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We applied two experiments useful in the study of ligand-
regulated DNA binding proteins to AraC, the dimeric regulator
of the Escherichia coli L-arabinose operon. In the absence of
arabinose, AraC prefers to loop DNA by binding to two half-sites
that are separated by 210 base pairs, and in the presence of
arabinose it prefers to bind to adjacently located half-sites. The
basis for this ligand-regulated shift in binding appears to result
from a shift in the rigidity of the system, where rigidity both in
AraC protein in the absence of arabinose, and in the DNA are
required to generate the free energy differences that produce
the binding preferences. Eliminating the dimerization domains
and connecting the two DNA binding domains of AraC by a
flexible peptide linker should provide a protein whose behavior
mimics that of AraC when there is no interaction between its
dimerization and DNA binding domains. The resulting protein
bound to adjacent half-sites on the DNA, like AraC protein in the
presence of arabinose. When the two double-stranded DNA
half-sites were connected by 24 bases of single-stranded, flex-
ible DNA, wild-type AraC protein bound to the DNA in the
presence and absence of arabinose with equal affinity, showing
that AraC modulates its DNA binding affinity in response to
arabinose by shifting the relative positions of its DNA binding
domains. These results are consistent with the light switch
mechanism for the action of AraC, refine the model, and extend
the range of experimental tests to which it has been subjected.

Data obtained from both in vivo and in vitro experiments have
shown that, in the absence of arabinose, the dimeric AraC

protein prefers binding to the well separated I1 and O2 half-sites
and forming a DNA loop (1–4), Fig. 1. On the addition of
arabinose, the protein’s affinity for the I1 and I2 half-sites
increases by about 50-fold, leading the protein to prefer to bind
to these adjacent half-sites and induce the pBAD promoter rather
than loop and repress pBAD (3, 5–8). The basis for the change in
the DNA binding properties appears to result from an arabinose-
induced shift of the N-terminal arms from associating with the
DNA-binding domains of AraC to associating with the dimer-
ization domains (refs. 4, 9, and 10; Fig. 1). The process involving
this shift is called the light switch mechanism because the arms
switch expression of the system on and off.

In the absence of arabinose, the arms from the dimerization
domains are thought to bind to the DNA-binding domains and
rather rigidly hold them apart from one another and in an
orientation that favors DNA looping. Whether the arms also
affect the DNA binding properties of the individual DNA
binding domains has not been addressed before this work. A rigid
connection between the domains mediated by the arms is
consistent with the fact that reversing the head-to-tail orienta-
tion of the asymmetric O2 half-site while retaining its AraC-
contacting area on the same face of the DNA eliminates DNA
looping (4). Another property that can be attributed to rigidity
can be seen in the binding of AraC in the absence of arabinose
to two adjacent I1 and I2 half-sites. Whereas such binding
normally does not occur in vivo, it can be observed in vitro (3, 6).
According to the current view, to bind to adjacent half-sites, part
of the DNA binding energy must be used to distort AraC so that
the DNA binding domains are correctly positioned adjacent to
one another. In the presence of arabinose, however, the DNA-
binding domains of AraC are freed from the arms and can easily

adopt an orientation compatible with the adjacent DNA half-
sites. Thus, the presence of arabinose increases the affinity of
AraC for adjacent half-sites, whether they are in direct repeat or
inverted repeat orientation (6, 11).

One important input to the formulation of the light switch
mechanism was the observation that deleting the N-terminal
arms of AraC shifts the protein’s preference in the absence of
arabinose to that of preferring to bind adjacent half-sites
rather than looping (9). Another important input was genetic
information indicating an interaction between the N-terminal
arm of AraC and the DNA binding domain of AraC (9).
Whereas the light switch mechanism seems to be the simplest
model compatible with the existing genetic and physiological
data, and is consistent with the structure of the dimerization
domain in the presence and absence of arabinose (12), the
model has not been subjected to extensive biophysical testing.
Here, we describe experiments designed to explore this latter
area, in particular, the role of rigidity and f lexibility of AraC
and the DNA in the behavior of AraC in response to arabinose.
The experiments also explore in a general way the signals that
are sent from the dimerization domains to the DNA binding
domains and whether the intrinsic affinity of the DNA binding
domains for DNA is modulated. The experimental approaches
we used should be applicable to the study of many ligand-
regulated DNA binding proteins. In the case of AraC, the
results rule out entire classes of general models, but are
entirely consistent with the light switch mechanism, and in fact,
refine the mechanism.

