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INTRODUCTION

Changes in interdomain interactions occur in concert with changes in the activities

of a number of bacterial regulatory proteins, including RfaH, FimH, LacI, the two

component regulatory proteins such as DrrB, PrrA, and NarL, and presumably many

others.1–6 The Escherichia coli AraC protein, the regulatory protein of the arabinose

operon, is another example in which interdomain interactions are known to play a

central role.7–10 Extensive physiological, genetic, biochemical, and biophysical studies

have long been focused on this protein and much is now known about the regulatory

and physical properties and basis for the protein’s actions.8,11–14 Nonetheless, much

remains to be learned before the de novo design and construction of gene regulatory

proteins is possible.

The AraC protein represses and activates transcription of the araBAD operon in

the absence and presence of arabinose.11,15,16 Much data support the conclusion

that, in the absence of arabinose, interactions between the dimerization domains and

DNA binding domains aid binding of AraC to the well-separated DNA half-sites I1
and O2 by constraining the DNA binding domains in suitable positions and orienta-

tions.7–10,17 Binding to these well-separated half-sites forms a transcriptionally re-

pressive DNA loop [Fig. 1(A)].12,18–20 At the same time, these constraints hinder

the binding of AraC to the adjacent direct repeat half-sites I1 and I2,20 binding to

which is required for induction. Much data also implies that the binding of arabinose

to the dimerization domains releases the DNA binding domains, and, as a result, the

DNA binding domains are now more free to bind to the adjacent I1 and I2 DNA

half-sites10,18,21,22 and induce transcription [Fig. 1(B)].23,24

Until recently nothing has suggested that the DNA binding domains and dimeriza-

tion domains of AraC interact in the presence of arabinose, and, in fact, models with-

out such interactions17 can be constructed that well replicate the regulatory behavior

of AraC. As a result, no such interactions have hitherto been postulated. Several addi-

tional lines of reasoning have also led to the deduction of the absence of significant do-

main–domain interactions in the presence of arabinose. These include the fact that two

DNA binding domains connected by a flexible peptide linker can fully induce pBAD,10

suggesting that the DNA binding domains of AraC need not interact with the dimeriza-

tion domains to induce transcription. Another comes from estimating the DNA bind-

ing affinity of the dimeric AraC protein in the presence of arabinose based on the DNA

binding affinity of isolated DNA binding domain.25 The estimation of the affinity

rather closely agrees with the experimental data if the DNA binding domains are
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ABSTRACT

An interaction between the

dimerization domains and

DNA binding domains of the

dimeric AraC protein has pre-

viously been shown to facili-

tate repression of the Esche-

richia coli araBAD operon by

AraC in the absence of arabi-

nose. A new interaction

between the domains of AraC

in the presence of arabinose is

reported here, the regulatory

consequences of which are

unknown. Evidence for the

interaction is the following:

the dissociation rate of arabi-

nose-bound AraC from half-

site DNA is considerably faster

than that of free DNA binding

domain, and the affinity of the

dimerization domains for arab-

inose is increased when half-

site DNA is bound. In addi-

tion, an increase in the fluores-

cence intensity of tryptophan

residues located in the arabi-

nose-bound dimerization do-

main is observed upon binding

of half-site DNA to the DNA

binding domains. Direct physi-

cal evidence of the new do-

main–domain interaction is

demonstrated by chemical

crosslinking and NMR experi-

ments.
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assumed not to significantly interact with the dimerization

domains. An additional reason to expect that an interac-

tion does not occur between the dimerization domains

and DNA binding domains of AraC in the presence of

arabinose is that the two-fold rotational symmetry of the

dimerization domains of AraC is manifestly different from

the translational symmetry of the DNA binding domains

when the protein is bound to the direct repeat I1 and I2
DNA half-sites at the pBAD promoter.22,26 Only when the

DNA binding domains do not interact similarly with the

dimerization domains can such domain–domain interac-

tions occur when the AraC is bound to I1 2 I2 [Fig. 1(C)].

The simplest assumption from these results and arguments

is that no significant interaction occurs between the

domains of AraC in the presence of arabinose.

In contrast to the assumption that no interaction

occurs between the dimerization domains and DNA

binding domains of AraC in the presence of arabinose, a

newly developed but not fully tested method for the

measurement of weak protein–protein interactions

detected such an interaction.27 It is unclear, however,

that this interaction is present in the full-length AraC

protein because it was detected between free domains of

AraC that could have interacted using surfaces that are

not normally accessible to the domains due to constraints

of their short interdomain linker. As a result, the interac-

tions detected by Frato et al. may not be relevant to the

full-length protein. Here, we report new experimental

data that demonstrate the existence of a significant inter-

action between the dimerization domains and DNA

binding domains of full-length AraC in the presence of

arabinose. While the strength of this interaction is suffi-

cient to be detectable by the methods described below,

its strength is compatible with the general model

described above for the regulation of the DNA binding

properties of AraC.

MATERIALS AND METHODS

Plasmids and strains

For overexpression, the wild type araC gene, as well as

DNA encoding the DNA binding domain of AraC (AraC

residues 175–292), was previously cloned between the

NcoI and SacI sites in the multiple cloning region of the

pET24d vector (kanr).28 DNA encoding the dimerization

domain of AraC (residues 1–182) followed by a C-termi-

nal Leu-Glu linker and His6 tag was previously cloned

into the pET21b vector (ampr).29

Mutations were introduced into the araC gene using

QuikChange Site-directed Mutagenesis (Stratagene). Plas-

mid DNA was isolated from single colonies of DH5a30

cells using the Wizard Plus Miniprep DNA purification

system (Promega), and mutations were confirmed by

DNA sequencing. For the chemical crosslinking experi-

ments, AraC with all the following mutations was used:

C66S, C205N, C280S, and either C183I or C268R.

