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Mutations in the araC gene of Escherichia coli B/r were isolated which alter both activation of the araBAD
operon expression a,nd autoregulation. The mutations were isolated on an araC-containing plasmid by
hydroxylamine mutagenesis of plasmid DNA. The mutant phenotype selected was the inability to autoregulate.
The DNA sequence of 16 mutants was determined and found to consist of seven different missense mutations
located within the distal third of the araC gene. Enzyme activities revealed that each araC mutation had altered
both autoregulatory and activator functions of AraC protein. The mutational analysis presented in this paper
suggests that both Rutoregulatory and activator functions are localized to the same determinants of the AraC
protein and that the amino acid sequence within the carboxy-terminal region of AraC protein is important for
site-specific DNA binding.

The AraC protein regulates the expression of four tran-
scriptional units involved in L-arabinose utilization in Esch-
erichia coli (13, 26). In the presence of L-arabinose, AraC
protein activates transcription of the araBAD operon, which
encodes the three L-arabinose-catabolizing enzymes, and of
the araE and araF genes, which encode L-arabinose trans-
port proteins (13, 26). In the absence of L-arabinose, AraC
protein represses araBAD transcription to a low basal level
(13, 26). In vitro and in vivo analyses have demonstrated that
expression of the araC gene, which encodes the AraC
protein, is autoregulated (3, 27). In the presence or absence
of L-arabinose, AraC protein represses its own transcription,
resulting in a constant steady-state level of AraC protein in
the cell (3, 16). Thus, there are three regulatory properties
associated with AraC protein: activation of araBAD and the
transport genes, repression of araBAD, and autoregulation
of araC.
The araC gene is located adjacent to the araBAD operon

but is transcribed in the opposite direction (46). The tran-
scription initiation sites are separated by 147 base pairs (bp)
(44), and the DNA sequence of this regulatory region is
known (15, 39). DNA protection studies and in vivo deletion
analysis of this region have defined three AraC protein-
binding sites (10, 27, 36). AraC protein binds: (i) at araI
where, in the activator conformation, it stimulates initiation
of transcription of araBAD; (ii) at araOl which overlaps the
RNA polymerase-binding site of the araC promoter prevent-
ing initiation of transcription; and (iii) at araO2 located
within the transcribed but untranslated region of the araC
gene which is required for repression of araBAD. The E. coli
araC gene encodes a 292-amino acid polypeptide as pre-
dicted by DNA sequence analysis (33). AraC protein from E.
coli has been purified and shown to be a dimer consisting of
two identical subunits (47, 48).
We are interested in understanding the structure-function

relationships involved in the regulatory properties of AraC
protein. A mutational analysis in which these properties are
altered will provide a means to define the site(s) on the AraC
protein involved in the three regulatory functions. Two of
the regulatory functions, activation of araBAD and autoreg-
ulation of araC, are easily measured in vivo utilizing an
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araC-lacZ protein fusion strain. In this paper we describe
the isolation and characterization of nonself-regulatory araC
mutants. Each mutation affects both autoregulatory and
activator properties of AraC protein. Our results suggest that
these functions are localized to the same determinants on
AraC protien. This is consistent with the observation that
the AraC-binding sites, araI and araOl, show significant
DNA sequence homology (19). The mutations isolated in this
study are located in the carboxy-terminal coding region of
the araC gene. We believe these mutations affect, either
directly or indirectly, the ability of AraC protein to bind at
araI and araOl and thus impair induction of araBAD ex-
pression and repression of araC expression.

MATERIALS AND METHODS

Media. The media and antibiotics used in this study have
been previously described (6) with the following addition:
growth medium for enzyme assays consisted ofM9 (31) salts
containing 0.4% (vol/vol) glycerol, 0.1% (wt/vol) casein
hydrolysate, 40 ,ug of L-proline per ml, 40 ,ug of L-leucine per
ml, and 10 ,ug of thiamine per ml.

Chemicals and enzymes. [a-32P]dATP (400 Ci/mmol) was
purchased from Amersham Corp. (Arlington Heights, Ill.).
125I-labeled protein A (2 to 10 ,uCi/,ig) was a product of New
England Nuclear Corp. (Boston, Mass.). Trypsin was from
Worthington Diagnostics (Freehold, N.J.). All restriction
enzymes and other enzymes used in DNA manipulations
were purchased from New England IBioLabs, Inc. (Beverly,
Mass.), Boehringer Mannheim Biochemicals (Indianapolis,
Ind.), or Bethesda Research Laboratories, Inc. (Gaithers-
burg, Md.) and used as recommended by the manufacturer.
Deoxynucleotide triphosphates and dideoxynucleotide tri-
phosphates were obtained from P-L Biochemicals, Inc.
(Milwaukee, Wis.). Blocked dimers and monomers were
purchased from Bachemgentec.

Bacterial strains and plasmids. The bacterial strains and
plasmids used or constructed in this study are listed in Table
1. Plasmid DNA was isolated by the alkaline lysis method
described by Maniatis et al. (29).

