1,000 dimers is “avail-
able” at any moment. Thus, ~99.9% of the Lrp in the cell is
associated with other specific and nonspecific sites.

Wild-type levels of Lrp are optimal for activation of expres-
sion from gltBDF. From Fig. 4, we can see that the in vivo
wild-type Lrp level is associated with the peaks of the activa-
tion curves and is poised for the greatest responsiveness to
changes in Lrp concentration due to physiological changes.
Thus, as with the local regulator, AraC, for which the normal
intracellular level is just high enough for optimal activation
(15), the global regulator, Lrp, also has a concentration which
is optimal for maximal expression.

Changes in the intracellular concentration of Lrp are known
to occur. The expression of Lrp changes in response to growth
conditions. Experiments with lacZ fusions to Irp have shown
that B-galactosidase expression from the fusions is 4- to 10-fold
lower when cells are grown in Luria broth or in a defined rich
medium than when they are grown in a minimal medium (6,
22a). Our studies with a strain with a wild-type Irp gene have
likewise shown a significant decrease in intracellular Lrp levels
in cells grown in a rich medium (4). These changes in Lrp levels
are consistent with its role in the positive regulation of anabolic
pathways and negative regulation of catabolic pathways (6).
Consistent with lower levels of Lrp in cells grown on a rich
medium, such cells also show decreased glutamate synthase
expression (5, 12). Preliminary data from our laboratory indi-
cate that Lrp levels may also vary in response to the growth
phase of the culture (4).

Lrp levels affect the growth rate of cultures. As shown in Fig.
5, it is apparent that the level of Lrp in the cell is a determinant
of the growth rate of the culture. Significantly slower growth
rates, similar to the growth rate for a strain containing
Irp-35::Tn10, were observed for cultures in which the Lrp level
was either much lower than or much higher than the wild-type
level. The fastest growth rate occurred at an Lrp concentration
similar to wild-type levels, indicating that normal Lrp levels are
physiologically optimized for cell growth in glucose minimal
medium. Decreases in the growth rate of strains containing a
null mutation in Irp have been observed previously and are
most evident in minimal medium (6). Strains containing a
mutant Irp gene show a partial isoleucine and valine auxotro-
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phy (33, 38), but this does not explain the decreased growth
rate in this study, since isoleucine and valine were always
present in the medium. Leucine is toxic to wild-type strains of
E. coli (14, 34), and it has been proposed that an /rp mutation
results in a partial leucine auxotrophy (22b), which would
therefore be expected to result in a faster growth rate at low
Lrp concentrations. Our results in Fig. 5 are consistent with
both leucine auxotrophy at low Lrp concentrations and leucine
toxicity at high Lrp concentrations: we observe a slight de-
crease in the doubling time in the presence of leucine at low
Lrp concentrations, and this effect is reversed at high Lrp
concentrations. We believe that the changes in growth rate at
high concentrations of Lrp are indeed due to Lrp and not to
the large fusion product from gitB::lacZ. Similar results have
been seen for the universal stress protein (UspA): a decrease
in growth rate occurs when UspA is overproduced 10-fold in E.
coli in minimal medium, but a 10-fold over expression of LacZ
has only a minor effect on growth rate (30).

Summary. The in vivo titration of Lrp has provided a means
of examining the physiological significance of Lrp within grow-
ing cells under conditions known to result in regulation of the
target operon, gitBDF. With this method, we were able to test
the validity of a model describing the effect of the coregulator,
leucine, on expression of a gltB::lacZ fusion. Our studies indi-
cate that the model, which was based on in vitro gel mobility
shift assays, is an accurate description of regulation by Lrp and
leucine on gltBDF, at least at concentrations of Lrp lower than
or equal to the wild-type level. Our current studies also re-
vealed the unexpected finding that very high levels of Lrp
result in interference with activation from the gltBDF pro-
moter. The in vivo titration, in combination with the earlier
studies, enabled us to determine the actual effective concen-
tration of Lrp in the cell and to compare it to the total con-
centration of Lrp, thus estimating the amount of Lrp which is
sequestered and unavailable for regulation. The observed ef-
fects of Lrp concentration on the growth rate of cultures are
yet another indication of the overall physiological significance
of Lrp.

