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ABSTRACT

Genetic experiments with full length AraC and biophysical experiments with its dimerization domain plus linker suggest

that arabinose binding to the dimerization domain changes the properties of the inter-domain linker which connects the

dimerization domain to the DNA binding domain via interactions that do not depend on the DNA binding domain. Normal

AraC function was found to tolerate considerable linker sequence alteration excepting proline substitutions. The proline

substitutions partially activate transcription even in the absence of arabinose and hint that a structural shift between helix

and coil may be involved. To permit fluorescence anisotropy measurements that could detect arabinose-dependent dynamic

differences in the linkers, IAEDANS was conjugated to a cysteine residue substituted at the end of the linker of dimerization

domain. Arabinose, but not other sugars, decreased the steady-state anisotropy, indicating either an increase in mobility

and/or an increase in the fluorescence lifetime of the IAEDANS. Time-resolved fluorescence measurements showed that the

arabinose-induced anisotropy decrease did not result from an increase in the excited-state lifetime. Hence arabinose-induced

decreases in anisotropy appear to result from increased tumbling of the fluorophore. Arabinose did not decrease the anisot-

ropy in mutants incapable of binding arabinose nor did it alter the anisotropy when IAEDANS was conjugated elsewhere in

the dimerization domain. Experiments with heterodimers of the dimerization domain showed that the binding of arabinose

to one subunit of the dimer decreases the fluorescence anisotropy of only a fluorophore on the linker of the other subunit.
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INTRODUCTION

The Escherichia coli regulatory protein, AraC, is a

member of a very large class of prokaryotic regulatory

proteins.1 Except for AraC protein, which has been

intensively studied for >40 years, surprisingly little bio-

chemical information is available on the other family

members except for those like SoxS2 and MarA3 which

are monomeric and consist of only a DNA binding

domain. The paucity of biochemical information on the

“full length,” two-domain, dimeric, AraC family mem-

bers such as XylS, MelR, RhaR, RhaS, and ToxT1,4 is a

consequence of the fact that these proteins are at best

sparingly soluble and sometimes cannot be purified at

all. With considerable effort it has proven possible to

purify and study at low concentrations a few AraC

mutants.5 The two domains of AraC, the dimerization

domain6 and the DNA binding domain7 themselves are

fairly well behaved, however, and each can be purified

and studied.

In the absence of arabinose, AraC protein, the dimeric

regulator of the L-arabinose operon in E. coli, actively

represses expression of the promoter for the araB, araA,

and araD genes, pBAD,8–10 by forming a DNA loop

between the I1 half-site at pBAD and the O2 half-site

located 210 base pairs away.10–13
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Upon the binding of arabinose most of the protein

shifts and instead, binds to the adjacent direct repeat

DNA half-sites I1 and I2, (Fig. 1)10,14 where it actively

stimulates transcription.8,15–17 Arabinose does not

appear to shift the relative affinities in binding to the

similar, but nonidentical DNA half-sites involved.

Instead, in vivo and in vitro binding data indicate that in

the presence of arabinose, the DNA binding domains of

AraC are more free to adopt the positions and relative

orientations required for binding to direct repeat sites

than in the absence of arabinose.14,18

The 20-residue N-terminal arms of AraC play an

important role in coupling arabinose binding in the

dimerization domain to the protein’s DNA binding and

DNA looping properties. Partial deletions or almost any

point mutation in the arm cause the protein to lose part

or all of its ability to repress by looping, but not its abil-

ity to induce. Such mutant proteins are said to be consti-

tutive because, even in the absence of arabinose, they

bind to I1 and I2 and induce transcription from

pBAD.19,20 Also, crystal structures of dimerization

domain indicate that in the presence of arabinose, but

probably not in its absence, the N-terminal arms of full

length AraC bind directly over the arabinose-binding

pockets of the dimerization domain.6,21

Collectively, these results suggest that in the absence of

bound arabinose, the N-terminal arms function to posi-

tion and orient the DNA binding domains such that

binding to O2 and I1 is energetically favored. When arab-

inose binds, the DNA binding domains become less con-

strained, likely in conjunction with repositioning of the

arms. This changes the energetics such that binding to I1

and I2 is now favored. Consequently, the increased occu-

pancy of I1 and I2 increases transcription initiating at

pBAD.

A simple molecular mechanism consistent with the

aforementioned facts would be for the N-terminal arms

to bind directly to nearby DNA, to the DNA binding

domains, or to both, in the absence of arabinose to aid

in restraining the positions adopted by the DNA binding

domains. A priori, the simplest possibility seems to be

direct binding of the N-terminal arms of AraC to the

protein’s C-terminal DNA binding domains. A number

of experiments have failed, however, to provide definitive

evidence for such an interaction. These include genetics

approaches,22,23 and physical approaches including sur-

face plasmon resonance,24 NMR,25 and fluorescence

anisotropy.25

In light of the failures to detect an arm-DBD interac-

tion we have extended consideration to the possibility

that the binding of arabinose, either directly via the N-

terminal arms or indirectly, affects the inter-domain

linker, residues 168–174, that connects each dimerization

domain and a DNA binding domain. Although initial

genetics experiments suggested that the repressing and

inducing activities of AraC are not sensitive to sequence

alterations in the linker,26 more recent and more precisely

targeted mutational and biophysical studies have indicated

that some mutations in the linker can reduce the protein’s

ability to repress pBAD.27 This article describes an

expanded genetic analysis of linker mutations and fluores-

cence anisotropy measurements that show that binding of

arabinose to the dimerization domain alters the motion of

a conjugated fluorophore. The findings are compatible

with arabinose altering the apparent flexibility of the

inter-domain linker with control likely being exerted on

the linker itself. It is possible, but far from demonstrated

that this forms the basis for the arabinose-induced change

in the DNA looping properties of AraC. In the ideal case,

the fluorescence anisotropy measurements, which can

measure molecular tumbling, would be performed on full

length AraC with the fluorophore attached to the DNA

binding domain. Such experiments, however, are currently

not feasible in part due to the limited solubility of AraC.

