
Biochemical and Physiological Properties of the DNA
Binding Domain of AraC Protein

Andrew Timmes, Michael Rodgers and Robert Schleif*

Department of Biology, Johns
Hopkins University, 3400
N. Charles St., Baltimore
MD 21204, USA

Intact AraC protein is poorly soluble and difficult to purify, whereas its
dimerization domain is the opposite. Unexpectedly, the DNA binding
domain of AraC proved also to be soluble in cells when overproduced
and is easily purified to homogeneity. The DNA binding affinity of the
DNA binding domain for its binding site could not be measured by
electrophoretic mobility shift because of its rapid association and dis-
sociation rates, but its affinity could be measured with a fluorescence
assay and was found to have a dissociation constant of 1 £ 1028 M in
100 mM KCl. The binding of monomers of the DNA binding domain to
adjacent half-sites occurs without substantial positive or negative coopera-
tivity. A simple analysis relates the DNA binding affinities of monomers
of DNA binding domain and normal dimeric AraC protein.
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Introduction

Many proteins whose binding to DNA is modu-
lated by ligands are oligomers, likely because their
DNA binding affinity will be high when two
domains can be properly positioned for binding to
two DNA sites, and low when either the presence
or absence of ligand leads to improper positioning
of the domains.1 Such a regulation mechanism
requires that the DNA binding affinity of a single
subunit or a single DNA binding domain of such
a protein be too low to generate an appreciable bio-
logical response. Similarly, proteins whose DNA
binding is controlled by oligomerization must
bind DNA weakly as monomers and more tightly
as oligomers.

AraC protein from Escherichia coli, the dimeric
regulator of the L-arabinose operon, is a ligand
responsive protein that changes its DNA binding
affinity in response to arabinose.1 The DNA bind-
ing domain of AraC, when in monomeric form,
has a lower affinity for DNA than the dimer and
leads to negligible induction of the araBAD operon

in AraC2 cells.2 When artificially dimerized by a
leucine zipper2 or a covalent linkage,3 however,
the DNA binding domain is able to fully induce
the operon, showing that the domain contains
all of the AraC determinants required for
transcription activation.

The issue of increasing the DNA binding affinity
of a protein by dimerizing it or, more generally, of
modulating a protein’s DNA binding affinity by
controlling the relative positioning of its DNA
binding domains, raises the general question of
what relationship is expected between the DNA
binding affinity of monomers and dimers of a
protein. On one hand, if two binding units such as
the two parts of desthiobiotin, 4-methylimidazoli-
done and hexanoate, are held rigidly in the same
relative positions as they must occupy when
bound to a receptor, the binding affinity and
apparent binding cooperativity between the two
can be very high. Methylimidazolidone and
hexanoate have dissociation constants of
5 £ 1025 M and 3.5 £ 1024 M from streptavidin, but
desthiobiotin’s dissociation constant is
1.2 £ 10212 M.4 On the other hand, if the two units
are connected by a flexible linker, the binding of
one unit becomes independent of the other and no
cooperativity is exhibited as the linker becomes
very long. What about intermediate cases with
relatively short and flexible linkers? In special
cases, it may be possible to measure the binding
affinity of both monomers of a DNA binding
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protein to a single site on DNA and also measure
the binding affinity of a dimer or oligomer of the
protein to multiple DNA binding sites. If such
measurements could be made, then theories for
calculating the relationship between the affinities
could be tested. Unfortunately, the DNA binding
domains of many oligomeric DNA binding
proteins, for example Trp repressor,5 appear to be
inextricably intertwined with the protein’s oligo-
merization domain. Thus, comparison of monomer
and dimer or oligomer affinity of these proteins
would be almost meaningless. Members of the
AraC/XylS family of proteins6 possess homo-
logous DNA binding domains and are more suit-
able for such affinity comparisons. AraC, and
presumably most of the other family members,
consists of functionally and structurally distinct
dimerization and DNA binding domains.2,7 Thus,
comparison of the monomer and dimer affinities
may be possible. Alas, other properties of the pro-
tein have given little encouragement for such a
project. AraC, like others in the AraC/XylS family6

