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Abstract: The AraC regulatory protein of the Escherichia coli ara operon has been engineered to activate
transcription in response to D-arabinose and not in response to its native effector L-arabinose. Two different
AraC mutant libraries, each with four randomized binding pocket residues, were subjected to FACS-mediated
dual screening using a GFP reporter. Both libraries yielded mutants with the desired switch in effector
specificity, and one mutant we describe maintains tight repression in the absence of effector. The presence
of 100 mM L-arabinose does not influence the response of the reported mutants to D-arabinose, and the
mutants are not induced by other sugars tested (D-xylose, D-fucose, D-lyxose). Co-expression of the FucP
transporter in E. coli enabled induction by D-arabinose in the 0.1 mM range. Our results demonstrate the
power of dual screening for altering AraC inducer specificity and represent steps toward the design of
customized in vivo molecular reporters and gene switches for metabolic engineering.

Introduction

Engineered regulatory proteins which control transcription
in response to non-native small molecule stimuli find use as
gene switches in a wide range of applications including gene
therapy, metabolic engineering, biosensing, and environmental
remediation.1–7 Several bacterial regulatory proteins have been
engineered to respond to novel small molecules, as reviewed
by Galvao et al.3 Mutations that alter molecular recognition in
proteins generally result in mutants with relaxed specificity,2,3,8–12

so specificity must be intentionally retained (or screened for)
during the design process.13–15 Whereas other popular bacterial
transcriptional regulatory proteins only repress (e.g., LacI and TetR) or activate (e.g., LuxR) gene expression from their

cognate promoters, the AraC protein of the Escherichia coli
ara operon functions as a dual regulator, repressing transcription
in the absence of effector (L-arabinose) and activating transcrip-
tion in the presence of L-arabinose.16 The resulting stringent
control over gene expression and high induction ratios are
attractive features for biotechnological applications.17,18

Schleif and co-workers have characterized AraC and the
mechanisms of ara operon regulation and proposed the “light-
switch” mechanism depicted in Figure 1.19 In the absence of
L-arabinose, the DNA-binding domains (DBDs) of an AraC
dimer bind the I1 and O2 half-sites (separated by 210 bases),
repressing transcription through the formation of a DNA loop
upstream of the PBAD promoter. Upon binding L-arabinose, the
dimer changes conformation such that the DBDs bind the
adjacent I1 and I2 half-sites, resulting in transcriptional activa-
tion via interactions with RNA polymerase at PBAD. Induction
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Figure 1. Mechanism of dual regulation by AraC at the PBAD promoter,
adapted from Schleif.19 I1, I2, and O2 represent DNA binding half-sites
for the AraC DBDs. CRP is a coactivator (requiring cAMP) and RNA pol
represents RNA polymerase.
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of the ara operon is specific to L-arabinose: structurally and
chemically similar sugars such as D-xylose, D-arabinose, and
D-fucose (6-deoxy-D-galactose) fail to act as wild-type AraC
effectors.20 Numerous studies point to critical interactions
between an N-terminal AraC arm and the C-terminal DBD in
the absence of inducer, and between the arm and ligand binding
pocket in the presence of L-arabinose.21–26 N-terminal point
mutations that confer constitutivity or uninducibility are
common,22,23,27 and weakened interactions with the C-terminal
domain result in induction by both L-arabinose and D-fucose.26

The dual regulatory properties of AraC therefore rely on a
sensitive switch between two conformations and tailored
interactions with the effector.

Challenges in the generation of useful AraC variants that
respond to different small molecules lie in retention of repress-
ibility and specificity. We sought AraC mutants that are
insensitive to L-arabinose and instead induce PBAD specifically
in response to the rarer isomer D-arabinose, and repress
transcription in the absence of the effector. Saturation mutagen-
esis in the AraC ligand binding pocket coupled with FACS-
based dual screening yielded multiple mutants with the desired
change in specificity. Here we report the detailed in ViVo
characterization of two such mutants. Regulatory proteins that
respond to rare sugars could serve as reporters in the design of
enzymes or metabolic pathways that synthesize these com-
pounds.28 A D-arabinose-inducible AraC analogue can also
replace the native protein in PBAD-based gene expression systems
for use in strains that consume L-arabinose and when L-arabinose
is present as a component of a natural sugar mixture (e.g., in
hemicellulosic hydrolysates).

