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N-terminal deletions extending beyond the sixth amino acid of the
Escherichia coli regulator of the L-arabinose operon, AraC, were found to
generate constitutive regulatory behavior of the promoter pBAD. Mutagen-
esis of the DNA coding for the ®rst 20 amino acids of the protein and
screening for constitutives yielded mutants across the region whereas
screening for mutants that cannot induce pBAD, even in the presence of
arabinose, yielded none. These results indicate that the N-terminal arm is
not essential for transcription activation, but that it plays an important
and active role in holding the system in a non-activating state. Despite
the fact that arabinose binds to the N-terminal domain of AraC,
mutations were found in the C-terminal domain that weaken the binding
of arabinose to the protein. The effects of the mutations could be
suppressed by speci®c mutation in the N-terminal arm or by deletion of
the arm. These results, in conjunction with the crystal structures of the
N-terminal domain determined in the presence and absence of arabinose,
indicate that in the absence of arabinose, the N-terminal arms of the
protein bind to the C-terminal DNA binding domains to hold them in a
state where the protein prefers to loop. When arabinose is added, the
arms are pulled off the C-terminal domains, thereby releasing them to
bind to adjacently located DNA half-sites and activate transcription.
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Introduction

In the absence of arabinose, the dimeric regula-
tor of the L-arabinose operon in Escherichia coli,
AraC, prefers to bind to two half-sites that are
separated from one another by several hundred
base-pairs, thereby forming a DNA loop, (Wilcox
& Meuris, 1976; Dunn et al., 1984; Hahn et al., 1984;
Martin et al., 1986; Huo et al., 1988; Lee & Schleif,
1989; Seabold & Schleif, 1998). This looping,
between half-sites I1 and O2 (Figure 1), prevents
AraC from occupying the I2 half-site and helps
prevent induction of the araBAD promoter, pBAD.
Further, it is likely, but not proven, that looping in
the absence of arabinose also represses the adjacent
promoter pC, whereas it is largely the direct bind-
ing of AraC to the O1 pair of half-sites that
represses pC in the presence of arabinose (Martin
et al., 1986; Huo et al., 1988; Lobell & Schleif, 1990;
X. Zhang et al., 1996). When arabinose is added,
the preference of AraC to engage in looping inter-
actions is reduced, and instead, the protein prefers
to bind to two half-sites that are adjacent to one
another along the DNA (Lobell & Schleif, 1990;
Carra & Schleif, 1993; Seabold & Schleif, 1998). At
pBAD this cis binding leads to occupancy of the I1

and I2 half-sites that, in conjunction with cyclic

AMP receptor protein (Lee et al., 1974), stimulates
binding of RNA polymerase to the promoter and
accelerates open complex formation (Greenblatt &
Schleif, 1971; Hendrickson & Schleif, 1984, 1985;
Lee et al., 1987; Lobell & Schleif, 1990; Reeder &
Schleif, 1993; X. Zhang et al., 1996; Zhang &
Schleif, 1998).

The mechanism by which the binding of
arabinose causes AraC to shift from preferring to
loop to preferring to bind cis should be under-
standable in terms of the protein's structure. AraC
protein consists of two loosely connected domains.
The N-terminal domain that both binds arabinose
and dimerizes the protein is connected by a ¯exible
linker to the DNA binding domain (Bustos &
Schleif, 1993; Eustance et al., 1994). The dimeriza-
tion domain possesses at least some of the determi-
nants necessary for generating the arabinose
response because a chimeric AraC-LexA protein, in
which the DNA binding domain of LexA replaces
the DNA binding domain of AraC, displays an
arabinose response, albeit much reduced compared
to that of wild-type AraC. Conversely, when the
C-terminal DNA binding domain of AraC is fused
to the leucine zipper dimerization region from
C/EBP, the hybrid protein can bind to DNA sites
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speci®c for AraC and activate transcription from
pBAD (Bustos & Schleif, 1993). Thus, the determi-
nants for DNA binding and transcription
activation lie within the C-terminal domain.

The structures of the dimerization domain of
AraC determined from crystals grown in the
absence and presence of arabinose show two pro-
minent differences that could be the origin of the
arabinose response (Soisson et al., 1997). In the
crystals grown in the absence of arabinose, each
monomer of the protein interacts with two other
monomers through two different interfaces, a face-
to-face interaction between b-barrels as well as
through a coiled-coil interface. This second
interface is the only one found in the presence of
arabinose. Conceivably then, the protein dimerizes
by the face-to-face interaction in the absence of
arabinose and by the coiled-coil interface in the
presence of arabinose. Such a shift of dimerization
interface would alter by 20 AÊ the distance between
the points to which the DNA binding domains are
attached. In turn, such a change in the separation
of the DNA binding domains might be able to
cause the protein to shift from preferring to loop to
preferring to bind cis.