Materials and Methods
Oligonucleotide Primers. Oligonucleotide primers, synthesized at
the 200-nM scale and purified by PAGE, were purchased from
Integrated DNA Technologies (Coralville, IA) or were synthe-
sized on an Applied Biosystems 381A DNA synthesizer and
purified by FPLC (13).

Plasmids. Genes coding for proteins consisting of two AraC
DNA binding domains, amino acids 169–292 and amino acids
177–292, connected by f lexible linkers of 13 amino acids
(-ESLHPPMDEFRGS-) or 19 amino acids (-ESLHPPMDEF-
VTQDMINGS-), were constructed de novo from '60-base
synthetic oligonucleotides containing 15-base overhangs and
cloned into the plasmid pSE380 (Invitrogen). We used a
two-step PCR protocol based on that used to build a synthetic
303-nt-long HIV-2 Rev protein (14). In the design of these
oligonucleotides, care was taken to eliminate secondary struc-
ture formation, and only oligonucleotides greater than 40%
G-C content were considered. Potential ends of oligonucleo-
tides were shifted along the sequence of the gene, and codons
in the second AraC DNA binding domain were changed to
avoid formation of primer-dimers or regions of internal base
pairing of greater than 5 consecutive base pairs, or greater than
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3 base pairs at the 39 ends. A 100-ml mixture containing 100 ng
of each oligonucleotide was subjected to seven PCR cycles of
94°C for 1 min, 55°C for 1.5 min, and 72°C for 2 min. Then 100
ng each of two end primers was added to the reaction, and 25
more cycles of PCR with an annealing temperature of 55°C
were performed. The final PCR product was purified, digested
with NcoI and XbaI, and ligated into the NcoI and XbaI sites
of pSE380. The Quikchange procedure (Stratagene) was used
to correct the two or three nonsilent point mutations intro-
duced by the PCR steps.

Strains. The strains used for assay of promoter activity were as
follows: RE1 (DaraC–leu1022, araB1A1D1, Dlac74, galK2, strr,
recA938::cat; ref. 15); RE5 (DaraC–leu1022, Dlac74, galK2, strr,
thi1, [laraI1I2-pBAD-lacZ, DO2]; ref. 16); BS1 (F2, Dara–leu1022,
[Dlac 74], galK, thi1, strr, [laraI1I1-lacZ]; ref. 9); and SH321(F2,
DaraC–leu1022, Dlac74, galK2, strr; ref. 17).

Enzyme Assays. Cells were grown in liquid minimal salts media
with 0.4% glycerol and 0.4% casamino acids to an apparent
optical density at A550 nm of between 0.3 and 0.6 in the presence
and in the absence of 0.2% arabinose, as noted, and assayed for
arabinose isomerase (18), or b-galactosidase (19), as described.
The activity of the wild type I1I2-ara pBAD promoter, was
measured by using a single-copy chromosomal insertion of
I1I2-pBAD fused to lacZ, and b-galactosidase was measured.
Repression via looping was measured by using pL, a plasmid
containing a modified ara pC fused to lacZ (9). In the absence of
DNA looping, pC is active, and b-galactosidase is produced. If
AraC protein is present and capable of forming a DNA loop, pC,
and therefore b-galactosidase production, is repressed.

Flexible DNA. A 75-base oligonucleotide with the sequence (with
the two I1 half-sites underlined) ACCCTAGCATTTTTAT-
CCATAAGACCTACTGGTACCGTCTCATGCATAGAC-
CCTAGCATTTTTATCCATAAGACC was synthesized and
32P end labeled. A 25-base oligonucleotide with the reversed
complimentaryI1sequence(withI1underlined)GTCTTATGG-
ATAAAAATGCTAGGGT was mixed with the 75-base oligo-
nucleotide in a molar ratio of 20:1 in 10 mM TriszHCl, pH 8.0,
1 mM EDTA, 50 mM KCl, and 5 mM MgCl2. The mixture was
held at 95°C for 3 min and gradually cooled to room temper-
ature. This procedure yielded a DNA structure with two
double-stranded I1 half-sites connected by 24 bases of single-
stranded DNA.