ACKNOWLEDGMENTS

This work was supported by research grant MCG-9506911 (to
R.G.M. and R.M.B.) from the National Science Foundation.

We thank Joseph M. Calvo (Cornell University) for the gift of
antibody to Lrp, Ian C. Blomfield (Bowman Gray School of Medicine)
for the gift of strain AAEC546, and Ruth VanBogelen (Parke-Davis
Division of Warner-Lambert) for the use of the scanning equipment.
We also thank Joseph M. Calvo, Ruth VanBogelen, and Don E. Wiese
II (University of Michigan) for many helpful discussions. We thank
Brian R. Ernsting (University of Michigan) for critical review of the
manuscript.

REFERENCES

. Ball, C. A,, R. Osuna, K. C. Ferguson, and R. C. Johnson. 1992. Dramatic
changes in Fis levels upon nutrient upshift in Escherichia coli. J. Bacteriol.
174:8043-8056.

2. Blomfield, I. C., P. J. Calie, K. J. Eberhardt, M. S. McClain, and B. I
Eisenstein. 1993. Lrp stimulates phase variation of type 1 fimbriation in
Escherichia coli K-12. J. Bacteriol. 175:27-36.

3. Blumenthal, R. M., D. W. Borst, and R. G. Matthews. 1996. Experimental
analysis of global gene regulation in Escherichia coli. Prog. Nucleic Acid Res.
Mol. Biol. 55:1-86.

4. Borst, D. W., R. M. Blumenthal, and R. G. Matthews. 1995. Lrp regulation
of the gltBDF operon of Escherichia coli: in vivo results in support of an in
vitro model. J. Cell. Biochem. 19A:100. (Abstract A2-112.)

S. Brenchley, J. A., C. A. Baker, and L. G. Patil. 1975. Regulation of the
ammonia assimilatory enzymes in Salmonella typhimurium. J. Bacteriol. 124:
182-189.

6. Calvo, J. M., and R. G. Matthews. 1994. The leucine-responsive regulatory

protein, a global regulator of metabolism in Escherichia coli. Microbiol. Rev.

58:466-490.

Ju—



6912

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

BORST ET AL.

. Cui, Y., Q. Wang, G. D. Stormo, and J. M. Calvo. 1995. A consensus

sequence for binding of Lrp to DNA. J. Bacteriol. 177:4872-4880.

. D’Ari, R,, R. T. Lin, and E. B. Newman. 1993. The leucine-responsive reg-

ulatory protein: more than a regulator? Trends Biol. Sci. 18:260-263.

. Ditto, M. D., D. Roberts, and R. A. Weisberg. 1994. Growth phase variation

of integration host factor level in Escherichia coli. J. Bacteriol. 176:3738—
3748.

Donachie, W. D., and A. C. Robinson. 1987. Cell division: parameter values
and the process, p. 1578-1593. In F. C. Neidhardt, J. L. Ingraham, K. B. Low,
B. Magasanik, M. Schaechter, and H. E. Umbarger (ed.), Escherichia coli
and Salmonella typhimurium: cellular and molecular biology, vol. 2. Ameri-
can Society for Microbiology, Washington, D.C.

Ernsting, B. R.,, M. R. Atkinson, A. J. Ninfa, and R. G. Matthews. 1992.
Characterization of the regulon controlled by the leucine-responsive regu-
latory protein in Escherichia coli. J. Bacteriol. 174:1109-1118.