Plasmid constructions. (i) pLGC500. pBR322 DNA was
linearized with EcoRI and dephosphorylated with calf intes-
tinal phosphatase. A 2-kilobase BamHI-EcoRI aroA' araB+
fragment isolated from pAH105 (21) and a 3.3-kilobase
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MUTATIONS IN araC REGULATORY GENE OF E. COLI B/r

TABLE 1. Bacterial strains and plasmids

Straina or Source or
plasmidb Genotypec reference

Bacterial strains
UP1000 F- wild type 14
LA920 araC::Mu d(Apr/ac) Aleu A(lac pro) 34
LA839 LA920 A(araB popC)500 This work
LA840 LA839 4D(araC-1acZ)(Hyb) This work
BD817 F- met nadB7 ung-J hsdR sup-2 9

sup-3 recAS6
Plasmids
pBR322 bla+ tet+ 41
pLJS1 pSC101 [EcoRI::araA' araB+ 34

4D(araC-lacZ)(Hyb)] lacY'
pLGC500 pBR322 (EcoRI::araA'araB'/acZ') This work
pLGC1000 pBR322 (PstI-PvuI bla'::LT2 araB' This work

B/r araC+)
pLGC183 pLGC1000 (araC183) This work
pLGC210 pLGC1000 (araC210) This work
pLGC227 pLGC1000 (araC227) This work
pLGC231 pLGC1000 (araC231) This work
pLGC235 pLGC1000 (araC235) This work
pLGC264 pLGC1000 (araC264) This work
pLGC268 pLGC1000 (araC268) This work
a All strains are derivatives of E. coli B/r UP1000 except BD817 which is an

E. coli K-12 strain.
b Plasmids carrying araC mutations constructed in this work are numbered

with respect to the position of the resulting amino acid substitution in the
AraC protein. Strains carrying these plasmids will be referred to as mutants
numbered the same as the corresponding plasmid, but with the number
followed by the single-letter abbreviation of the amino acid substitution.

c Genetic nomenclature is as described by Bachmann (1) and Novick et al.
(35). LT2, DNA from S. typhimurium LT2; B/r, DNA from E. coli B/r; all
other ara DNA is from E. coli B/r.

BamHI-EcoRI lacZ' fragment isolated from pMC1403 (4)
were ligated with EcoRI-digested pBR322. The BamHI site
of pMC1403 is located within codon 8 of the lacZ structural
gene. A plasmid, designated pLGC500, was obtained con-
taining both fragments inserted into pBR322 in the orienta-
tion diagramed in Fig. 1.

(ii) pLGC1000. pBR322 was digested with PstI and PvuI,
removing a 126-bp fragment within the bla gene. A 670-bp
PstI-BamHI araB' fragment isolated from pMH2 (20) and a
BamHI-PvuI araC+ fragment isolated from pAH105 were
ligated with PstI-PvuI-restricted pBR322. The ligation mix
was used to transform the A(araOC)719 deletion strain LA6
(15), and transformants were selected on MacConkey-L-
arabinose-tetracycline (MAT) medium. Ara+ tetracycline-
resistant (Tetr) transformants containing the plasmid des-
ignated pLGC1000 were obtained. Plasmid pLGC1000
contains a small portion of the araB gene, all of the ara
control region, and all of the araC gene.

Construction of araC-lacZ protein fusion strain LA840. The
in vivo recombination procedure used to isolate strain
LA840 is shown in Fig. 1. Strain LA920, containing a
stabilized araC-lacZ operon fusion created by Mu d(Apr lac)
(5), was transformed with plasmid pLGC500. The transform-
ants were Lac' Ara- as there was no araC gene product to
repress the expression of the araC-lacZ fusion. Plasmid
pLGC500 shares homology with the operon fusion within
araB and part of araA and lacZ. It does not contain the ara
control region, araC, or Mu d DNA preceding the lacZ gene
that is present in LA920. A white Lac- homogenote in which
the control site deletion on pLGC500 recombined onto the
chromosome was detected on MacConkey-lactose-tetra-
cycline (MLT) medium. Repeated growth of the cells in the
absence of tetracycline resulted in Lac- Ara- Tets colonies

owing to the loss of the plasmid. The Lac- Ara- Tet' strain
was designated LA839. Strain LA839 was transformed with
plasmid pLJS1, and transformants were selected on MLT
medium. Plasmid pLJS1 contains an araC-lacZ protein
fusion in which codon 6 of the araC gene is fused with codon
8 of the lacZ gene. These transformants were white on MLT
because there is no functional lacY gene on the plasmid. A
red, Lac' homogenote in which the protein fusion recom-
bined onto the chromosome replacing the deletion in strain
LA839 was isolated and purified. The plasmid was elimi-
nated, and the resulting Lac' Ara- strain was designated
LA840. AraC protein produced by an araC+ plasmid in trans
to the protein fusion activates araBAD expression and
represses the araC-lacZ fusion. To confirm the presence of
the protein fusion in strain LA840, a Southern blot hybrid-
ization analysis of LA920 and LA840 chromosomal DNA
was performed, using as a probe a DNA fragment spanning
the araC-lacZ protein fusion. The probe hybridized to an
LA840 chromosomal fragment of the same size as the probe
but to a larger LA920 chromosomal fragment containing
araC and Mu d DNA (data not shown).
Mutant isolation. pLGC1000 DNA (2.5 ,ug) was incubated

