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ABSTRACT Contact sites of AraC protein to the regula-
tory site aral of the Escherichia coli araBAD operon have heen
determined by the chemical-interference technique. DNA frag-
ments were chemically modified an average of once per
molecule, and fragments that no longer bound AraC were
separated by gel electrophoresis from the DNA fragments still
able to bind the protein. The contact sites were then determined
by comparing the positions of modifications in the two DNA
samples. Strong contacts were found with guanines in three
consecutive major groove regions and the adjacent phosphates
along one side of the DNA. The conserved bases of the
AraC-binding DNA consensus sequence are also found in the
same positions. The gel electrophoresis assay was used to
determine the stoichiometry of binding, and AraC protein was
found to bind the aral and araO; regulatory sites as a dimer.
Therefore, AraC appears to bind DNA differently from the
other well-characterized regulatory proteins such as phage \
repressor.

A variety of physical and genetic techniques have been used
to develop a picture for one mode of DNA sequence recogni-
tion by proteins. Each of the monomers of phage \ repressor,
N\ cro protein, lac repressor, and cAMP receptor protein
contains a highly conserved sequence that appears to form a
DNA-contacting domain (1-8). The two DNA-contacting
domains on these dimeric proteins bind two adjacent major
groove regions of the DNA centered in a region of dyad
symmetry.

AraC protein, which plays an inducing and repressing role
in regulatmg the araBAD operon (9-16), does not possess any
region of amino acid sequence with close homology to the
consensus of the DNA-contacting domains of the above-
mentioned proteins (8, 17). Also, AraC protein appears to
associate with a more extensive DNA region, protecting
about 40 base pairs from nuclease digestion (9, 10). There-
fore, we have used the binding-interference technique devel-
oped by Siebenlist and Gilbert (18) to examine the DNA
contact sites that this protein makes with DNA to look for
different possible modes of protein~-DNA interaction. These
studies reveal that AraC protein binds one face of the DNA
in three adjacent major groove regions of aral site. AraC
protein binds this site to induce or repress the araBAD
promoter (15, 16). Consistent with the apparent contacts, the
consensus of AraC binding sites contains three regions of
conserved bases, and these lie in the three regions of contact.

In view of the unusual binding pattern shown by AraC
protein, we wished to determine if the protein binding unit is
comprised of two, three, or some other number of subunits
of AraC. We used the gel electraphoresis assay of DNA
binding to accurately quantitate specifically bound protein
and DNA. The results of these experiments show that AraC
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protein binds to aral as a dimer and to araO;, the site to which
AraC binds to repress the araC promoter, also as a dimer.

MATERIALS AND METHODS

Strains, Plasmids, and General Methods. Strains, plasmids,
and general methods were as described (15, 19-21). Plasmid
pTD383 contains the aral site on a 170-base-pair fragment
that is released by EcoRI and HindIII digestion. The araO;
site is on a 300-base-pair fragment that is released by EcoRI
and HindIII digestion of plasmid pTD242. AraC protein was

unﬁed as described (21).

Binding Interference Assay. The assay is based on the
method of Siebenlist and Gilbert (18). Phosphates of a
32p.end-labeled DNA fragment were ethylated by adding 100
wl of saturated ethylnitrosourea (Sigma) in 95% ethanol to a
100-u1 DNA sample in 50 mM sodium cacodylate, pH 8.0/0.1
mM EDTA and incubating at 50°C for 30-60 min. Purines
were methylated by adding 1 ul of dimethyl sulfate to the
DNA in 200 ul of 50 mM sodium cacodylate, pH 8.0/10 mM
MgCl,/0.1 mM EDTA and incubating for 1 min at 20°C. This
reaction was stopped by adding 50 ul of 1 M Tris’HCI, pH
7.5/1 M 2-mercaptoethanol/1.5 M sodium acetate/0.05 M
magnesium acetate/1 mM EDTA/0.1 mg of tRNA per ml. All
reactions were timed to yield approximately one modification
per DNA molecule. Modified DNA samples were precip-
itated with ethanol, washed, dried under vacuum, and resus-
pended in 10 mM TrisHCI, pH 8.0/1 mM EDTA (TE buffer).