is poorly soluble and difficult to work with
biochemically.8,9 – 11

The dimerization domain of AraC, however, is
not difficult to work with7 and is highly soluble
when synthesized at high levels.12 Thus, the near
intractability of full-length AraC protein has
appeared to be attributable to its DNA binding
domains and, by the same reasoning, the difficult
properties exhibited by most of the other members
of the AraC/XylS family are also likely to result
from their homologous DNA binding domains.
Hence, before the work reported here, comparison
of the DNA binding affinities of the DNA binding
domains of AraC and the intact dimeric protein
appeared to be unattainable.

In the work described below we examined more
carefully the assumption that the DNA binding
domain of AraC protein itself would be poorly
soluble and difficult to work with. Unexpectedly,
this led to the finding that the DNA binding
domain can be overproduced, purified, and
studied biochemically. Further, we find that its
affinity for DNA, Kd ¼ 1:4 £ 1028 M, is approxi-
mately as expected using simple biochemical con-
siderations based on the affinity of the intact
dimeric protein for DNA and the assumption that
the connections between domains are flexible.

Results

Monomeric DNA binding domain binds
in extracts

Because the DNA binding domain of AraC was
thought to be the cause of the low solubility of the
protein, we did not expect the AraC DNA binding
domain to be soluble in cell extracts when over-
produced. Nonetheless, the domain was soluble
(Figure 1). It also proved possible to detect its bind-
ing to the araI1 half-site, the tightest binding of the

Figure 1. SDS/polyacrylamide gel of whole cell
extracts showing overproduction and solubility of the
DNA binding domain of AraC.

Figure 2. DNA mobility shift assay using cell extracts
showing binding of AraC DNA binding domain (DBD)
to I1 DNA. The 100 pg of 27 base-pair DNA containing
the I1 site was incubated with 1 ml of extract of SH321
cells or extract of SH321 cells containing the pBAD18-
DBD-GFP plasmid. The extract was from the lysis of
6 £ 109 cells in 300 ml of lysis buffer.
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ara half sites known in E. coli.13 Figure 2 shows that
an extract prepared from cells producing high
levels of the AraC DNA binding domain is capable
of binding to 27 base-pair duplex DNA containing
the 17 base-pair I1 half-site flanked at each end by
five non-contacted base-pairs.

DNA binding domain binds adjacent half-sites
without cooperativity or steric interference

Normal intact AraC protein binds to two half-
sites separated by four base-pairs. Possibly the
binding of one DNA binding domain to one such
site hinders or assists the binding of a second
DNA binding domain to the adjacent half-site.
Therefore, we examined whether the DNA binding
domains of AraC protein show any positive or
negative cooperativity in binding to such adjacent
half-sites. Positive cooperativity could result from
attractive interactions between the domains when
positioned on the DNA, and negative cooperativity
could result from steric hindrance in the binding of
two adjacent DNA binding domains.

Figure 3 shows the binding of the DNA binding
domain to a DNA fragment containing two
adjacent I1 half-sites separated by the native
spacing of four base-pairs, and to DNA containing
two I1 half sites separated by an additional five
base-pairs, thus placing them on opposite faces of
the DNA. As can be seen from the Figure, the
DNA binding domain shows no significant

cooperativity in its binding to either DNA. We
thus conclude there is no substantial interference
or positive cooperativity in the binding of the
DNA binding domains.

DNA binding properties of purified DNA
binding domain

The results presented in the previous section
suggest that the monomeric DNA binding domain
of AraC may be sufficiently soluble that the protein
can be purified and that its DNA binding affinity
may be sufficiently high that it may be readily
studied. Indeed, the domain proved to be stable,
to be purified without difficulty, and 100% active
in binding DNA.