Alternatively, the arabinose-induced shift in
AraC could result from movement of the N-term-
inal arm. This region of the protein dramatically
changes conformation between the plus and minus
arabinose states. In the absence of arabinose, the
®rst 18 amino acids are disordered and are not
visible in the electron density map, whereas, in the
presence of arabinose, residues from the seventh
on become visible as the arm folds over the bound
arabinose and forms direct and indirect contacts
with the sugar (Soisson et al., 1997). The fact that
the N-terminal arm of AraC is not visible in the
absence of arabinose leaves open several possibili-
ties. In this state, the arm may be disordered and
non-functional, it may make speci®c contacts with
the DNA-binding domain of AraC or the DNA,
which were not present in the crystallization
studies, or it may function in a non-speci®c way

and merely occupy the space into which the DNA-
binding domains would have to move in order
that the protein be able to bind adjacent half-sites.

The accompanying paper (Seabold & Schleif,
1998) describes experiments indicating that the
positioning of the DNA binding domains of AraC
is more restricted in the absence of arabinose than
in the presence of arabinose, a result more at odds
with the alternative dimerization interfaces mech-
anism than in support of it. We have therefore
carried out genetic experiments to assess the roles
of the N-terminal arm and the DNA binding
domain in the function of AraC. First, we studied
the effects of deletions and point mutations in the
®rst 20 amino acids of AraC. Since the carbonyl of
Pro8 contacts arabinose directly and residues 9, 10,
12, and 13 make indirect contacts with arabinose,
we expected to see a loss in the ability of arabinose
to induce transcription activation when these
residues were deleted or altered. Instead, such
deletions made the protein constitutive in its
transcription activating behavior at pBAD. A variety
of point mutations in the N-terminal arm made the
protein constitutive, but none left pBAD uninducible
with a normal basal level. We also searched for
mutations in the DNA binding domain of AraC
protein that made the protein defective in
transcription activation but not defective in DNA
binding. Mutants were found with this apparent
phenotype that were defective in their binding of
arabinose.

Results

N-terminal arm deletions and point mutations

To determine whether the N-terminal arm of
AraC is important to the regulatory properties
of the protein, we mutated and deleted portions of
the arm and measured induction of ara pBAD and
repression of pC. For convenient assay of pBAD

activity, plasmids containing these mutant con-
structs were transformed into AraCÿ cells with a
chromosomal copy of the promoter pBAD of the ara
regulatory region fused to the lacZ gene. Figure 2(a)
shows the b-galactosidase levels in cells containing
either wild-type AraC or various deletion mutants
of AraC, in the presence and absence of arabinose.
We found that deletion through Asn6 had little
effect on pBAD expression regulated by AraC, but
that deletions through the seventh residue or
beyond produced high constitutive transcription
activation. Western blotting of cell extracts made
from cultures grown in the absence of arabinose,
(Figure 2(b)), shows that signi®cant amounts of
AraC are produced by the shorter deletions,
indicating that the lack of constitutivity by the �6
mutant is not due to lack of AraC in the cells.

In view of the behavior of the deletion mutants,
we sought to identify speci®c important locations
within the ®rst 20 amino acids of AraC. To do this
we randomly mutagenized this region and
screened for candidates that produced either con-

Figure 1. The regulatory region region of the araCBAD
genes showing the I1, I2, and O2 half-sites and the O1

pair of half-sites. Occupancy of these sites by AraC, in
conjunction with cyclic AMP receptor protein that binds
at the CAP site, regulates the activities of both the pBAD

and pC promoters.
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stitutive activation from pBAD or possessed nearly
normal basal levels and were unresponsive to
arabinose. We shall call the latter type uninducible.
Figure 3 shows the activity of pBAD regulated by
mutants found in the screen. While a number of
point mutants produced constitutivity, no unindu-
cible mutants were found. In a study of mutations
conferring resistance to the anti-induction proper-
ties of D-fucose, Wallace (1982) found that most of
his mutations (L9V, L9R, S14P, H18P, L19Q, V20G,
G22C) were con®ned to the region now known to
comprise the N-terminal arm, and most (all except
L19Q) yielded constitutive acting AraC. The most
commonly found and strongest acting mutations

are those affecting leucine 9, which participates in
only a single indirect contact with arabinose in the
crystal structure of wild-type AraC.