in 250 ,ul of 1 M hydroxylamine (HA)-0.1 M Tris hydrochlo-
ride (pH 6.0)-i mM EDTA at 70°C for 30 min. The DNA was
then precipitated with ethanol, suspended in 10 mM Tris
hydrochloride (pH 7.5)-l mM EDTA-2% acetone, and used
to transform strain BD817. This E. coli strain is deficient in
uracil-DNA glycosylase (ung) which functions in the base
excision repair of premutational lesions resulting from de-
amination of cytosine (9). HA-mutagenized DNA cycled
through strain BD817 should contain an increased frequency
of transition mutations. Transformants were selected on
tryptone-yeast extract-tetracycline agar, the plates were
scraped of growth, and plasmid DNA was isolated. This
DNA was used to transform strain LA840, and transform-
ants were selected on MLT medium. Transformants harbor-
ing a plasmid that contains the wild-type araC gene were
Lac- because the AraC protein expressed by the plasmid
represses the expression of the chromosomal araC-lacZ
protein fusion. Conversely, transformants containing a plas-
mid with a mutation in the araC gene were detected as Lac'
colonies that appeared after overnight incubation at 37°C.
Lac' isolates were purified, and plasmid DNA was isolated
and used to retransform strain LA840. The Lac' phenotype
of the transformants confirmed that the mutation had oc-
curred on the plasmid. Plasmids containing the putative
araC mutations were purified for further characterization.
Enzyme assays. Cultures (5 ml) of strains LA920 or

UP1000 containing the desired araC plasmid were grown in
supplemented M9 salts medium containing tetracycline (15
,ug/ml) at 37°C for 16 h. These cells were used to inoculate 50
ml of the same medium, and growth was monitored with a
Klett-Summerson colorimeter (filter no. 42). Cultures were
inoculated to 10 units (3.3 x 107 cells per ml), and at 70 units
(2.3 x 108 cells per ml) L-arabinose was added to a final
concentration of 0.4% (wt/vol) where indicated. Growth was
continued for one doubling of LA920 cultures or to 115 units
(3.8 x 108 cells per ml) for UP1000 cultures, at which time 50
,ug of chloramphenicol per ml was added, and the samples
were placed on ice. Cell extracts were prepared, and L-
arabinose isomerase was assayed as previously described
(12). 1-Galactosidase activity was measured as described by
Miller (31).
DNA sequence analysis. The dideoxy method was used for

DNA sequence determination (38). A series of araC-specific
oligodeoxyribonucleotide primers were designed. Four

893VOL. 166, 1986



894 CASS AND WILCOX

LA920
Chromosome

I\
_

- - -aI

%

D A B Cp C' Mu Z Y A

care or /oc

t X A m o~~Av I
E pLJSJ o vc
Lcd

'A Bcm
BCpRI

LA840 8cmHI
Chromosome 'D' A B Cp IY A rcraC-/ec Ap

crc

z oEcoRI
1~ pLGC0

Homogenotization EcoRI
A cHI

8A m H I
m

LA839

Apr D A B 'Z AApr Chromosome

1. Cure of pLGC500
2. Transformation with pLJSI

-0 pLJSI AvI
Homogenotization (> y

EcoRI

BcHI

DABmHl A LA839
ID IA IB Ii IZ Y 'A prChromosome

FIG. 1. Construction of araC-lacZ protein fusion strain LA840 as described in Materials and Methods.

primers were manually synthesized on a solid support by the
phosphotriester method (24), and five were synthesized with
an Applied Biosystems model 380A DNA synthesizer instru-
ment. Seven of the primers spaced approximately 160 bp
apart are complementary to the coding strand of araC. These
primers allow sequencing from within the mRNA leader
region through the araC coding region to a region beyond the
carboxy terminus. Two primers are identical to the coding
strand and correspond to regions in the carboxy-terminal
third of the araC gene, allowing sequencing of both DNA
strands in this region of the gene. CsCl-purified plasmid
DNA was sequenced directly by using the araC-specific
primers by the method of Wallace et al. (43).
Immunoblot analysis. Crude AraC antiserum was prepared

from New Zealand White rabbits after injection of purified
Salmonella typhimurium AraC protein. S. typhimurium
AraC protein (>90% pure) and E. coli B/r AraC protein
(>80% pure) were gifts from P. Clarke (this laboratory) and
R. Linzmeier (this laboratory), respectively. Growth condi-
tions and preparation of cell extracts were those used for
enzyme assays with the following modification: cell extract
buffer (buffer B) consisted of 0.15 M potassium acetate, 0.01
M Tris acetate (pH 7.4), 1 mM EDTA, 0.4% (wt/vol)
L-arabinose, and 50 ,ug of phenylmethylsulfonyl fluoride per
ml. Purified protein or cell extracts were separated by
sodium dodecyl sulfate-acrylamide gel electrophoresis fol-
lowed by electrotransfer to nitrocellulose (42). The portion
of nitrocellulose containing the molecular weight standards
was removed and stained with Coomassie blue. The nitro-
cellulose strip was soaked in 0.01 M Tris hydrochloride (pH
8.0)-2 mM EDTA-0.05 M NaCl for 15 min, stained in 25%
isopropanol-l0o acetic acid-0.04% Coomassie blue for 15 s,
and destained in several changes of 25% isopropanol-10%
acetic acid (Ken Yamaguci, M.A. thesis, University of
California, Los Angeles, 1985). Immunological detection of
AraC-specific proteins was carried out as previously de-

scribed (42). Scanning densitometry of the resulting autora-
diogram yielded the relative quantity of protein in each band.

