
JOURNAL OF BACTERIOLOGY, Oct. 2002, p. 5293–5300 Vol. 184, No. 19
0021-9193/02/$04.00�0 DOI: 10.1128/JB.184.19.5293–5300.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

ilvIH Operon Expression in Escherichia coli Requires Lrp Binding
to Two Distinct Regions of DNA

Samina Jafri,† Shaolin Chen, and Joseph M. Calvo*
Department of Molecular Biology and Genetics, Cornell University, Ithaca, New York 14853

Received 12 April 2002/Accepted 10 June 2002

The leucine-responsive regulatory protein Lrp regulates the expression of a number of operons in Escherichia
coli, including the ilvIH operon. Earlier in vitro experiments showed purified Lrp binding to two regions of DNA
proximal to the ilvIH promoter, an upstream region (�260 to �190) and a downstream region (�150 to �40).
The effect of mutations in these regions on ilvIH promoter expression in vivo led to the proposal that activation
of transcription required Lrp binding to downstream sites 3, 4, 5, and 6. Binding of Lrp to upstream sites 1 and
2 seemed to enhance promoter expression but was not absolutely required (Q. Wang and J. M. Calvo, J. Mol.
Biol. 229:306-318, 1993). Here we present data that require a reevaluation of the above conclusion. Constructs
having either a deletion of DNA or a 100-bp substitution of DNA upstream of position �160 showed no ilvIH
promoter activity in vivo. These results unambiguously establish that DNA at or upstream of position �160 is
required for ilvIH promoter expression. Together with previous results, we conclude that Lrp bound at
downstream sites is necessary but not sufficient for promoter activation. In addition, insertion of 4, 6, 8, or 10
bp between the upstream and downstream regions also resulted in a very strong reduction of in vivo promoter
expression, even though the binding of Lrp in vitro was not greatly affected by these mutations. Closer
inspection showed that the affinity of Lrp for the upstream region of all of these constructs was about the same
but that Lrp bound to the downstream region of the wild-type construct with a higher degree of cooperativity
than in the case of the others. These mutations may have reduced promoter activity in vivo by eliminating a
binding site for some transcription factor other than Lrp. Alternatively, the small-addition mutations may have
affected the geometry of these complexes, preventing either an interaction between Lrps bound at upstream and
downstream sites (which might be necessary for promoter expression) or preventing the positioning of Lrp
bound at upstream sites for productive interaction with the promoter.

The leucine-responsive regulatory protein Lrp of Escherichia
coli controls the expression of a large number of genes, includ-
ing some involved in amino acid biosynthesis, amino acid deg-
radation, transport of metabolites, pilus formation, and one-
carbon metabolism (2, 14). The most striking feature of the
Lrp regulon is the variety of ways in which Lrp and leucine
affect gene expression. Genes may either be activated or re-
pressed by Lrp, and leucine may in each case antagonize,
potentiate, or have no effect on this regulation (2, 14).

Lrp has a pI above 9, has a monomer molecular mass of 18.8
kDa (164 amino acids), and is a stable dimer in vitro in solu-
tions containing nanomolar concentrations of Lrp (23). The
total Lrp monomer concentration in E. coli cells is in the
micromolar range (about 6,000 monomers per cell in cells
grown in a minimal medium) (23). At that concentration in
vitro, Lrp exists mainly as an octamer or hexadecamer, and
millimolar concentrations of leucine promote conversion of
hexadecamer to octamer. For E. coli grown in a minimal me-
dium, about 60% of the total Lrp is bound nonspecifically to
DNA, but the concentration of free Lrp is high enough that
some mixture of octamers and hexadecamers is expected in
vivo (4, 5).

A consensus sequence for binding Lrp has been proposed
(7), but it is not always readily discernible in some known

members of the regulon. For members of the regulon that have
been studied in detail, Lrp interacts with multiple sites up-
stream of the promoter region, and binding to groups of sites
is highly cooperative (2). The binding seems to perturb the
structure of a 100- to 200-bp region of DNA, as observed in
DNase I footprinting experiments, and the pattern of bands is
reminiscent of similar experiments with nucleosomes (2). Fur-
thermore, multiple Lrps seem to bind to the same face of the
DNA (22). These results together suggest a structure in which
DNA is wrapped around a core composed of multiple Lrp
units. Contributing to DNA wrapping is a propensity of Lrp to
bend DNA at sites to which it binds specifically (21). For PutR,
an Lrp-like protein from Agrobacterium tumefaciens, atomic
force microscopy pictures show DNA loops induced by this
protein (11). DNA wrapping around an Lrp core is also sup-
ported by the three-dimensional structure of an Lrp-like pro-
tein from Pyrococcus furiosus that was published recently (12).
That structure shows an octamer composed of four dimers,
with four symmetrically placed DNA binding sites on the out-
side (12).