Isolation of C-terminal domain mutations
of AraC

We sought mutants speci®cally defective in
induction of pBAD, but not defective in DNA bind-
ing as assayed by repression of pC. Because one
common type would be mutants defective in
arabinose binding to the N-terminal dimerization
and arabinose binding domain, in hopes of ®nding
other types of mutants, we speci®cally mutagen-
ized the C-terminal region of AraC. This mutagen-
esis was done by PCR amplifying under mutagenic
conditions the DNA coding for the C-terminal
domain of AraC. The resulting DNA was ligated
into an expression vector coding for the N termi-
nus of AraC so as to regenerate a continuous AraC
gene. The plasmid containing the regionally
mutated AraC gene was then transformed into a
strain that allowed convenient scoring of both the
DNA binding ability of candidates by their ability
to repress pC-lacZ, and the inducing ability of
candidates by their transcriptional activation of
pBAD-araBAD. 15,000 colonies were screened and 18
candidates were isolated of which seven carried
multiple mutations. The remaining 11 candidates
(Table 1) were characterized. In vivo activation by
the candidates of pBAD in the presence of arabinose
ranged from one tenth of basal level, which means
the protein actively represses or interferes with the
promoter's basal activity, to a little more than
twice basal level under conditions where wild-type
AraC provided 31-fold induction. All the mutant
proteins repressed pC normally.

While it seems unlikely in light of in vitro DNA
binding data to be presented below, it is conceiva-
ble that the mutant proteins fail to induce pBAD

because they no longer bind I1. If this were so, they
would have to bind O1 to have passed the pC

repression screen for DNA binding. This possibility
was eliminated by showing that the mutants

Figure 2. (a) Activity of pBAD when stimulated by wild-type AraC or various N-terminal truncations in the presence
and absence of arabinose as assayed by b-galactosidase levels generated from the pBAD-lacZ fusion in strain RE5. The
sequence of the N-terminal region is given and bars show the amino acids deleted. (b) Western blot of proteins
extracted from the same aliquots of cells used for b-galactosidase measurements of cells grown in the absence of
arabinose.

Figure 3. Activity of pBAD in the presence and absence
of arabinose when stimulated by wild-type AraC or var-
ious mutations in the N-terminal arm as assayed by
b-galactosidase levels generated from the pBAD-lacZ
fusion in strain RE5. Mutant �11 is included for com-
parison. Light bars represent assays performed in the
absence of arabinose, and dark bars represent assays
performed in the presence of arabinose. Activity is
graphed relative to that of fully activated wild-type
AraC.
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repress pC in the presence or absence of arabinose
in a construct in which O1 has been inactivated so
that looping between I1 and O2 is the only source
of pC repression (Table 2). Table 2 also shows that
wild-type AraC represses via I1-O2 looping con-
siderably better in the absence of arabinose than in
the presence, thus demonstrating that repression of
pC in the absence of arabinose is via looping. In the
looping assay, the mutant K236R did not repress
pC well upon the addition of arabinose. As a con-
siderably higher arabinose concentration was used
in this repression experiment than was used in the
selection and scoring of induction de®cient
mutants, K236R is likely to interact with arabinose
more weakly than wild-type AraC and/or to be a
positive control type of mutant.

Weak arabinose response of the mutants

The AraC mutant proteins Q230R and N252 S
were puri®ed and tested for their abilities to stimu-

late open complex formation by RNA polymerase
at pBAD. Both mutant proteins activated like wild-
type AraC (data not shown). Thus, the proteins
possess the ability to activate transcription from
pBAD, but in vivo they fail to do so. A simple
explanation for these properties is that the mutant
proteins require higher than normal arabinose
concentrations to shift them to the inducing state.
Therefore we tested all the mutant proteins for
their ability to respond to the sugar. It is dif®cult
to assay the binding of arabinose to AraC in
solution because the binding of arabinose is
particularly weak, 0.1 mM; the protein binds irre-
versibly to many surfaces; the solubility of AraC is
low; neither arabinose nor AraC show signi®cant
optical changes upon arabinose binding; and in
our hands the ¯uorescence change of AraC upon
arabinose binding is less than 4%. Therefore, to
measure the af®nity of arabinose binding to the
mutant proteins, we used the fact that arabinose
greatly reduces the dissociation rate of AraC from
DNA. The dissociation in a ®xed time interval was
measured as a function of arabinose concentration
using the DNA migration retardation assay.
Figure 4(a) shows that in this assay wild-type
protein needs between 0.05 and 0.5 mM arabinose
to be stabilized in its DNA binding whereas AraC
with a mutation in the arabinose binding pocket,
Y82 S, requires between 5 and 100 mM arabinose
for its binding to be stabilized. Figure 4(b) shows
the altered arabinose responses of mutants Q230R
and N252 S. Q230R AraC requires over 5 mM to
be stabilized, while N252 S requires over 1.5 mM.
The arabinose response of each mutant was tested
and each required from 1.5 mM to over 5 mM of
arabinose to be stabilized.