The pET24d vector containing wild type or mutant

versions of the araC gene was transformed into SH321

(AraC2) cells for the arabinose isomerase assay.20

Protein purification and isotopic labeling

For all unlabeled proteins, fresh BL21(DE3) transform-

ants containing the appropriate plasmid were grown

overnight in 5 mL YT medium plus 100 lg/mL ampicillin

or 40 lg/mL kanamycin. These starter cultures, washed

with fresh YT medium when ampicillin resistant plasmids

were present, were used to inoculate 2 L baffled flasks

containing 500 mL YT medium plus antibiotics. Cells

were grown to OD600nm of about 0.8, and protein expres-

sion was induced by the addition of 0.4 mM IPTG. Cells

expressing dimerization domain or DNA binding domain

were grown at 378C for three more hours, while cells

expressing AraC were grown for at least 5 h at room

Figure 1
Schematic for the regulation of pBAD by AraC (A) in the absence of

arabinose and (B) in the presence of arabinose. In the absence of

arabinose, an interaction between the dimerization domains and DNA

binding domains of AraC facilitates DNA looping (A), while the

domains have previously been thought to be free of one another in the

presence of arabinose (B). Asymmetry between the dimerization

domains and DNA binding domains when AraC is bound to I1 2 I2
DNA (C) makes is impossible for the dimerization domain and DNA

binding domain of each subunit to interact similarly in the inducing

state.

S.D. Cole and R. Schleif

1466 PROTEINS



temperature. Cells were then harvested by sedimentation

at 6000g for 10 min and stored at 2808C.
Preparation of the dimerization domain was performed

essentially as described.29 Cells were lysed in an Avestin

EmulsiFlex C3 homogenizer in buffer consisting of 15

mM Tris–Cl, pH 8.0, 100 mM NaCl, 10 mM MgCl2, 10

mM arabinose, 5% glycerol, and 10 lg/mL DNase. The

cell lysate was centrifuged at 10,000g for 15 min and the

supernatant was gently rocked in the presence of 4 mL

Ni-NTA agarose beads (Qiagen) at 48C. The bead mix-

ture was then centrifuged for 5 min at 1000g and the su-

pernatant was discarded. The beads were then washed

with buffer containing 15 mM Tris–Cl, pH 8.0, 100 mM

NaCl, 10 mM arabinose, and 10 mM imidazole until the

absorbance of the flow through at 280 nm was less than

0.05. Dimerization domain was eluted at a concentration

of roughly 1 mg/mL in 25 mL of buffer containing 15

mM Tris–Cl, pH 8.0, 10 mM NaCl, 10 mM arabinose,

and 2M imidazole. The His6 tag was removed by incuba-

tion with 5 lg/mL trypsin overnight at 48C. Trypsin was

inhibited by the addition of 5 lg/mL soybean trypsin in-

hibitor, and then trypsin was removed by anion exchange

chromatography on a 5 mL HiTrap Q HP column

(Amersham Biosciences). The sample was loaded in 15

mM Tris–Cl, pH 8.0, and 10 mM arabinose and eluted

with roughly 250 mM NaCl in a gradient of 0–1M NaCl

over 40 mL. Fractions were analyzed using SDS-PAGE

and found to be greater than 95% pure. The relevant

fractions were concentrated using Amicon Ultra-4 10K

devices (Millipore).

DNA binding domain was purified essentially as

described.28 Cells were lysed in an Avestin EmulsiFlex

C3 homogenizer in buffer consisting of 50 mM phos-

phate, pH 7.0, 500 mM NaCl, 1 mM ethylenediaminete-

traacetic acid (EDTA), 5% glycerol, and 10 lg/mL

DNase. The lysate was centrifuged at 10,000g for 15 min,

and the supernatant was discarded. The DNA binding

domain was refolded from inclusion bodies by dissolving

the lysate pellet in 7M guanidine-HCl, then diluting in

half with 20 mM phosphate, pH 7.0, 50 mM NaCl. This

sample was then dialyzed against 1 L of 20 mM phos-

phate, pH 7.0, 50 mM NaCl, and 1 mM DTT twice for

at least 3 h per dialysis. The protein sample was then

centrifuged for 15 min at 10,000g, and the supernatant

was loaded onto a 5 mL HiTrap Heparin HP column

and eluted over a 40 mL gradient from 0 to 1M NaCl in

20 mM phosphate, pH 7.0 buffer. Fractions were ana-

lyzed and concentrated as above, and the resulting pro-

tein was found to be greater than 95% pure.