DNA recovered from the gel electrophoresis binding assay
(see below) was cleaved at the positions of the modifications.
To display methylated guanines, DNA was heated at 90°C in
10% piperidine for 30 min. To display both methylated
guanines and adenines, the DN A was resuspended in 43 ul of
20 mM sodium acetate/1 mM EDTA, then 7.5 ul of 1 M
NaOH was added, and the sample was incubated at 90°C for
30 min. Cleavage at ethylated phosphates was carried out as
for the guanine-plus-adenine reaction. After incubation, sam-
ples with NaOH were neutalized with 7.5 ul of 1 M HCl and
50 ul of 20 mM Tris'HCI (pH 7.5). Samples were precipitated
by addition of 4 ug of calf-thymus DNA, 150 ul of 70%
ethanol, and 1 ml of 1-butanol; the butanol precipitation was
repeated after resuspending the samples in 50 ul of 1%
NaDodSO,; and the DNA was dried under vacuum and
resuspended in sequencing sample buffer (22). Positions of
the cleavages were determined by electrophoresing samples
on 8% denaturing acrylamide gels in parallel with samples
prepared by the guanine-greater-than-adenine sequencing
reactions (23). _

Binding Reactions and Gel Electrophoresis. DNA binding
reactions and electrophoresis to separate protein-DNA com-
plexes were as described (21). The modified DNA (0.05-0.1
pmol; 2 x 10° dpm) was incubated with excess AraC protein

*Present address: Department of Microbiology, Milton S. Hershey
Medical Center, Pennsylvania State University, Hershey, PA
17033.



3130 Biochemistry: Hendrickson and Schleif

(0.1-0.3 pmol) in 25 ul of binding buffer (10 mM Tris-HCIl, pH
7.5/50 mM KCl1/1 mM EDTA/5% glycerol/1 mM dithiothre-
itol/50 ug of bovine serum albumin per ml/50 mM arabinose
or fucose/0.05% Nonidet P-40) for 10 min. A 20-fold molar
excess of ara plasmid DNA was then added for 10 min
(arabinose-containing buffer) or for 30 sec (fucose-containing
buffer) to allow dissociation of complexes with modifications
in critical positions of the binding site. The times allowed for
dissociation were 1/10th the half-time found for AraC dis-
sociation from unmodified DNA in these buffers (21). The
samples were electrophoresed for 1 hr in 6% acrylamide/
0.1% methylene bisacrylamide gels. The gels were soaked in
90 mM Tris borate/1 mM EDTA, pH 8.3, to improve
subsequent recovery of the DNA and exposed to x-ray film
for 20 min, and the DNA was recovered by using NA45
DEAE membranes (Schleicher & Schuell) as described (21).

Stoichiometry. To obtain AraC protein of known specific
activity, strain RFSOP8, which harbors an AraC protein-
overproducing plasmid, was grown for at least six doublings
in 1-2 ml of M10 medium containing 1-2 mCi (1 Ci = 37 GBq)
of 3S0, (carrier-free HSO,; New England Nuclear), 0.1 mM
MgS0O,, 1 mM MgCl,, 0.5% glucose, and 5 ug of thiamine per
ml to a density of 1 x 108 cells per ml. Cells were harvested,
washed in lysate buffer (50 mM potassium phosphate, pH
7.0/50 mM KCI/1 mM EDTA/5% glycerol/1 mM dithio-
erythritol/16 ug of phenylmethylsulfonyl fluoride per ml) and
resuspended at 10° cells per ml of lysate buffer. Cells were
disrupted by sonication, and the debris was removed by
centrifugation in a microcentrifuge. Polyethyleneimine (Poly-
min-P; pH 7.8) was added slowly with stirring to a final
concentration of 0.5%. After 10 min on ice, samples were
centrifuged in a microcentrifuge for 10 min, and the super-
natant was applied to a 60-ul Bio-Rex 70 (Bio-Rad) column
equilibrated in C buffer (50 mM potassium phosphate, pH
7.0/20 mM L-arabinose/0.5 mM dithioerythritol/0.1 mM
EDTA). The column was washed with 200 ul of C buffer, and
bound protein was eluted by adding 60-ul aliquots of C buffer
plus KCI increasing from 0.1 to 0.4 M. AraC protein,
generally was eluted in the 0.4 M KCl fraction. The fractions
were collected directly into tubes containing 1 wl of 3%
Nonidet P-40 and 3 ug of bovine serum albumin, 12 ul of
glycerol were added, and the protein was used immediately
in gel binding assays.

