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The GcvA protein is a LysR family regulatory protein necessary for both activation and repression of the
Escherichia coli glycine cleavage enzyme operon (gcv) and negative regulation of gcvA. Gel shift assays indicated
that overexpressed GcvA in crude extracts is capable of binding specifically to DNA containing the gcv and gcvA
control regions. DNase I footprint analysis of the gcvA control region revealed one region of GcvA-mediated
protection overlapping the transcription initiation site and extending from 228 to 120. Three separate GcvA
binding sites in gcv were identified by DNase I footprint analysis: a 29-bp region extending from positions2271
to 2242, a 28-bp region extending from 2242 to 2214, and a 35-bp region covering positions 269 to 234
relative to the transcription initiation site. PCR-generated mutations in any of the three GcvA binding sites in
gcv decreased GcvA-mediated activation and repression of gcv.

The Escherichia coli glycine cleavage enzyme system (GCV)
is a glycine-inducible, purine-repressible metabolic pathway
that catalyzes the cleavage of glycine into CO2 1 NH3 and
transfers a one-carbon (C1) methylene unit to tetrahydrofolate
(9, 15). This activated methyl group, in the form of 5,10-
methylenetetrahydrofolate, can then be used in the biosynthe-
sis of purines, methionine, thymine, and other cellular compo-
nents (17). Three of the four enzymes required for glycine
cleavage, the T, H, and P proteins, are encoded by the gcv
operon that maps at min 65.2 on the E. coli chromosome (20).
Expression of the gcv operon involves a complex regulatory
system consisting of at least three regulatory proteins acting at
the gcv promoter.
Two regulators known to play a negative role in the control

of gcv expression are the PurR and GcvA proteins (36). PurR
is required for negative regulation of numerous genes involved
in nucleotide metabolism (7, 10, 21, 34) and has been shown to
decrease gcv expression twofold when cells are grown in the
presence of exogenous purines or purines and glycine (36). In
vitro studies have indicated that PurR binds to the gcv control
region near the transcription initiation site for gcvT, the first
gene in the gcv operon, and presumably interferes with the
ability of RNA polymerase to initiate transcription (28, 36). A
PurR-independent mechanism for purine repression of gcv is
mediated by the GcvA protein. This LysR-type regulator (8,
25) is necessary for an additional fivefold decrease in gcv ex-
pression when cells are grown in the presence of purines and
without glycine (36).
GcvA plays a dual role in the regulation of gcv, since it is also

required for six- to sevenfold activation of gcv when glycine is
included in the growth media (37). Whether GcvA responds
directly to two different cellular metabolites or whether GcvA
interacts with another protein is unknown but is under inves-
tigation. GcvA also negatively regulates its own promoter in-
dependently of glycine or purine supplementation.
Full induction of gcv in response to glycine also requires Lrp

(12), a global regulator necessary for either activation or re-
pression of many genes involved in amino acid metabolism (1,

18). An lrp mutant carrying a gcvT-lacZ fusion, in which b-ga-
lactosidase synthesis is under the control of the gcv regulatory
region, has low, noninducible b-galactosidase levels (30). In
vitro studies have identified multiple Lrp binding sites in the
292 to 2229 region of gcv (30). Further studies are needed to
determine whether Lrp-dependent activation of gcv is a result
of structural changes in the DNA or whether Lrp interacts
directly with RNA polymerase or other regulatory proteins.
An additional factor involved in gcv regulation is suggested

by deletion analysis of the upstream region of gcv (30). When
nucleotides 2466 to 2313 of gcv are deleted, a fourfold de-
crease from the fully induced levels of b-galactosidase synthe-
sis encoded by a gcvT-lacZ fusion occurs. This decrease in
activity appears to be independent of gcvA, lrp, or purR, since
strains containing mutations at these loci still show diminished
expression from the 2466 to 2313 gcvT5lacZ deletion fusion
(30).
As described above, the regulation of gcv involves several

regulatory proteins, of which the PurR and Lrp proteins have
been shown to act directly at the gcv promoter region (30, 36).
This report describes the overexpression of GcvA and identi-
fies the GcvA binding sites in the gcv and gcvA control regions.