Materials and Methods

Plasmid Construction. Plasmid maps and a cloning diagram
are given in Figure S1 of Supporting Information. Primer
sequences are listed in Table S1 of Supporting Information.
AraC and AraC mutants were expressed from plasmid pPCC423
(AprR, pBR322 origin). Plasmid construction was as follows:
araC was amplified from E. coli K-12 strain W3110 using
primers araC-K12-for and araC-K12-rev, and the PCR product
was “TOPO cloned” into vector pCR2.1-TOPO (Invitrogen),
resulting in plasmid pPCC400. The cloned araC gene (se-
quenced to verify no mutations) was isolated from pPCC400
by enzyme digestion at the NdeI (5′) and KpnI (3′) restriction
sites and subsequently ligated into vector pFLAG-CTC (Sigma-
Aldrich Co.), resulting in plasmid pPCC402 (gene expression
is controlled by a tac promoter and a Shine Dalgarno RBS
sequence upstream of the multiple cloning site that includes
NdeI at the start codon). The bla gene (ampicillin resistance
marker) in pPCC402 was next replaced with the aac gene
expressing apramycin resistance, resulting in plasmid pPCC416A.
To facilitate AraC N-terminal domain mutant library construc-

tion, silent mutations were made in the araC sequence at base
positions 187 and 542, resulting in addition of EcoRI and
HindIII restriction sites. The resulting plasmid pPCC423 was
used for library construction.

Reporter plasmid pPCC442 was used for AraC library
screening and wild-type (WT) and mutant characterization. The
regulatory region of the native araBAD operon includes
promoter PC, controlling AraC expression opposite of PBAD, as
shown in Figure S1 (Supporting Information). The O2 half-site
lies between the araC reading frame and the PC promoter. AraC
expression from this control region is autoregulated in a complex
fashion.16 To achieve uniform AraC expression levels among
mutants, we chose the dual plasmid approach, with AraC
expressed independent of the ara operon (from plasmid
pPCC423). As depicted in Figure S1 (Supporting Information),
the araC open reading frame was removed from plasmid pBAD-
GFPuv (Clontech)29 (derived from the pBAD plasmid series)17

by PCR amplification of the entire plasmid (minus araC) using
primers that flank either end of araC (pbad-GFPfor and pbad-
GFPrev). The PCR product was digested with BglII and self-
ligated to form plasmid pPCC438, containing reporter construct
“O2-PBAD-gfpuV”. pPCC438 was next digested with KpnI, and
the PBAD-gfpuV fragment was ligated into high-copy RSF1030-
derivative cloning vector pDHC2930 resulting in plasmid
pPCC442. pPCC423 and pPCC442 are compatible E. coli
vectors. As shown in Figure S2 (Supporting Information), the
dual plasmid system with WT AraC (expressed from pPCC423)
transformed into strain HF19 gives a fluorescence response to
L-arabinose that is nearly identical to that with the single pBAD-
GFPuv plasmid (repression and activation by AraC are con-
served, and the apparent affinity for L-arabinose is unchanged).

Deletion of the O2 Site of PBAD. Reporter plasmid pPCC446
is identical to pPCC442 except the O2 half-site (sequence
GAAACCAATTGTCCATA, as reported by Seabold and
Schleif)31 has been deleted. To accomplish this, pPCC442 was
PCR-amplified with primers O2-del-for and O2-del-rev. These
primers flank the O2 half-site such that the entire pPCC442
plasmid except for the O2 site is amplified. The product was
digested with AflII and self-ligated, resulting in pPCC446.

Strain Construction. Strain HF19 was constructed by deleting
the araC gene from E. coli strain BW27786.32 The araC deletion
was accomplished via P1 phage transduction using a phage
library of strain JW0063 genomic DNA (araC is replaced by
the FRT-kan-FRT sequence in JW0063).33 The correct genotype
of a kanamycin-resistant phage transductant was verified using
PCR, and the FRT-flanked kan gene was subsequently removed
using Flipase-mediated recombination as described.34 The
resulting strain HF19 was used in library screening and analysis
of AraC mutants.

Strain HF24 was derived from HF19 by deleting the E. coli
fucPIKUR operon and integrating the fucP permease gene under
control of a tac promoter. The fucPIKUR operon is responsible
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for L-fucose metabolism in E. coli K-12, and these genes
contribute to D-arabinose metabolism in E. coli mutants capable
of growing on this substrate.35 The operon was deleted using
lambda Red technology, following a standard protocol34 with
primers fucP-KO-for and fucP-KO-rev. The resulting strain is
HF23. Chromosomal integration of fucP was accomplished
using the CRIM method.36 fucP was cloned from BW27786
using primers fucP-for and fucP-rev. The PCR product was
digested with NdeI and BamHI and ligated into CRIM plasmid
pAH55, yielding a construct in which fucP is under control of
a tac promoter, adjacent to the kan resistance gene, and flanked
by regions homologous to the E. coli λ integration site. This
construct was integrated into the HF23 chromosome using helper
plasmid pINT-ts as described36 and integration was verified by
PCR.