Consequently, the anisotropy experiments were performed

only on dimerization domain plus linker without the

DNA binding domain.

MATERIALS AND METHODS

Mutant isolation and characterization

The araCpBAD-GFP plasmid is derived from pBR322

plasmid,28 and carries the araC gene, the regulatory

region between araC and araB and the sequence specify-

ing the first 15 nucleotides of the transcript from the ara

pBAD promoter. Beyond the initial ara transcribed

sequence are 42 nucleotides of upstream sequence of the

GFP gene, and then the gene itself. This plasmid was

briefly sold by Clontech. It places expression of green flu-

orescent protein under control of the ara pBAD promoter

and was used in the present experiments for the isolation

and characterization of linker mutants. The entire plas-

mid was mutagenized by passing the plasmid through

the mutator strain XL1-Red (endA1 gyrA96 thi21

hsdR17 supE44 relA1 lacmutD5 mutS mutT (Stratagene).

For a higher level of mutagenesis and for direction of

mutations to just the araC gene, the coding region of the

araC gene was amplified by error-prone PCR mutagene-

sis and placed in the araCpBAD-GFP plasmid following

Figure 1
Structure of the arabinose operon regulatory region.
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the GeneMorph II EZClone domain mutagenesis proce-

dure (Stratagene). Finally, for the introduction of specific

mutations and for the randomization of sets of one, two,

or three codons in the linker region of araC we used the

Stratagene QuikChange protocol for oligonucleotide

directed mutagenesis. Mutagenized plasmids were trans-

formed into strain SH321(DaraC-leu1022 Dlac74 galK

thi1),29 and plated on tryptone-yeast extract medium30

so that repression negative mutants could be identified

by colony fluorescence. To identify any arabinose nega-

tive mutants, isolated fluorescent and nonfluorescent col-

onies were spotted on minimal glycerol and minimal

arabinose solid media. Candidates were grown in liquid

medium both for sequencing of their plasmid DNA and

for assay of arabinose isomerase.

Arabinose isomerase levels were measured in cells

growing in M10 minimal salts medium containing 1%

casamino acids, 0.2% glycerol, and plus or minus 0.2%

arabinose as described.30

Purification and labeling of dimerization
domain plus linker

All the in vitro experiments were performed with dimeri-

zation domain containing the Y31V mutation. This muta-

tion substantially reduces aggregation tendencies of the

domain.21 The various mutant dimerization domain pro-

teins, residues 1–182 of AraC plus a C-terminal hexahisti-

dine tag, were overproduced using the pET21 vector

(Novagene), isolated using immobilized metal ion affinity

chromatography, subjected to light trypsin digestion to

cleave specifically at R178, and separated from residues

179–182 and the His6 tag by chromatography on HiTrap-Q

HP columns as described.21

To label, the protein was reduced with a 10-fold excess

of TCEP, (tris(2-carboxyethyl)phosphine) before addition

of a 20-fold molar excess of IAEDANS (Invitrogen) dis-

solved in one quarter of the solution’s volume in DMSO.

This was allowed to react overnight at room temperature.

A two fold molar excess of b-mercaptoethanol over the

IAEDANS was added and the solution was diluted three

fold with 15 mM Tris-Cl, pH 8.0, 5 mM L-arabinose and

10 mM NaCl and purified by passage over the HiTrap-Q

HP column as above. Typically, three partially overlap-

ping protein peaks eluted from the column in the order

of unlabeled, singly labeled, and doubly labeled protein.

The amounts of the three species indicated that the label-

ing efficiency varied between 50 and 100%. Labeled

dimerization domain was further separated from residual

free dye and arabinose by dialysis against 15 mM Tris-Cl

pH 8, 50 mM NaCl for 3 3 24 h.

Mass spectrometry of labeled dimerization
domain

Twenty-five micrograms of dimerization domain in 50

lL was mixed with 20 lL 500 mM (NH4)HCO3, 6.5 lL

H20, and 4.5 lL 100 mM DTT, heated to 958C for 5

min. Then 9 lL 100 mM iodoacetamide was added and

incubated 30 min in the dark before quenching alkyla-

tion with the addition of 2.5 lL of 100 mM DTT. The

sample was desalted by passage through a PrepClean C-

18 Spin Column (Pierce), dried and resuspended in

aqueous 5% (v/v) acetonitrile, 0.1% formic acid. For

proteolytic cleavage, 2.5 lL MS grade trypsin (Pierce) at

0.2 mg/mL was added to the alkylated sample for diges-

tion at 378 C for 24 h. After digestion, the samples were

desalted with the C-18 spin column.