We found that while the electrophoretic mobility
shift assay could be used for qualitative compari-
son of the affinities for the binding of the first and
second monomers to DNA, the assay could not be
used to measure absolute DNA binding affinity.
Under conditions of the assay, the dissociation
and association rates of monomeric AraC are very
rapid. Thus, the binding results observed with the
mobility shift assay largely reflect the unknown
buffer conditions surrounding the protein and
DNA at some time after loading the sample onto
the gel and before protein–DNA complexes are
within the gel matrix and surrounded by the very
low salt concentrations used in the electrophoresis.
Because the binding of the AraC DNA binding
domains shows an appreciable salt concentration
dependence, absolute DNA binding affinity
measurements cannot be made with this assay. A
simple demonstration of the inadequacy of the
electrophoretic assay for the DNA binding domain
is that addition of a large molar excess of non-
radioactive DNA containing an AraC binding site
at the end of the incubation interval and just before
loading a sample results in no detectable AraC
DNA binding domain–DNA complexes.

We found that it is possible to measure the DNA
binding affinity of the AraC DNA binding domain
fluorometrically. DNA was labeled with the fluor-
escent cyanine dye, Cy5, linked to the 50 phosphate
group of the top strand of a 27 base-pair duplex
containing a centrally located I1 half-site. Binding
of the AraC DNA binding domain to this DNA
quenches its fluorescence about 2%. Attempts
were made to create fluorescently labeled DNA
duplexes which would show a larger signal change
upon binding by either the DNA binding domain
or AraC protein, but neither a Cy5 fluorophore at
the 30 end of the DNA nor a Tamra (6-carboxytetra-
methylrhodamine) fluorophore at the 50 end of the
top strand produced any detectable signal change
upon the binding of the AraC DNA binding
domain.

Titration of the 50 labeled Cy5 DNA with
increasing amounts of DNA binding domain in
buffer containing either 100 mM or 200 mM KCl
generated the binding data shown in Figure 4.
From triplicate measurements, the Kd value for

Figure 3. DNA mobility shift assay showing lack of
significant cooperativity in the binding of the AraC
DNA binding domain to DNA containing the I1– I1 or
I1-5-I1 sequences. Extracts from the lysis of 6 £ 109 cells
containing the DNA binding domain encoded by
pBAD18-DBD-GFP in 300 ml of lysis buffer were
incubated with 50 pg of DNA in 2 ml to which were
added 8 ml of diluted extract. Extract dilution factors for
the DNA binding domain extract were, left to right: 80,
40, 20, 10, 5, 2.5, 1.25.
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binding in 100 mM KCl was found to be
1.4 £ 1028(^5.5 £ 1029) M and in 200 mM KCl, to
be 1.2 £ 1027(^6.3 £ 1028) M. This salt concen-
tration dependence is roughly in accord with that
expected for a monomer based on the binding to
I1– I2 of dimeric wild-type AraC at the same KCl
concentrations.14

DNA binding domain can function in vivo

Because the overproduced AraC DNA binding
domain appears to be soluble in cells and because
its DNA binding affinity in vivo is likely to be
within a factor of 100 of the 1028 M dissociation
constant measured in 100 mM KCl in vitro, it
seemed possible that the domain could generate
detectable induction in vivo. Table 1 shows the
expression level of a chromosomally located arabi-
nose isomerase gene and a plasmid-borne gene
coding for green fluorescent protein (GFP), both
under control of the ara pBAD promoter. The cells
were deleted of the chromosomal AraC gene and
contained various plasmids coding for the AraC
DNA binding domains as well as the green fluor-
escent protein. The results show that the overex-
pressed DNA binding domain only marginally
increased expression of arabinose isomerase.