Library Construction. Overlap extension PCR37 was per-
formed for AraC saturation library construction as follows:

1. Saturation Library 1 (“Lib1”). Three parallel PCR reac-
tions were performed to amplify three araC segments (L1A,
L1B, L1C) using the following three sets of primers: araC-P8-
for and araC-T24-rev; araC-comp-T24-for and araC-H80-Y82-
rev; and wt-for-III and araC-rev-4. The first two amplified
segments above correspond to site saturation at residue positions
8, 24, 80, and 82.

2. Saturation Library 2 (“Lib2”). Three parallel PCR reac-
tions were performed to amplify three araC segments (L2A,
L2B, L2C) using the following three sets of primers: araC-
for-I and araC-T24-rev; araC-comp-T24-for and araC-H80-
rev; and wt-for-III and araC-rev-4, respectively. The first two
segments above correspond to site saturation at residue positions
8, 15, 24, and 80.

PCR products were gel-purified and equimolar aliquots of
every pair of adjacent DNA fragments (1.6 nmol each) were
combined (L1A + L1B and L1B + L1C; L2A + L2B and L2B
+ L2C) and PCR-assembled without primers. These assemblies
resulted in PCR products L1AB and L1BC (for Lib1) and L2AB
and L2BC (for Lib2). The two fragments for each respective
library were PCR-assembled. Finally, outer primers wt-for-I and
araC-rev-4 were added to each assembly reaction and the
products were PCR-amplified.

Gene libraries were ligated into pPCC423 after digestion with
NdeI and HindIII. Ligation products were transformed into E.
coli DH10B (2 × 106 unique transformants were recovered from
each library), and the plasmid library was prepared after
amplification in the presence of antibiotic. Ten randomly picked
clones from each library were sequenced, and these sequences
revealed the expected random mutations at the targeted nucle-
otide positions, with no additional point mutations.

3. Error-Prone PCR Library. A third AraC library composed
of random point mutations in the N-terminal (ligand binding)
domain was generated using error-prone PCR.38 Primers arac-
for1 and araC-rev-4 were used to amplify the AraC fragment
from pPCC423 (used as template), and PCR was carried out
using GeneChoice Taq polymerase. Seven randomly picked
clones from this library were sequenced and contained an
average of 3.8 nucleotide mutations per clone.

Fluorescence-Based Positive and Negative Screening. Strain
HF19 does not express a D-arabinose transporter, so to ensure
sufficient transport of this sugar (via nonspecific uptake by other
transporters) screening was performed in the presence of 100
mM D-arabinose. AraC plasmid libraries were transformed into
HF19 carrying reporter plasmid pPCC442 (2.5 × 108 transfor-
mants). Cells were prepared for screening by preculturing
overnight in LB medium containing chloramphenicol and
apramycin and 0.4 mM IPTG, followed by dilution to OD600 )
0.2 in the same medium containing appropriate inducer. Induced
cells were then grown for 15 h. Fluorescence-activated cell-
sorting (FACS) was performed on an inFlux V-GS Cytometry
Workbench (Cytopeia) using Spigot software. Fluorescence was
excited at 488 nm, and emission was collected using a 531/40
nm filter. In the first round of screening, the most fluorescent
104 cells were sorted from a total of 107 cells (i.e., the top 0.1%
were selected). Flow cytometry analysis was performed on an
FC500 flow cytometer (Beckman-Coulter). Flow cytometry of
libraries resulting from the first round of positive screening
revealed two subpopulations of cells: a majority were highly
fluorescent in the absence of any inducer (constitutive or
nonspecific phenotypes) and a smaller fraction were significantly
less fluorescent in the absence of D-arabinose. The low-
fluorescent cells were collected and subjected to another negative
screen in the presence of L-arabinose (10 mM) to eliminate
clones that were still induced by this isomer. This procedure
was repeated in a second round of positive and negative FACS
screening except the top 1% of cells were selected in the positive
screen, yielding at most 100 different mutants induced by
D-arabinose and not by L-arabinose. Ten clones from each library
were selected for rescreening. The mutations identified in the
five most highly induced clones are provided in the Supporting
Information.