Ernsting, B. R., J. W. Denninger, R. M. Blumenthal, and R. G. Matthews.
1993. Regulation of the gitBDF operon of Escherichia coli: how is a leucine-
insensitive operon regulated by the leucine-responsive regulatory protein? J.
Bacteriol. 175:7160-7169.

Fraenkel, Y. M., Y. Mandel, D. Friedberg, and H. Margalit. 1995. Identifi-
cation of common motifs in unaligned DNA sequences: application to Esch-
erichia coli Lrp regulon. Comput. Appl. Biosci. 11:379-387.

Gollop, N., H. Tavori, and Z. Barak. 1982. Acetohydroxy acid synthase is a
target for leucine-containing peptide toxicity in Escherichia coli. J. Bacteriol.
149:387-390.

Haggerty, D. M., M. P. Oeschger, and R. F. Schleif. 1978. In vivo titration of
araC protein. J. Bacteriol. 135:775-781.

Heinrikson, R. L., and S. M. Meredith. 1984. Amino acid analysis by reverse-
phase high-performance liquid chromatography: precolumn derivatization
with phenylisothiocyanate. Anal. Biochem. 136:65-74.

Hill, A. V. 1910. The possible effects of the aggregation of the molecules of
hemoglobin on its dissociation curves. J. Physiol. (London) 40:iv.
Huisman, T. T., and F. K. de Graaf. 1995. Negative control of fae (K88)
expression by the ‘global’ regulator Lrp is modulated by the ‘local’ regulator
FaeA and affected by DNA methylation. Mol. Microbiol. 16:943-953.
Jensen, P. R., H. V. Westerhoff, and O. Michelsen. 1993. The use of lac-type
promoters in control analysis. Eur. J. Biochem. 211:181-191.

Kaltenbach, L. S., B. A. Braaten, and D. A. Low. 1995. Specific binding of
Papl to Lrp-pap DNA complexes. J. Bacteriol. 177:6449-6455.

Lange, R., M. Barth, and R. Hengge-Aronis. 1993. Complex transcriptional
control of the o®-dependent stationary-phase-induced and osmotically regu-
lated osmY (csi-5) gene suggests novel roles for Lrp, cyclic AMP (cAMP)
receptor protein-cAMP complex, and integration host factor in the station-
ary-phase response of Escherichia coli. J. Bacteriol. 175:7910-7917.
Levinthal, M., P. Lejeune, and A. Danchin. 1994. The H-NS protein modu-
lates the activation of the ilvIH operon of Escherichia coli K-12 by Lrp, the
leucine regulatory protein. Mol. Gen. Genet. 242:736-743.

22a.Lin, R., R. D’Ari, and E. B. Newman. 1992. AplacMu insertions in genes of

the leucine regulon: extension of the regulon to genes not regulated by
leucine. J. Bacteriol. 174:1948-1955.

22b.Lin, R. T., R. D’Ari, and E. B. Newman. 1990. The leucine regulon of E. coli

23.

24.

K-12: a mutation in rblA4 alters expression of L-leucine-dependent metabolic
operons. J. Bacteriol. 172:4529-4535.

Low, D., B. Braaten, and M. van der Woude. 1996. Fimbriae, p. 146-157. In
F. C. Neidhardt, R. Curtis III, J. L. Ingraham, E. C. C. Lin, K. B. Low, B.
Magasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger
(ed.), Escherichia coli and Salmonella typhimurium: cellular and molecular
biology, 2nd ed., vol. 1. ASM Press, Washington, D.C.

Metcalf, W. W., P. M. Steed, and B. L. Wanner. 1990. Identification of

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

J. BACTERIOL.

phosphate starvation-inducible genes in Escherichia coli K-12 by DNA se-
quence analysis of psi::lacZ(Mu d1) transcriptional fusions. J. Bacteriol.
172:3191-3200.

Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

Neidhardt, F. C. 1987. Chemical composition of Escherichia coli, p. 3-6. In
F. C. Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M. Schaechter,
and H. E. Umbarger (ed.), Escherichia coli and Salmonella typhimurium:
cellular and molecular biology, 1st ed., vol. 1. American Society for Micro-
biology, Washington, D.C.