Cells containing overexpressed AraC were lysed in

buffer containing 20 mM phosphate, pH 6.5, 300 mM

NaCl, 10 mM arabinose, 1 mM EDTA, 2 mM MgCl2, 5%

glycerol, 1 mM DTT, and 10 lg/mL DNase using an

Avestin EmulsiFlex C3 homogenizer. The lysate was cen-

trifuged at 10,000g rpm for 15 min, and the supernatant

was diluted in half with 20 mM phosphate, pH 6.5 and

10 mM arabinose. This supernatant was loaded onto a 5

mL HiTrap Heparin HP column and eluted with a 40

mL gradient of 0 to 1M NaCl in 20 mM phosphate, pH

6.5, 10 mM arabinose. AraC typically eluted in approxi-

mately 500 mM NaCl, and fractions containing AraC

were combined and diluted four-fold in 15 mM Tris–Cl,

pH 7.5, and 10 mM arabinose. This sample was then

loaded onto a 5 mL HiTrap Q HP column in 15 mM

Tris–Cl pH 7.5, and 10 mM arabinose, and AraC eluted

in the flow through. This flow through was then loaded

onto a 5 mL HiTrap Heparin HP column and eluted in a

40 mL gradient from 0 to 1M NaCl in 15 mM Tris–Cl,

pH 7.5, and 10 mM arabinose. Fractions were analyzed

using SDS-PAGE and AraC was found to be greater than

90% pure. The protein was concentrated as above.

DNA binding domain was 15N-labeled essentially as

described,31 except that cells were grown in minimal me-

dium before induction and labeling. Labeled protein was

otherwise expressed and purified as described above.

Comparisons of dissociation kinetics from I1
half-site DNA

To observe the dissociation rate of AraC or DNA bind-

ing domain from I1 half-site DNA, gel binding assays

were performed in which 100 nM protein was incubated

for 10 min with 10 nM Cy5-labeled I1 DNA in buffer

consisting of 10 mM Tris-acetate, pH 7.4, 50 mM KCl,

10 mM arabinose (when present), 1 mM EDTA, 5% glyc-

erol, 0.05% NP40, and 1 mM tris(2-carboxyethyl)phos-

phine (TCEP). The sequence for the labeled I1 DNA is

50-Cy5-GCTAGCATTTTTATCCATACCTCCCTC-30, where
the underlined bases constitute the I1 half-site. Before

loading the 10% acrylamide gel, the sample was diluted

5-fold in the above buffer in the absence of salt, and

unlabeled I1 competitor DNA was added simultaneously

at a final concentration of 500 nM. The sequence of

unlabeled I1 DNA is as follows: 50-CGCCATAGCATTTT
TATCCATAAGATC-30. Samples were then loaded into the

gel at various time points and were subjected to electro-

phoresis for 20 min at 80 V. Fluorescent bands were

imaged using a Typhoon 9410 Variable Mode imager and

quantified using ImageQuant TL v2003.03.

Equilibrium I1 DNA binding measurements

For I1 binding measurements, 10 nM 50 Cy5-labeled I1
DNA was placed in a 1-cm glass cuvette with buffer con-

sisting of 15 mM Tris–Cl, pH 7.5, 100 mM KCl, 10 mM

arabinose (when present), 1 mM EDTA, 5% glycerol, and

1 mM TCEP. AraC or DNA binding domain protein,

which had been dialyzed against 15 mM Tris–Cl, pH 7.5,

250 mM NaCl, and 10 mM arabinose (when present), was

titrated into the cuvette and anisotropy was monitored by

excitation at 640 nm and emission at 658 nm, collecting 1

point per second for 30 s using a T-configuration Photon

International fluorimeter with a 75-W xenon arc lamp
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light and a temperature-controlled cuvette holder. The I1
DNA sequence used in these experiments was the same as

described above. Because the DNA concentration was on

the same order of magnitude as the Kd, binding was fit to

the following equation, which accounts for the reduction

in free AraC due to the non-negligible amount of AraC–

DNA complex, and where Fb is the fraction bound, xo is

the initial fluorescent signal, Dx is the change in fluores-

cent signal on binding, Ptotal is the total concentration of

protein, and Dtotal is the total concentration of DNA:

Fb ¼ xo þ Dx �
ð½Ptotal � þ ½Dtotal � þ KdÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½Ptotal � þ ½Dtotal � þ KdÞ2 � 4½Ptotal �½Dtotal �

q

2½Dtotal �

The activity of the proteins used in I1 binding meas-

urements was determined by titration in gel binding

assays by using 500 nM Cy5-labeled I1 DNA. Protein and

DNA were incubated together for at least 10 min at

room temperature, and then loaded directly into a gel

essentially as described. Fluorescent bands were imaged

and analyzed as described above.

Arabinose binding measurements

Arabinose binding was assayed fluorometrically on a

T-configuration Photon International fluorimeter with a

75-W xenon arc lamp light and a temperature-controlled

cuvette holder.

Arabinose was removed from the AraC protein by dial-

ysis against 15 mM Tris–Cl, pH 7.5, and 250 mM NaCl.

Arabinose binding was measured using 500 nM AraC

protein in a 1 cm quartz cuvette in 15 mM Tris–Cl, pH

7.5, 100 mM KCl, 1 mM EDTA, 5% glycerol, 1 mM

TCEP, and 500 nM unlabeled I1 half-site DNA, when

present (see above for sequence). Tryptophan fluores-

cence was monitored as arabinose was titrated into the

sample by exciting at 295 nm and integrating the emis-

sion from 320 to 370 nm. The emission spectra were

corrected for dilution and then the average emission

wavelength and integrated fluorescence intensity were cal-

culated. The average emission wavelength versus arabi-

nose concentration was plotted and the data were fit to a

simple binding isotherm to determine the Kd. For the

measurement of the absolute fluorescence intensity in the

presence of I1-I1 DNA, the DNA sequence was 50-GCCA
TAGCATTTTTATCCATAAGATTAGCATTTTTATCCATAC

CTC-30.