MATERIALS AND METHODS
Bacterial strains and plasmids used in this study. E. coli K-12 strain GS162

carries the thi pheA905 DlacU169 araD129 rpsL150 mutations. Strain GS1029 is
isogenic to GS162 except for a DgcvA::Spr mutation in which the chromosomal
gcvA gene has been deleted and replaced with a spectinomycin resistance marker
(35). GS852 is also isogenic to GS162 except for an additional purR::Tn10
mutation (10). Where indicated, some strains were lysogenized with a lgcvT-lacZ
phage, in which b-galactosidase synthesis is under the control of the gcv regula-
tory region (29), or with a mutated lgcvT-lacZ phage (see below).
Plasmid pGS285, which expresses high levels of GcvA, was constructed as

follows. Two primers were synthesized with an Applied Biosystems DNA syn-
thesizer. The first primer (59-CCGAATTCAGGAATAGCCATGTCTAAACG-
39) is complementary to the region of gcvA overlapping the initiation codon and
includes an artificial Shine-Dalgarno sequence and an EcoRI cloning site. The
second primer (59-TCCCCCGGGCATGGTCGTACCCTACG-39) is comple-
mentary to the region downstream of gcvA (opposite DNA strand) and includes
an artificial SmaI cloning site. These two primers were used for PCR amplifica-
tion of plasmid pGS267, which carries the gcvA gene (35). The resulting 964-bp
PCR product was purified on low-melting-point agarose, cut with EcoRI and
SmaI, and cloned into expression vector pTrc99A (Pharmacia, Piscataway, N.J.),
forming plasmid pGS280. DNA binding assays using crude extracts containing
either pGS280 or control vector pTrc99A were complicated by the presence of
shifted bands that were later shown to be specific to the pTrc99A vector and
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likely due to the overproduced LacI protein. Cloning of the gcvA fragment into
a high-copy-number plasmid with a strong tac promoter and no lacI gene ap-
peared to be detrimental to the cells. Therefore, the gcvA insert was subcloned
into pGS286, a single-copy vector constructed from pGS225 (37) in which the
strong tac promoter and an ampicillin resistance gene had been cloned in and the
resident kanamycin gene had been removed. The resultant plasmid, containing a
highly expressed gcvA gene, was designated pGS285.
DNA manipulation. Isolation of plasmid DNA, restriction enzyme digestions,

ligations, and plasmid transformations were done as previously described (22).
Media. The complex medium used was Luria broth (16). Vogel and Bonner

minimal salts (33) supplemented with 0.4% glucose (GM) was the minimal
medium used. Appropriate amino acids, antibiotics, and other supplements were
added, as required, at the following concentrations: phenylalanine, 50 mg/ml;
glycine, 300 mg/ml; inosine, 50 mg/ml; vitamin B1, 1 mg/ml; ampicillin, 50 mg/ml.
Enzyme assays. b-Galactosidase assays were performed as described by Miller

(16). Protein concentrations were determined by the method of Lowry et al. (13).
All of the results shown are averages of two or more assays, with each sample
done in triplicate. Values from different assays varied by less than 15%.
Site-directed mutagenesis and construction of lysogens. Mutagenesis of the

GcvA binding sites identified in the gcv control region was performed by using
the PCR megaprimer mutagenesis procedure as previously described (24), with
minor modifications. The following mutant oligonucleotides were synthesized:
site 1, 59-GCATTTTTTAACCATAAGAGTTTGTGATGATCAATTTTACC-
39; site 2, 59-CACTAAATCAAAAAATAATGGCAAACTAAAATATAATGC
G-39; and site 3, 59-CCTCATTTGAAATAAAAGTTTTTCACCTCCGTTTTC
GC-39 (mutated nucleotides are underlined). Each mutant oligonucleotide was
used for PCR amplification (denaturation at 948C for 2 min, annealing at 378C
for 2 min, and extension at 558C for 1.5 min for 30 cycles) with template plasmid
pGS239 (29) containing the wild-type gcv control region on a 759-bp EcoRI-
BamHI fragment fused to the lacZYA genes of lac fusion vector pMC1403 (2).
The upstream primer is complementary to vector or lacZ sequences. Unincor-
porated oligonucleotides were removed with QiaquikSpin (Qiagen, Chatsworth,
Calif.), and the PCR products were isolated on low-melting-point agarose. These
PCR products were then used as ‘‘megaprimers’’ in another round of PCR
synthesis, again with plasmid pGS239 as the template. The downstream primer
is complementary to vector or lacZ sequences. The PCR products were isolated
on low-melting-point agarose and cut with EcoRI and BamHI restriction en-
zymes, and the 759-bp fragments were recloned into plasmid pMC1403. The
mutations were verified by DNA sequence analysis (23), and the resultant plas-
mids were designated pGS357 (site 1 mutant), pGS358 (site 2 mutant), and
pGS359 (site 3 mutant). Plasmid pGS360 (both sites 2 and 3 mutated) was
constructed in a similar manner, except that the template used for PCR ampli-
fication was mutant plasmid pGS359 and the primer was the mutant oligonucle-
otide directed to site 2.
Each mutant gcvT-lacZYA fusion was cloned into bacteriophage lgt2 (19), and