Neidhardt, F. C., P. L. Bloch, and D. F. Smith. 1974. Culture media for
enterobacteria. J. Bacteriol. 119:736-747.

Newman, E. B., and R. Lin. 1995. Leucine-responsive regulatory protein: a
global regulator of gene expression in E. coli. Annu. Rev. Microbiol. 49:747—
775.

Nou, X., B. Skinner, B. Braaten, L. Blyn, D. Hirsch, and D. Low. 1993.
Regulation of pyelonephritis-associated pili phase-variation in Escherichia
coli: binding of the Papl and the Lrp regulatory proteins is controlled by
DNA methylation. Mol. Microbiol. 7:545-553.

Nystrom, T., and F. C. Neidhardt. 1996. Effects of overproducing the uni-
versal stress protein, UspA, in Escherichia coli K-12. J. Bacteriol. 178:927—
930.

Oshima, T., K. Ito, H. Kabayama, and Y. Nakamura. 1995. Regulation of Irp
gene expression by H-NS and Lrp proteins in Escherichia coli: dominant
negative mutations in /rp. Mol. Gen. Genet. 247:521-528.

Platko, J. V. 1991. Ph.D. thesis. Cornell University, Ithaca, N.Y.

Platko, J. V., D. A. Willins, and J. M. Calvo. 1990. The ilvIH operon of
Escherichia coli is positively regulated. J. Bacteriol. 172:4563-4570.

Quay, S. C., T. E. Dick, and D. L. Oxender. 1977. Role of transport systems
in amino acid metabolism: leucine toxicity and the branched-chain amino
acid transport systems. J. Bacteriol. 129:1257-1265.

Ruyter, G. J. G., P. W. Postma, and K. van Dam. 1991. Control of glucose
metabolism by enzyme II€'® of the phosphoenolpyruvate-dependent phos-
photransferase system in Escherichia coli. J. Bacteriol. 173:6184-6191.
Schmid, M. B. 1990. More than just “histone-like” proteins. Cell 63:451-453.
Stauffer, L. T., and G. V. Stauffer. 1994. Characterization of the gcv control
region from Escherichia coli. J. Bacteriol. 176:6159-6164.

Sutton, A., and M. Freundlich. 1980. Regulation by cyclic AMP of the
ilvB-encoded biosynthetic acetohydroxyacid synthase in Escherichia coli
K-12. Mol. Gen. Genet. 178:179-183.

Tarr, G. E. 1986. Manual Edman sequencing system, p. 155-194. In J. Shively
(ed.), Methods of protein microcharacterization. Humana Press, Clifton,
NJ.

Tchetina, E., and E. B. Newman. 1995. Identification of Lrp-regulated genes
by inverse PCR and sequencing: regulation of two mal operons of Esche-
richia coli by leucine-responsive regulatory protein. J. Bacteriol. 177:2679—
2683.

Walsh, K., and J. D. E. Koshland. 1985. Characterization of rate-controlling
steps in vivo by use of an adjustable expression vector. Proc. Natl. Acad. Sci.
USA 82:3577-3581.

Wang, Q., J. Wu, D. Friedberg, J. Platko, and J. M. Calvo. 1994. Regulation
of the Escherichia coli Irp gene. J. Bacteriol. 176:1831-1839.

Wanner, B. L., R. Kodaira, and F. C. Neidhardt. 1977. Physiological regu-
lation of a decontrolled lac operon. J. Bacteriol. 130:212-222.

Weisberg, R. A. Personal communication.

Willins, D. A., C. W. Ryan, J. V. Platko, and J. M. Calvo. 1991. Character-
ization of Lrp, an Escherichia coli regulatory protein that mediates a global
response to leucine. J. Biol. Chem. 266:10768-10774.