Chemical crosslinking

The AraC variant containing C183 possessed the muta-

tions C66S, C205N, C268R, C280S, and the variant con-

taining C268 possessed the mutations C66S, C183I,

C205N, C280S. The AraC variants at 40 lM concentra-

tion and a 140 lL volume were incubated in 96-well

plates with 1 mM N-[(2-pyridyldithio)ethyl]-4-azidosali-

cylamide (PEAS, Invitrogen) in 20 mM phosphate, pH

6.5, 250 mM NaCl, and 10 mM arabinose in the dark at

room temperature overnight. Then, I1 DNA was added to

the reaction mixtures to a final concentration of 40 lM
and a final volume of 170 lL. These protein and DNA

concentrations are over 1000-fold higher than the equi-

librium dissociation constants for AraC binding to I1
DNA in the presence and absence of arabinose (reported

here) and thus all of the protein is bound to the DNA

under these conditions. The crosslinking experiments

were all done in the presence of DNA because PEAS-

AraC in the absence of arabinose and DNA is insoluble.

The reaction mixtures were divided in half and dialyzed,

using dialysis tubing with a molecular weigh cutoff of

10,000 Da, against 500 mL of 20 mM phosphate, pH 6.5,

250 mM NaCl, and 10 mM arabinose, when present at

48C for 4 h to remove excess, unreacted PEAS. Finally,

the reaction mixtures were exposed to UV light from a

Mineralight C51 short wavelength light source (Ultra

Violet Prod) by placing them approximately three inches

from the light source for 30 min at room temperature.

Samples were analyzed by non-reducing SDS-PAGE on

12% acrylamide gels.

The 5,50dithiobis-2-nitrobenzoic acid (DTNB)32 reac-

tivity of C183 and C268 was measured in a 1-cm path

length plastic cuvette by combining 10 lM of AraC con-

taining C183 or C268 as the only cysteine and 20 lM
DTNB to a total volume of 1 mL in buffer containing 20

mM phosphate, pH 6.5, 250 mM NaCl, and 10 mM

L-arabinose. The absorbance at 412 nm was measured

every second for up to 2 h.

Arabinose isomerase assay

The arabinose isomerase assay was performed as

described on cells that had been growing exponentially in

M10 minimal medium supplemented with 40 lg/mL

kanamycin, 0.4% (v/v) glycerol, 10 lg/mL thiamine, 20

10 lg/mL L-leucine, 1% (w/v) casamino acids, and 0.2%

(w/v) L-arabinose, when present.33

NMR experiments

Labeled DNA binding domain and unlabeled dimeriza-

tion domain were dialyzed into buffer consisting of 16.5

mM Tris–Cl, pH 7.5, 165 mM NaCl, 11 mM arabinose,

and 1.1 mM EDTA. Ten percent D2O by volume was
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added to each sample, along with soybean trypsin inhibi-

tor that had been dissolved in the dialysis buffer to in-

hibit any trypsin that carried through from the prepara-

tion of the dimerization domain. The final experimental

buffer contained 15 mM Tris–Cl, pH 7.5, 150 mM NaCl,

10 mM arabinose, 1 mM EDTA, 0.1 mg/mL soybean

trypsin inhibitor, and 10% D2O. In each experiment, the
15N-labeled DNA binding domain was kept at a concen-

tration of 60 lM, and the concentration of the dimeriza-

tion domain varied from 0 to 1.23 mM.
1H–15N HSQC spectra were acquired on a Bruker

Avance spectrometer at the Biomolecular NMR center at

Johns Hopkins University operating at a 1H Larmor fre-

quency of 600 MHz and equipped with a TCI cryoprobe

with z-axis pulse field gradients. Data were processed

using NMR Pipe34 and analyzed using NMR View.35

RESULTS AND DISCUSSION

Arabinose-bound AraC dissociates from
half-site DNA faster than free DNA binding
domain

As described above, a variety of in vitro DNA binding

experiments are compatible with the idea that the DNA

binding domains of AraC do not significantly interact

with the dimerization domains in the presence of arabi-

nose.17 If this were true, then the dissociation rate of

arabinose-bound full-length AraC from a single I1 half-

site, that is, dissociation that involves only a single DNA

binding domain, should be the same as the dissociation

rate of free DNA binding domain for the same DNA. If,

however, a significant difference exists between the I1
half-site DNA dissociation rate of arabinose-bound AraC

and free DNA binding domain, then the DNA binding

domains in the two situations differ. This must be the

result of an interaction between the dimerization domain

and DNA binding domain that occurs in the presence of

arabinose.