the resultant phage were designated lgcvT-lacZ site 1, lgcvT-lacZ site 2, lgcvT-
lacZ site 3, and lgcvT-lacZ sites 213. Appropriate strains were lysogenized with
the mutant phage as previously described (32), and lysogens were tested for a
single copy of the l phage by infection with phage lcI90c17 (27). The effects of
the mutations on gcv-lacZ expression were measured by b-galactosidase assay.
Preparation of extracts. To prepare extracts for mobility shift and DNase I

protection assays, strain GS1029lgcvT-lacZ, transformed with either plasmid
pGS285 (gcvA1) or pGS286 (vector only), was inoculated into 700 ml of Luria
broth containing 50 mg of ampicillin per ml and grown for 12 h at 308C. Cells
were harvested by centrifugation, and the pellets were resuspended in 23 DNA
binding buffer (20 mM Tris [pH 7.5], 100 mM KCl, 2 mM EDTA, 10% glycerol,
2 mM dithiothreitol). The cells were sonicated on ice, and cellular debris was
removed by centrifugation at 11,000 3 g for 30 min at 48C. The supernatant was
brought to 33% ammonium sulfate saturation, and the precipitated proteins
were collected by centrifugation at 11,000 3 g. The pellets were resuspended in
2 ml of 23 DNA binding buffer and dialyzed extensively against the same buffer.
After dialysis, particulates were removed by centrifugation and the extracts were
brought to a protein concentration of 10 mg/ml. These samples were used as
crude extracts for in vitro studies.
Gel mobility shift assay. The gel mobility shift assay used was based on the

methods of Fried and Crothers (3) and Garner and Revzin (5). A 759-bp
fragment from pGS239 (29), from nucleotides 2466 to 1293 of the gcv control
region, was 32P labeled at its unique EcoRI site by using the large fragment of
DNA polymerase I. A 519-bp fragment from gcvA-lacZ fusion plasmid pGS265
(35), from nucleotides 2303 to 1216 of the gcvA control region, was also 32P
labeled at its unique EcoRI site. The gel mobility shift assay was performed by
preincubating the labeled DNA in 13 DNA binding buffer (18-ml total volume)
at 378C for 5 min and then adding 2-ml volumes of twofold serial dilutions of
crude extracts diluted in 13 DNA binding buffer. After incubating the tubes at
378C for 15 min, 1 ml of loading dye was added and the samples were loaded onto
a nondenaturing 5% polyacrylamide–3% glycine gel.
DNase I protection assay. The DNase I protection assay used in this study is

a modified version of the method of Schmitz and Galas (26). The 759-bp frag-
ment from pGS239 and the 519-bp fragment from pGS265 described above were
32P labeled at the unique EcoRI site. The labeled DNA fragments were prein-
cubated at 378C for 5 min in 22.5-ml reaction mixtures containing 13 DNA
binding buffer plus 125 mg of bovine serum albumin per ml. A 2.5-ml volume of

diluted crude extract from cells carrying either gcvA1-carrying plasmid pGS285
or control plasmid pGS286 was then added, and incubation was continued at
378C for an additional 15 min before DNase I was added (1.5 ml of a 2-mg/ml
solution of DNase I in 20 mM sodium acetate–32 mM CaCl2). After 30 s, the
reactions were stopped by adding 65 ml of stop solution (3 M ammonium acetate,
15 mg of sonicated calf thymus DNA per ml, 0.25 M EDTA) and samples were
precipitated with ethanol. Pellets were suspended in sequencing loading buffer
and loaded onto a 5% polyacrylamide–7 M urea sequencing gel alongside the
Maxam and Gilbert A1G and C1T sequencing reactions (14) performed on the
same labeled fragment.