The ilvIH operon, one of the best-studied members of the
Lrp regulon, encodes an acetohydroxy acid synthase that is
involved in the biosynthesis of branched-chain amino acids (8).
Lrp directly activates the ilvIH promoter, and strains that have
an inactive lrp gene have only very low levels of ilvIH expres-
sion (16). Addition of leucine to the growth medium of wild-
type strains causes a 5- to 10-fold reduction in ilvIH promoter
activity (9). In vitro, Lrp binds to six sites within a 200-bp
sequence of DNA upstream of the ilvIH promoter (20). Bind-
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ing of Lrp to sites 1 and 2 (upstream region) is highly cooper-
ative, as is binding to sites 3, 4, 5, and 6 (downstream sites).
Mutations in each of the individual binding sites have previ-
ously been characterized; most of them cause reduced Lrp
binding in vitro and reduced ilvIH expression in vivo (20).

The exact mechanism by which Lrp controls gene expression
is not well understood. In a model put forward by Wang and
Calvo for regulation of ilvIH expression, Lrp bound at down-
stream sites 3, 4, 5, and 6 was postulated to interact directly
with RNA polymerase at the promoter (20). In this model, Lrp
bound at upstream sites was not essential for promoter expres-
sion but contributed to more efficient expression, perhaps by
interacting with Lrp bound at downstream sites. Here we
present new data that force us to reevaluate this model. Taken
together with other data, our new data indicate that occupancy
by Lrp at both upstream and downstream sites is required for
ilvIH promoter expression.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All strains used in this study are
derivatives of E. coli K-12 and are described in Table 1. Strain P90C [ara
(lac-pro) thi] was the host for plasmid pRS415 and for phage lambda and their
derivatives (19). Luria broth (13) and Vogel and Bonner minimal salts supple-
mented with 0.4% glucose, 50 �g of L-proline per ml, and 1 �g of thiamine per
ml were used as rich and minimal media, respectively. Media were sometimes
supplemented with L-leucine (50 �g/ml), ampicillin (100 �g/ml), or 5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (X-Gal, 50 �g/ml).

In vitro mutagenesis. Insertion and deletion mutations were generated by
PCR mutagenesis (1). Plasmid pCV156 containing the region from �332 to �29
of the ilvIH operon (20) was used as the template, and primers for PCR were
designed to create addition mutations between bases �160 and �161 of the ilvIH
operon. To prepare construct �2, two PCR products were generated with prim-
ers 1 and 2 and, separately, primers 3 and 4 (Table 2). The two products were
purified by electrophoresis through 1% agarose, mixed, and used in a second
PCR with primers 1 and 4, yielding the desired PCR product. For PCR, a 100-�l
volume contained 1 ng of template DNA, 1 �g of each primer, 50 mM KCl, 10
mM Tris-HCl (pH 8.8), 2.5 mM MgCl2, 0.01% gelatin, 0.5 mM each of the four
deoxynucleoside triphosphates, and 5 U of Pfu DNA polymerase (Stratagene).
For each of 30 cycles, samples were denatured at 94°C for 1 min, annealed at

TABLE 1. Bacterial strains, phages, and plasmids used in this study

Strain, plasmid,
or phage Relevant genotype Source or

reference

E. coli K-12 strains
CV981a ara (lac-pro) thi 13
CV1042 CV981-�QW156 20
CV1327 CV981-�QW223 20
CV1555 CV981-�SJ315 This study
CV1556 CV981-�SJ316 This study
CV1557 CV981-�SJ317 This study
CV1558 CV981-�SJ318 This study
CV1559 CV981-�SJ319 This study
CV1560 CV981-�SJ320 This study
CV1561 CV981-�SJ321 This study
CV1562 CV981-�SJ322 This study

Plasmids
pRS415 Contains promoterless lacZYA 19
pCV156 pRS415 containing �332 to �29 of

ilvIH region fused to lacZYA
20

pCV223 pCV156 but �1, 2, 3, 4, 5, 6 20
pCV315 pCV156 but �1&2 This study
pCV316 pCV156 but 100-bp insertion This study
pCV317 pCV156 but �1&2, 100-bp insertion This study
pCV318 pCV156 but 2-bp insertion This study
pCV319 pCV156 but 4-bp insertion This study
pCV320 pCV156 but 6-bp insertion This study
pCV321 pCV156 but 8-bp insertion This study
pCV322 pCV156 but 10-bp insertion This study

Phages
�RS45 Contains promoterless lacZYA 19
�QW156 �RS415 containing �332 to �29 of

ilvIH region fused to lacZYA
20

�QW223 �QW156 but �1, 2, 3, 4, 5, 6 20
�SJ315 �QW156 but �1&2 This study
�SJ316 �QW156 but 100-bp insertion This study
�SJ317 �QW156 but �1&2, 100-bp insertion This study
�SJ318 �QW156 but 2-bp insertion This study
�SJ319 �QW156 but 4-bp insertion This study
�SJ320 �QW156 but 6-bp insertion This study
�SJ321 �QW156 but 8-bp insertion This study
�SJ322 �QW156 but 10-bp insertion This study

a Strain CV981 is strain P90C (CSH26) of Miller (13).