Experimentally, we found that the dissociation of full-

length AraC from I1 DNA is greater than 150 times faster

than the dissociation of free DNA binding domain

(Fig. 2). Despite the large differences in the rates of dis-

sociation from I1 DNA, we find that arabinose-bound

AraC and free DNA binding domain bind to such DNA

with similar affinity, with equilibrium dissociation con-

stants of 10.5 � 3.8 nM and 10.7 � 4.3 nM, respectively,

as measured by fluorescence anisotropy (data not

shown). Because Kd 5 koff/kon, the large differences in

koff must mean that kon is approximately 150-fold faster

for arabinose-bound AraC relative to that of the free

DNA binding domain. The surprisingly large apparent

differences in the dissociation rates for these proteins

from I1 DNA does not appear to be due to technical

problems associated with the gel binding assay because,

under similar conditions, this assay reveals that arabinose

decreases the dissociation rate from I1 2 I1 full-site DNA

for full-length AraC (data not shown), as expected and

consistent with previous findings.22

The large differences in the dissociation rates of full-

length AraC in the presence of arabinose and free DNA

binding domain appear to be a consequence of interac-

tions in full-length AraC in the presence of arabinose

between the DNA binding domains and the dimerization

domains. It seems likely that the interactions alter the

conformation of the DNA binding domains and this is

responsible for the rate differences. While it is conceiva-

ble that the mere tethering of the DNA binding domain

to the dimerization domain might slightly alter the disso-

ciation rate of the DNA binding domain from half-site

DNA, it is hard to imagine how this effect could be as

large as 150-fold. It therefore seems most likely that the

fast dissociation from half-site DNA is caused by an

interaction between the DNA binding domain and dime-

rization domain of AraC in the presence of arabinose.

The arabinose binding affinity is altered when
AraC is bound to I1 DNA

As described in the introduction, it has seemed proba-

ble that the DNA binding domains and dimerization

domains of AraC interact in the absence of arabinose but

not in its presence. Thus, by the same reasoning, in con-

stitutive mutants of AraC, that is, mutants that do not

require the presence of arabinose to be in the inducing

state,11 the DNA binding domains would likely not

interact with the dimerization domains. In this section

we show that, contrary to expectations, but consistent

with the findings of the previous section, an appreciable

Figure 2
Dissociation of arabinose-bound AraC (inset; filled circles) and free

DNA binding domain (unfilled squares) from I1 half-site DNA.

Arabinose-bound AraC dissociates from I1 half-site DNA approximately

150-fold times faster than the DNA binding domain.
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interaction occurs between the dimerization domains and

DNA binding domains of a constitutive AraC mutant.

This interaction is revealed by the change in the arabi-

nose binding affinity of the dimerization domain when

half-site DNA is bound to the DNA binding domain.

We find that binding I1 half-site DNA to a constitutive

AraC mutant, L9H AraC,36 increases the affinity by

which the dimerization domain binds arabinose by

approximately two-fold (Table I). This indicates that

instead of the domains being free from one another in a

constitutive mutant, as has been assumed, the domains of

such a mutant interact. Because constitutive AraC

mutants are in the inducing state even in the absence of

arabinose, the interactions that occur between the dimeri-

zation domains and DNA binding domains of such a mu-

tant occur while the protein is in its inducing state. Simi-

larly, we find that the binding of I1 half-site DNA to the

DNA binding domain of wild type AraC also increases

the arabinose binding affinity of its dimerization domain

by a comparable amount. Thus, the effect of half-site

DNA binding on arabinose binding in wild type AraC

protein can be used to suggest that the interaction that

occurs in the presence of arabinose in L9H AraC also

occurs in wild type AraC and is not a result of the muta-

tion itself. The thermodynamic cycle that describes the

four relevant binding events of this situation also requires

that arabinose strengthen the binding of AraC to I1 half-

site DNA. This is because the products of the equilibrium

constants around both sides of such a thermodynamic

cycle must be equal to one another. As such, we find that

arabinose strengthens the binding of wild type AraC to I1
half-site DNA as measured by fluorescence anisotropy

(data not shown), with equilibrium dissociation constants

of 10.5 � 3.8 nM and 42.8 � 4.3 nM in the presence and

absence of arabinose, respectively.

Fluorescence changes supporting a
dimerization domain–DNA binding domain
interaction in the presence of arabinose

The previous sections utilized binding data to suggest

the existence of an interdomain interaction in AraC in

the presence of arabinose. In this section, we provide evi-

dence from fluorescence measurements for such an inter-

action. The rationale is as follows: if, in the presence of

arabinose, the DNA binding domains of AraC are not

bound to the dimerization domains, then the absolute

change in the tryptophan fluorescence on binding to I1
half-site DNA should be close to the change in the fluo-

rescence of DNA binding domain alone on binding to I1
DNA. That is, in the absence of an interdomain interac-

tion, the change in fluorescence on DNA binding would

be expected to arise primarily from the single native

tryptophan of the DNA binding domain and not from

the five tryptophans of the dimerization domain.

Experimentally, we find that the tryptophan fluores-

cence of arabinose-bound AraC increases by roughly 10%

upon binding to I1 half-site DNA, whereas the fluores-

cence of the DNA binding domain alone decreases by

approximately 2% when binding to I1 DNA (Table II).

We verified that the increase in the fluorescence change

that occurs with full-length AraC derives from changes in

the dimerization domain by removing the only trypto-

phan residue in the DNA binding domain. In this mu-

tant, W226F, the binding of I1 half-site DNA in the pres-

ence of arabinose still produced a 10% change in fluores-

cence. Because two of the tryptophan residues of the

dimerization domain could be altered without loss of

protein activity, W91 and W95, it was possible to further

localize the changes responsible for the fluorescence

change to the three remaining tryptophan residues,

W104, W107, and W110. As these lie near the surface

and close to the interface between dimerization domains,

their environments could easily be altered by a DNA

binding domain-dimerization domain interaction. It

should be mentioned that the domain–domain interac-

tion that we are suggesting that occurs in the presence of

arabinose is not identical to the interaction that does

occur in the absence of arabinose. The reason is that the

binding of half-site DNA to AraC in the absence of arab-

inose produces virtually no change in the absolute tryp-

tophan fluorescence.