RESULTS

Overproduction of GcvA. Experiments examining the regu-
lation of a translational gcvA-lacZ fusion suggested that ex-
pression of gcvA is relatively low (only 3 Miller units) and also
that gcvA is negatively autoregulated over a twofold range (35).
Analysis of the DNA sequence of gcvA (35) indicated the
presence of a perfect 7-bp inverted repeat at positions 233 to
216 relative to the translation initiation codon of gcvA and a
poor presumed Shine-Dalgarno sequence (59-AAAG-39) adja-
cent to this inverted repeat. Although the significance of this
potential hairpin structure in gcvA has not been examined, it is
well documented that both secondary mRNA structures and
the nucleotides used in the ribosome binding site can have a
significant effect on translation efficiency (6). To increase the
expression of gcvA and abolish the capacity for negative auto-
regulation, the gcvA coding sequence was PCR synthesized
with deletion of all but 6 bp upstream from the translation start
codon and introduction of an artificial Shine-Dalgarno se-
quence (59-AGGA-39). This sequence was fused to the strong
tac promoter (see Materials and Methods), forming plasmid
pGS285. When a gcvA mutant containing a gcvT-lacZ fusion
was transformed with this plasmid, high constitutive expression
of b-galactosidase was measured (data not shown), suggesting
that pGS285 overproduces the GcvA protein. Sodium dodecyl
sulfate-polyacrylamide gel electrophoretic analysis of crude ex-
tracts containing this plasmid indicated that GcvA was less
than 1% of the total cell protein (data not shown).
GcvA protein binds to DNA containing the gcv and gcvA

control regions. To determine whether the overproduced
GcvA protein in cell extracts was able to bind DNA containing
the gcv control region, a gel mobility shift assay was performed.
As shown in Fig. 1, addition of increasing amounts of total
protein resulted in a shift of gcv DNA to a slightly higher band
(lanes 3 to 6) and then, at the highest concentrations used, two
additional major bands with extremely slow mobilities (lanes 7
and 8). Two minor bands also appeared at higher protein
concentrations but were not due to binding of GcvA since they
also appeared when a control extract prepared from a gcvA
mutant transformed with a control (gcvA mutant) plasmid was
used (lane 9). Since the buffer used in this assay is glycine
based, gel shift patterns were not examined in the presence of
additional glycine.
Overexpressed GcvA in crude extracts was also able to bind

to DNA containing the gcvA control region. At lower concen-
trations of GcvA, a slightly shifted band appeared and, at
higher concentrations, additional bands with slower mobility
appeared (Fig. 2, lanes 2 to 8). Again, a minor shifted band was
seen in lanes containing the GcvA extract and those containing
the control extract, suggesting that some other factor, in addi-
tion to GcvA, is present that binds to DNA containing the gcvA
control region.
Localization of the GcvA binding sites on the gcv and gcvA

control regions. To identify which sequences of DNA are nec-
essary for binding of GcvA to the gcv and gcvA control regions,
DNase I footprinting assays were performed. As seen in Fig.
3a, addition of increasing amounts of cell extracts containing
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overproduced GcvA to reaction mixtures containing labeled
gcv DNA resulted in protection from DNase I digestion in two
distinct regions. The first region covers 57 bp, extends from
about 2271 to 2214 in the gcv control region, and was seen at
the lower concentrations of cell extracts. Because of the large
size of this region and the various degrees of protection, it was
assumed that this area of gcv protected by GcvA represents at least two distinct binding sites for GcvA, and these sites were

designated sites 2 and 3. At higher protein concentrations,
another protected site was seen closer to the transcription
initiation site for gcv, and this site was designated site 1. To
define the precise boundaries of site 1, a longer run of the same
reaction mixtures as in Fig. 3a was done. As shown in Fig. 3b,
the boundaries of GcvA-mediated protection of site 1 extend
approximately 35 bp, covering the 269 to 234 region of gcv.
Whether this represents a single GcvA binding site or a double
binding site is uncertain. Addition of 10 mM glycine to the
reaction mixtures had no effect on the degree of protection or
on the pattern of DNase I digestion. No protection from
DNase I digestion of gcv was seen when control extracts were
used in the assay (Fig. 3a and b, lanes 8 to 11).
DNase I protection assays were also performed with a 32P-

labeled DNA fragment containing the gcvA control region. As
shown in Fig. 4, extracts containing overproduced GcvA were
able to protect a large, 48-bp region of gcvA DNA from DNase
I digestion. This region overlaps the gcvA transcription initia-
tion site, extending from 228 to 120. Again, no protection
from DNase I digestion of gcvA was seen when a control
extract was used in the assay (Fig. 4, lanes 8 to 10).
Mutations in the GcvA binding sites of gcv affect binding by