Gel electrophoresis-DNA binding assay. A 167-bp BamHI-
BstEII fragment containing both the araI and araQI sites
was 3' end labeled by incubation with E. coli DNA polymer-
ase I Klenow fragment and [a-32P]dATP (29). The DNA
binding assays were performed as described by Brunelle et
al. (2) with the following modifications: binding buffer con-
tained 150 mM KCI and 1 mg of sonicated salmon sperm
DNA per ml. A constant amount of 32P-labeled DNA frag-
ment (500 pg) was incubated with a specified amount of cell
extract, containing AraC protein. Cell extracts were those
used for immunoblot analysis. The protein-DNA complexes
were separated from free DNA by gel electrophoresis as
described previously (2).

Trypsin digestion. Purified E. coli B/r AraC protein or cell
extract was incubated with 10% (wt/wt protein) trypsin in 10
mM Tris hydrochloride (pH 7.4)-i mM dithiothreitol-5%
glycerol at room temperature. Samples were removed at
various time points, and digestion was stopped by the
addition of an equal volume of 40% trichloroacetic acid.
After 20 min at room temperature, the suspension was
centrifuged. The resulting protein pellet was washed with
200 ,ul of acetone, air dried, and suspended in buffer B.

RESULTS
Isolation of araC nonself-regulatory mutants. The araC-

lacZ protein fusion strain LA840 (Fig. 1) was used in the
isolation of araC mutants that are unable to autoregulate.
P-Galactosidase is synthesized in LA840 at a constitutive
level under the control of the araC promoter, and the strain
is Lac' on MLT medium. As there is no intact araC gene on
the fusion chromosome there is neither repression of araC-
lacZ nor activation of araBAD expression. These araC
functions are complemented when strain LA840 is trans-
formed with the araC+ plasmid pLGC1000. The AraC pro-
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TABLE 2. Sequence changes in AraC mutants

Codon Amino acid Amino acidPlasmid change locationa substitution

pLGC183 TGT-.TAT 183 Cys-*Tyr
pLGC210 CGT- TGT 210 Arg-.Cys
pLGC227 CGC-*CAC 227 Arg-*His
pLGC231 CGT--CAT 231 Arg- His
pLGC235 GCG-.ACG 235 Ala- Thr
pLGC264 GTA--ATA 264 Val-Ile
pLGC268 TGC-.TAC 268 Cys-*Tyr

a Amino acid numbering is that used previously (33) with Met as amino
acid 1.

tein represses the araC-lacZ fusion, resulting in a Lac-
phenotype on MLT. Strain LA840 was transformed with
HA-mutagenized pLGC1000, and nonself-regulated mutants
were detected as Lac' colonies on MLT medium. Purified
Lac' colonies were tested for the ability to utilize L-
arabinose on MAT medium. To eliminate mutants that were
a result of a nonsense mutation, deletion, or inversion in the
araC gene, only Lac' colonies having at least a weak Ara'
phenotype were studied further. Under the HA mutagenesis
conditions used, Lac' colonies appeared at an approximate
frequency of 1 in 300. A total of 50% of the Lac' colonies
had a detectable Ara' phenotype on MAT medium. Purified
plasmids from 16 of these colonies were further character-
ized. All of the Lac' colonies resulted from a mutation
occurring on the plasmid as shown by retransformation of
strain LA840.
DNA sequence analysis of araC mutations. DNA sequence

analysis of plasmids containing the araC mutations was
performed with araC-specific synthetic primers. The DNA
sequence of the araC gene in 16 araC mutants was deter-
mined, revealing seven unique point mutations. The results
are summarized in Table 2. Each mutation resulted from a
G/C-to-A/T transition. The DNA sequence of at least one
strand of the entire araC gene was determined to confirm the
presence of a single point mutation in araC. The seven
mutations are located within the region coding for amino
acids 183 to 268 of AraC protein. Three of the mutants
isolated contained the identical mutation at nucleotide posi-
tion 693, the most internal mutation, and resulted in an
amino acid substitution at position 183 (Cys-*Tyr). Eight
identical mutations were found at nucleotide position 837
and generated an Arg-+His substitution at amino acid 231.
These multiple mutants were isolated from a single transfor-
mation of strain LA840 with HA-treated pLGC1000 DNA. It
is possible that they are siblings as the plasmid DNA was
first cycled through strain BD817 before transformation of
strain LA840.

Characterization of araC mutations in vivo. Each araC
mutation was characterized with respect to its effect on the
regulatory properties of AraC protein. The ability of the
plasmid-encoded AraC protein to activate araBAD expres-
sion and to repress its own gene transcription was measured
in the araC-lacZ operon fusion strain LA920. The levels of
L-arabinose isomerase, the product of the araA gene, and of
,-galactosidase were assayed. Strain LA920 rather than
strain LA840 was used to characterize the araC mutants
because the unrepressed level of ,B-galactosidase synthe-
sized from the operon fusion was higher than that from the
protein fusion. Small changes in 0-galactosidase levels
would thus be more significant. Table 3 shows the results of
these assays. Each mutation in araC affects the autoregula-
tory function, the characteristic that was selected in the

TABLE 3. Effect of araC mutations on activator and
autorepressor function of AraC proteina