Electrospray mass spectrometry was performed on a

Waters Acquity-Xevo G2 (UPLC-MS/MS). Intact proteins

were chromatographed on a C-4 column and eluted with

a 10 min, 5–80% acetonitrile gradient at a flow rate of

0.3 mL/min. The eluate was passed through a UV/Vis

diode array for detection of IAEDANS-labeled peptides

prior to injection into the electrospray port of the mass

spectrometer. Peptide samples were chromatographed on

a C-18 column and eluted with a 12 min 5–80% acetoni-

trile gradient. Analysis of the data was performed using

Mass Lynx software supplied by the vendor.

Fluorescence binding and steady-state
anisotropy measurements

Measurements were performed on a T-format Photon

Technology International fluorimeter equipped with a 75

watt xenon light source and a temperature controlled

cuvette holder. Samples were continuously stirred in a

1 cm path length cuvette at 0.25–2.5 lM protein in

15 mM Tris-Cl pH 8.0, 50 mM NaCl, 1 mM DTT, and

1 mM EDTA in a final volume of 2.5 mL. In the hetero-

dimer experiments, 100 mM NaCl or 100 mM KCl was

substituted for the 50 mM NaCl, but these changes were

without observable effect. Occasional early experiments

were plagued by a background of steadily increasing ani-

sotropy. As the vertically polarized light component was

observed to be increasing anomalously in these cases, we

attribute the increase to aggregation. The following steps

largely eliminated the problem. Care was taken to choose

column fractions of labeled protein containing a maxi-

mum of doubly labeled dimerization domain and a min-

imum of singly labeled protein, TCEP was added to the

sample to a concentration of 0.2 mM, the nonionic

detergent P20 was added to 0.01%, and the sample was

subjected to centrifugation of 10,000g for 5 min immedi-

ately before a measurement.

Arabinose binding was quantitated by the change in

average emission wavelength of the intrinsic tryptophan

fluorescence of the AraC dimerization domain as a func-

tion of added arabinose. Samples were excited at

295 nm, the emission spectrum from 315 to 375 nm was

recorded at a scan rate of 1 nm/s, and the entrance and

exit slits were set for a spectral band width of 5 nm.

After each arabinose addition, the solution was allowed
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to equilibrate for 2 min before the next scan. An average

emission wavelength at each titration point was calcu-

lated as:

hkiem5

Xn

i51
Ii3kið ÞXn

i51
Iið Þ

where Ii is the fluorescence emission minus the back-

ground at the ith wavelength.21 This was plotted against

arabinose concentration and KaleidaGraph was used to

determine koffset, kem, and Kd in the following equation.

hkiem5koffset1Dhkiem3
L2arabinose½ �

Kd1 L2arabinose½ �

� �

For the fluorescence anisotropy measurements the

excitation and emission wavelengths were set to the

peaks in the absorption and emission spectra of IAE-

DANS, 336 nm and 490 nm, respectively. Monochroma-

tor slits were set to for a spectral band width of 10 nm.

Fluorescence anisotropy (r) was calculated as:

r5
Ijj2g 3I?

Ijj1 2 3g 3I?

where Ijj and I? are the fluorescence intensities of the

parallel (jj) and perpendicularly (?) polarized emission

when the sample is excited with vertically polarized light,

and g is Ijj/I? for horizontally polarized excitation. The

average anisotropy value over an 80-s interval for each

titration point was calculated and plotted against arabi-

nose concentration. To minimize the effects of statistical

counting errors on the calculated values of anisotropy,

sample concentrations were adjusted to yield between

100,000 and 1,000,000 counts per second. Minute-to-

minute fluctuations in anisotropy, typically on the order

of 0.001, can be attributed almost fully to statistical fluc-

tuations in counting, but the day-to-day variations in the

anisotropy of the same sample are on the order of 0.01

and seem to derive from a combination of sample and

instrumental variation.

Time-resolved fluorescence measurements
and data analysis

Time-resolved single-photon counting (TCSPC) data

were obtained with a high-count-rate instrument built in

the laboratory.31 Fluorescence was excited with

vertically-polarized picosecond laser pulses at 311 nm

wavelength. Fluorescence emission was collected at

480 nm in T-format, through vertical and a horizontal

polarizers. To minimize the effects of the differences

between the two emission wings, each wing counted ver-

tical emission photons 42% of the time, horizontal emis-

sion photons 42% of the time, and scattered excitation

photons 16% of the time. During one data acquisition

the instrument switched 144 times between the three

kinds of measurements. While the left wing counted ver-

tical emission photons, the right wing counted horizontal

emission photons, and vice versa, which minimized the

effects of exciting intensity fluctuations. The vertical

emission data from both wings were combined together

as described,31 and so were the horizontal emission data.

This acquisition protocol together with two quartz-

wedge achromatic depolarizers DPU-15 (one in each

wing) ensured that the instrument had exactly equal sen-

sitivity to both polarizations. To facilitate subsequent

analysis, the TCSPC data for both polarizations were fit-

ted simultaneously by the four equations for vertically

and horizontally polarized intensity, Iv,(t) Ih,(t) and total

intensity Itotal(t) and anisotropy r(t).