DNA Binding Assay. The DNA migration retardation assay was
performed as described (6). All binding reactions used buffer
containing 10 mM TriszHCl, pH 7.4, 1 mM EDTA, 50 or 100
mM KCl as indicated, 1 mM dithioerythritol, 0.05% Nonidet
P-40, and 5% glycerol. Arabinose, if present, was at 50 mM. To
200 ml buffer, DNA fragments were added to concentrations
of 1–10 nM, and the samples were incubated at 37°C for 10 min.
AraC protein was diluted with binding buffer and added to
final concentrations of 1–100 nM. Nonspecific competitor calf
thymus DNA, 75 ngyml, and 1003 molar excess of nonradio-
active specific competitor containing four consecutive I1 half-
sites in the same orientation and on the same face of the DNA
(I1-I1-I1-I1) (11) were added 20 min later, and 20-ml samples
were withdrawn and loaded on the gel at the times indicated.

Results
Flexible Protein. The two DNA binding domains in wild-type
AraC protein are connected to the dimerization domains. We
eliminated any constraints or interactions between the dimer-
ization domains and the DNA binding domains in AraC by
directly connecting two DNA binding domains with a flexible
linker. We made two constructs, by using linkers of 13 and 19 aa
consisting in part of the natural interdomain linker in AraC and
in part the linker region of the yeast mating type repressor
protein a2 (20). This linker provides the yeast a2 repressor
protein with sufficient flexibility to bind DNA half-sites with a
variety of spacings and orientations (21), and is likely to provide
an unstructured connection between the AraC DNA binding
domains (Fig. 2).

The presence of long repeated sequences coding for the two
DNA binding domains could generate problems with in vitro
construction, in DNA sequencing, and in vivo because of
intramolecular recombination. Therefore, we used the redun-
dancy of the genetic code to design a new DNA sequence
coding for one of the domains that retained the wild-type
amino acid sequence. In doing this, we chose frequently used
codons when their introduction did not generate the possibility
of internal base pairing or stable secondary structures in the
DNA. DNA coding for the double DNA binding domain
proteins was assembled from oligonucleotides by PCR as
described in Materials and Methods and inserted into a plasmid
for expression of the proteins.

Both of the double DNA binding domain proteins induced the

Fig. 1. The regulatory region of the araBAD operon showing the binding
sites for AraC, the two promoters (pBAD and pC), and the light switch mecha-
nism for AraC action. AraC bound to the O1 site in the presence of arabinose
is shown in gray because occupancy of the site is only partial.

Fig. 2. Two DNA binding domains of AraC connected by a flexible linker.
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ara pBAD promoter in the absence of arabinose about as well as
wild-type AraC protein induces the promoter in the presence of
arabinose (Table 1). The fact that they induced so well indicates
that neither looped between araI1 and araO2 to any significant
degree. The induction we observe of pBAD requires two DNA
binding half-sites and protein with two DNA binding domains,
for we observe negligible induction by single DNA binding
domain AraC using the araI2 half-site (R.S., unpublished data,
and data not shown).

As a further check on possible repression by DNA looping, we
also measured the activity of the pC promoter in a plasmid
carrying the construct O1

2pC-lacZ (Table 1). In this construct,
because the O1 binding site for AraC has been inactivated, the
pC promoter is repressed only by DNA looping by AraC between
the I1 and O2 half-sites. AraC in the absence of arabinose
decreases activity from this promoter almost 4-fold (9). In the
presence of arabinose, AraC also represses b-galactosidase
synthesis in the O1

2pC-lacZ construct, but less well. These results
are in accord with assay of DNA looping by dimethyl sulfate
footprinting (2) as well as with modeling of the regulatory
behaviors of pC and pBAD in wild type and in various mutant
situations based on thermodynamic measurements (4). As seen
in Table 1, neither of the double DNA binding domain proteins
shows any significant repression of pC that would indicate the
presence of any significant amount of DNA looping. Hence, we
can conclude that the double DNA binding proteins prefer to
bind to adjacent half-sites.