GcvA. The four GcvA binding sites identified by DNase I
protection experiments were aligned and examined to deter-
mine a consensus binding site for GcvA (Fig. 5). The DNA
binding sites for most LysR-type transcriptional regulators
show some degree of dyad symmetry which contains a con-
served T-N11-A motif (25). Both sites 2 and 3 in the gcv control

FIG. 1. Gel mobility shift assay for the binding of GcvA to gcv DNA. A
759-bp 32P-labeled DNA fragment containing the gcv control region was incu-
bated with twofold dilutions of crude extracts containing overexpressed GcvA,
and the samples were run on a nondenaturing 5% polyacrylamide–3% glycine gel
as described in Materials and Methods. Lane 1, DNA probe only; lanes 2 to 8,
0.8, 1.56, 3.10, 6.20, 12.5, 25, and 50 ng of protein from crude extract containing
overexpressed GcvA added per 20-ml reaction mixture, respectively; lane 9, 50 ng
of control (no GcvA) crude extract. The arrow denotes the unbound DNA
fragment.

FIG. 2. Gel mobility shift assay for the binding of GcvA to gcvA DNA. A
519-bp 32P-labeled DNA fragment containing the gcvA control region was incu-
bated with twofold dilutions of crude extracts containing overexpressed GcvA,
and the samples were run on a nondenaturing 5% polyacrylamide–3% glycine gel
as described in Materials and Methods. Lane 1, DNA probe only; lanes 2 to 9,
100, 50, 25, 12.5, 6.20, 3.10, 1.56, and 0.8 ng of protein from crude extract
containing overexpressed GcvA per 20-ml reaction mixture, respectively; lane 10,
100 ng of control (no GcvA) crude extract. The arrow denotes the unbound DNA
fragment.

FIG. 3. Protection from DNase I digestion of the gcv control region by GcvA.
A 759-bp 32P-labeled DNA probe containing the gcv control region was incu-
bated with twofold dilutions of crude extracts with or without overexpressed
GcvA (see Materials and Methods) and digested with DNase I. The partial
digestion products were run on a denaturing 5% polyacrylamide gel adjacent to
the Maxam-Gilbert sequencing reactions of the labeled DNA probe. Lane 1,
A1G; lane 2, C1T; lane 3, no protein; lanes 4 to 7, 500, 250, 125, and 62.5 ng
of protein from crude extract containing overexpressed GcvA per 25-ml reaction
mixture, respectively; lanes 8 to 11, 500, 250, 125, and 62.5 ng of control (no
GcvA) crude extract per 25-ml reaction mixture, respectively. The three regions
of the DNA protected by DNase I digestion are indicated by the brackets. a and
b are short and long runs, respectively, of the digestion products.
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region have a conserved T-N11-A sequence, but significant
dyad symmetry is evident only in the site 2 binding site (59-
GCATTA-N7-TAATGC-39). The protected bases in the site 1,
2, and 3 binding sites do not show much homology to each
other except for a conserved 59-CTAAT-39 region. Examina-

tion of the protected region of gcvA revealed the dyadic se-
quence 59-ATTA-N5-TAAT-39 and also the conserved 59-
CTAAT-39 sequence that was seen in the GcvA-protected
regions of gcv.
To determine whether the conserved 59-CTAAT-39 se-

quence found in the regions protected by GcvA is important
for GcvA binding and whether all three sites are required for
regulation of gcv, site-directed PCR mutagenesis was used to
mutate the 59-CTAA-39 sequence to 59-AGTT-39 in site 1, 2, or
3 of gcv (see Materials and Methods). These mutations con-
serve the nucleotide content and spacing of the wild-type se-
quence. In addition, a double mutant with changes at both sites
2 and 3 was constructed. DNA containing the mutated GcvA
binding sites was 32P labeled and used in DNase I footprinting
assays with cell extracts containing overproduced GcvA. As
shown in Fig. 6, when either site 2 or 3 was mutated, a decrease
in binding affinity of GcvA for the altered site was seen com-
pared with the wild-type sequence, with the effect being much
greater for site 3 than for site 2. In addition, mutation of site 2
resulted in a slight decrease in GcvA binding at site 3 (lanes 8
to 10) but the converse was not true; mutation of site 3 had no
effect on GcvA binding at site 2 (lanes 12 to 14). When site 1
was mutated, binding of GcvA to this site was prevented, al-
though protection of sites 2 and 3 appeared to be unaffected
(lanes 19 to 22). When both sites 2 and 3 were mutated,
GcvA-mediated protection at these sites was abolished but
protection of site 1 was similar to that seen with the wild-type
template (lanes 15 to 18). It should be noted, however, that the
degree of protection of site 1 in the site 2 and 3 double mutant
varied slightly between experiments; sometimes a slight de-
crease in binding of GcvA to site 1 was noted. The cause for
this variability is not understood.
Mutations in the GcvA binding sites of gcv affect regulation