ImðtÞ5g11=2½112rðtÞ�ItotalðtÞ

I
h
ðtÞ5g21=2½12rðtÞ�ItotalðtÞ

ItotalðtÞ5
XN int

n51

anexp ð2t=snÞ

rðtÞ5
XNani

m51

bmexp ð2t=umÞ

Similar equations except for the g factor that accounts

for the difference in a real instrument’s sensitivity to ver-

tical and horizontal polarization can be found in Chapter

11 of the textbook written by Lakowicz.32 Equations

including the g factor were used in recent publica-

tions.33–35 The g factor was calculated as the ratio of

the live times for the vertical and horizontal emission

data, respectively, and fixed during the model fitting.

The live time of a multichannel analyzer represents the

difference between the real time and the dead time.31

Since the rate at which photons are counted is slightly

higher for the vertical polarization, the live time is higher

for the horizontal polarization, making the g factor

slightly less than one (typically, about 0.97).

The horizontal and vertical intensity functions were

numerically convoluted with the experimentally meas-

ured impulse response function and fit to the data using

the method of least squares. The values of the parameters

an, sn, bm, and /m were adjusted during the fitting to

minimize the v2. In addition to the best values of these

fitting parameters, the method of least squares also pro-

duces the variance-covariance matrix.36 The diagonal

elements of this matrix equal squared standard deviations

for the corresponding fitting parameters,36 which was

used to calculate the standard deviations reported in

Table II.

The mean intensity weighted excited-state lifetime

smean and steady-state anisotropy rss values can be calcu-

lated from the time-resolved data as follows:
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The standard deviations for smean or rss or any other

function f of the fitting parameters can be expressed in

terms of the variance-covariance matrix36 where pi are

the elements of one array that contains all these fitting

parameters an, sn, bm, and /m, and Cij are the elements

of the variance-covariance matrix.

rf 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

X
j

Cij

of

opi

� �
of

opj
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RESULTS

Linker mutations—repression abilities

Previous searches for repression negative mutants

sought high level constitutive phenotypes and primarily

utilized the competitive inhibitor of L-arabinose induc-

tion, D-fucose.19,22 These searches identified mutations

that were largely confined to the N-terminal arm and to

the base of the arm. To increase detection sensitivity so

that rarer, lower level constitutive phenotypes, could be

identified visually, we used a plasmid carrying both the

araC gene and green fluorescent protein, GFP, whose

expression is under control of the ara pBAD promoter.

Plasmid DNA was mutagenized by passage through a

mutator strain, by error prone PCR amplification of the

araC gene, or by oligonucleotide directed mutagenesis,

then transformed into an araC deletion cell line and

plated. Mutagenesis of the entire plasmid yielded approx-

imately 0.5% fluorescent green colonies of widely variant

fluorescence, and mutagenesis directed to just the araC

gene yielded approximately 5% fluorescent green

colonies.

Plasmids from a few of the intensely fluorescent green

colonies obtained from mutagenesis of the plasmid or

gene were sequenced and found to carry the previously

isolated high level araC constitutive mutations, P11L,

V20M, A152C, and A152V.19,22 Amongst the lower level

constitutive mutants were two previously known low

level constitutives, L19Q, and R38L, and a new constitu-

tive, N252D, at a position where other low level constitu-

tives had previously been isolated. Also, the low level

constitutives G12R, S14L, G22A, and G22D, were found

at positions where previously, only high level constitu-

tives had been identified.

The new and interesting mutants resulting from the

search are low level constitutives in positions at which

no constitutives had previously been found, D33V, D37V,

L156V, A166G, and H172P. Two of these, A166G and

H172P lie in the inter-domain linker region. The distri-

bution of the low level constitutives suggests that the

eight-residue inter-domain linker region is a significant

target for low level constitutives.

To explore the linker region more carefully, we

randomized residues 167–172 of the linker region in sets

of one, two, or three residues at a time. Table I displays

the sequences of the variants with wild type phenotype

and the sequences of repression impaired variants. The

results are striking in that nearly any substitution lacking

proline behaves as wild type, and nearly any substitution

in the linker containing proline is impaired in its repres-

sion abilities. Because of this and an earlier finding that

introduction of a proline residue into the linker region

resulted in impaired repression,27 we also explicitly gen-

erated proline substitutions in each of the linker residues

168–172, Table I. Repression in each of these was also

impaired.

Fluorophore labeling of the inter-domain
linker

In shifting from the repressing to the inducing state,

the DNA binding domains significantly reposition, and

as a result, the structure or conformation of the interdo-

main linkers must also change. Mutations in the linker,

as observed in the previous section might, therefore,

affect induction or repression. Are changes in linker

structure accompanying changes in induction-repression

the result of control exerted directly on DNA or the

DNA binding domains, or are they a result of control

exerted directly on the linkers? These two possibilities

may be distinguishable by monitoring for structure

changes in the linker, or lack thereof, in the absence of

DNA and absence of the DNA binding domains.