Suppressive effects of N-terminal
arm mutations

The properties of our mutations can be under-
stood if the changes interfere with positioning the
N-terminal arm of AraC over arabinose when the
sugar binds to the protein. Thus, if the mutations
either create a binding site for the N-terminal arm
on the C-terminal domain or strengthen binding to
a pre-existing site on the C-terminal domain, then
higher arabinose concentrations would be required
to reposition the arm and generate the induction
response. Six of the nine different induction
de®cient mutants we found result in a net positive
charge change of the DNA binding domain.
Possibly then, negatively charged amino acids in
the N-terminal arm of AraC interact with the DNA
binding domain through an electrostatic inter-
action. This is plausible as the only charged amino
acids in the arm are both negatively charged.
Table 3 shows that changing Asp7 to Ala7, D7A, in
Q230R AraC results in a recovery of stimulation of
pBAD in vivo. Changing the other negatively
charged amino acid in the N-terminal arm, Glu3,
made the protein unstable in vivo and therefore its
effect on Q230R AraC could not be determined.

Table 1. Activation and repression properties of the
C-terminal mutants

Number of
isolates Protein

Activation
factor of pBAD

Relative
repressed level

of pC

± Wild-type AraC 31 0.055
3 C183R 0.1 0.083
2 Q184R 1.3 0.040
1 D188G 1.0 0.043
1 Q230R 0.1 0.034
1 Q234R 2.2 0.040
1 K236R 2.0 0.050
1 N252Y 0.4 0.025
1 N252S 1.4 0.033

Transcription activation abilities at pBAD and repression abilities
at pC of C-terminal mutants of AraC measured in strain SH288.
Activation of pBAD-araBAD was measured in the presence of
0.7 mM arabinose and is compared to the units per ml of arabi-
nose isomerase present in the absence of AraC. Repression at
pC-lacZ was measured in the absence of arabinose and is com-
pared to the level of b-galactosidase measured in the absence of
AraC. The strain without AraC contained 54 arabinose units
per cell and 330 units of b-galactosidase.

Table 2. Test of repression by looping

lacZ units from O1
ÿ-pC-lacZ

AraC protein ÿArabinose �Arabinose

Cÿ 1652 ±
Wild-type AraC 30 390
C183R 62 153
Q184R 14 27
D188G 56 125
Q230R 7 6
Q234R 12 23
K236R 84 346
N252Y 5 7
N252S 12 30

Expression in units of b-galactsidase from Oÿ1 -pC-lacZ in SH321
cells containing both the plasmid carrying the wild-type or
mutant araC gene and the plasmid with the pC-lacZ fusion.
Cells were grown in the absence of arabinose and in the pre-
sence of 20 mM arabinose.
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The results are consistent with the idea that at least
part of the interaction between the N-terminal arm
of AraC and the DNA binding domain can be
electrostatic. Not surprisingly, deletion of ®ve
N-terminal amino acids of AraC, �6, resulted in a
partial recovery of induction activity at I1-I1-pBAD

and deletion of ten, �11, resulted in a complete
recovery of the transcription activation activity of
mutant Q230R (Table 4).

Discussion

In the ®rst part of this work we found that del-
etions of the N-terminal arm of AraC removing
residues two through seven or beyond, as well as
alterations in the ®rst 20 amino acids, some of
which do and some of which do not contact arabi-
nose, produce constitutive transcription activation
behavior at pBAD. We did not ®nd any mutations in
the N-terminal arm region that left pBAD at a low
level and would not activate pBAD in the presence
of arabinose. These unexpected ®ndings indicate
that the role of the N-terminal arm of AraC is
more than simply helping arabinose bind to the
dimerization domain. In the absence of arabinose,
the arm apparently plays an active role in prevent-

ing the system from inducing pBAD. Such a function
is consistent with fact that the arm undergoes a
major structural change upon the addition of arabi-
nose (Soisson et al., 1997). The N-terminal arm is
unstructured in the absence of arabinose, but in the
presence of arabinose residues seven and beyond
fold over the sugar and become structured.

It seems plausible that random ¯ailing about of
the N-terminal arms, a so-called entropic brush
mechanism, when not tied down by the presence
of arabinose, excludes the DNA-binding domains
from the vicinities of the arms and prevents the
DNA binding domains from occupying positions
necessary for binding to adjacent half-sites. While
the brush mechanism could explain the intrinsic
preference of AraC to loop (Seabold & Schleif,
1998), and the fact that deletions of the N-terminal
arm make AraC constitutive, this mechanism leads
to the prediction that the transition to constitutive
activation will occur gradually as the arm is shor-
tened, and not abruptly as was seen. Furthermore,
the entropic brush mechanism does not explain the
fact that AraC does not loop if the orientation of
O2 is reversed (Seabold & Schleif, 1998). Hence, we
think it more likely that at least one critical amino

Figure 4. (a) Arabinose stabilization of AraC binding. I1-I2-pBAD DNA was bound to wild-type or Y82S AraC at differ-
ent arabinose concentrations so that just 100% of the DNA was bound. Samples were equilibrated for 20 minutes and
then half the sample was loaded onto a 6% non-denaturing gel. Non-radioactive tight-binding competitor
I1-I1-pBAD DNA was added to the remainder of the 32P-end-labeled samples and incubated ten minutes. The remaining
sample was loaded onto the 6% non-denaturing polyacrylamide gel. A free DNA lane was also loaded for compari-
son. (b) Arabinose stabilization of proteins Q230R and N252S AraC.