The I2 half site, whose occupancy by the DNA

binding domain is required for activation of the
pBAD promoter15 binds AraC 100 times weaker than
the I1 half site.13 Therefore, it seemed possible that
properly positioning a tighter binding half site
might yield a construct in which the DNA binding
domain of AraC or overproduced DNA binding
domain would elicit appreciable induction. Indeed,
such is the case. Partially overlapping a single I1
half-site with the RNA polymerase 235 region of
pBAD yielded a promoter that could be induced
by the overproduced AraC DNA binding domain,
to about 10% the level that the wild-type pBAD
promoter is induced by AraC protein (data not
shown).

Discussion

As mentioned in the Introduction, most
members of the large AraC/XylS family of tran-
scriptional regulatory proteins are poorly soluble
and are difficult to purify.6,8 – 11 AraC protein is no
exception, and very large losses in the protein are
experienced during its purification.8 It is not diffi-
cult, however, to purify the dimerization domain
of the protein. This is soluble when overproduced
and easily purified.12 Therefore, it would seem
that the DNA binding domain of AraC protein is
responsible for the protein’s poor solubility. This
is consistent with the fact that members of the
AraC/XylS family of proteins share sequence hom-
ology over their DNA binding domains. For these
reasons it was a surprise to discover, as reported
in Results, that the DNA binding domain of AraC
is soluble when it is overexpressed with a pET vec-
tor system and that it may be readily purified.
These findings suggest that other members of the
AraC/XylS family may also be more easily puri-
fied as separated domains.

It is possible that the pI values of the two
domains of AraC are primarily responsible for the
low solubility of the protein. As expected from the
fact that the calculated pI value of the DNA
binding domain of the protein is 8.7, the DNA
binding domain is soluble at appreciable protein
concentrations well below pH 8, up to about pH 7.
Conversely, the calculated pI value of the dimeriza-
tion domain of AraC is pH 6, and the protein is
appreciably soluble at pH values above 7. Perhaps
a major component of the low solubility of AraC is

Table 1. Activation of pBAD by DNA binding domain of AraC, and by wild-type AraC

Arabinose isomerasea

GFPb

Activator protein Units/cell Stimulation factor Fraction wild-type activity Fluorescence/A600

None 6 – 0.0012 3.7 £ 104

DNA binding domain 9.1 1.4 0.0016 5.9 £ 104

Wild-type AraC 4900 830 1.00 1.7 £ 107

SH321 cells contained the pBAD18 vectors and were grown and assayed as described in Materials and Methods.
a Chromosomally encoded.
b Plasmid encoded GFP protein under control of the ara pBAD promoter.

Figure 4. Equilibrium binding of the pure DNA bind-
ing domain to fluorescently labeled I1 DNA at
3.3 £ 1029 M in buffer containing 100 mM KCl (B) and
DNA at 1.0 £ 1028 M in 200 mM KCl (A).
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that it is not possible to find conditions for high
solubility of both domains simultaneously. We
note that the pI values of other AraC/XylS family
members referred to in the literature as being of
low solubility, or inferred from the literature to
have this property possess domains with similar
pI values.8 – 11 It might also be noted that the neu-
tralization of four arginine residues by phosphate
groups as most likely occurs upon binding to
DNA shifts the effective pI value of the AraC
DNA binding domain to about pI 7. Overall, it
seems possible that other proteins that are not
adequately soluble, in particular other members of
the AraC/XylS family, may also be effectively
studied by the divide and conquer approach used
here.

Purification of the DNA binding domain of AraC
permitted measurement of the protein’s specific
activity and of its DNA binding affinity. While the
DNA mobility shift assay could be used to titer
the activity of the DNA binding domain or for
comparison of binding affinities, it could not be
used for absolute affinity measurement. The pro-
tein’s rapid association and dissociation rates
made the extent of binding dependent upon the
salt concentration in the gel itself. In order that
measurements made with the electrophoretic
assay be valid, it is necessary that no significant
association or dissociation takes place in the inter-
val after loading a sample and the time when the
rates of association and dissociation become nearly
zero within the gel matrix.