Although NMR would seem to be suitable for deter-

mining the structure and dynamics of the linker in the

presence and absence of arabinose, the relatively large

size of the dimerization domain and the expense of this

approach diminish its attractiveness. Instead of NMR, we

chose to monitor properties of the linker in AraC in the

absence of the DNA binding domains via fluorescence

anisotropy of IAEDANS conjugated near the end of the

linker. For this we introduced cysteine in place of residue

M175 of the dimerization domain. After a typical conju-

gation reaction we found via mass spectrometry of intact

dimerization domain that the labeling efficiency was

about 60%, and after trypsin digestion, labeling of only

the peptide containing M175C, with <1% labeling on

any other peptide.
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Arabinose-specific decrease in fluorescence
anisotropy

Figure 2(A) shows the anisotropy of IAEDANS-labeled

dimerization domain following the addition at the indi-

cated times of D-galactose, D-glucose, D-ribose, and L-

arabinose. Galactose and ribose addition produced no

change in anisotropy while glucose addition induced a

small increase of about 1% whereas arabinose addition

generated a significant change, a reduction in the anisot-

ropy of about 10%, from 0.06 to 0.054. Experiments in

which the response was measured with only one sugar

present at a time similarly showed that D-galactose,

D-glucose, and D-ribose did not generate a significant

change in anisotropy, (data not shown). Single addition

experiments were also done with D-rhamnose, D-xylose,

D-mannose, and D-fucose (an analog of L-arabinose). Of

these sugars, only D-fucose produced a change in anisot-

ropy, a reduction of about 2%, from 0.06 to 0.059 (data

not shown). Anisotropy as a function of the arabinose

concentration, [Fig. 2(B)] displays a simple ligand bind-

ing curve with a Kd of 0.51 mM, very close to the previ-

ously measured binding affinity of arabinose.21,37

Nonetheless, as a further test that the arabinose-induced

anisotropy decrease results from arabinose binding in the

Table I
Linker Position, WT and Mutant Sequences

Repression plus (WT) linkers Repression minus linkers

167a 169 171 173 167 169 171 173

Ib N E S L H P P I N E S L H P P
L R G Pc,d

W R Q P
L R H P
G S F P
R S I P
T H H
R A Q K K E
V Y R C P C
G Q Y I F G
Q R L L P K
G L F R P R

L I E M S P
A R R G P N

N L S D R P
A S L C M P
Y V K S S P
Y D S K P P
Y R N K P L
W S R L K P
L T Y F R A
N A K F D A
K R Q P K A
T V N H R A
L L I G L Q

V R S P A G
L A I N Y L

L
R
S

E
F
S
A

R A
A A
T G
L L

aResidue number.
bWT residue identity.
cAll proline residues are highlighted.
dThe uninduced, induced arabinose isomerase levels in units per cell, and colony fluorescence, respectively, of the proline substitution plasmids in SH321: WT, 14, 870,

none; N168P, 210, 1500, green; E169P, 120, 1200, faint green; S170P, 51, 1500, very faint green; L171P, 110, 1400, faint green; H172P, 130, 1800, green. For the others,

the repression plus mutants form white colonies and in the absence of arabinose contain less than 50 units isomerase per cell, and the repression minus mutants in the

absence of arabinose formed faint to dark green fluorescent colonies and contained from 150 to 600 units per cell. All the mutants were inducible to between 800 and

2000 units isomerase per cell.
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sugar-binding pocket of the dimerization domain, we

introduced the mutation H80A. This change in the

arabinose-binding pocket prevents arabinose binding,5

and in the present experiments [Fig. 2(C)], as expected,

we found that the anisotropy of labeled H80A mutant

dimerization domain does not change in response to

arabinose addition.

Arabinose effect is limited to the
inter-domain linker

On the basis of the data presented above, it is possible

that the arabinose-induced decrease in the fluorescence

anisotropy of the IAEDANS reflects an increased tum-

bling frequency of the protein as a whole. It is also possi-

ble, however, that the anisotropy decrease is a

consequence of an increased fluorescence lifetime of the

IAEDANS or is a consequence of a combination of the

two. First we address the issue of tumbling as a whole,

and in the next section, the issue of an increased excited-

state lifetime.

If arabinose binding affects tumbling of the protein

as a whole, then dimerization domain labeled at a posi-

tion other than the linker should also display the

arabinose-induced decrease in anisotropy. Residue E63

was chosen for alteration to cysteine and labeling

because the side-chain of E63 is solvent exposed, lies in

a b-sheet of the dimerization domain, and this location

is remote from both the N-terminal arm and the linker.

Thus, labeling at this position seems unlikely to inter-

fere with function and no arabinose-induced environ-

mental changes should occur to alter the fluorescence of

the label.

Measurements of full length AraC containing the E63C

mutation showed the protein to induce and repress very

similar to wild type AraC. Addition of arabinose to the

IAEDANS-labeled E63C dimerization domain indeed did

not display the arabinose-induced decrease in anisotropy

that is seen when the linker is labeled. Instead, the mea-

surement reproducibly shows a small increase about one

sixth of the magnitude of the decrease generated when

the IAEDANS is conjugated to the end of the linker

Figure 2
Fluorescence anisotropy of IAEDANS conjugated to C175 of the dimerization domain plus linker of dimerization domain Y31V. (A) Sugars as indi-

cated were added to a concentration of 40 mM. (B) Arabinose titration. (C) Arabinose addition to dimerization domain containing the H80A
mutation.
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(Fig. 3). We note in passing that the NMR 1H-15N

HSQC spectrum of dimerization domain shows more

and sharper resonances upon arabinose addition.25 This

and the anisotropy result are consistent with the

domain’s fluctuating between two or more conforma-

tional states in the absence of arabinose and being more

biased toward one conformational state once arabinose is

bound.