TABLE 2. Primers used in creating mutationsa

Mutation created Primer Position of 3� end of primer Sequence of primer (5� 3 3�)

1 �320 GCAGAATTCCCCCATCAGTGGATG
4 —b CCAGGGTTTTCCCAGTCACGACG

�2 2 �172 CCACAACTTAGCTAGCAATTTCTC
3 �151 GAGAAATTGCTAGCTAAGTTGTGG

�4 5 �172 CCACAACTTGCTAGCAGCAATTTCTC
6 �151 GAGAAATTGCTGCTAGCAAGTTGTGG

�6 7 �172 CCACAACTTAGCTAGCCAGCAATTTCTC
8 �151 GAGAAATTGCTGGCTAGCTAAGTTGTGG

�8 9 �172 CCACAACTTAAGCTAGCTCAGCAATTTCTC
10 �151 GAGAAATTGCTGAGCTAGCTTAAGTTGTGG

�10 11 �172 CCACAACTTAAGCTAGATCTCAGCAATTTCTC
12 �151 GAGAAATTGCTGAGATCTAGCTTAAGTTGTGG

�100 13 —c TAGAGAAATTGCTGGTTGTCCCAATTCTTGTTG
14 —c GGCTGAATCCCACAACTTAGGGTAAGTTTTCCGTATG
15 �142 CATACGGAAAACTTACCCTAAGTTGTGGGATTCAGCC
16 �174 CAACAAGAATTGGGACAACCAGCAATTTCTCTA

�1&2 17 �142 CGAGAATTCTAAGTTGTGGGATTCAGCC
�1&2, �100 18 —c CGAGAATTCGTTGTCCCAATTCTTGTT

a Inserted bases are shown in bold, and ensuing restriction sites are underlined. The numbering refers to the startpoint of transcription of the ilvIH operon (20).
b This primer corresponds to sequences in lacZ in plasmid pCV156. Plasmid pCV156 contains the region from �332 to �29 of the ilvIH operon, followed by trp and

lac sequences.
c These primers correspond to sequences in the gfp gene, encoding green fluorescent protein.
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55°C for 1 min, and extended at 72°C for 2 min. Constructs �4, �6, �8, and �10
were prepared similarly with the primers identified in Table 2.

The insertion at position �160 of 100 bp of unrelated DNA from the gfp gene
of Aequoria victoria was carried out in a similar way but with additional steps to
create intermediate fragments. Fragments 1 and 2 were created with primers 13
and 14 and the gfp template and separately with primers 4 and 15 and plasmid
pCV156 as the template, respectively. Fragment 3 was created with primers 4 and
13 and fragments 1 and 2 as the template. Fragment 4 was created with primers
1 and 16 and plasmid pCV156 as the template. The desired construct was formed
by PCR with primers 1 and 4 and fragments 3 and 4 as the template.

A deletion of all bases upstream of �160 in the ilvIH operon was generated by
a one-step amplification process in which the desired region containing the
downstream sites was amplified with primers 4 and 17 and plasmid pCV156 as
the template. A similar construct having the 100-bp insertion was prepared with
primers 4 and 18 and pCV316 as the template.

The EcoRI-BamHI fragment of plasmid pCV156 was replaced with the mu-
tation-containing fragments described above by cleaving with restriction enzymes
and ligation, placing the ilvIH promoter and upstream region in front of the
lacZYA reporter gene in plasmid pRS415. The constructs were introduced into
strain P90C (CV981) by transformation (18), transferred to a derivative of phage
lambda by homologous recombination, and then introduced into the E. coli
chromosome of strain P90C in single copy by forming lysogens (19). Single-copy
lysogens were identified by assaying five colonies for �-galactosidase activity.

�-Galactosidase assays. The specific activity of �-galactosidase was measured
in cells in log phase (A600, about 0.5) with the chloroform-sodium dodecyl sulfate
lysis procedure described by Miller (13). Results are averages from at least two
separate samples in which the activity of each sample was determined in tripli-
cate. The results obtained from two separate samples varied by less than 10%.

Gel mobility shift experiments. The 375-bp EcoRI-BamHI fragment from
pCV156 and derivative plasmids was excised by treatment with EcoRI and
BamHI, end labeled at the 3� end with [32P]dATP (Amersham) and the Klenow
fragment of E. coli DNA polymerase, and purified by electrophoresis through
5% polyacrylamide. Binding reactions contained 1 ng of labeled DNA and Lrp
in 20 �l of a buffer containing 20 mM Tris-hydrochloride (pH 8.0), 0.4 mM
EDTA, 0.1 mM dithiothreitol, 50 mM NaCl, 1 mM MgCl2, 12.5% glycerol, 50 �g
of calf thymus DNA per ml, and 100 �g of bovine serum albumin per ml. After
20 min at room temperature, samples were fractionated by electrophoresis at 10
V/cm in 5% polyacrylamide gels in TBE buffer (pH 8.0) containing 89 mM Tris,
89 mM borate, and 2 mM EDTA. Gels were transferred to 3MM Whatman
paper, dried, and autoradiographed. Radioactivity was quantitated with a Storm
B840 Phosphorimager (Molecular Dynamics).