We found that the binding affinity of the DNA
binding domain of AraC in solution could be
measured by making use of the fact that binding
of the DNA binding domain or of AraC slightly
quench the fluorescence of labeled DNA duplexes.
Previously, the affinity of AraC was measured for
DNA containing a binding site consisting of the I1
and I2 half sites.1,14 This information plus
additional data on the structure of AraC and the
relative affinities of AraC for the I1 and I2 half sites
can be used to estimate the DNA binding affinity
of the monomeric DNA binding domain of AraC.
As shown below, the estimation is rather close to
what is measured, suggesting that the assumptions
used to make the estimation are reasonably correct.
Specifically, it is assumed that the two domains of
AraC are connected by a flexible linker and that
the amount of strain in the AraC dimer–DNA
complex is not significantly more than is present
in two DNA binding domain-half site complexes.

The relationship between the binding affinity of
a monomer of the DNA binding domain of AraC
and dimeric AraC can be estimated as follows. It
seems reasonable to assume that the connection
between DNA binding domains in intact dimeric
AraC is flexible because the protein consists of
two functionally independent domains,2,7 and in
the presence of arabinose, is capable of binding
specifically to direct and inverted repeats of its
half-site.16 It also seems reasonable to assume that
the structure and intrinsic DNA binding affinity of

an isolated DNA binding domain is the same as
that of a DNA binding domain in the wild-type
dimer.

If the intrinsic binding of a monomeric DNA
binding domain is characterized by the dis-
sociation constant KM, then the binding of the first
domain of a dimer of the protein to DNA contain-
ing two half-sites is characterized by KM/4. The
factor of 4 results from the fact that the protein con-
sists of two subunits that are capable of binding to
each of the two DNA half-sites. Once one domain
has bound, the second DNA binding domain is
held in the vicinity of the second DNA half-site. If
the concentration of the second subunit in the
vicinity of the second half-site is denoted by an
effective concentration CEff, its binding to the
second half-site is KM/CEff, and the effective dis-
sociation constant for binding of the dimer to two
adjacent half-sites, KD, will then be:

KM=4 £ KM=CEff; or KD ¼ K2
M=4CCeff

The estimate of monomer affinity for DNA can be
compared to what we measured experimentally.
The KD value of AraC binding to I1–I2 is
1.8 £ 10212 M in 100 mM KCl,1 and AraC binds 70
times more strongly to I1–I1 than I1– I2.

13 This leads
to the estimate of the KD value for AraC binding
to I1– I1 of 1.8 £ 10212 M/70 ¼ 2.6 £ 10214 M. The
CEff value for AraC can be roughly estimated by
assuming that the second DNA binding domain is
free to occupy any position within a sphere of
radius 50 Å of the first DNA binding domain.
That is, the effective length of the two linkers and
the dimerization domains separating the two
DNA binding domains is about 50 Å.7 A concen-
tration of one molecule in a sphere of this radius
is equivalent to a solution concentration of about
0.01 M. From the relationship derived above, KM is
then computed to be:

KM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4CEffKD

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 £ 1022 M £ 2:6 £ 10214 M

p

¼ 3:2 £ 1028 M

The value found here for the DNA binding domain
interaction with I1 DNA was 1.4 £ 1028 M. As the
measured and estimated affinities for the DNA
binding domain are very close to each other, it
seems likely that the assumptions used are not
grossly incorrect.