Arabinose does not lengthen the excited-
state lifetime of linker-bound IAEDANS

To examine the contributions of changes in tumbling

and changes in excited-state lifetime to the arabinose-

induced decrease in steady-state anisotropy we per-

formed TCSPC measurements of the labeled protein in

the presence and absence of arabinose. This was done

with polarizer settings that allowed extraction of both

time-resolved intensity and time-resolved anisotropy.

Although only the excited-state lifetimes were required

from these experiments for interpretation of the steady-

state data, the predicted steady-state anisotropy values

could also be calculated from the time-resolved intensity

and anisotropy data.

Figure 4 shows the plus and minus arabinose time-

resolved horizontal and vertical fluorescence polarization

data and the weighted residuals after multi-exponential

fits to the data. The data presented in Figure 4 contain

60 million photon counts for the vertical polarization

and 50 million photon counts for the horizontal polar-

ization, which was made possible by the use of high (4

MHz) excitation pulse rate and two identical fluorescence

emission wings in parallel.31 Over fifty million photon

counts per decay curve combined with 65 ps time resolu-

tion (full width at half maximum) made it possible to

resolve four exponential terms in the intensity and ani-

sotropy data. The data and fits with the plus arabinose

sample are highly similar to those in Figure 4 and are

not shown. Table II shows the parameter values that

resulted in the best fits, both in the absence and presence

of arabinose. These values of the parameters give

Figure 3
Anisotropy of E63C-IAEDANS dimerization domain. At 20 min. L-arab-

inose was added to a concentration of 40 mM.

Figure 4
Time-resolved (A) vertically and (B) horizontally polarized data and fits to the data using four exponentials each for polarization and intensity
obtained from 10 lM IAEDANS-labeled dimerization domain, 1.6 mL. By trial and error it was found that for adequate fit to the experimental

data, the model must include Nani 5 4 exponentials for anisotropy decay and Nint 5 4 exponentials for total intensity. The quality of the fits was

judged using the values of the reduced v2 (must be under 1.08)31 and also by inspecting the plots of weighted residuals and autocorrelations of
residuals for each polarization separately.
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intensity-weighted lifetimes of 16.1 6 0.022 and

14.9 6 0.011 ns, showing that the arabinose-induced

reduction in anisotropy seen in the steady-state measure-

ments is entirely due to an arabinose-induced increase in

tumbling. Calculation of the steady-state anisotropies

from the parameters in Table II yield 0.0719 6 0.00037

and 0.0643 6 0.00036 in the absence and presence of

arabinose. These values are slightly different than those

obtained on the steady-state instrument, which is prob-

ably due to the difference between the exciting wave-

lengths (311 nm in time-resolved vs. 336 nm in steady-

state measurements). Nevertheless, the decrease in the

anisotropy upon arabinose binding (0.0077 6 0.0005) is

in good agreement between both methods. Similar time-

resolved measurements with IAEDANS labeling E63C,

data not shown, showed that the overall tumbling rate of

the dimerization domain is not increased by arabinose.

Arabinose binding to one subunit signals to
only that linker on the other subunit

In the three-dimensional structure of the dimerization

domain, the arabinose binding pocket of one subunit

and the N-terminal arm that closes over the arabinose

are significantly closer to the inter-domain linker of the

other subunit than to the linker of the same subunit.

We, therefore, tested the following possibilities: whether

the binding of arabinose to one subunit affects the linker

only of the opposite subunit, a trans effect; whether it

affects the linker only of the same subunit, a cis effect;

whether it affects the linkers on both subunits; or

whether both subunits must bind arabinose in order that

any signal be transmitted. The principle of the tests is

diagrammed in Figure 5.

The anisotropy of linker-labeled H80A dimerization

domain, which is unable to bind arabinose, should show

no change upon arabinose addition. To this solution can

then be added a large excess of unlabeled dimerization

domain that is capable of binding arabinose. As subunit

exchange proceeds, an increasing fraction, and eventually

virtually all the arabinose-unresponsive IAEDANS-labeled

subunits will be found in heterodimers with the unla-

beled wild type subunits. If these heterodimers display

an arabinose response as shown by a decrease in anisot-

ropy, two conclusions can be drawn. First, that the pro-

tein can respond to arabinose even if only one of its

subunits has bound arabinose, and second, that a signal

can be sent from the arabinose binding pocket of one

subunit to the linker of the other subunit, a trans signal.

The second experiment diagrammed in Figure 5 is

designed to test whether any signal is transmitted cis.

The anisotropy of labeled dimer that is capable of bind-

ing arabinose will decrease upon arabinose addition. To

this is added a large excess of unlabeled dimer that is

incapable of binding arabinose. If, upon completion of

subunit exchange, the arabinose response has been

negated, then no signal is being sent cis and all the signal

to a linker must derive from the trans subunit.