Plasmid DNA was purified by CsCl/ethidium bromide
gradient centrifugation followed by gel filtration on agarose
A-15m (Bio-Rad) to remove RNA (19), and the DNA con-
centration was determined spectrophotometrically by assum-

ing €60 = 1.3 X 10* M~Lcm™! (per mol of base pairs). DNA -

fragments containing the aral or araO; sites were excised by
complete restriction digestion as monitored by gel electro-
phoresis. Then, both the ara DNA and remaining 3-kilobase
vector DNA fragments were precipitated with ethanol and
resuspended in TE buffer. The recovery of DNA in the
precipitation (>95%) was monitored by adding 3?P-labeled
tracer ara fragment after the restriction enzyme digestions.

After gel electrophoresis to separate AraC-DNA com-
plexes from free DNA and protein, gel slices were prepared
for scintillation counting by grinding in a glass vial and
incubating overnight in 10% tissue solubilizer (Amersham) in
3 ml of ACS fluid (Amersham) at 55°C. Two vol of ACS fluid
were then added before counting. The counting efficiency
was determined by adding known amounts of 33SO, or 3P0,
to similarly prepared blank samples.

RESULTS

Determination of Purine and Phosphate Contacts by AraC
Protein. Dimethyl sulfate was used to methylate the N-7 of
guanines in the major groove and the N-3 of adenines in the
minor groove of DNA, while ethylnitrosourea was used to
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ethylate phosphates of the DN A backbone (18). A small DNA
fragment containing the aral site was 3?P-labeled at one end
and then treated so that, on average, each molecule was
modified once. The modified DNA was incubated in the
appropriate buffer with an excess of purified AraC protein.
After the binding reaction, a large excess of unlabeled ara
plasmid DNA was added for a brief period to sequester
unbound protein. Under these conditions, AraC protein
dissociated appreciably only from binding sites containing
modifications that reduce the binding affinity. Acrylamide gel
electrophoresis (21) then was used to separate the free DNA
molecules (modified at positions that interfere with protein
binding) from the AraC-DNA complexes (presumably modi-
fied only at noncrucial sites). Protein-DNA complexes and
the faster-migrating free DNA were each recovered from the
gels, and the DNA samples were cleaved at the modified
bases so that their positions could be determined from the
lengths of the resulting DNA fragments run on sequencing
acrylamide gels.

Autoradiograms of the sequencing gels are shown in Fig. 1.
In the lanes prepared from free DN A, bands appeared at the
protein contact positions, while in the lanes prepared from
DNA isolated from protein-DNA complexes, bands ap-
peared at all positions except those required for binding.
Protein binding was impaired by premethylation of guanines
in any of five positions: —49 and —70 of the top strand (Fig.
1A), and —48, —59, and —69 of the bottom strand (Fig. 1B).
Thus, three regions of contacts in the major groove of the
DNA were observed, each spaced about 10 base pairs apart.
Experiments that detected methylation of adenines in the
minor groove of the DNA revealed no strong contacts.

Three similarly spaced regions of strong phosphate con-
tacts were indicated by the preethylation experiments. Phos-
phate contacts were apparent at positions on the 5’ side of
bases at —49 to —52, —62, and —70 to —73 of the upper strand
(Fig. 1A) and of bases at —46, —47, —56, —57, —66, and —67
of the lower strand (Fig. 1B). That is, phosphate contacts
were found on each side of the three regions of guanine
contacts. An additional, weak contact was seen at position
—41 on the upper DNA strand. No other purine or phosphate
contacts were seen in this region in three experiments. The
purine and strong phosphate contacts are centered in the
DNA region protected by AraC from DNase digestion (9, 10).
However, the site of the weak interaction at —41 is just
outside the protected region. To detect possible confor-
mational differences between AraC protein in the inducing
[(+)-L-arabinose] and repressing [(+)-D-fucose] states, the
contact sites of the protein in the presence of each of these
two sugars was determined (Fig. 1). Although the DNA
binding affinity of the protein for the aral site in the presence
of fucose is 45-fold weaker than in the presence of arabinose
(21), we saw no difference in the pattern of contacts.