Rather than estimate that the second DNA bind-
ing domain is equally likely to occupy any position
with the volume allowed by perfectly flexible
linkers connecting the domains, the effects of the
stiffness of the polypeptide chain and of polymer
statistics can also be considered,17 but the inclusion
of these effects does not alter the results signifi-
cantly. Estimations of the relationship between the
binding of monomer and dimer similar to those
made above for AraC have been made in the past
for divalent antibodies,18 myosin,19 and more
recently for DNA binding proteins.20 In general,
however, it should be noted that few oligomeric
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DNA binding proteins possess sufficient flexibility
or independence in the positioning of their DNA
contacting surfaces that calculations similar to
those made above can reasonably be made. Oligo-
meric proteins with more rigid structures than
AraC can, of course, be described using effective
concentrations. If the second subunit was held in a
position appropriate for binding to the second
DNA site, the concentration would be increased
above the simple monomer in a sphere approxi-
mation that was used for AraC. Similarly, if the
second subunit was held in a position unsuitable
for binding, the concentration would be decreased.
It would be difficult, however, to estimate the
concentration changes in these cases.

Foot-printing experiments have shown that an
RNA polymerase molecule bound at an adjacent
promoter alters the binding of both the
polymerase-proximal and the polymerase-distal
DNA binding domains of AraC.21 This raises the
question of whether contacting a single DNA
binding domain would suffice for significant
induction at the ara pBAD promoter. We found that
placing a single tight-binding I1 half-site partially
overlapping the polymerase 235 region allowed
binding by the DNA binding domain of AraC and
activation to about 10% of the full induction level
of the wild-type pBAD promoter. Unfortunately, the
low activity of this construct would make determi-
nation of the transcription activation mechanism
most difficult.

This work was undertaken after we had found
that the DNA binding domain was soluble and
bound to the I1 half-site with sufficient affinity
that the domain might be expected to activate tran-
scription in vivo to a detectable level. Hints have,
however, existed for some time that the DNA bind-
ing domain might possess this property. A control
experiment measuring monomer activity on a
variant ara promoter was reported in the work
showing that dimerization of the DNA binding
domain by a leucine zipper motif generates a
dimer with high induction activity.2 In that work,
the activity of ara pBAD containing a tighter binding
half-site, I1

p replacing the usual weaker binding I2
half-site in the presence of the undimerized DNA
binding domain was seen to be detectably greater
than the promoter’s activity in the absence of
AraC. In other experiments,22 the DNA mobility
shift assay was used to compare binding of wild-
type dimeric AraC protein to variations of the
single I1 half-site in a 31 base-pair DNA fragment.
As the flanking DNA was too short for significant
non-specific interaction by the second DNA bind-
ing domain, binding was most likely a result of
the interactions of a single DNA binding domain
of AraC with the DNA duplex. The actual binding
affinity comparisons reported, however, may be
distorted or flawed by the same salt effects as
were described above. Menon & Lee23 have
reported a very high activity from a construct con-
taining the DNA binding domain of AraC and an
unknown amount of upstream sequence. The

sequence of the DNA or protein was not reported
and, in addition, because the induction reported is
more than ten times greater than we have been
able to observe, we think it unlikely that the
monomeric DNA binding domain of AraC was
responsible for the activation reported.

In summary, we report here two main findings.
First, the DNA binding domain of AraC proves to
be soluble and amenable to overproduction, purifi-
cation, and study. Thus, both the dimerization
domain and the DNA binding domain of AraC
protein are soluble and easily purified even though
the intact protein is very poorly soluble and diffi-
cult to study. One possibility is that the difficulties
with the intact protein result from incompatible
conditions required for stabilization of both the
dimerization and DNA binding domains. Other
proteins that are difficult to study may suffer from
the same problems and it could prove useful to
synthesize and purify constituent domains and
possibly to reconnect the domains, as is now
possible with AraC protein. Likely, a biochemical
study is now possible of many of the other mem-
bers of the AraC/XylS family that heretofore have
been insoluble and impossible to purify. Our
second finding is that the equilibrium dissociation
constant for the binding of the DNA binding
domain to the I1 DNA half-site could not be deter-
mined with DNA mobility shift assays, but could
be with a fluorescence quenching assay conducted
in solution. The relationship between the binding
affinity of intact AraC and of its DNA binding
domain is consistent with the flexible structure of
AraC protein in the presence of arabinose that has
been inferred from a variety of biochemical experi-
ments. This relationship follows from a simple con-
sideration of the binding of each monomer and the
concept of effective concentration of a monomer
being held in the vicinity of a DNA binding site
by its connection via a linker to another monomer
that is bound to an adjacent binding site.