Figure 6 shows the experimental data from the two

protocols described in Figure 5. The data displayed in

panel A show that, IAEDANS-labeled dimerization

domain that is incapable of binding arabinose displays

no response to arabinose (inset) until an excess of

Table II
Parameter Values with Standard Deviations for the Best Fits to the Data

Ligand
Exponential term index i

1 2 3 4

2 Arabinose ui (s) 0.147 6 0.021 0.578 6 0.066 4.44 6 0.42 44.0 6 1.0
bi 0.0561 6 0.0042 0.0664 6 0.0037 0.0330 6 0.0018 0.0819 6 0.0011

si (s) 0.213 6 0.028 1.821 6 0.097 10.37 6 0.22 18.87 6 0.21
ai 0.0858 6 0.0024 0.0589 6 0.0016 0.386 6 0.019 0.469 6 0.020

1 Arabinose ui (s) 0.135 6 0.022 0.637 6 0.049 3.97 6 0.26 40.63 6 0.89
bi 0.0524 6 0.0045 0.0738 6 0.0044 0.0398 6 0.0015 0.0699 6 0.0009

si (s) 0.131 6 0.015 1.396 6 0.047 9.47 6 0.16 16.90 6 0.11
ai 0.110 6 0.003 0.068 6 0.001 0.312 6 0.014 0.510 6 0.014

Figure 5
Schematic of heterodimer subunit exchange experiments to determine
whether the signal from an arabinose binding pocket is transmitted to

the trans or the cis linker, or to both. Sufficient excess of the nonlabeled

dimerization domain must be added that at equilibrium the amount of
labeled homodimer is negligible.
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unlabeled subunit capable of binding arabinose is added.

This, together with the data shown in panel B show that

all the signal for decreasing anisotropy is transmitted

from the trans subunit, none is transmitted from the cis

subunit, and that signal transmission is independent of

the arabinose binding status of the other subunit. This

experiment also provides the half-time of subunit

exchange, which under these conditions, is seen to be

about 60 min, similar to that measured for a mutant of

full length AraC.5

DISCUSSION

In the genetics experiments reported here we find that

normal functioning of AraC protein is possible despite

substantial change in the sequence of its interdomain

linker–as long as a proline residue is not substituted.

When a proline reside is substituted for one of the first

six linker residues, the protein becomes less capable of

repressing. As proline is a strong helix breaker, this data

hint that reduction of repression ability results from a

reduction in the helical propensity of the linker region. It

is, however, possible that the introduction of a proline

residue destabilizes some other relatively rigid structure.

Two additional factors are also suggestive of a helical

linker. Immediately preceding the linker is an a-helix by

which the protein dimerizes, and thus a helical state of

the linker merely would extend the dimerization helix

from 20 to as many as 26 residues. Second, in the crystal

structures of apo dimerization domain, 1XJA, this helix

extends an average of three residues further than in the

crystal structures of the arabinose-bound dimerization

domain, 2ARC.6,21

A shift in the interdomain linker of AraC from a stiff

to a flexible state, whether or not it is a result of a helix-

coil transition, could enable the protein to shift from

forming a DNA loop by binding to the well separated

ara I1 and O2 DNA half sites in the absence of arabinose

to binding to the adjacent I1 and I2 half sites and induc-

ing transcription in the presence of arabinose. To exam-

ine arabinose-induced tumbling or environmental

changes at the end of the interdomain linker, we conju-

gated the fluorescent molecule IAEDANS to the end of

the linker and monitored fluorescence anisotropy

changes. We observed with AraC protein deleted of the

DNA binding domain and consisting of dimerization

domain plus linker that the fluorescence anisotropy

decreases upon the addition of arabinose. Because time-

resolved measurements showed that the excited-state life-

time of the IAEDANS had not been lengthened, but in

fact, had been slightly shortened, the anisotropy decrease

results from increased tumbling of the fluorophore. The

tumbling mode with the shortest time constant, (Table

II) most likely represents motion of the fluorophore

independent of the linker arm to which it is attached. As

its amplitude is not increased by arabinose addition, we

suggest that the arabinose-induced decrease in anisotropy

results from an increase in the flexibility of the linker.

We emphasize, however, that the experimental data are

changes in anisotropy, and that while plausible, changes

in the flexibility of the linker have not rigorously been

demonstrated by these experiments.

Further experiments utilizing fluorescent-labeled and

unlabeled dimerization domain capable and incapable of

binding arabinose, showed that the binding of arabinose

to one subunit alters the anisotropy of a fluorophore on

Figure 6
(A) Arabinose, to a concentration of 40 mM was added at 21 min to 0.48 lM H80A, incapable of binding arabinose, M175C-IAEDANS dimeriza-

tion domain. At 40 min, a 310 molar excess of unlabeled Y31V dimerization domain was added. (B) Arabinose, to a concentration of 40 mM was
added at 20 min to 0.53 lM M175C-IAEDANS dimerization domain. At 40 min, a 310 molar excess of unlabeled H80A dimerization domain was

added.
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only the other subunit. This is plausible physically