Table 3. Suppression of Q230R by the D7A mutation

Isomerase units from
AraC protein I1-I2-pBAD-araBAD

Strain only 75
Wild-type AraC 5000
Q230R 56
D7A, Q230R 3700

Suppression of the defect in Q230R by D7A. Activation from
I1-I2-pBAD-araBAD in strain SH288 is given in units of arabinose
isomerase per cell.

Table 4. Suppression of Q230R by N-terminal
truncations

lacZ units from
AraC protein I1-I1-pBAD-lacZ

Strain only 12
Wild-type AraC 500
Q230R 17
�6, Q230R 140
�11, Q230R 660

Suppression of the defect in Q230R by N-terminal truncations.
Activation from I1-I1-pBAD-lacZ in strain BS1 is given in units of
b-galactosidase.
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acid in the arm makes important interactions else-
where in the absence of arabinose and holds the
protein in its non-inducing state, a result also more
in accord with the variety of point mutations in the
N-terminal arm that lead to constitutive behavior
at pBAD.

We can infer from the facts described above that
the N-terminal arm likely interacts with the DNA
binding domain to make AraC prefer to loop. The
data presented in the second part of this paper
independently suggest the same. DNA coding for
the C-terminal domain of AraC was mutagenized,
transformed into AraCÿ cells, and candidates were
chosen that were de®cient in the induction of pBAD,
but normal in their repression of pC. The candi-
dates resulting from this screen proved to bind
arabinose weaker than wild-type AraC. Since
arabinose does not bind to the C-terminal domain
of AraC, the effects of alterations there can most
easily be understood as resulting from making it
harder for the N-terminal arm of AraC to fold over
arabinose when the sugar binds to the N-terminal
domain. This could result from the creation or
strengthening of sites in the DNA binding domain
that bind the N-terminal arm in the absence of ara-
binose. Most of the mutations in the C-terminal
domain increased its positive charge, and altering
Asp7, one of the two charged amino acids in the
N-terminal arm, to Ala suppressed the phenotype
of the mutation. This is most easily understood to
mean that in the mutants, at least part of the arm-
domain interaction is electrostatic.

Overall then, our data suggest that in the
absence of arabinose, the N-terminal arms of AraC
interact with the C-terminal domains of the protein
to hold them in an orientation that favors DNA
looping. When arabinose is present, the N-terminal
arms are pulled off the C-terminal domains and
fold over the sugar that is bound to the N-terminal
domain (Figure 5). None of the existing foot-
printing data, DNase I, dimethyl sulfate protection,
premethylation interference, and hydrazine inter-
ference experiments (Carra & Schleif, 1993),
revealed any differences in the details of AraC pro-
tein's contacting DNA in the presence and absence
of arabinose. Thus, it seems unlikely, but certainly
not excluded, that the N-terminal arm also contacts
DNA in the absence of arabinose.

Although eight different mutations were found
in the C-terminal domain affecting induction,
several of them multiple times, all appear to reduce
the af®nity of arabinose for the protein, and none
looks like a positive control type of mutation.
Similar mutant screens performed on CAP protein
and other transcription activators have yielded
DNA binding-plus activation-defection mutations
(Bell et al., 1990; Eschenlauer & Reznikoff, 1991;
Zhou et al., 1993; Pratt & Silhavy, 1994; Gosink
et al., 1996; Whipple et al., 1997). We suspect that
our failure to ®nd true positive control mutations
in AraC results from the presence of redundant
activation regions on the protein. Although, in
principle, mutants with altered DNA sequence pre-

ferences would also have passed our screen, in
view of their rarity in other proteins, we are not
surprised at their absence here. In fact, the DNA
binding abilities of the mutants in the presence and
absence of arabinose were surprisingly similar to
wild-type AraC as shown in the dissociation assays
used to measure arabinose af®nity. By virtue of the
coupled equilibria governing the binding of arabi-
nose and DNA to AraC, these results then permit
us to conclude that the af®nity of the mutant AraC
proteins for arabinose is altered, not only in the
presence of DNA, as was measured, but also in the
absence of DNA. This follows since the ratio of
af®nities for arabinose in the presence and absence
of DNA must equal the ratio of the af®nities of
AraC for DNA in the presence and absence of
arabinose.