by GcvA. To test whether the altered binding affinities demon-
strated in the DNase I footprint analysis correlated with di-
minished GcvA regulation of gcv in vivo, translational fusions
of the mutated gcv DNA fragments to the lacZ gene were
made and cloned into lgt2. These phages, designated lgcvT-
lacZ site 1, lgcvT-lacZ site 2, lgcvT-lacZ site 3, and lgcvT-lacZ
sites 213, were used to lysogenize both wild-type strain GS162
and gcvA deletion mutant GS1029. In these lysogens, b-galac-
tosidase synthesis is under control of the mutated gcv regula-
tory region. As a control, strains GS162 and GS1029 were also
lysogenized with the wild-type lgcvT-lacZ phage constructed
previously (29).
These lysogens were grown in GM with no supplements,

with glycine, or with the purine nucleotide inosine and assayed
for b-galactosidase activity. Wild-type lysogen GS162lgcvT-
lacZ normally shows a 6- to 7-fold increase in b-galactosidase
expression when grown in the presence of glycine and a greater
than 10-fold repression when grown in media containing pu-

FIG. 4. Protection from DNase I digestion of the gcvA control region by
GcvA. A 519-bp 32P-labeled DNA probe containing the gcvA control region was
incubated with twofold dilutions of crude extracts with or without overexpressed
GcvA (see Materials and Methods) and digested with DNase I. The partial
digestion products were run on a denaturing 5% polyacrylamide gel adjacent to
the Maxam-Gilbert sequencing reactions of the labeled DNA probe. Lane 1,
A1G; lane 2, C1T; lane 3, no protein; lanes 4 to 7, 500, 250, 125, and 62.5 ng
of protein from crude extract containing overexpressed GcvA per 25-ml reaction
mixture, respectively; lanes 8 to 10, 500, 250, and 125 ng of control (no GcvA)
crude extract added per 25-ml reaction mixture, respectively. The region of the
DNA protected by DNase I digestion is indicated by the bracket.

FIG. 5. Alignment of partial sequences of gcv and gcvA DNAs protected by
GcvA from DNase I digestion. The T-N11-A sequence found in most LysR-type
binding sequences (25) is underlined, and the conserved 59-CTAAT-39 sequences
found in gcv binding sites 1, 2, and 3 and the gcvA binding site are in boldface.
It should be noted that the sequence 59-TTAAC-39 of the site 1 binding site may
be outside the DNase I-protected region. Regions of dyad symmetry are indi-
cated by arrows above each sequence.
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rines (Table 1). As shown previously (36), both of these effects
are mediated by GcvA; b-galactosidase levels of gcvA mutant
GS1029lgcvT-lacZ are no longer induced by glycine, and the
severe inosine-mediated repression is relieved (only the two-
fold PurR-dependent repression is still seen). When GS162
was lysogenized with mutant phage lgcvT-lacZ site 2, lgcvT-
lacZ site 3, or lgcvT-lacZ sites 213, both activation by glycine
and repression by inosine were abolished, with levels of b-ga-
lactosidase similar to those of the gcvA mutant and strain
GS1029 lysogenized with the wild-type lgcvT-lacZ phage.
These results show that the 59-CTAA-39 in both sites 2 and
3 is necessary for GcvA-mediated activation and GcvA-medi-
ated repression of gcv. This is not the case for the site 1 GcvA
binding site.
When GS162 was lysogenized with phage lgcvT-lacZ site 1,

activation by glycine and repression by inosine still occurred,
although the responses were significantly reduced compared
with the wild-type control lysogen (compare lines 1 and 9).
However, when gcvA mutant strain GS1029 was lysogenized
with the lgcvT-lacZ site 1 phage, decreased b-galactosidase
activity compared with that of the control lysogen was observed
under all conditions (compare lines 2 and 10), indicating that
some factor other than GcvA binding was affected by mutating
this sequence of DNA. Since this region is close enough to the
promoter to include bases that might be in contact with RNA
polymerase, it is possible that this mutation affected the pro-
moter for gcv. This could explain why glycine-induced activa-