because the arabinose binding pocket and N-terminal

arm of one subunit are physically adjacent to the linker

of the other subunit. We call this a trans regulation. Its

existence indicates that a specific communication path-

way exists between an arabinose binding pocket and the

trans linker. This is in contrast to a global communica-

tion mechanism in which the binding of one arabinose

molecule affects both subunits of the dimerization

domain as a whole, and hence affects both linkers. The

binding of one molecule of arabinose affecting the prop-

erties of only one linker would be consistent with two

previously determined properties of AraC. First, that

there is no detectable cooperativity or anti-cooperativity

in the binding of arabinose to full length AraC or the

dimerization domain,21 and second, that the energetic

effect on DNA binding of the binding of the first arabi-

nose molecule is equal to the energetic effect of the sec-

ond molecule.5,21

A number of control experiments support the basic

findings. The fluorescence anisotropy of labeled linker is

decreased by the arabinose, which binds to the dimeriza-

tion domain of AraC, but not by other sugars that do

not bind. The anisotropy change is a result of increased

tumbling, and is not a result of a longer fluorescence

lifetime of the IAEDANS. The fluorescence anisotropy of

IAEDANS conjugated to a cysteine substitution at posi-

tion 63 in the core of dimerization domain is not

decreased by the binding of arabinose. Finally, the anisot-

ropy of the linker-labeled dimerization domain does not

show an arabinose response if the arabinose binding

pocket of the protein has been mutated so that the pro-

tein does not bind arabinose.

It is unlikely that arabinose-dependent adventitious

interactions between the conjugated IAEDANS and some

part of the protein generated anomalous results. An

interaction that altered the allosteric response of the pro-

tein would, of thermodynamic necessity,57 have altered

the affinity of arabinose binding. Conjugated IAEDANS,

however, did not detectably alter the affinity of arabinose

binding. Also, as noted earlier, the dynamics, as reflected

in the amplitudes of the extracted anisotropy decay

modes, do not support this interpretation.

While anisotropy studies on full-length AraC are of

considerable interest, attempting such measurements is

not sensible at present for several reasons. First, as men-

tioned in the introduction, AraC is of limited solubility

and many mutants cannot be purified at all. Second,

changes in the tumbling frequency of the DNA binding

domain would be expected to be much less than changes

in the tumbling frequency at the end of the interdomain

linker without an attached DNA binding domain. Third,

in the DNA-bound, plus arabinose state, the DNA bind-

ing domains cannot be symmetrically disposed, and

hence two additional sets of tumbling modes are likely

to be present.

A variety of previously published experiments have led

to the suggestion that in the absence of arabinose, the

DNA binding domains of AraC are held in orientations

that restrict the protein’s ability to bind to direct repeat

DNA half-sites, that in the presence of arabinose, this

restriction is reduced, and the protein can then bind

tightly both the direct and inverted repeat DNA half-

sites.14,18 Despite much study, precisely how the change

in DNA binding domain “adaptability” is generated has

not been ascertained. The linker experiments described

here are consistent with the idea that at least part of the

arabinose-induced transition in AraC may lie in the

inter-domain linker itself and that control of the posi-

tioning of the DNA binding domains is exerted on the

linkers themselves and does not depend on the presence

of the DNA binding domains. Although the N-terminal

arm of AraC is involved, how it participates in this tran-

sition is not yet determined.

Ligand-responsive DNA binding proteins like tran-

scription factors face a challenging problem generated by

the fact that specificity for binding of the regulatory

ligand normally resides in a domain separate from that

responsible for binding to a specific sequence of DNA.

How then can information about the status of the ligand

binding site be transmitted to a DNA binding domain(s)

to change the DNA binding affinity of the protein? In

the three proteins that have been studied most exten-

sively, AraC, LacI, and CAP, DNA binding affinity has

been found to be modulated by controlling the relative

positions and/or orientations of the DNA binding

domains.57,58 In the cases of LacI and CAP, the binding

or release of a small molecule ligand controls a helix-coil

transition of a portion of the protein,38–41 and it is the

rigidity-flexibility or structural integrity of this portion

of the protein that plays a major role in controlling the

positioning of the protein’s DNA binding domains.

Helix-coil transitions also appear to play a role in con-

trolling the binding of TetR, the tet repressor.5,21,42–44

Thus, the suggestion that arabinose controls the apparent

flexibility of the inter-domain linker of AraC, and may

do so via a helix-coil transition has precedence.

The involvement of inter-domain linkers in interac-

tions relevant to activity has been examined in a number

of other proteins. In IF3,45 CytR,46,47 RhaR, and

RhaS,48 existing data suggest that the inter-domain

linker functions merely as a connector. It should be

noted, however, that in these proteins extensive genetic

and physical experiments have not yet been performed,

and it is possible, just as it was in the case of AraC, that

deeper analysis will reveal the existence of critical inter-

actions between the linker and the rest of the protein.

For still other proteins, Oct4,49 DnaK,50 and Hsp7051

evidence has been found indicating that the linker inter-

acts with something else, either a domain of the protein,

or another protein. Finally, for a number of proteins

XylR,52 glucose transporter,53 H-NS,54 OmpR and
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PhoB,55 and CheA,56 alterations in the linker have been

found that appreciably alter the activity of the protein by

altering domain-domain interactions.

In summary, the functioning of AraC appears to be

largely unaffected by many mutations in the inter-

domain linker—unless the mutation inserts a proline res-

idue. In these cases, the ability of AraC to repress activity

of pBAD is impaired. Fluorescence anisotropy experiments

on dimerization domain plus linker with IAEDANS con-

jugated to the end of the linker show that the binding of

arabinose to one dimerization domain specifically

increases the tumbling of the fluorophore on the other

dimerization domain. It is possible that the increased

tumbling seen in the various experiments presented in

this article represents increased flexibility in the linker,

which possibly could result from decreased propensity of

the linker to be in a helical state. However, such a con-

jecture remains to be proven.
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