Autoregulatory function Activator function

Plasmid 1-Galactosidase % Wild-ty L-Arabinose % Wild-t
sacb act"tP isomerase acwid-typsp activity activityct

pLGC1000 152 ± 5 100 36.6 ± 3.2 100
pLGC264 791 ± 36 70 27.7 ± 3.0 76
pLGC268 863 ± 85 67 28.7 ± 3.5 78
pLGC235 1,663 ± 103 30 12.1 ± 3.4 33
pLGC227 2,018 ± 164 14 18.0 ± 1.2 49
pLGC210 2,079 ± 127 11 2.4 ± 1.9 7
pLGC183 2,091 ± 160 10 18.9 ± 4.3 52
pLGC231 2,260 ± 68 2 0.7 ± 0.3 2
PBR322 2,314 ± 130 0 <0.2 0

a Strain LA920 was transformed with the araC-containing plasmids, and
enzyme levels were measured in crude extracts. Results expressed as mean +
average error of four experiments.

b -Galactosidase activity was measured in cells grown in the absence of
L-arabinose. 13-Galactosidase specific activity is expressed as nanomoles of
O-nitrophenol formed per minute per milligram of protein at 28°C.

c L-Arabinose isomerase activity was measured in cells induced with 0.4%
L-arabinose. L-Arabinose isomerase specific activity is expressed as
micromoles of L-ribulose formed per minuter per milligram of protein at 30°C.

mutant isolation, and in addition affects activator function.
The mutants retain various amounts of autoregulatory and
activator function, autoregulation ranging from 2 to 70% of
that of araC+ cells and activation ranging from 2 to 76% of
that of araC+ cells. Five of the seven araC mutations
affect the ability to activate and to repress to a similar extent.
This parallel loss of regulatory functions is shown graphi-
cally in Fig. 2. The araC mutations on plasmids pLGC227
and pLGC183 affect autoregulation to a greater extent
than activation, both retaining only approximately 10% of
wild-type autoregulatory function but 50% activator func-
tion.
An araC mutation which alters a site in the AraC protein

necessary for subunit association might result in a loss of
ability to form AraC dimers. To test this possibility, we
examined the araC mutants for the ability to produce trans-
dominant polypeptides in the presence of an araC+ allele. If
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FIG. 2. Comparison of the amount of wild-type AraC activator
and autoregulatory function retained in each araC mutant. Data are
taken from Table 3.
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the mutant AraC monomers are able to form dimers, a
mutant AraC polypeptide produced on a multicopy plasmid
might reduce the activity of a chromosome-encoded wild-
type AraC protein. If unable to function, the resulting mixed
dimers consisting of wild-type and mutant monomers and the
reduced number of wild-type dimers would result in a
decrease in araBAD expression. A mutant AraC monomer
that is impaired in its ability to form dimers would not
decrease the level of wild-type dimers, and thus the level of
araBAD expression would remain the same. Mutants that
have a trans-dominant phenotype have been isolated in the
lacI (32), trpR (25), and tetR (23) genes. To determine
whether the araC mutations have a trans-dominant effect on
araBAD expression, we measured the level of L-arabinose
isomerase in the wild-type araC+ strain UP1000 transformed
with the mutated araC plasmids (Table 4). All of the araC
mutations resulted in a decreased level of activation by the
araC+ chromosomal allele. The level of activation ranged
from 30 to 70% of the haploid UP1000 activity. The mutants
210C and 231H which showed the most severe negative
complementation also had the most severe impairment of
activator function. Since the mutants range in their impair-
ment of activator function (Table 3), the level of
nonfunctional mixed dimers in the presence of the araC+
allele should also vary. The trans dominance of all of the
mutants suggest that the mutated AraC polypeptides are able
to efficiently associate to form dimers.

Mutations in araC designated araCc which result in higher
levels of araBAD expression in the absence of L-arabinose
have previously been isolated and mapped (11). The araCc
mutants were isolated by their resistance to D-fucose, an
analog of L-arabinose. The postulated phenotype is an al-
tered araC gene product which, at least partially, assumes an
activator conformation in the absence of the inducer L-
arabinose interaction. The mutations have been mapped (11)
and correspond to the 5' end of araC (46) or the amino-
terminal half of the AraC protein; nine of these mutations
cluster within the coding region for the amino acids 6 to 21
(R. G. Wallace, Ph.D thesis, University of California, Santa
Barbara, 1982). The carboxy-terminal location of the araC
mutations isolated in the present study indicates that they
may not affect the inducer-binding site of AraC protein.
However, experiments by Casadaban (3) have shown that
20% of the araCc mutants examined are unable to autoregul-
ate. Therefore, the nonself-regulatory mutants isolated in
this study were tested for an AraCc phenotype. Strain LA920
cells transformed with the plasmids carrying the araC mu-

TABLE 4. Trans dominance of plasmid-encoded araC mutations
as measured by activation of araBAD in an araC+ straina

Plasmid L-Arabinose isomerase % Wild-type haploid
sp act activity

pBR322 29.3 ± 4.1 100
pLGC1000 29.9 ± 5.0 102
pLGC264 19.9 ± 4.0 68
pLGC268 16.7 ± 2.2 57
pLGC235 13.3 ± 3.2 45
pLGC227 18.5 ± 1.4 63
pLGC210 10.0 ± 3.1 34
pLGC183 14.7 ± 3.4 54
pLGC231 10.6 ± 3.0 47

a L-Arabinose isomerase was measured in cell extracts of strain UP1000
containing the appropriate plasmid. Cultures were induced with 0.4% L-
arabinose. Enzyme activity is as defined in Table 3, footnote c. Results are
expressed as mean ± average error of three experiments.