Materials and Methods

Strains and plasmids

SH321 cells, F2DaraC-leu1022, Dlac74, galK, str r24 were
used in all measurements. BL21(DE3) cells25 were used
with the pET vector for overproduction of the AraC
DNA binding domain.

pSE380 ampr rop2 (Invitrogen), derived from plasmid
pBR322 and contains the ColE1 replication origin.

pSE380-AraC, from pSE380 carries the araC gene
between the NcoI and SacI sites with the codon for the
first methionine forming part of the NcoI site.26 In this
position the AraC gene is driven by the plasmid’s ptrc

promoter.
pBAD-AraC-GFP is derived from pBR322 and carries

the araC gene, the regulatory region between araC and
araB and the sequence specifying the first 15 nucleotides
of the transcript from the ara pBAD promoter. Beyond the
ara sequence are 42 nucleotides of upstream sequence of
the GFP gene, and then the gene itself. This plasmid
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was briefly sold by Clontech. The GFP gene on the plas-
mid was modified from that originally present on
GFPuv with the following changes: F64L, S147P, and
L221D. The first two increase sensitivity and the third,
which increases dimerization, is irrelevant to these
studies. AraC on this plasmid is synthesized under con-
trol of the ara pC promoter. The DNA coding for residues
2–168 have been deleted from the plasmid coding for the
DNA binding domain of AraC.

pET3d-DBD, pET3d vector25 in which residues
175–292 plus termination sequences of AraC have been
cloned between the vector’s NcoI and HindIII sites with
the codon for M175 forming part of the NcoI site.

Purification of DNA binding domain

An isolated colony of cells, BL21(DE3), freshly trans-
formed with pET3d-DBD, was grown in 500 ml YT
medium27 to between 1 £ 108 and 3 £ 108 cells/ml, at
which point IPTG was added to 1 mM and growth was
continued for three hours, after which cells were pelleted
and frozen.

Frozen cells were lysed by grinding with alumina,
diluted with 2.5 volumes of extract buffer (20 mM
sodium phosphate (pH 7.0), 5% (v/v) glycerol) and the
supernatant, after a ten minute centrifugation at
11,200 rpm (15,000 g), was filtered through a 0.45 mm
pore size syringe filter and loaded onto a 1 ml heparin/
agarose Hi-Trap column (Pharmacia), pre-equilibrated
with extract buffer. The DNA binding domain eluted
from the column at about 350 mM NaCl in a 36 ml NaCl
gradient from 0 mM to 700 mM NaCl. The elution peak
was diluted 1:10 (v/v) in extract buffer and loaded onto
a 5 ml MonoS column. The DNA binding domain eluted
at about 240 mM NaCl in a 14 ml gradient from 0 mM
to 350 mM NaCl. For highest purity, this purification
step was repeated. Heavily overloaded samples run on
SDS/16% (w/v) polyacrylamide gels showed no trace
of contaminating proteins. Typically, about 1 mg of puri-
fied DNA binding domain was obtained from 1 g of
cells. Purified protein concentrations were calculated
from A280 using an extinction coefficient of A280 of
1.0 mg/ml of 0.622 as calculated from the amino acid
content by the method by Pace et al.28 The fraction of
molecules that were active was measured using the
DNA mobility shift assay under conditions where most
active monomers bound.