tion of gcv was decreased. What it could not explain, however,
is why inosine-mediated repression was partially relieved; in-
stead of 12 Miller units of b-galactosidase activity or less (if the
site 1 mutation simply caused a promoter down effect), the site
1 mutant had 28 Miller units. To determine how much of this
repression was mediated by the PurR protein, purR mutant
GS852 was lysogenized with either the lgcvT-lacZ site 1 phage
or the wild-type phage and b-galactosidase activity was as-
sayed. All repression measured in these purR lysogens must be
due to the GcvA protein. An approximately twofold decrease
in repression compared with GS852lgcvT-lacZ phage was
measured when GS852lgcvT-lacZ site 1 was grown in the pres-
ence of inosine (lines 11 and 12). These results suggest that the
mutations present in the lgcvT-lacZ site 1 phage partially af-
fected the ability of GcvA to act as a repressor of gcv when cells
were grown in the presence of inosine.

DISCUSSION

Gel mobility shift assays indicated that extracts containing
overexpressed GcvA were capable of binding to gcv and gcvA
DNAs. Most LysR family members are able to bind to their
target DNA without their coeffectors (reviewed in reference
25), and GcvA appears to be no exception. The binding of
GcvA to gcv results in a complex shifting pattern consisting of
three bands, two of which have extremely slow mobility (Fig.
1). Since the degree of shifting of these bands does not follow
the pattern expected for a simple increase in molecular size
with the binding of one and then two and three dimers (or
tetramers) of GcvA, it is possible that a higher-order structure
is formed upon binding of GcvA to gcv. Initially, we thought
that since multiple dimers of Lrp can bind to gcv DNA (30),
perhaps a large nucleoprotein complex is formed that retards
the movement of the DNA through the gel. However, gel
mobility shifts performed with crude extracts made from an lrp
mutant transformed with the GcvA-overexpressing plasmid
looked similar to those in Fig. 1 (data not shown). Studies with
the lac repressor protein have shown that binding of the tet-
rameric lac protein to two lac operators on the same DNA
fragment causes looping of the intervening DNA and a result-

FIG. 6. Protection from DNase I digestion of wild-type and mutated gcv
control region DNAs by GcvA. A 759-bp 32P-labeled DNA fragment containing
wild-type DNA (lanes 3 to 6), site 2-mutated DNA (lanes 7 to 10), site 3-mutated
DNA (lanes 11 to 14), site 213-mutated DNA (lanes 15 to 18), or site 1-mutated
DNA (lanes 19 to 22) was incubated with twofold dilutions of crude extract
containing overexpressed GcvA (see Materials and Methods) and digested with
DNase I. The partial digestion products were run on a 5% polyacrylamide gel
alongside the Maxam and Gilbert sequencing reactions of the wild-type DNA
probe. Lane 1, A1G; lane 2, C1T; lanes 3, 7, 11, 15, and 19, no protein; lanes
4, 8, 12, 16, and 20, 500 ng of protein from crude extract; lanes 5, 9, 13, 17, and
21, 250 ng of crude extract; lanes 6, 10, 14, 18, and 22, 125 ng of crude extract per
25-ml reaction mixture. The three regions of the wild-type fragment protected from
DNase I digestion are indicated by the brackets.

TABLE 1. Mutations in the GcvA binding sites in
gcv alter regulation of gcv

Strain

b-Galactosidase activitya of cells
grown in GMb with addition of:

Nothing Glycine Inosine

GS162lgcvT-lacZ 182 1,244 12
GS1029lgcvT-lacZ 104 105 47

GS162lgcvT-lacZ site 3 110 111 46
GS1029lgcvT-lacZ site 3 110 105 51

GS162lgcvT-lacZ site 2 103 100 44
GS1029lgcvT-lacZ site 2 96 93 43

GS162lgcvT-lacZ sites 213 94 96 33
GS1029lgcvT-lacZ sites 213 95 98 39

GS162lgcvT-lacZ site 1 171 668 28
GS1029lgcvT-lacZ site 1 58 57 26
GS852lgcvT-lacZ site 1 145 552 58