1 2 3 4 5 6 7 8 9 10 11 12 13

-AraC

-__ w -22 0

FIG. 3. Autoradiograph of immunoblot analysis of wild-type and
mutant AraC protein. Lanes 1 to 9 contain cell extracts prepared
from uninduced cultures of strain LA920 containing the desired
araC plasmid. A 100-,ug sample of total protein was loaded in each
lane. Lanes: 1, pBR322; 2, pLGC231; 3, pLGC183; 4, pLGC227; 5,
pLGC264; 6, pLGC235; 7, pLGC210; 8, pLGC268; 9, pLGC1000.
Lanes 10 to 13, A dilution series of purified E. coli B/r AraC protein:
10, 200 ng; 11, 500 ng; 12, 1 ,ug; 13, 2 pug. Protein size is in
kilodaltons.

tations all showed a D-fucose sensitivity when plated on
MacConkey-arabinose-fucose medium. The uninduced lev-
els of L-arabinose isomerase were all less than that of the
araC+ cell (pLGC1000) showing no constitutive expression
(data not shown). These results indicate that the araC
mutants isolated in this study do not have an AraCc pheno-
type.
Immunoblot analysis of AraC mutants. The AraC pheno-

type selected in this analysis was the inability to repress
expression of the araC-lacZ fusion strain LA840, resulting in
increased levels of P-galactosidase. The altered AraC pro-
tein, if unable to bind to the DNA-binding site araOl, would
not be able to repress its own synthesis on the araC plasmid.
This would result in an increase in the intracellular AraC
protein concentration over that of the araC+ cell. Alterna-
tively or in addition, an increase in araC-lacZ expression
could be due to an altered AraC protein that is unstable and
is broken down at a higher rate than the wild-type AraC
protein.
The intracellular level of the mutant AraC proteins was

examined by immunoblot analysis (Fig. 3). A dilution series
of purified E. coli B/r AraC protein is shown. The intensity of
the purified AraC protein band in each lane was linear with
respect to the amount of AraC protein loaded, indicating that
the immunoblot is quantitative in this range of protein
concentrations. All of the mutants had an AraC cross-
reactive band which was the same size as the wild-type AraC
protein. In addition, five of the seven mutants had an AraC
cross-reactive breakdown product with an apparent molec-
ular weight of 22,000. Other minor breakdown products were
also present. In mutants 183Y, 231H, and 235T, the 22,000-
molecular-weight product was the major cross-reactive
band. The relative amounts of intact AraC protein are shown
in Table 5. Six of the seven araC mutations resulted in an
overproduction of intact AraC protein ranging from 3.7- to
13-fold. Only mutation 235T resulted in a level of AraC
protein less than the wild-type level. Since more intact AraC
protein is present in six of the seven mutants, it is unlikely
that the decreased regulatory activity was caused by insta-
bility of the mutant AraC protein. If we assume that the
intact AraC protein is active, then it is more likely that these
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TABLE 5. Relative amount and DNA-binding activity of mutant
AraC prQteins in crude extracts

Relative amt intact Relative DNA-binding activityPlasmid AraC proteina (% wild-type activity)b

pLGC1000 1.0 100
pLGC235 0.7 4
pLGC231 3.7 <1
pLGC183 6.7 1
pLGC227 8.4 <1
pLGC268 11.2 5
pLGC264 11.6 5
pLGC210 13.1 <1
pBR322 0 0

a Scanning densitometry of the autoradiogram in Fig. 3 was used to
determine areas of protein bands. Two non-AraC-specific high-molecular-
weight protein bands present in all extracts were normalized for equivalent
amounts of protein loaded and then used to correct the amount of AraC-
specific protein. The densitometric tracing of a nonspecific band present in the
pBR322 extract shown in Fig. 3 overlaps in position with the tracing of the
intact AraC band present in other extracts. It was therefore necessary to
subtract the area of this pBR322 band from that of the intact AraC band.

b Scanning densitometry of autoradiograms such as the example shown in
Fig. 4 was used to determine the relative amount of prQtein bound to
32P-labeled DNA. The dilution series of wild-type extract was used to generate
a standard curve.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

FIG. 4. Autoradiograph of gel electrophoresis-DNA binding as-
say of wild-type and mutant AraC protein. Cell extracts were
prepared from uninduced cultures of strain LA920 containing the
desired araC plasmid. The direction of electrophoresis is from top to
bottom. Lanes 1 to 9, A constant amount of 32P-labeled DNA
fragment (500 pg) was incubated with equal amounts ofAraC protein
based on the relative amount of mutant AraC protein in each extract
(Table 5). The amount of mutant extract per binding assay that
yielded an equal amount of AraC protein was relative to 20 ,ug of
wild-type extract (pLGC1000). When necessary, extract containing
no AraC protein (pBR322) was added to the binding assay to give a
constant amount of total protein (26 ,ug). Amount of extract (micro-
grams of protein) (araC plasmid): lane 1, 26 F.g (pBR322); lane 2,
1.78 ,ug (pLGC268); lane 3, 1.72 jig (pLGC264); lane 4, 2.98 jig
(pLGC183); lane 5, 2.38 ,ug (pLGC227); lane 6, 26 ,ug (pLGC235);
lane 7, 1.53 ,ug (pLGC210); lane 8, 5.4 ,ug (pLGC231); lane 9, 20 ,ug
(pLGC1000). Lanes 10 to 14, Decreasing amounts of wild-type
extract (pLGC1000): 10, 10 ,ug; 11, 5 jig; 12, 1 ,ug; 13, 0.2 ,ug; 14, no
extract.