Arabinose isomerase assay

Arabinose isomerase was assayed as described.27 Cells
were grown in M10 minimal medium containing 0.8%
glycerol, 1% (w/v) Casamino acids, 10 mg/ml of thia-
mine, 20 mM CaCl2, 10 mM MgSO4 and 100 mg/ml of
ampicillin exponentially for at least eight doublings and
harvested at an apparent A600 of 0.3 to 0.9. When induci-
bility by wild-type AraC was also being measured, 0.2%
(w/v) arabinose was included in the medium, not only
of this strain, but of all the others measured at the same
time. Concentrated cells were resuspended in 300 ml of
lysis buffer (100 mM potassium phosphate (pH 7.4),
50 mM KCl, 10% glycerol, 1 mM KEDTA, 1 mM dithio-
threitol, sonicated, and cell debris was removed by cen-
trifugation at 20,000g for 15 minutes. The supernatant
was made 25% in glycerol and stored at 220 8C.

GFP assay

Extracts prepared as described for the arabinose iso-
merase assay were diluted with assay buffer to 3 ml for
measurement of GFP fluorescence by exciting at 399 nm
and measuring the emission at 508 nm. For comparison
between cultures, fluorescence was normalized to appar-
ent A600 of the cells. Cells not containing the GFP plasmid
produce a fluorescence output signal approximately
0.2% as large as the signal from cells containing wild-
type AraC and induced with arabinose. This background
was subtracted from all measurements.

Fluorescence measurement of DNA binding

A 27 bp double-stranded oligonucleotide with a top
strand sequence of CAGCTTAGCATTTTTATCCATA
GCTAC was 50 labeled with the fluorescent tag Cy5. The
underlined region shows the I1 site. Increasing amounts
of pure DNA binding domain were added to a cuvette
containing DNA at 3.3 £ 1029 M in 3 ml of 10 mM Tris–
HCl (pH 7.25), 100 mM NaCl, 5% glycerol, 1 mM
NaEDTA, 10 mg/ml of bovine serum albumin (BSA), stir-
red for one minute. The sample was excited at 640 nm
and the emission spectrum between 655 nm and 700 nm
was collected, integrated, and corrected for dilution.
The fluorescence of the label was quenched by approxi-
mately 2% when the DNA was fully bound. The Kd

value of binding was determined by least-squares fitting
the curve of fluorescence change as a function of total
protein concentration to the equation describing first-
order binding when the DNA concentration is of the
same order of magnitude as the Kd:

PD ¼
ðPt þDt þ KdÞ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPt þDt þ KdÞ

2 2 4PtDt

p

2

where Pt is the total protein concentration, Dt is the total
DNA concentration, PD is the concentration of protein
DNA complex, and Kd is the protein–DNA dissociation
constant.

DNA mobility shift assay

The DNA mobility shift assay was performed essen-
tially as described.1 Gels were 6% (w/v) acrylamide,
running buffer was 10 mM Tris–acetate (pH 7.4), 1 mM
KEDTA; binding buffer was 10 mM Tris–acetate
(pH 7.4), 1 mM KEDTA, 1 mM DTT, 5% glycerol, 50 mg/
ml BSA and 50 mM KCl unless otherwise noted. Protein
was incubated with DNA at room temperature for 15
minutes before addition to the gel. Calf thymus DNA
was added to a final concentration of 200 ng/ml just
before loading.

The following top strand sequences were end-labeled
with 32P and annealed to their reverse complements by
heating together at 95 8C and slowly cooling to room
temperature for use in the assay. The I1 half-sites within
the sequences are underlined:

I1 CGCCATAGCATTTTTATCCATAAGATC;
I1I1 CGCCATAGCATTTTTATCCATAAGATTAGCA

TTTTTATCCATAAGATC;
I1-5-I1 CGCCATAGCATTTTTATCCATAAGATAGCC

A-TAGCATTTTTATCCATA AGATC.
DNA bands were visualized after drying the gel onto

paper, by exposing to a phosphor screen, and scanning
with a Molecular Dynamics phosphorimager.
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