Flexible DNA. Are the differences in the DNA binding properties
of AraC that are observed in the presence and absence of
arabinose a consequence solely of changes in the positioning
of the DNA binding domains? If they are, providing a DNA
substrate containing binding half-sites that are connected with
a f lexible linker should allow the half-sites to adjust their
positions to accommodate the DNA binding domains’ relative
positions in the presence and absence of arabinose. As a result,
DNA with f lexibly connected half-sites should bind to AraC
with an affinity nearly independent of arabinose, whereas
DNA whose half-sites are connected with normal double-
stranded DNA, which is relatively rigid, should display an
arabinose dependence. An arabinose dependence will also be
seen if the arms modulate the DNA binding affinity of the
individual DNA binding domains.

The required flexible DNA can be made by connecting two
double-stranded half-sites with single-stranded DNA (Fig. 3).
We constructed the DNA from a 75-base single-strand segment
and two 25-base single-strand segments hybridized near the 59
and 39 ends of the 75-base segment. This yielded two 25-base pair
double-stranded regions containing embedded I1 half-sites sep-
arated by 24 bases of single-stranded DNA.

Wild-type AraC shows no significant arabinose dependence in

its DNA binding affinity to the special DNA. This independence
is shown by the fact that its dissociation rate, as indicated by the
slopes of the lines in Fig. 4, from the DNA containing the flexible
linker is virtually the same in the presence or absence of
arabinose. By contrast, a typically large arabinose response was
observed in the control experiment measuring dissociation rate
of AraC from the double-stranded DNA containing adjacently
located I1 and I2 half-sites.

Discussion
How do small molecule ligands modulate the DNA binding
affinities of DNA binding proteins? One issue relevant to this
question concerns the sending of signals as a result of ligand
binding. The binding of ligand can result in a signal being sent
to the DNA binding domains of such a protein, and a different
signal being sent in the absence of ligand. Rather than two
different signals being used however, it seems likely that the
behavior of many proteins will be well approximated by a signal
vs. no signal mode of operation. Thus, one important question
in understanding ligand responsive DNA binding proteins is
whether there is a ‘‘no signal’’ state, and whether it is with the
ligand present or the ligand absent.

Another issue concerns what the signal ultimately does to
modulate the DNA binding affinity of the protein. In the case of
oligomeric proteins like AraC that contact DNA with more than
one domain, two basic modulation mechanisms are possible.
First, the affinity of individual domains for DNA can be mod-
ulated, and, second, the joint affinity or binding cooperativity
between the two units can be modulated. A simple way to
accomplish the latter is for the ligand to shift the separation of
the protein’s DNA binding domains. If they previously were
positioned advantageously for simultaneous binding to the two
DNA binding half-sites, a shift in their separation or orientation
will allow only one at a time to bind the half-sites, and the overall
binding affinity of the protein will be much reduced. Of course,
utilization of the separation mechanism necessitates that both
the DNA and the protein be sufficiently rigid that distorting the
complex to allow two mispositioned or misoriented DNA bind-
ing domains to bind simultaneously costs a significant amount of
free energy.

In our first experimental approach, we removed the dimer-
ization domains from AraC and directly connected the two DNA
binding domains with a peptide linker. This construct eliminates
the possibility of sending signals from the dimerization domains
because they are absent. Hence, the behavior of the resulting
protein identifies whether the no signal state is closer to that of
free AraC, or AraC bound to arabinose. We found that con-
necting the DNA binding domains with the linker yielded a
protein that behaves like AraC in the presence of arabinose. We
therefore conclude that a signal is sent from the dimerization
domains of AraC to the DNA binding domains in the absence of

Fig. 3. AraC protein in the absence and presence of arabinose binding to two
I1 half-sites connected by 24 bases of single-stranded DNA.

Table 1. Activities of AraC and double DNA binding domain
derivatives

Protein

Promoter activity, %

I1I2pBAD O1
2pC-lacZ

No AraC 2 150
WT AraC 2 arabinose 3 40
WT AraC 1 arabinose 100 100
13-amino acid linker 110 140
19-amino acid linker 180 120

Activation abilities of wild-type AraC and double AraC DNA binding do-
main proteins with linker lengths of 13 and 19 amino acids. Activity at I1I2-pBAD

was measured with arabinose isomerase, and activity at O1
2pC-lacZ was mea-

sured with b-galactosidase. WT, wild-type.
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arabinose and that, in the presence of arabinose, virtually no
signal is sent.