It is not possible to infer much from the locations
of the mutations in the C terminus. Even though
they are scattered across seven different sites, it is
possible that they are located close to one another
within the tertiary structure of the protein. This
cannot be known however, because the tertiary
structure of neither the DNA binding domain of
AraC nor that of any of the other members of the
large family of proteins whose primary sequence is
similar to that of the DNA binding domain of
AraC (Gallegos et al., 1997), has been determined.
At present then, the only landmarks within the
DNA binding domain are two regions with simi-
larity to helix-turn-helix motifs found in some
DNA binding proteins. The ®rst of the potential
helix-turn-helix regions, residues 197 to 216, within
AraC could well adopt this structure as residues
two and six of the potential recognition helix have
been shown to make direct contacts with DNA

Figure 5. Proposed mechanism of the arabinose
response of AraC. In the absence of arabinose the
N-terminal arm of AraC binds to the DNA binding
domain and holds it in a conformation that prefers to
loop between the araI1 and araO2 half-sites. When arabi-
nose binds, the N-terminal arm covers its binding site,
freeing the DNA binding domains and allowing AraC
to bind to adjacent half-sites.
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(Brunelle & Schleif, 1989). The second homology
region, residues 246 to 265, may not contact DNA,
as similar missing contact experiments failed to
generate data supporting DNA contact for residues
1, 2, or 6 of the presumptive recognition helix
(Brunelle & Schleif, 1989). Only one of the mutants,
Asn252, lies in either of the two potential helix-
turn-helix regions in AraC.

Three lines of evidence indicate that the constitu-
tive behavior we observed in the N-terminal del-
etions and point mutants almost surely results
from reduced or eliminated DNA looping by the
mutant AraC. First, since looping has been shown
to block access of RNA polymerase to pBAD

(Englesberg et al., 1969, in light of what was later
learned about looping; Hahn et al., 1984) the high
activity of pBAD in the presence of our deletions or
mutations in the N-terminal arm shows that
looping by the constitutive mutants is absent or
signi®cantly reduced. Second, in a variant pBAD

promoter in which the positions of I1 and I2 have
been interchanged and then moved so that I1

overlaps the ÿ35 region by two rather than four
base-pairs, AraC activates only in the presence of
arabinose (X. Zhang et al., 1996). Hence it follows
that looping between the I1 half-site of this con-
struct and O2 does not induce pBAD, and thus it
requires unusual suppositions to argue that the
constitutive deletion mutants somehow can still be
looping and also activate pBAD. Third, in a plasmid
in which O1 has been inactivated, but pC retains its
activity, pC is repressed by wild-type AraC looping
between I1 and O2 in the absence of arabinose, but
not in its presence. This shows that looping nor-
mally represses pC in the absence of arabinose. The
constitutive mutant �11 does not repress pC in this
construct (Seabold, 1997).

The fact that the N-terminal arm of AraC appar-
ently plays a critical role in controlling the
protein's behavior is not unprecedented. N and
C-terminal arms on regulatory proteins or DNA
binding proteins can play important roles in the
proteins' interactions with DNA or other proteins.
The N-terminal arm on lambda phage repressor,
which is unstructured in solution, becomes struc-
tured and makes important contacts in the major
grove of DNA when the protein binds DNA (Pabo
et al., 1982). Many similar examples are known
where the N-terminal arms of eukaryotic homeo-
domain proteins also contribute to speci®city of
DNA binding by becoming structured and binding
to the DNA (e.g. Ades & Sauer, 1995). The role of
arms on proteins is not limited, however, to con-
tacting DNA. A number of examples are also
known where the arm of a protein is unstructured
until the protein forms a speci®c hetero-oligomer,
mainly or entirely using contacts provided by the
arm. These include interactions with homeodo-
mains (Li et al., 1995), other eukaryotic transcrip-
tion factors (H. Zhang et al., 1996; Xu et al., 1996),
and signaling complexes (Keep et al., 1997). Inter-
actions are also known between an arm and a
different part of the same protein. In puri®ed

sigma-70 factor of the E. coli RNA polymerase, the
N-terminal arm interferes with DNA binding by
the C-terminal portion of the protein (Dombroski
et al., 1993). Also, the C-terminal arm of RecA
interferes with the protein's ability to bind to DNA
and could interact directly with another part of
RecA or with DNA (Tateishi et al., 1992).

In summary, genetic, physiological and bio-
chemical data presented here and in the accompa-
nying paper (Seabold & Schleif, 1998), indicate that
in the absence of arabinose, the N-terminal arm of
AraC protein interacts with the C-terminal DNA
binding domain to hold it in a state where the pro-
tein prefers to engage in DNA looping interactions.
When arabinose is added, folding of the arm over
the sugar releases the DNA binding domain and,
at the araBAD regulatory region, the protein then
binds the adjacent I1 and I2 half-sites and induces
transcription from pBAD. This mechanism provides
a versatile and general scheme for regulating the
activity of a protein in response to the presence of
a ligand. Part of the arm can possess an activating
or inhibiting activity when it binds elsewhere on
the protein until the presence of the ligand pulls it
away. Possibly nature already widely uses such a
scheme but it has not been frequently seen because
crystallographers often remove unstructured parts
of proteins with proteases to obtain crystals.