mutant AraC proteins have less affinity for araOl DNA than
wild-type AraC protqin.
DNA-binding activity of mutant AraC proteins. A simple

and quantitative gel electrophoresis-DNA binding assay for
AraC protein has been developed (2, 18). Using this assay,
we determined the relative DNA-binding affinities of wild-
type and mutant AraC protein in crude extracts. Since each
araC mutation affects both autoregulatory and activator
functions of AraC protein, a DNA fragment containing both
araOl and araI was used in the binding assay. The relative
binding affinities are summarized in Table 5, and a specific
example is shown in Fig. 4. Three of the araC mutations,
231H, 227H, and 210C, reduced the affinity of AraC protein
for ara DNA by more than 100-fold. The other four muta-
tions resulted in DNA-binding affinities ranging from 1 to 5%
of that of wild-type AraC protein. These results directly
indicate that the seven araC mutations have altered the
ability of AraC protein to bind to the DNA sites araOl and
aral.
Immunoblot analysis of AraC protein trypsin digestion

products. Extensive trypsin digestion of purified AraC pro-
tein from S. typhimurium results in a trypsin-resistant core
protein. Trypsin-generated core protein has been purified
and shown to be a dimer of the amino-terminal half of AraC
protein extending to Arg-178 or Arg-180 (P. Clarke and G.
Wilcox, personal communication). Thus, the major sites
necessary for subunit association are located within this core
protein. Since the predicted amino acid sequences of E. coli
and S. typhimurium AraC protein are 92% homologous and
the proteins are functionally interchangeable (7), then they
probably have a similar tertiary structure. A similar struc-
tural conformation of E. coli AraC protein should result in a
similar susceptibility to proteolytic cleavage. E. coli AraC
protein was trypsin digested, and the products were sub-
jected to immunoblot analysis. Extensive trypsin digestion
of purified E. coli AraC protein produced a trypsin-resistant
protein having an apparent molecular weight of 21,000 (Fig.
5). The mobility of the S. typhimurium tryptic core product
is the same as that of the E. coli trypsin-resistant core in Fig.
5. The araC mutations isolated in this study generate amino
acid substitutions in AraC protein located downstream from

the tryptic core terminus, Arg-180. The presence of a tryp-
sin-generated core similar in size to that in S. typhimurium
suggests that the araC mutations do not directly affect the
functional site necessary for dimer formation.
An amino acid substitution might affect the structure of

AraC protein such that the susceptibility to trypsin and the
trypsin-generated core would be altered. Mutation 183Y is
the most internal mutation within araC generating an amino
acid substitution at position 183, very close to the S.
typhimurium trypsin-resistant core terminus. A cell extract
of mutant 183Y was digested with trypsin (Fig. 5). Intact
AraC protein and the 22,000-molecular-weight breakdown
product were further digested by trypsin to the tryptic core
protein of 21,000 molecular weight. The amino acid substi-

1 2 3 4 5 6 7 8
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-wm, -22.0
_Mmm49 .q f;:A9,&, e -2 1.0Ip

FIG. 5. Autoradiograph of immunoblot analysis of AraC protein
trypsin digestion products. Lane 1 250 ng of purified trypsin-
resistant core protein from S. typhimurium. Lanes 2 to 5, Purified E.
coli B/r protein incubated with trypsin for different time points as
described in Materials and Methods. A 666-ng sample was loaded in
lanes 2 to 4, and 1 ,ug was loaded in lane 5. Lane 2, 0 min; lane 3, 10
min; lane 4, 60 min; lane 5, 16 h. Lanes 6 to 8, Cell extract of strain
LA920 containing plasmid pLGC183 incubated with trypsin. A
98-pug sample was loaded in each lane. Lane 6, 16 h; lane 7, 60 min;
lane 8, 0 min. Protein sizes are in kilodaltons.
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tution in mutant 183Y does not alter the trypsin digestion
pattern.

DISCUSSION

The AraC protein is a complex regulator, binding to
different regulatory sites of the ara DNA to perform its
different functions involved in L-arabinose utilization. We
isolated and characterized mutations in the araC gene of E.
coli B/r. The mutant phenotype we selected was for the
inability to autoregulate. An araC-lacZ fusion strain was
transformed with HA-mutagenized araC plasmid DNA, and
transformants were screened for increased lacZ expression
indicating a loss of autoregulation of the araC promoter. The
araC mutants were characterized in vivo with respect to the
level of autoregulation of araC-lacZ fusion expression and to
the level of activation of araBAD operon expression. En-
zyme activities revealed that each araC mutation had altered
both the autoregulatory and activator functions of AraC
protein (Table 3). This was not necessarily a predicted
phenotype since only loss of autoregulation was selected. In
the isolation of the nonself-regulatory mutants, only mutants
which showed at least a very weak Ara' phenotype were
further characterized to eliminate deletions, inversions, or
nonsense mutations. The decreased regulatory activity of six
of the seven different mutants was not simply due to a
reduced amount of intact AraC protein caused by rapid
turnover of the altered protein structure. These mutations
cause an overproduction of intact AraC protein (Fig. 3;
Table 5). We isolated one mutation, on pLGC235, which
resulted in an intracellular concentration of intact AraC
protein corresponding to 70% of that of wild type. However,
the total amount of AraC cross-reactive material in this
mutant was greater than the amount of AraC cross-reactive
material in the wild-type strain. The trans-dominant pheno-
type of all of the mutations (Table 4), and their location in
AraC protein outside of the proposed dimer-forming domain
is consistent with the hypothesis that these araC mutations
do not substantially affect the sites necessary for subunit
interaction. Five of the seven mutations caused a linear loss
of both autoregulatory and activator properties of AraC
protein (Fig. 2). This parallel loss of both regulatory func-
tions suggests that the same determinants of the AraC
protein structure are involved in both activation and auto-
regulation. Two of the araC mutations carried on plasmids
pLGC183 and pLGC227 impair autoregulation to a greater
extent than activation, which may be due in part to our
screening for a weak Ara' phenotype.