In our second experimental approach, we examined the
binding of AraC to a special DNA consisting of the two AraC
double-stranded half-sites connected by 24 bases of single-
stranded and, hence, highly f lexible DNA. If AraC modulates
its DNA binding affinity exclusively by changing the relative
positioning of its two DNA binding domains in response to
arabinose, then it will bind with nearly unchanging affinity to
a DNA binding site consisting of two normal half-sites con-
nected by the f lexible single-stranded DNA. Such an affinity
independence will be observed because the two double-
stranded half-site portions of the binding site are free to shift
relative positions along with the shifting positions of the
protein’s DNA binding domains, and there will be no signif-
icant energetic difference in binding in the presence or absence
of arabinose. In contrast, if AraC modulates its DNA binding
affinity by altering the intrinsic affinity of its individual DNA
binding domains for DNA, its affinity for the f lexible DNA will
remain responsive to the presence of ligand. We found that the
binding of AraC to the f lexible DNA became insensitive to
arabinose; hence, AraC modulates its DNA binding almost
exclusively by changing the relative positioning of its DNA
binding domains.

The first of our experiments shows that a signal is sent from
the dimerization domains when arabinose is absent, and the
second shows that the signal controls the positioning of the
DNA binding domains and that arabinose does not modulate
the affinities of the individual DNA binding domains for DNA.
Hence, on the basis of these experiments, we can conclude
that, in the absence of arabinose, an interaction between the
dimerization domains of AraC and the DNA binding domains
holds the protein in a state that it prefers to form a loop in the
DNA, and that, in the presence of arabinose, the DNA binding
domains are free to assume a variety of relative positions and
orientations.

Genetic experiments have led to the proposal of an explicit
mechanism for AraC response to arabinose (9, 10). It is called
the light switch mechanism because the N-terminal arm of
AraC is proposed to bind to the DNA binding domain of AraC
when the ara system is off, and to bind to the dimerization
domain when arabinose is present and the ara system is on. The
results of the present experiments are completely compatible

with the light switch mechanism and extend the range of
experimental tests that have been applied to the mechanism.
The present results also refine the light switch mechanism by
limiting the role of the N-terminal arms to the positioning or
restraining of the DNA binding domains. Before these exper-
iments, the possibility had not been excluded that the binding
of the N-terminal arms to the DNA binding domains also alters
the domains’ affinities for DNA, much like the peptide arm
from the yeast mating factor a1 modulates the affinity of a2 for
DNA (22).

Surprisingly, knowledge of the structure of the dimerization
domain of AraC in the presence and absence of arabinose did not
directly indicate the mechanism by which the protein responds
to the presence of arabinose. In fact, the crystallographic data
led to the proposal that AraC dimerizes by one interface in the
absence of arabinose and by a different interface in the presence
of arabinose (12). That model was cast in doubt by experiments
described earlier where DNA looping is eliminated when the O2
half-site is reversed, and was supplanted by the light switch
model on the basis of genetic data (9, 10). The data described in
this paper also is not consistent with the alternative interfaces
model.

The results we have presented here provide further exper-
imental support and extend the light switch mechanism for
AraC function. This mechanism is an example of an arm-
domain interaction that generates a ligand response in a
regulatory protein. Examples of other proteins that may
employ regulated arm-domain interactions are yeast glycogen
phosphorylase (23), phenylalanine hydroxylase (24), and the
interaction between Ran and the Ran-binding protein (25).
Many more examples are known of unregulated arm-domain
interactions that join two domains or proteins (26). The
rhodopsin-dynein interaction (27), DNA polymerase-Pcn1 in-
teraction (28), and interactions with clathrin and cargo adapt-
ers (29), are examples that illustrate the wide diversity of
arm-domain interactions. Arm-domain interactions, and reg-
ulated arm-domain interactions like those found in AraC may
be widespread in nature and perhaps will be found when the
structures and mechanisms of action of more multidomain
proteins and multiprotein complexes are determined.

We thank members of the laboratory for their assistance, and Beverly
Wendland and Doug Barrick for comments on the manuscript. This work
was supported by National Institutes of Health Grant GM18277.

Fig. 4. Dissociation kinetics of wild-type AraC in the presence and absence of arabinose. (Left) DNA contained two I1 half sites connected by 24 single-stranded
nucleotides and buffer contained 100 mM KCl. (Right) DNA contained adjacent I1-I2 half-sites, and buffer contained 50 mM KCl.
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