Materials and Methods

General methods

Arabinose isomerase was assayed as described,
(Schleif & Wensink, 1981). b-Galactosidase assays were
performed by the method of Miller (1972) as described
by Maniatis et al. (1982). All assay results are the
averages of at least duplicate measurements. For the
N-terminal deletions and point mutations, strain RE5
(�ara-leu1022 �lac74 galK strr thi1 [l araI1-I2-pBAD-lacZ];
Eustance & Schleif, 1996) or strain SH321 (�ara-leu1022
�lac74 galK strr thi1; Hahn et al., 1984) was used, and for
assay of pC repression and pBAD transcription activation
of the C-terminal domain mutations, strain SH288
(F0araCÿ araBAD�/�ara-leu498 pC-lacZ strr �lac74 thi1;
Hahn & Schleif, 1983) was used. Cell cultures were
grown in M10 medium (Schleif & Wensink, 1981), 0.4%
(w/v) Casamino acids, 10 mg/ml B1, 0.4% glycerol plus
or minus 2% (w/v) at 37�C with shaking to an A550

between 0.3 and 0.9. Western blotting was performed as
described (Eustance et al., 1994) on cells grown for
b-galactosidase measurements as above. All plasmid
constructs were made by standard molecular biological
techniques (as described by Maniatis et al., 1982). All
mutants were sequenced using double-stranded DNA
sequencing (Kraft et al., 1988).

Isolation and characterization of AraC N-terminal
domain deletion and point mutants

Deletions to AraC were made in AraC expression
plasmid BB1, which is the same as plasmid pGB020
(Bustos & Schleif, 1993) except that the stop codon at the
30 end of AraC is followed immediately by the SacI
restriction site sequence of the plasmid. Deletions 6, 11,
and 16 were made using a single 30 and various 50 pri-

Arm-Domain Interactions in AraC 545



mers to extract the necessary AraC sequence from BB1
by polymerase chain reaction (PCR). The 30 oligo had
the sequence CAGCCAAGCTTAAGGTGCACGGC, and
the 50 oligos had the sequences: for �6, CATGCCATG-
GATCCCCTGCTGCCGCCATA; for �11, CATGC-
CATGGGATACTCGTTTAACGCCCAT; and for �16,
CATGCCATGGCCCATCTGGTGGCGGGTTTA. The pa-
rental plasmid vector and PCR product inserts were
then digested with NcoI and SacI, the appropriate
fragments were puri®ed by gel electrophoresis, and
ligated together. Point mutants were similarly made,
except that the 50 primer was synthesized such that each
position underlined in the following sequence was
doped with a mix of all nucleotides at one ®ftieth the
concentration of normal phosphoramidites. The sequence
of the unaltered primer was CAGACCATGGCTG-
AAGCGCAAAATGATCCCCTGCTGCCGGGATACTC-
GTTTAACGCCCATCTGGTG. Other deletions were
made by synthesizing DNA using Pfu DNA polymerase
on one of the above templates, digesting away the par-
ental plasmid DNA using DpnI, then transforming into
ultracompetent cells (Stratagene Quickchange1 method).
For �7, template was �6 and primer sequence was
CACAGGAAACAGACCATGCCCCTGCTGCCGGG; for
�8, template was �6 and primer sequence was CACAG-
GAAACAGACCATGCTGCTGCCGGGATAC; for �13,
template was �11 and primer sequence was CACAG-
GAAACAGACCATGTCGTTTAACGCCCATCTG; and
for �15, template was �11 and primer sequence was
CACAGGAAACAGACCATGAACGCCCATCTGGTGG-
CG.

Isolation and characterization of C-terminal
domain mutations

The AraC protein was cloned into the NcoI and XbaI
sites of pSE380 (Invitrogen, San Diego) for overexpres-
sion of the protein in vivo (Bustos & Schleif, 1993). AraC
mutants defective in the ability to activate transcription
of the genes coding for the catabolic enzymes for arabi-
nose were detected on tetrazolium arabinose plates.
Reduced transcription from pBAD will result in reduced
catabolism of arabinose, yielding red colonies, whereas
cells with wild-type transcription at pBAD will appear
white. Repression was monitored from the promoter pC

fused to the lacZ gene as AraC binding to pC represses
lacZ synthesis. Cells containing wild-type AraC plated
on minimal salts, 0.4% glycerol, 0.4% (w/v) Casamino
acids, 10 mg/ml B1 and 0.002% (x/v) X-gal, yield white
colonies whereas cells containing AraC defective in DNA
binding give blue colonies. Strain BS1 (Fÿ�ara-leu1022
�lac74 galK thi1 strr [laraI1-I1-pBAD-lacZ]) was constructed
from SH321 (Hahn et al., 1984) by the method of Simons
et al. (1987). It contains l phage in single copy on the
chromosome carrying araI1-I1-pBAD-lacZ with the P5 pro-
moter (Reeder & Schleif, 1993).