The position of AraC protein bound to the aral site can be
visualized from its contacts on a representation of the DNA
helix (Fig. 2). The protein apparently binds along one face on
the DNA. Guanines are contacted in each of three adjacent
major groove regions, and the pattern of phosphate contacts
suggests that the protein contacts the DN A backbone on each
side of the three major groove binding regions. The AraC
binding consensus sequence has three conserved regions and
they correspond well to the contact-site data (Fig. 24). Each
set of guanine contacts is centered in a conserved region of
the sequence, and the entire sequence forms an imperfect
inverted repeat centered in the middle major groove of the
DNA.

Stoichiometry of AraC Protein Binding. Although AraC
protein appears to be a dimer in solution (24), its unusual
pattern of DNA contact sites raises the possibility that the
protein might bind with some other structure, such as a
trimer. The gel electrophoresis assay is a convenient method
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Fic.1. Purine and phosphate contacts of AraC protein at aral. (A) DNA fragments containing the aral site were *?P-end-labeled in the upper
strand at the EcoRI site. DNA was premethylated or preethylated and then incubated with AraC protein in buffer containing arabinose (lanes
ARA) or D-fucose (lanes FUCOSE). Designations at the bottom of lanes: bound, gel lanes with modified DNA isolated from AraC-DNA
complexes; free, gel lanes with DNA isolated from the free DNA bands; ‘‘G’s,’’ size standards prepared by the guanosine-more-than-adenosine
procedure. The positions of apparent protein contacts relative to the transcriptional start are indicated. Modified phosphates are on the 5’ side
of the indicated bases. (B) DNA fragments were labeled on the lower strand at the HirdIII site, and protein contacts were analyzed as in A.

for separation of specifically bound AraC protein-DNA
complexes from free DNA and inactive protein (21). This
method has been used to determine the stoichiometry of
cAMP receptor protein binding by using in vitro labeling or
labeled cAMP to quantitate the recovered proteins (25, 26).

Obtaining biologically active, pure protein with high spe-
cific activity can be difficult, and inaccuracy can occur in
measurements of the amount of protein that retains specific
binding activity. To avoid these problems, AraC protein was
labeled to a precisely known specific activity by extended
growth of cells synthesizing the protein in a medium of known
380, specific activity. Cells were grown for at least six
doublings so that the specific activity of the sulfur-containing
amino acids in the cellular protein equals that of the medium.
From the known number of sulfur atoms in the protein, its
precise specific activity was calculated. Although AraC
protein can be detected easily in gel binding assays with crude
lysates of cells, an excessive amount of other cellular protein
migrates into the gel, creating an unacceptably high back-
ground. Therefore, a rapid microprocedure was used to
partially purify the AraC protein obtained from the labeled
cells (Fig. 3).

Precisely known concentrations of DNA fragments con-
taining the aral or araQ sites were prepared. The concentra-
tion of ara plasmid DNA was measured spectrophoto-
metrically, and then the fragment was released by quantita-
tive restriction enzyme digestion. No further purification of
the DNA fragments was necessary because the vector DNA
in the sample does not interfere with the assay. When needed,
a trace of 32PO4-end-labeled DNA fragment was added for
quantitation of recoveries. '

The protein-DNA complexes formed sharp bands that
were located by ethidium bromide staining (Fig. 3B). They
were cut out of the gels, and the protein-to-DNA ratios for
AraC binding to the aral and araO; sites were determined by
comparing the 3S-labeled protein with 3?P-labeled DNA
recovered (Table 1). For both DNA binding sites a ratio of 2
(1.9 = 0.1 for aral and 2.1 = 0.1 for araO;) was obtained as
the average of four different labeling/purification/assay de-
terminations, indicating that the dimer found in solution also
is the DNA-binding form. The amount of nonspecific back-
ground in the gel with a particular AraC preparation varied by
+10% in duplicate gel lanes. However, the magnitude of this
background varied up to a factor of 2 between different AraC
preparations.