Analysis of Lrp-DNA complexes formed from a mixture of fragments. The
wild-type, �4, �6, and �10 fragments were each end labeled with 32P and purified
by electrophoresis through 5% polyacrylamide. Approximately equal amounts of
each fragment (in terms of radioactivity) were mixed, and gel shift mobility experi-
ments were performed as described above except that reaction components and
volumes were scaled up by a factor of 10 (to ensure enough counts for analysis) and
each sample was loaded into two large wells. After electrophoresis, gels were
wrapped in Saran wrap and placed on X-ray film overnight.

The faster- and slower-moving bands (each containing four different com-
plexes) were excised and eluted with 0.5 M ammonium acetate containing 1 mM
EDTA. The eluate was passed through Ultrafree-Probind filters (Millipore) to
remove protein, and the DNA in the samples was precipitated and resuspended
in a solution containing 80% (vol/vol) formamide, 10 mM NaOH, 1 mM EDTA,
0.1% xylene cyanol, and 0.1% bromophenol blue. Samples were fractionated by
electrophoresis through 5% polyacrylamide containing 8 M urea at 2,000 con-
stant volts for 4 h (movement of xylene cyanol was about two gel lengths). After
drying, the relative intensities of the four bands in each lane were determined
with a phosphorimager. Another lane in the same gel contained the input
mixture of constructs. The mole fraction of each construct in the input DNAs and
in the slower- and faster-moving complexes was calculated from the data.

A computational method was used to determine the likelihood of obtaining
the results of these experiments by chance. A computer program generated
random input numbers around four experimentally determined input means. To
do this, random numbers between zero and one were generated, and those
numbers were transformed into random numbers about a mean with a standard
deviation value of 4% and the equations provided by R. Strawderman (the
average standard deviation for 20 experimentally determined means, each mean
being the average of four measurements, was 3%). Ten thousand sets of four
input values were generated in this way each time the program was run, but in
groups of 2,500. For each group of 2,500 values, three of the input means were
generated as described above, and the fourth was calculated from 100 minus the
sum of the others. Each set of four values (randomized around the experimen-

tally derived input values) was used to generate a set of 16 values equivalent to
those in the table in Fig. 3D; thus, in each operation of the program, 10,000 sets
of numbers having the appearance of that in Fig. 3D were generated. Each line
in each table had input values randomized around experimentally derived input
means and four output values that were randomly generated around those input
values, assuming a 4% standard deviation. Finally, the computer program ana-
lyzed each of 10,000 tables for hits, a hit being a situation in which, on any line
in the table, values 1 and 3 were less than the input by fraction P and fraction Q,
respectively, and values 2 and 4 were greater than the input by fraction R and
fraction S, respectively. For analysis of the data in Fig. 3D, values corresponding
to the wild type (Fig. 3D, line 4) were chosen: P � 0.2, Q � 0.1, R � 0.1, and S
� 0.05. In running the program multiple times, only 15 hits were observed for
250,000 tables analyzed.

Determination of association constants for binding of Lrp to ilvIH DNA. The
relatively stable complexes formed from Lrp binding to ilvIH DNA are here
called complex 1 (Lrp bound to sites 1 and 2) and complex 2 (Lrp bound to sites
1, 2, 3, 4, 5, and 6).

For complex 1:

DNA � n Lrp23 DNA � (Lrp2)n

K1 � 	DNA � (Lrp2)n
/	DNA][Lrp2]n (1)

For complex 2:

DNA � (Lrp2)n � m Lrp23 DNA � (Lrp2)n�m

K2 � [DNA � (Lrp2)n�m]/	DNA � (Lrp2)n
	Lrp2]m

� 	DNA � (Lrp2)n�m
/K1[DNA][Lrp2]n�m (2)

where n and (n � m) are numbers of Lrp dimers in complexes 1 and 2,
respectively, K1 and K2 are association constants for complexes 1 and 2,
respectively, Lrp2 represents Lrp dimer, and brackets indicate concentration
of Lrp as a dimer. The fraction of the total DNA that is free (F0), in complex
1 (F1), or in complex 2 (F2) is given by

F0 �
1

1 � K1	Lrp2

n � K1K2	Lrp2]n�m (3)

F1 �
K1	Lrp2]n

1 � K1	Lrp2

n � K1K2	Lrp2


n�m (4)

F2 �
K1K2	Lrp2


n�m

1 � K1	Lrp2

n � K1K2	Lrp2


n�m (5)

To estimate K1 and K2, data from gel mobility shift experiments at different
Lrp concentrations were globally fit to equations 3, 4, and 5 with a nonlinear
least-square regression method from Origin (Microcal Software). Values for
n and m were set at 2 or 4, and the total protein concentration was used in
place of free protein concentration because protein is in large excess over
DNA in these experiments.