Evidence for the plus arabinose
domain–domain interaction using chemical
crosslinking

Because the previously described experiments are

somewhat indirect, we sought direct evidence for the

proposed domain–domain interaction. For this, we used

the heterobifunctional photoactivatable chemical cross-

Table I
Dissociation Constants for Arabinose Binding to AraC in the Presence

and Absence of I1 Half-site DNA

Kd in the
absence of I1

half-site DNA (mM)
Kd in the presence of I1

half-site DNA (mM)

L9H AraC 0.46 � 0.043 0.22 � 0.014
WT AraC 0.41 � 0.075 0.15 � 0.0093

Table II
Relative Changes in Tryptophan Fluorescence Intensity Upon

I1 Half-site DNA Binding

Fluorescence change
in the presence
of arabinose

Fluorescence change
in the absence
of arabinose

WT AraC 11% � 0.12% 21.1% � 20.50%
DNA binding domain — 22.1% � 20.16%
W91F AraC 12% � 1.2 % 21.9% � 0.10%
W95F AraC 10% � 0.82% 1.1% � 0.047%
W226F AraC 8.4% � 0.87% 22.9% � 20.66%
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linker PEAS to directly verify the proximity and restricted

rotational freedom of the DNA binding domain of AraC

in the presence of arabinose. For these experiments, we

used a mutant of AraC in which four of the five native

cysteine residues, C66, C183, C205, C268, and C280,

were replaced, leaving only a single cysteine residue, ei-

ther at position 183 or at 268 of the DNA binding do-

main. Both of these AraC variants behave like wild type

AraC in vivo (Table III), indicating that the substitutions

have not altered the basic regulatory properties of the

protein. To detect the interdomain interaction using

PEAS, its thiol-reactive group was first allowed to form a

disulfide bond with the single remaining solvent-exposed

cysteine in the protein that is located in the DNA bind-

ing domain. This was followed by photoactivation of the

aryl azide component of PEAS to form a second bond

somewhere within the protein.

Crosslinked species formed with C183 while AraC was

bound to I1 half-site DNA in the presence and absence of

arabinose yielded two slowly-migrating bands on non-

reducing SDS-PAGE gels (Fig. 3), whereas no similar spe-

cies were formed with C268. The finding that PEAS-

C183 forms crosslinked species and that PEAS-C268 does

not suggests that the DNA binding domain is constrained

in position and orientation, with PEAS-C183 in a posi-

tion where it can interact with the dimerization domain

and PEAS-C268 is constrained in a position where it can-

not interact. Had the DNA binding domains not been

constrained, the patterns of reactivity of PEAS-C183 and

PEAS-C268 would have been similar. We also expected to

observe more than two discrete bands on the gel if the

crosslinking were subject to random orientational move-

ment of the DNA binding domains, although a negative

control in which no domain–domain interactions occur

is necessary to truly rule out this possibility. As such,

these crosslinking results are consistent with a plus arabi-

nose domain–domain interaction but do not definitively

prove its existence.

It should be noted that the crosslinking results also

indicate that the DNA binding domains are constrained

in the absence of arabinose, consistent with earlier find-

ings.7–10,22 The same crosslinked species were also

formed with C183 while AraC was bound to I1 half-site

DNA and I1 2 I1 full-site DNA, in both the presence and

absence of arabinose. Because the crosslinking experi-

ments address large-scale aspects of the structure of

AraC, the similarity between the crosslinking patterns

produced in the presence and absence of arabinose is

perhaps not surprising, and merely indicates that the

DNA binding domains are kept in close proximity to the

dimerization domains under both conditions.

To verify that the crosslinker was working as expected,

we demonstrated that the crosslinks were from the cyste-

ine in the DNA binding domain to the dimerization do-

main by showing that breaking the disulfide bond of the

crosslinked species produces a new sulfhydryl that is

located on the dimerization domain. This was shown by

reacting with fluorescein-maleimide and finding that the

dimerization domain had become fluorescent (Sup-

porting Information).

The lack of crosslinking observed for C268 is not due

to poor solvent exposure of the cysteine, which would

prevent PEAS from attaching to it. In the presence of

arabinose and the absence of DNA, we find that DTNB

requires 4–5 h to fully react with either C183 or C268 at

concentrations of protein and DTNB similar to the con-

centrations of protein and PEAS used in the crosslinking

experiments. For the crosslinking experiments, PEAS was

allowed to react overnight with both C183 and C268 in

the presence of arabinose and the absence of DNA, and

only afterward was DNA added and arabinose removed.

These results suggest that the lack of crosslinked species

observed with C268 was not due to a failure of the cross-

linker to form a disulfide bond with the surface exposed

cysteine. Also, the attachment of PEAS to C183 or C268

before the photoactivation step does not unfold the DNA

binding domain because we find that these AraC variants

bind equally as well to I1 DNA before or after the bind-

ing of PEAS in a gel binding assay (data not shown).