DISCUSSION

These chemical modification studies show that the purines
and phosphates that are contacted or closely approached by
AraC protein when it binds the aral site are distributed along
only one face of the DNA. These contacts are in three major
groove regions along a line that is parallel to the DNA helical
axis. This picture for the binding of the protein is supported
by the AraC protein binding DNA consensus sequence. The
guanine contacts are centered in each of three conserved
regions, whereas the positions in the minor groove of the
DNA on this same face that could contact the protein are not
conserved. Furthermore, although the chemical modification
experiments could have detected adenine contacts in the
minor groove, none were prominent.

For other well-studied regulatory proteins in E. coli, two
protein monomers bind adjacent major grooves of the DNA
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FiG. 2. AraC protein binds three adjacent major grooves of the
DNA. (A) The data of Fig. 1 are shown on a model of the DNA helix
drawn with 10.5 base pairs per helical turn. O, Guanine contacts; @,
phosphate contacts. The consensus sequence of the six AraC binding
sites at the araC, araBAD, araE, araFG, and araH promoters (refs.
9 and 30; unpublished data) is shown along with the aral sequence.
Sequences protected from DNase digestion are listed below with
capitals indicating homology in at least four sites:
aral: atgccatAGCALtttTtATCCATAAgattaGCgGatc
araE: atgtggCAGCAattTaATCCATA ttta-tGCtGtttccga
araOl: cgtAaCAaaagtgTCtATA AtcacgGCaGaaaagtccacatt
araH: actattCAGCAggaTaATgaATAcagaggGgcGaatta
araFGI: taCAGtgagaacgTgCATA AatttaGCgGgaaaagacataa
araFG2: caCAGCAgatTaATCCATAAgattaGCctggaaatccttgtt
Underlining signifies the consensus regions included in inverted
repeat symmetry. (B) Purine and phosphate contacts of the phage A
C1 protein with the phage A Og! site (redrawn from ref. 1).

with protein-protein interactions involved in dimerization
occurring over the central minor groove. The symmetry of

Table 1. A dimer of AraC binds the aral and araO; sites
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F1G. 3. Gel binding assay for stoichiometry of AraC bound to
aral. (A) Micropurification of AraC protein. A 1-ml culture of the
AraC-overproducing strain was lysed, nucleic acids were precip-
itated with polyethyleneimine, and the supernatant was loaded
directly on a Bio-Rex-70 column. The protein in fractions that was
eluted from the column with increasing concentrations of KCl was
analyzed on a silver-stained (27) 10% NaDodSO,/polyacrylamide
gel. Labeled and unlabeled proteins were prepared in parallel. Lanes:
A, AraC protein standard; B, polyethyleneimine supernatant; C-G,
protein eluted in buffer containing 0-0.4 M KCl. C, position of AraC
protein. (B) The indicated AraC protein and DNA preparations were
incubated, and protein~-DNA complexes were separated from free
DNA by gel electrophoresis. Lanes A, 3?P-labeled aral DNA and
unlabeled DNA fragment; B, 32P-labeled DN A, unlabeled aral DNA,
and unlabeled AraC protein; C, unlabeled aral DNA and *5S-labeled
AraC protein; D, pBR322 DNA fragments and 3S-labeled AraC
protein; E, 3S-labeled AraC protein with no DNA fragment. After
electrophoresis the gel was stained with ethidium bromide and
photographed. DNA at the top of the gel lanes is whole plasmid,
added to reduce nonspecific binding. Gel slices were cut out at the
positions of DNA bands, and the radioactivity was determined.

the protein is reflected in the dyad symmetry of the DNA
sequence that is also centered over the minor groove. AraC
protein clearly contacts DNA differently.

A protein that contacts only two major groove regions of the
DNA could appear to contact three adjacent major grooves if
the population of complexes contain protein bound to either of

_two overlapping sites. In such a case, the intensity of bands as

seen in Fig. 1 would be altered no more than 2-fold at the two
outer major groove contact regions since only half of the DNA
molecules would have protein bound to these regions at any
instant. For aral, strong enrichments were seen at each of the
three major groove regions, indicating that the entire site on
each DNA molecule is fully occupied with protein.