A SalI site was introduced into the DNA coding for
the linker region of AraC changing bps 523 to 528 from
ATGGAT to GTCGAC, pBS2. This created the conserva-
tive amino acid change M175V that resulted in a
reduction in activation from pBAD by a factor of 2 com-
pared to wild-type AraC. Repression from pC remained
like wild-type. The DNA between the SalI site and the
XbaI site at the C terminus of AraC was ampli®ed by
PCR under mutagenic conditions (Leung et al., 1989).
5 ng of template DNA was added to 100 ng each of pri-
mer 1405, 50-TCCATCCGCCAGTCGACAATCGGGTA-
30 and 1375, 50-AAAACAGCCAAGCTTAAGGTGCA-
CGG-30. 10� reaction buffer (500 mM KCl, 200 mM

Tris-HCl (pH 8.3), 15 mM MgCl2, 5 mM MnCl2) was
added to a ®nal 1� concentration in a total volume of
30 ml. 1 ml of Taq polymerase was added to each sample.
Cycling parameters were 95�C one minute, 55�C one
minute, and 72�C one minute. PCR products were puri-
®ed on a 1.2% agarose gel, then cut with SalI and XbaI
overnight, cloned into pBS2, and transformed into strain
SH288. Cells were plated on tetrazolium arabinose
plates and screened for reduced utilization of arabinose.
Candidate red colonies were patched onto minimal
salts, 0.4 % glycerol, 0.4% Casamino acids, 10 mg/ml B1,
and 0.002% X-gal plates. Colonies that are white indicate
repression of pC.

For the testing of repression of pC by looping between
I1 and O2, the lacZ gene, extracted from plasmid pTAP4
(Reeder & Schleif, 1993) by PCR using primers of
sequence CCTCTAGACGGTTATTATTATTTTTG and
TCTCCATGGAGGGAGTATGAAAAGTATGGTCGTTT-
TACAACGTCG, was inserted into plasmid pES51
between the NcoI site and an XbaI site that had been pre-
viously inserted into the middle of the pES51 AatII site
(making sequence ACGTCGCTCTAGAGCGACGT) to
produce the plasmid pC-lacZ. The promoter-occluding
operator O1 of plasmid pC-lacZ was altered in seven
locations such that O1 is inactive, but pC retains its
activity. The ®nal sequence for O1 was TGAG-
CAAAGTGTCTCCGATCACGGTAGAAAAGTCCACA.

DNA migration retardation assay

The DNA migration retardation assay was performed
with wild-type and mutant AraC proteins as described
(Hendrickson & Schleif, 1984). Radiolabeled pBAD DNA
fragments were generated with PCR. 100 ng of 32P-50-
end-labeled primer 50-ATAATCACGGCAGAAAAGTC-
CA-30 at 106 cpm/ng was mixed with 150 ng of
unlabeled primer 50-GTGCGCGTGCAGCCCTTAT-
TGCCC-30 and template plasmid pES51 containing the
I1-I2-pBAD promoter (Huo et al., 1988). PCR cycle par-
ameters were 95�C one minute, 55�C one minute, 72�C
one minute for 28 cycles. Crude cell lysates were pre-
pared from cells over expressing the wild-type or mutant
AraC proteins. Cells were grown to an A600 of 0.7 in YT
broth (Schleif & Wensink, 1981). 3 ml of culture was
centrifuged and resuspended in 0.5 ml 100 mM KPO4

(pH 7.4), 50 mM KCl, 10% glycerol, 1 mM DTE, 0.1 mM
ZnCl2, 1 mM EDTA (pH 8). The resuspended cells were
lysed by sonication and centrifuged at 8500 g for ten min-
utes. The supernatant was removed and 170 ml of 100%
glycerol was added to 500 ml of supernatant. The lysates
were then stored at ÿ70�C for up to two weeks. Binding
reactions were carried out in 10 mM Tris-OAC (pH 7.4),
1 mM EDTA, 50 mM KCl, 1 mM DTT, 5% glycerol,
50 ng calf thymus DNA/ml. Protein from the lysates was
added so that just 100% of 1 ng of I1-I2

32P-end-labeled
DNA was bound. Binding reactions were equilibrated for
20 minutes and half the sample was loaded onto a non-
denaturing 6% acrylamide, 0.1% MBA gel. A 100x molar
excess of non-radioactive speci®c competitor DNA was
added to each sample, and after ten minutes, the remain-
der was loaded on the non-denaturing gel.
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