Table III
Arabinose Isomerase Levels for Wild Type AraC and AraC Mutants

Containing C183 or C268 as the Only Cysteine Residue

Arabinose isomerase levels
in units per cell

Presence of arabinose Absence of arabinose

WT AraC 920 � 70 1.3 � 0.90
C183 AraC 550 � 90 2.4 � 0.71
C268 AraC 1000 � 78 3.7 � 1.1

Figure 3
SDS-PAGE gel showing crosslinked species formed by C183-PEAS. The

same crosslinked bands appear in the presence and absence of

arabinose, and in the presence of I1 half-site and I1 2 I1 full-site DNA.
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The results presented in this section indicate that C183

of at least one of the two DNA binding domains of AraC

is in close proximity to the dimerization domain in the

presence and absence of arabinose, and presumably it is

held there by interactions between the dimerization do-

main and DNA binding domain. The lack of crosslinking

activity of C268 indicates that it does not lie near the

interaction interface in the presence or absence of arabi-

nose. Consistent with the crosslinking results presented

here is the existence of mutations at C183 and nearby

residues, but not at C268, that have been previously

identified that cause AraC to repress transcription in

both the presence and absence of arabinose.8 C183 may

thus be involved in important domain–domain interac-

tions that regulate the behavior of AraC. An additional

finding of the crosslinking experiments is that the same

crosslinked species form with C183 when AraC is bound

to half-site and full-site DNA, suggesting that a domain–

domain interaction that occurs when AraC is bound to

arabinose could also occur when AraC is bound to pBAD
in vivo.

Direct observation of the plus arabinose
domain–domain interaction by NMR

The kinetics, affinity, fluorescence, and crosslinking

measurements presented above all provide evidence for

an interaction between the dimerization domains and

DNA binding domains of AraC in the presence of arabi-

nose. NMR 1H–15N-HSQC experiments in the presence

of both binding partners have the capability of directly

demonstrating the interaction. The resonances observed

in such experiments are very sensitive to changes in the

chemical environments of their atoms, as occurs for

atoms in an interface when two proteins or domains as-

sociate or dissociate. An additional virtue of these types

of experiments is that if the resonances have been

assigned, as is the case for the DNA binding domain of

the AraC protein,28 then the changes can be mapped to

specific residues. If the protein complex is large, as

unfortunately is also the case for the dimerization do-

main–DNA binding domain complex, then the intensities

of all of the resonances will decrease upon binding due

to line broadening. In some cases, however, the strength

of the resonances from atoms at the interface decrease

more strongly than the others.37

The 1H–15N-HSQC NMR technique can provide

meaningful signals at the high protein concentrations

that are necessary to generate a significant amount of

interaction between weakly interacting proteins38 Such a

weak interaction is the case for the dimerization domain

and DNA binding domain of AraC. In full-length AraC,

the interdomain linker holds the dimerization domains

and DNA binding domains at a relative local concentra-

tion of roughly 10 mM.27 For the association and disso-

ciation of the domains to be regulated at such high local

concentrations, their equilibrium dissociation constant

should then be between 0.1 mM and 1.0 mM.27

Consistent with the prediction that the interdomain

interaction must be very weak, Frato et al. observed an

apparent interaction with an equilibrium dissociation

constant of roughly 0.3 mM in the absence of arabinose,

which is close to the strength that is expected in order

for the interaction to be regulated, as discussed above.27

Unexpectedly, a weaker, but measureable interaction was

also observed in the presence of arabinose. In the experi-

ments of Frato et al.,27 however, the domains are not

connected to one another by their interdomain linker,

and therefore it is unclear whether this interaction can

occur in normal, full-length AraC. In addition to detect-

ing an interaction between the DNA binding and dimeri-

zation domains of AraC, NMR has the capability of pre-

cisely locating the interaction interface, whereas the DNA

assisted binding method developed by Frato et al. only

measures the strength of the interaction.27

We labeled the DNA binding domain of AraC with
15N and collected HSQC spectra of this domain alone,

and in the presence of increasing concentrations of unla-

beled dimerization domain. Because the DNA binding

domain-dimerization domain complex is large, roughly

50,000 kDa, we expected the bound state to be invisible

in the HSQC spectrum as a result of significant line

broadening due to increased rotational correlation time.

We thus predicted that, on binding, the intensities of

most of the resonances would decrease substantially. In

the presence of arabinose, we found that the intensities

of the resonances of the DNA binding domain decreased

with increasing concentration of added dimerization

domain [Fig. 4(A)], indicating that the two proteins

interact. Because the bound state was invisible in these

experiments, we observed no significant changes in the

chemical shifts of any of the resonances. A similar decline

in intensity on complex formation was observed by

Greene et al. in their study of the interaction interface of

the large complex DnaJ/K, although the DnaJ/K complex

was not as large as the AraC DNA binding domain-

dimerization complex and as such the authors also

observed some changes in the chemical shifts.39

At low to moderate concentrations of dimerization do-

main, some resonances of the AraC DNA binding domain

decrease in intensity more than others. At the highest con-

centrations of dimerization domain, more than half of the

DNA binding domain resonances decreased in intensity by

60% to 100% [Fig. 4(A)]. This number of residue changes

is typical for large protein–protein complexes, but it makes

the comparative analysis of resonance intensities difficult.

Thus, we compared the intensity of resonances in the pres-

ence of low to moderate concentrations of dimerization

domain. We found that the resonances that decrease most

in intensity are from most of the residues located on the

surface of the DNA binding domain that is opposite the

DNA binding surface [Fig. 4(B)]. While we are unable to
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precisely determine the interaction interface of the DNA

binding domain in these experiments, this portion of the

AraC DNA binding domain likely includes the interaction

interface of this protein.