GS852lgcvT-lacZ 170 1,104 26

a In Miller units (16).
b GM also contained phenylalanine and vitamin B1.
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ant decrease in mobility in gel shift assays (11). This looping
also resulted in enhanced and diminished sensitivities to
DNase I cleavage. It was apparent (Fig. 3b) that there exists
such a pattern of enhanced and diminished DNase I cleavage
between the site 1 and 2 GcvA binding sites. In later studies,
however, the pattern was not as distinct (Fig. 6). The cause of
this variation is uncertain, but the extracts used in the mutant
analysis (Fig. 6) had gone through several freeze-thaw cycles.
Perhaps this altered the ability of GcvA to self-associate in
some manner. The question of whether binding of GcvA to its
target sites in gcv results in looping of the intervening DNA will
be pursued in future studies.
Gel mobility shift assays using overexpressed GcvA and

DNA containing the gcvA regulatory region also resulted in a
complex banding pattern (Fig. 2). This pattern is more consis-
tent with the binding of one dimer (or tetramer) at lower
concentrations of GcvA and then another at higher concentra-
tions. Additional bands were seen at the highest concentration
of protein used. It is not clear whether the bands with the
slowest mobility are due to the binding of additional molecules
of GcvA or whether they result from the binding of other
factors present in the control extracts that are also able to bind
to gcvA DNA. DNase I footprinting assays showed only a
single, 48-bp site of protection on the gcvA DNA fragment
(Fig. 4 and 7b). If this area represents two GcvA binding sites,
then both appear to have the same affinity for GcvA since
equal protection of both sites was seen at the lower protein
concentrations. This site of protection overlaps the transcrip-
tion initiation site for gcvA, suggesting that the negative auto-
regulation seen in vivo (35) operates by interference of GcvA
with RNA polymerase at the gcvA promoter.
DNase I footprint analysis of gcv identified three GcvA bind-

ing sites at positions2271 to2243 (site 3),2242 to2214 (site
2), and 269 to 234 (site 1) (Fig. 3 and 7a). These three sites
appear to have different affinities for GcvA, since binding at
site 2 was seen at lower protein concentrations than binding at
site 3 and binding at site 3 was seen at lower protein concen-
trations than binding at site 1. The upstream location of the
site 2 and 3 GcvA binding sites is different from those of most
LysR family members, in which DNase I-protected regions
usually occur only near the265 area (25). Perhaps the require-
ment for Lrp, with binding regions from 292 to 2229 (30),
necessitates the atypical location and may represent a novel
mode of regulation for this LysR family member.
Alignment of sites 1, 2, and 3 in gcv with that protected by

GcvA in the gcvA control region did not reveal much sequence

similarity between sites, except for the conserved 59-CTA
AT-39 region (Fig. 5 and 7). In this respect, GcvA may be
similar to LysR family member TrpI of Pseudomonas aerugi-
nosa (4), in which protein-protein interactions are more im-
portant for binding of the second regulatory protein to its
target DNA than the actual DNA sequence itself. Alterna-
tively, GcvA may be similar to the E. coli OxyR protein that is
able to specifically recognize nonhomologous binding sites at
different promoters (31).
Because of the diversity of the sequences of the target sites

of GcvA, our initial mutational analysis focused on the con-
served 59-CTAA-39 regions in sites 1, 2, and 3 of gcv. Mutation
of this sequence to 59-AGTT-39 revealed that this sequence is
important for binding of GcvA. Furthermore, some binding
cooperativity between sites 2 and 3 might be involved. Al-
though the binding of GcvA to site 2 did not appear to be
affected when site 3 was mutated, the binding of GcvA to site
3 was at least partially dependent upon binding of GcvA to site
2 (Fig. 6). Mutations made in either site 2 or 3 resulted in total
loss of GcvA-mediated activation and repression of gcv in vivo
as measured by b-galactosidase expression from a gcvT-lacZ
fusion (Table 1). It is interesting that mutation of the site 1
GcvA binding site, which is closest to the transcription initia-
tion site for gcv and could conceivably bring GcvA and RNA
polymerase in direct contact, had little effect on GcvA-medi-
ated activation of gcv (Table 1, line 9). One model fitting the
data presented is that binding of GcvA to site 3 is required for
activation and repression of gcv, while site 2 stabilizes the
binding of GcvA to site 3. The site 1 GcvA binding site might
not be involved in activation of gcv by glycine but in some
manner is necessary for repression of gcv by purines, perhaps
by binding of some cofactor or other protein and interaction
with GcvA at sites 2 or 3 to prevent transcription by RNA
polymerase. A more refined mutational analysis of the gcv
regulatory region and purification of GcvA and identification
of its cofactors will provide additional data to aid in our un-
derstanding of the role of GcvA in the complex regulation of
the gcv operon.
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