Activation and autoregulation by AraC protein are medi-
ated through binding to different regulatory sites on the
DNA, araI and araOl, respectively. In vitro DNA binding
assays demonstrated that the seven araC mutations each
resulted in a significantly reduced binding affinity of AraC
protein for these DNA sites (Fig. 4; Table 5). The relative
DNA-binding activities ranged from <1 to 5% of the wild-
type level. There are three regions of conserved bases within
the respective AraC protein-binding sites araI and araOl
(19). A single domain on the AraC protein involved in both of
the site-specific bindings is consistent with the DNA se-
quence homology, assuming there is no duplication of a
given domain in the protein. The five mutations which result
in a parallel loss of function could affect either directly or
indirectly similar contacts between the protein and DNA.
The DNA sequences of araI and araOl are not identical,
allowing for some unique contacts between AraC protein
and the DNA sites. Mutations 183Y and 227H may reflect

these differences, affecting binding at araOl more severely
than at aral.
The seven different missense mutations isolated in this

study were located within the approximate distal third of the
araC coding region (Table 2). One other mutation in this
same region has been described which results in a mutant
AraC protein (Asp to Asn at position 228) with a two- to
threefold-weaker affinity for araI (2). A comparison of the
araC gene from E. coli and two other enteric bacteria, S.
typhimurium (7) and Erwinia carotovora (28), reveals a high
degree of sequence homology within the carboxy region of
the araC gene (28). The mutations isolated in this study code
for substitutions in conserved amino acids of all three
organisms, with one exception. Mutation 268Y generates a
substitution of an amino acid conserved in two of three
organisms. The different amino acid is in Erwinia carotovora
which shows the least overall sequence homology of the
AraC protein. Thus, a variety of amino acid substitutions
within the highly conserved carboxy region of AraC protein
lead to a lack of autoregulatory and activator function,
underlying the importance of this region of AraC protein in
regulatory events.
We believe the mutations isolated in this study affect

either directly or indirectly the site-specific binding of AraC
protein to the DNA. Several other regulatory proteins, E.
coli cyclic AMP receptor protein, A CI, and X Cro, all
contain a conserved amino acid sequence that forms a
characteristic three-dimensional structure responsible for
DNA binding (30, 37, 40, 45). These proteins bind DNA as a
dimer and use a-helices to contact two adjacent major
grooves along one face of the double helix. Recently, the
carobxy terminus of AraC protein has been aligned with the
a-helix E-turn-a-helix F region within the DNA-binding
domain of cyclic AMP receptor protein (17). The pattern of
identical or conserved amino acids suggests that this region
forms similar protein structures.
The amino acid substitutions of mutants 268Y and 264I are

located in the region aligned with the a-helix (F) of cyclic
AMP receptor protein which is proposed to make direct
contacts with the major groove of DNA (45). These two
mutants do not alter AraC protein susceptibility to proteases
(Fig. 3), suggesting that they do not cause a large change in
protein conformation. Mutant 2641 introduces a Val-264--*Ile
substitution, increasing the hydrophobicity and size of the
side chain. This residue in cyclic AMP receptor protein is
also hydrophobic (Ile) and is believed to be partially buried
facing the hydrophobic core of the protein (45). These
mutations may introduce unfavorable steric contacts.
Mutants 235T, 231H, and 183Y all introduce a larger

amino acid side chain and show an increased susceptibility
to proteases. These mutations lie outside of the alignment
with a-helices E and F (17). These mutations most likely
affect DNA binding indirectly, altering the protein confor-
mation such that the DNA-binding helices are no longer in
the proper alignment with the DNA.
A dimer of AraC protein has been proposed to contact

three adjacent major groove regions of the araI DNA site
(19). The larger DNA site requires that if the helix-tutn-helix
motif is involved in DNA binding by AraC protein, then
some additional structure must be involved in AraC-DNA
contacts. Determination of the three-dimensional structure
of AraC protein is necessary before the mechanism of DNA
binding is precisely defined. The mutational analysis pre-
sented in this paper indicates, however, that the amino acid
sequence within the carboxy region of AraC protein is
important for site-specific DNA binding.
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The Western blot analysis shown in Fig. 3 gave us a means
to quantitate the minimum number of AraC monomers inside
the E. coli cell. Assuming a dry weight of 2.84 x 10-13 g per
cell (22), a plasmid copy number of 18 (8), and 2.3 chromo-
somes per cell, the number of AraC monomers per araC
gene is estimated to be 24. This estimation is in close
agreement with the previously reported estimations of 100
monomers per cell (3) and 40 monomers per cell (G. Wilcox,
Ph.D thesis). Assuming the same value of 2.3 chromosomes
per cell, these previous numbers would yield 43 monomers
per araC gene and 17 monomers per araC gene, respec-
tively.
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