The potential interface revealed by these NMR experi-

ment may include C183, whose resonance decreases sub-

stantially in intensity [Fig. 4(B)], and which the chemical

crosslinking experiments identified as also being at or

near the interface. The resonance of C268, which the

crosslinking experiments indicated is not near the inter-

face, does not decrease significantly in intensity. These

NMR experiments directly show that the DNA binding

Figure 4
NMR data showing an interaction between the DNA binding domain and dimerization domain of AraC in the presence of arabinose. (A) Overlay

of HSQC spectra of the 15N-DNA binding domain and 15N-DNA binding domain in the presence of arabinose-bound dimerization domain. (B)

Map showing areas of the 2K9S DNA binding domain structure where the corresponding HSQC resonances decrease in intensity on binding of the

dimerization domain. Red represents residues whose resonances decrease in intensity the most, purple represents residues whose resonances decrease

by an intermediate amount, and blue represents residues whose resonances decrease the least. C183, whose resonance decreases by a large amount,

is labeled with a black star, and C268, whose resonance does not decrease significantly, is labeled with a white star. The inset shows the DNA

contacting helices (yellow; all other residues are blue) of the DNA binding domain for reference.
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domain interacts with the dimerization domain in the

presence of arabinose and identify a large surface of the

DNA binding domain that potentially includes the inter-

action interface.

FURTHER DISCUSSION

It has been believed for sometime8,14,17 that an inter-

action between the dimerization domains and DNA

binding domains of AraC in the absence of arabinose

constrains the DNA binding domains and makes the for-

mation of a transcriptionally repressive DNA loop ener-

getically favorable.7–9,12,18–20 Because the evidence also

indicates that when arabinose is present, the DNA bind-

ing domains are less constrained, and in the interest of

simplicity, up to now it has been assumed that the DNA

binding domains are free of the dimerization domains in

the presence of arabinose.10,14,22 A further argument in

favor of the domains being free in the presence of arabi-

nose is the fact that the two DNA binding domains can-

not both interact with the dimerization domains in the

same way when bound to the I1 2 I2 DNA site for

induction because the dimerization domain possesses C2

rotational symmetry13,40,41 that is absent in the direct

repeat DNA sites.22,26 Here we show that, in contrast to

these extrapolations, a significant interaction between the

dimerization domains and DNA binding domains of

AraC also occurs in the presence of arabinose.

The following lines of evidence lead to the conclusion

that an interaction occurs between the dimerization

domains and DNA binding domains of AraC in the pres-

ence of arabinose. Full-length AraC in the presence of

arabinose dissociates 150 times more rapidly from I1
half-site DNA than does free DNA binding domain. The

arabinose binding affinity of AraC is altered by the bind-

ing of I1 half-site DNA in both a constitutively active

mutant in which no domain–domain interaction would

be expected, and also in wild type protein. Chemical

crosslinking experiments reveal an interaction between

the DNA binding domain and dimerization domain of

AraC in the presence of arabinose that occurs at or near

residue C183 but not near residue C268 of the DNA

binding domain. Finally, NMR indicates that an interac-

tion exists between the dimerization domains and DNA

binding domains in the presence of arabinose, and, in

agreement with the crosslinking experiments, suggests

that this interaction occurs on the surface of the DNA

binding domain that is on the other side of the domain

from the DNA binding surface.

The interaction demonstrated in this work between the

DNA binding domains and the dimerization domains of

AraC was unexpected in part because, as described above,

it is not possible for the dimerization domains and DNA

binding domains of each AraC subunit to interact sym-

metrically and simultaneously bind to the adjacent direct

repeat DNA half-sites as is required for induction at

pBAD. Thus, when bound to I1 2 I2 DNA, it is impossible

for both DNA binding domains of the AraC dimer to be

bound to the dimerization domains using similar interfa-

ces. Data presented here, however, show that a DNA

binding domain-dimerization domain interaction does

occur in the presence of arabinose when AraC is bound

to both half-site and full-site DNA. When bound to full-

site DNA, that is the direct repeat half-sites I1 2 I2, the

interactions between the DNA binding domains and the

dimerization domains must either be asymmetrical if

both DNA binding domains and dimerization domains

are involved in the interaction, or must involve only one

DNA binding domain. The results presented here cannot

distinguish between these possibilities. We conclude that

an interaction occurs between the dimerization domains

and DNA binding domains of AraC in the presence of

arabinose when AraC is bound to half-site DNA. Some

of the methods used here may be useful for the study of

interdomain interactions in other systems where structure

determination has been problematic.

The data presented in this article do not directly

address the question of whether or not the domain–do-

main interaction that we show in this work to exist in

the presence of arabinose utilizes the same interface as

the interaction that occurs in the absence of arabinose.

On one hand, the fact that the fluorescence change of

full-length AraC that occurs in the presence of arabinose

on binding to half-site DNA is different from the fluores-

cence change on binding to half-site DNA in the absence

of arabinose suggests that the two interfaces are different.

On the other hand, the similarity in the crosslinked

products in the experiments with PEAS hints that the

interfaces may be the same. These similarities, however,

can also be explained by the fact that the linker arm is

somewhat long, �14 Å, and therefore the crosslinking

experiments are merely reporting on large-scale aspects

of the structure of AraC.
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