RESULTS

Effects of upstream deletions and insertions on ilvIH pro-
moter expression in vivo. The constructs used in this study
(Fig. 1) contain the ilvIH promoter together with various
amounts of upstream DNA as part of a transcriptional fusion
to lacZ. These constructs were transferred to bacteriophage
lambda and introduced as single lysogens into strain CV981 by
the procedures of Simons et al. (19). Strains were grown in a
minimal medium in the presence or absence of leucine, and the
strength of the ilvIH promoter was assessed by measuring the
specific activity of �-galactosidase.

As previously observed (20), a strain having the wild-type
construct had approximately 450 U of �-galactosidase activity,
and that activity was reduced about 10-fold in cells grown in
the presence of leucine. By contrast, a strain in which the entire
region upstream of the ilvIH promoter was deleted (strain
CV1327) had low �-galactosidase activity when grown in the
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presence or absence of leucine. Similar results were obtained
with a strain that contained Lrp binding sites 3, 4, 5, and 6 but
lacked binding sites 1 and 2 (Fig. 1, compare lines 1, 2, and 3).

An insertion of 100 bp between the upstream and down-
stream sites at position �160 also resulted in a loss of Lrp-
mediated activation in vivo, indicating that the correct spacing
and/or phasing of the upstream region with respect to the
downstream sites or the promoter is important. A strain con-
taining the 100-bp insertion but from which the upstream re-
gion had been deleted had the expected null phenotype (Fig. 1,
compare lines 1, 4, and 5). These results indicate that the
presence of the two most upstream Lrp binding sites, centered
at positions �246 and �221, is crucial for Lrp-activated ilvIH
promoter expression and that the spacing and/or phasing of
these sites relative to the remainder of the operon is important.

Expression of ilvIH promoter in strains containing differ-
entially phased DNA constructs. To investigate potential
phase relationships between upstream and downstream Lrp
binding sites, we used PCR mutagenesis to insert up to 10
additional base pairs between the two regions in increments of
2 bp. These mutations were not expected to affect the strength
of Lrp binding to these six binding sites in a major way, and in
vitro gel retardation experiments suggested that this was in-
deed the case (see below). Strains containing single-copy
lambda prophage with these mutations were constructed, and
�-galactosidase levels were measured in cells grown in the
absence or presence of leucine.

Strain CV1558 having an insertion of 2 bp between the
upstream and the downstream regions had approximately four-
fold less �-galactosidase activity than the wild-type strain, and

the residual activity was repressed still further by the presence
of leucine in the medium (Fig. 1). Insertions of 4 or more base
pairs resulted in a further decrease in ilvIH expression, and for
the �6 and �8 constructs, the promoter activity was as low as
that for a construct lacking all six Lrp binding sites (Fig. 1,
compare lines 1, 2, 6, 7, 8, 9, and 10). These results show that
a change as small as a 2-bp addition (expected change in the
phase of about 72o) can have a significant effect on promoter
function. It is interesting that the �10 mutation, in which the
upstream and the downstream regions remained in the same
phase relationship as in the wild-type operon, was still a strong
down mutation for ilvIH expression in vivo. Thus, the precise
distance between the upstream and downstream regions may
also be important for Lrp-mediated activation of the ilvIH
promoter.

Binding of Lrp to differentially phased DNA constructs. We
performed gel mobility shift assays to measure the affinity of
Lrp for wild-type and differentially phased construct DNAs in
vitro. DNA fragments approximately 375 bp in length cut from
plasmid pCV316 and mutant derivatives pCV318 to pCV322
were labeled and used for this analysis (nucleotides �332 to
�29 of ilvIH DNA). Figure 2 shows the results of titration
experiments performed with the wild-type and �10 constructs
and increasing concentrations of purified Lrp. As previously
shown by Ricca et al. (17) and Wang and Calvo (20), two major
bands were observed in these titrations, representing a faster-
moving species containing Lrp bound to sites 1 and 2 and a
slower-moving species containing Lrp bound to sites 1, 2, 3, 4,
5, and 6. Trace amounts of other complexes seen in the figure

FIG. 1. Expression from the ilvIH promoter in vivo in strains having addition and deletion mutations. The specific activity of �-galactosidase
(Miller units) (13) was measured in the indicated strains in cells grown in minimal medium lacking (�Leu) or containing (�Leu) leucine (50
�g/ml). Sites at which Lrp binds upstream of the promoter are represented in the cartoon as solid circles (dimer assumed to bind to one site).
Arrow, start point for transcription; wt, wild type; �, deletion.
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represent DNAs containing Lrp bound to one, three, four, or
five sites (20).