Ratio fmol of AraC

Input DNA in 35S, cpm AraC mononll)er/fmol of
DNA DNA,*  AraC-DNA araC Non-araC Specific monomer, ! NA
fragment fmol band,’ fmol band band# binding$ fmol 1 Exp.!! Average**
aral 181 161 65,200 8,900 56,300 336 2.1 1.9 0.1
ara0, 184 169 73,200 20,500 52,700 315 1.9 2.1+0.1

*Total of 0.45 ug of 3800-base-pair aral and 3,900-base-pair araO; plasmids, with the ara fragments released by restriction

enzyme digestion.

T Calculated from 32P-labeled DNA complexed with unlabeled AraC protein (Fig. 3B, lane B).
¥ Nonspecific **S recovered from pBR322 DNA band in the same position of the gel as specific complexes (Fig. 3B, lane
D). Similar backgrounds were obtained from this position of the gel with samples lacking DNA fragments (Fig. 3B, lane

E).
§ Binding in araC band minus that in non-araC band.

1 The amount of 2SO, added to the growth medium was determined by scintillation counting by assuming 98% counting
efficiency relative to a *C sealed standard; a specific activity of 8.95 x 10° Ci/mol in the culture medium X nine
sulfur-containing amino acids per protein monomer = 8.06 x 10* Ci/mol 3°S-labeled AraC protein. Since the counting
efficiency of samples recovered from gels was 94.4%, 167.4 cpm = 1 fmol of AraC protein.

llCalculated from values in columns three and seven.

** Averages of four independent measurements using different cell cultures and media.
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Fi1G. 4. Schematic of proteins bound at the araBAD promoter.
The position of cAMP receptor protein (CRP) on the araBAD
promoter has been inferred from methylation-protection data (10),
from the contact sites determined for the lac and araE promoters (ref.
3; unpublished data) and from the CRP binding consensus DNA
sequence (28). The location for AraC protein binding is based on the
contact site data and on the size of the protein relative to CRP. The
RNA polymerase was drawn by analogy with the lac UVS and phage
T7 promoter contact data (2, 18) by assuming that the contacts in the
—35 region of araBAD will be similar.

Analysis of the conserved sequences of six AraC protein
binding sites suggests that AraC binds an imperfect inverted
repeat centered in the middle major groove. The right-most
region is less well conserved; three of five positions are highly
conserved compared with five of five on the left. Although
AraC protein binds as a dimer and the consensus binding site
possesses a dominant 2-fold axis of symmetry at its center, it
is clear from the pattern of phosphate contacts that the two
subunits of the protein do not make identical contacts.

Binding of RNA polymerase at the araBAD promoter
requires the presence of both AraC protein and cAMP
receptor protein (21). The relative positions of the proteins on
the DNA can be determined by comparing our data for AraC
with sequence and contact data previously determined for
cAMP receptor protein and RNA polymerase (2, 3, 10, 18,
28). A model of contact sites and positions of the proteins is
shown in Fig. 4. Comparing this model with those similarly
derived for the phage A Pgry and phage P22 Pgy promoters
(29), we see that the orientation between the positive activa-
tor and RNA polymerase is different for the araBAD promo-
tor. The activators of the phage promoters have contacts
along the same DNA major groove adjacent to, and possibly
overlapping, the assumed RNA polymerase sites. AraC
protein binds the major groove further upstream, separated
by the minor groove from the nearest assumed polymerase
contacts. However, AraC and RNA polymerase are still
sufficiently close on the DNA that protein—protein contacts
between them could occur. The spacing of cAMP receptor
protein and AraC protein, one full turn of the helix apart,
indicates that if interactions occur between the two positive
activators, they might be relatively distant from the DNA-
binding domains of the proteins and could involve bending of
the DNA. The stoichiometry measurements show that AraC
binds as a dimer to the DNA. One model that would
accommodate the data is shown in Fig. 4. A protein monomer
may have a bidentate binding domain that contacts bases in
two major grooves of the DNA, and the monomers jointly
contact the central major groove region. Although the helix-
turn-helix motif could be involved in DNA binding by AraC
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protein, the model suggests that some other structure is used
for at least part of the AraC-DNA contacts.

This work was supported by grant number GM18277 to R.S. from
the National Institutes of Health.
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