Visual inspection of Fig. 2 shows the patterns of binding of
Lrp to the wild-type and �10 constructs to be very similar, if
not identical. A similar conclusion was reached by comparing
the Lrp concentrations that reduced the free DNA concentra-
tion by 50%; at a molar concentration of Lrp monomers that
was more than 20-fold higher than the concentration of DNA,
a concentration of about 3.6 � 10�9 M Lrp was required to
shift 50% of free DNA into complexes for both the wild-type
and �10 constructs. Note that under the conditions of these
gel mobility shift experiments, Lrp is predominantly a dimer in
solution. Similar results were obtained in comparisons of the
wild type to the �2, �4, �6, �8, and �100 constructs (data
not shown).

A more detailed analysis of the binding data was carried out
with a simple model of Lrp binding to two regions of DNA.
The experimental data were fit to equations derived from the
model, and estimates of K1 and K2, association constants for
binding to each of the two regions, were derived by global
curve fitting (see Materials and Methods for derivation of
equations). This analysis indicated that Lrp binds strongly and
with about equal avidity to one region of these constructs, at
least within a factor of about 2 (Table 3, compare K1 values).
Previous work showed that Lrp binds with highest avidity to
the upstream sites (20), and we presume that K1 reflects bind-
ing to upstream sites for all of these constructs. Values for K2,
by contrast, were more variable, reflecting some degree of
cooperativity in binding to the two regions. The absolute value
of the cooperativity cannot be deduced from these data be-
cause the two association constants are not identical, but the
relative cooperativity can be deduced by comparing the K1/K2

ratios. This comparison shows that cooperativity associated
with Lrp binding was 3- to 9-fold higher for the wild-type and
�2 constructs than for the others.

Since the differences in binding described above were rela-

tively small and derived from a comparison of gel mobility
patterns of different samples, we decided to repeat the above
experiment but in a way that allowed comparisons of com-
plexes in the same lane to be made. To do this, different
amounts of Lrp were incubated with a mixture of constructs.
At equilibrium, one expects a mixture of free DNA, DNAs of

FIG. 2. Binding of Lrp to wild-type and �10 constructs in vitro, as
measured by gel mobility shift experiments. Lrp (0, 2, 4, 8, 17, 33, 66,
and 133 nM) was incubated with a labeled 375-bp fragment containing
wild-type DNA (A) or the same fragment having a 10-bp addition at
�160 (B). Samples were fractionated by electrophoresis through poly-
acrylamide, and radioactivity was measured with a phosphorimager.
Arrows denote the positions of free DNA, complex 1 (Lrp bound to
sites 1 and 2), and complex 2 (Lrp bound to sites 1, 2, 3, 4, 5, and 6).

FIG. 3. Analysis of Lrp binding to a mixture of wild-type and mu-
tant constructs in vitro. (A) Diagrammatic representation of free
DNAs and complexes formed after Lrp is incubated with a mixture
containing the wild-type, �4, �6, and �10 constructs. Solid inverted
arrowheads represent addition mutations, and solid circles represent
Lrp. (B) Gel mobility shift experiments performed with the indicated
amounts of Lrp and a mixture of constructs. Lines identify bands as
containing either a mixture of free DNAs or a mixture of Lrp-DNA
complexes. (C) Samples from panel B were excised from the gel and,
after removal of protein, fractionated by electrophoresis under dena-
turing conditions. The four bands in each lane are the wild-type (high-
est mobility), �4, �6, and �10 constructs. (D) Quantitation of data
from panel C. Numbers reflect the radioactivity in a band as a per-
centage of the total radioactivity in all four bands in a lane.

TABLE 3. Association constants for Lrp binding to
upstream and downstream sitesa

Construct K1 (10�3 nM�4) K2 (10�5 nM�4) K2/K1 (10�2)

Wild type 5.3 (�1.1) 16 (�3) 3.0 (�0.6)
�2 4.9 (�0.8) 13 (�3) 2.7 (�0.6)
�4 7.6 (�1.9) 8 (�2) 1.1 (�0.3)
�6 4.6 (�0.9) 6 (�1) 1.3 (�0.2)
�8 3.6 (�0.6) 0.95 (�0.16) 0.26 (�0.04)
�10 2.9 (�0.2) 1.0 (�0.3) 0.34 (�0.10)

a Data from gel mobility shift experiments of the type shown in Fig. 2 were
globally fit to equations 3, 4, and 5 by using a nonlinear least-square regression
method from Origin software (Microcal). For the data shown, values for n and
m were set at 2 and 4, respectively. When n and m were assumed to be 4 and 4,
respectively, the K1 and K2 values were different but the same trend of decreasing
cooperativity was observed. Values are means (�standard deviation).
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each type with Lrp bound to upstream sites, and DNAs of each
type with Lrp bound at both upstream and downstream sites
(represented in Fig. 3A). Upon fractionation of these DNAs
and complexes, a typical gel mobility shift pattern of bands was
observed (Fig. 3B), but each of the major bands was actually a
mixture of four different DNAs or DNA-protein complexes.
We isolated both groups of complexes and, after removing
protein and electrophoresis under denaturing conditions, de-
termined the mole fraction of each construct in the mixture.
Figure 3C shows the separation of complexes after deprotein-
ization and electrophoresis. Note that the �2 and �6 con-
structs were omitted from this analysis so as to achieve good
resolution of the other constructs.

A comparison of the mole fraction values determined from
Fig. 3C is given in Fig. 3D. In multiple measurements of the
mole fractions of the input DNAs used in these experiments,
we observed a variation of about 3%. This variation, caused
mainly by slight differences in defining bands produced by the
phosphorimager, accounts for some of the variation in the rest
of the table, but inspection uncovered a trend in the data that
was unique to the wild-type construct. For each of the equilib-
rium mixtures formed at three different Lrp concentrations,
the mole fraction of the wild-type construct in complex 1
(DNA bound to sites 1 and 2) was lower than its mole fraction
in the input mixture of DNAs, whereas the reverse was true for
complex 2 (DNA bound to all six sites). In evaluating the
significance of this result, it may be helpful to consider a
hypothetical case in which the input mole fractions were each
0.25 for four DNA constructs. If the avidities of Lrp for binding
sites on these constructs were identical and there were no
cooperative interactions during binding, then the output mole
fractions should be identical to the input values for both types
of complexes. If, by contrast, one of the constructs bound Lrp
to downstream sites with higher avidity than the others, then
the mole fraction of that construct should be lower in the first
complex and higher in the second complex. Also, by necessity,
the mole fraction of at least one of the other constructs must be
higher in the first complex and lower in the second. This is
exactly what was observed in Fig. 3D. The chance that the
observed data resulted from normal variation associated with
these measurements is less than 1 in 16,666. A repetition of this
experiment with three different Lrp concentrations gave the
same pattern of results: only the wild-type construct behaved
as described above (data not shown).

These results demonstrate that Lrp binds to the downstream
region of the wild-type construct with higher affinity than it
does to the downstream regions of constructs �4, �6, and
�10.

DISCUSSION

There are three significant findings in this work: DNA lo-
cated at or upstream of position �160 is absolutely required
for expression from the ilvIH promoter; addition mutations
that are expected to change both the phasing and the distance
between upstream and downstream binding sites substantially
reduce promoter expression; and good ilvIH promoter activity
is correlated with cooperative interactions between Lrp bind-
ing to upstream and downstream sites and not so much with

the fact that all sites contain bound Lrp. We discuss these
findings below in the light of new findings by us and others.

DNA at or upstream of position �160 is required for ilvIH
promoter expression. In a model for activation of ilvIH expres-
sion, Wang and Calvo postulated that Lrp bound to down-
stream sites 3, 4, and 5 was required for RNA polymerase
action at the promoter and that binding of Lrp to sites further
upstream improved but was not absolutely required for pro-
moter function (20). The reasoning underlying this model de-
rived mainly from an analysis of the effects of deletion (10) and
substitution (20) mutations on promoter action in vivo: muta-
tions in sites 3, 4, or 5 almost completely eliminated expression,
whereas mutations in sites 1 and/or 2 reduced but did not
eliminate expression.

In reevaluating the earlier work, it seems that the evidence
was substantial but not compelling. For example, for the dele-
tion analysis (10), the endpoints of the deletions within the
vector were not identical, and it is conceivable that vector
sequences had some effect on ilvIH expression. For example, a
weak promoter might have been present within the vector
sequences of some constructs but not others. In the experi-
ments of Wang and Calvo (20), 6-bp substitution mutations in
sites 1 and 2 and a 16-bp substitution mutation affecting both
sites 1 and 2 all reduced promoter expression by about 50%.
Based on an analysis of the contribution of each of the con-
sensus base pairs to the energetics of binding (7), it was pre-
dicted that mutant sites 1 and 2 would not be recognized by
Lrp. Binding was indeed severely reduced, but some residual
binding was still evident for these mutated constructs (20),
highlighting the fact that the rules by which Lrp recognizes
binding sites have not yet been established.

The analysis above calls into question our earlier interpre-
tation of the importance of upstream binding sites and our
focus on Lrp bound at downstream sites as the most significant
factor in transcription activation. Here we show that constructs
having either a deletion of DNA or a 100-bp substitution of
DNA upstream of position �160 showed no ilvIH promoter
activity in vivo, nor did constructs having from 4- to 10-bp
additions at position �160. These results unambiguously es-
tablish that DNA at or upstream of position �160 is required
for ilvIH promoter expression. Together with our previous
results, we conclude that Lrp bound at downstream sites is
necessary but not sufficient for promoter activation.

Addition mutations located between upstream and down-
stream binding sites substantially reduce promoter expres-
sion. As few as 2 bp inserted between positions �160 and �161
caused an approximately 60% decrease in expression from the
ilvIH promoter, and expression dropped to near background
levels with additions of 4, 6, 8, and 10 bp. One possibility
consistent with these results is that expression from the ilvIH
promoter may require transcription factors in addition to Lrp
and the binding site for one of them may include position
�160. For example, transcription of the gltBDF operon re-
quires binding of integration host factor to a site between the
promoter and upstream Lrp binding sites (15).

Two other possibilities that emphasize phasing and potential
interaction between the upstream and downstream Lrp bind-
ing sites are discussed below.

Correlation between ilvIH promoter activity in vivo and co-
operative interactions between Lrp binding to upstream and
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downstream sites in vitro. Here we showed that Lrp binds in
vitro to the wild-type and �2 constructs with slightly higher
affinity than to the �4, �6, �8, and �10 constructs and that
the increased affinity is due to increased cooperativity of bind-
ing. In addition, we confirmed the higher affinity of the wild-
type construct by showing that, within the same reaction mix-
ture with the �4, �6, and �10 constructs, it tended to be more
fully occupied with Lrp than did the others. The increased
cooperativity is most likely the result of an interaction between
Lrp bound at upstream and downstream sites, as represented
diagrammatically in Fig. 4. However, the extent of cooperativ-
ity is relatively small, and for that reason we have represented
the complex in Fig. 4 as an equilibrium between two conform-
ers that differ in their extents of Lrp interaction. One or the
other of these two conformers might support transcription
initiation, and we deal with each possibility separately below.

How might promoter function depend on an interaction
between Lrps bound at upstream and downstream sites? The
simplest possibility is that the stronger binding resulting from
cooperative interactions ensures Lrp occupancy. However, a
cooperativity difference of about 3 between the wild type and
construct �4 is not large enough to result in a major difference
in Lrp occupancy of these constructs in vivo. Another possi-
bility is that the higher oligomer formed through cooperative
interactions, per se, is required for activity of the ilvIH pro-
moter. This possibility is interesting in view of recent studies
from our laboratory demonstrating that Lrp exists at micromo-
lar concentrations as a hexadecamer and/or an octamer and
that leucine shifts the equilibrium in favor of the octamer (5).

In another study, we measured the equilibrium constants for
the hexadecamer-octamer transition and for binding of leucine
to hexadecamer and octamer (3). Furthermore, we measured
the amount of free Lrp and Lrp bound to DNA in cells grown
in minimal medium and in minimal medium containing leucine
(4). These measurements allowed us to calculate that in cells
grown in a minimal medium, about 40% of the total Lrp is free
and that free protein is distributed as 187 hexadecamer mole-
cules, 99 octamers, and 65 leucine-bound octamers (with al-
most no leucine-bound hexadecamers). At present, we have no
evidence bearing on the question of whether hexadecamers
and/or octamers are active in stimulating ilvIH promoter ex-
pression.

If cooperative interactions between Lrp bound at upstream
and downstream sites are required for promoter activity (and
not just correlated with it), then this would provide some

support for the idea that hexadecamers but not octamers ac-
tivate the ilvIH promoter. This is so because all of the con-
structs presumably have bound octamer but only the wild-type
and �2 constructs have elevated cooperative interactions. For
the �4, �6, and �8 constructs, interaction of Lrps bound at
upstream and downstream sites might be precluded because of
a change in phase angle of 144, 216, and 288°, respectively,
associated with these additions. For the �10 construct, the
phase should be restored to that of the wild-type construct, but
the positioning of the two Lrp constructs might be such that
interaction was precluded.

Of course, the correlation between cooperative interactions
between Lrp bound at upstream and downstream sites and
promoter activity may have no significance, and a conformer
related to the one on the left of Fig. 4 may be active in
transcription initiation. In this model, Lrp bound to upstream
sites directly stimulates transcription, whereas Lrp bound to
downstream sites is necessary to bend the DNA so that the
upstream Lrp is positioned properly with respect to the pro-
moter. Thus, all of the constructs can have Lrp positioned at
upstream sites, but only the wild-type and �2 constructs have
an overall conformation that is consistent with promoter ac-
tivity. If this model is correct, then this case is one of the
exceptions to the general situation summarized by Collado-
Villes et al. (6) that sigma 70 promoters are activated by pro-
teins that bind at or very near the promoter; here, activation
would be from protein bound to a region several hundred base
pairs upstream of the promoter. Another likely exception is
gltBDF, in which Lrp bound at sites upstream of �128 stimu-
lates transcription from a downstream promoter (15).

Whether any of these models is correct remains to be de-
termined. What is clear from this work, however, is that bind-
ing of Lrp to two distinct regions is required for transcription
from the ilvIH promoter and that the phasing and distance
between the two regions may also be important.
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