GFP Expression Fluorescence Assays. Cells (HF19 or HF24)
harboring reporter plasmid (pPCC442) and AraC expression
plasmid (pPCC423) were grown overnight in LB medium
containing chloramphenicol and apramycin and 0.4 mM IPTG,
then diluted to OD600 ) 0.01 in the same medium containing
an appropriate concentration of inducer, and allowed to grow
under inducing conditions for 10 h. A total of 100 µL of culture
was centrifuged, and the cells were washed with 10 mM
potassium phosphate buffer (pH 7.5) and resuspended in 200
µL of the same buffer. The cell suspension optical density
(OD600) was measured with a SPECTRAmax microplate spec-
trophotometer (Molecular Devices Corporation), and fluores-
cence emission was measured with a GENios FL fluorescence
spectrometer (Tecan Austria GmbH) (360 nm excitation filter,
536/50 nm emission filter). The data were normalized with
respect to optical density (OD600). The background fluorescence
due to buffer served as the blank in all measurements. All
reported data represent the mean of at least three independent
data points. Error bars in Figure 3 represent standard deviations.
The coefficient of variation (CV) for data reported in Table 1
was always less than 15% and less than 10% for most reported
values.

Results and Discussion

The relative orientations of hydroxyl groups in R- and �-D-
arabinopyranose differ significantly from those in R-L-ara-
binopyranose (the anomer bound by WT AraC25) (Figure 2a),
making it difficult to rationally design D-arabinose binding in
AraC via specific point mutations. Analysis of the binding
pocket of wild-type AraC (“WT”) in complex with L-arabinose

(35) LeBlanc, D. J.; Mortlock, R. P. J. Bacteriol. 1971, 106, 90–96.
(36) Haldimann, A.; Wanner, B. L. J. Bacteriol. 2001, 183, 6384–6393.
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Biotechnol. 2005, 68, 774–778.
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(depicted in Figure 2b) combined with mechanistic insights
provided by Schleif’s studies and results from a previous
computational AraC design study39 resulted in the choice of
two sets of binding pocket residues to target for saturation
mutagenesis. To ensure exhaustive library cloning and FACS
screening, a targeted library size of ∼106 mutants (at the
nucleotide level) was chosen, corresponding to the simultaneous
saturation of four different residue positions. One library (Lib1)
consisted of all possible mutations at positions Pro8, Thr24,
His80, and Tyr82, while residues Pro8, Phe15, Thr24, and His80
were randomized in the second library (Lib2).

araC gene libraries were expressed in E. coli strain HF19
(∆araC, ∆araBAD, ∆araFGH) harboring a PBAD-GFP reporter
plasmid and FACS-screened for high fluorescence in the
presence of D-arabinose and low fluorescence in the absence of
inducer or in the presence of L-arabinose (107 clones were
screened per library). Neither sugar was metabolized by strains
used in this study. Following two rounds of dual screening, five
clones from each saturation mutagenesis library were selected
for more detailed analysis. Mutants from Lib1 showed elevated

basal expression of GFP in the absence of inducer and also
higher total expression upon full induction, compared to Lib2
mutants. Two out of five variants from Lib1 carried identical
mutations (mutant “Mut1”: P8R, T24D, H80L, Y82Q), while
the other three sequences showed similar mutations (Supporting
Information). Sequencing the five variants from Lib2 revealed
two different mutants: “Mut2” (P8G, F15W, T24P, H80A) and
“Mut3” (P8W, F15F, T24R, H80H).

A similar number of mutants (∼107) from a third library
consisting of random point mutations in the AraC N-terminal
domain was also subjected to dual FACS-based screening. While
the random point mutation library also yielded variants respon-
sive to D-arabinose and not L-arabinose, none of the recovered
clones conferred inducibility to the same extent as Mut1 or Mut2
(the maximum fluorescence of fully induced cells was at least
2-fold lower). These mutants were not further characterized in
this study. Note, however, that starting from any of the improved
mutants as the parent gene, further rounds of random mutagen-
esis and screening are likely to yield variants with further
improvements in D-arabinose sensitivity and/or reduced basal
expression.

Here we present results for Mut1- and Mut2-controlled GFP
expression (measured as whole-cell fluorescence) from PBAD

under various induction conditions. Table 1 reports the normal-
ized fluorescence values for HF19 cells harboring reporter
plasmid and expressing WT, Mut1, or Mut2, following incuba-
tion with various concentrations of effector. Whereas cells
expressing WT AraC are fully induced in 10 mM L-arabinose,

(39) Fazelinia, H.; Cirino, P. C.; Maranas, C. D. Biophys. J. 2007, 92, 2120–
2130.

Figure 2. (a) Structures of R-L-arabinose and R- and �-D-arabinose. (b)
Crystal structure of wild-type AraC binding pocket in complex with
L-arabinose (LA).25 Included are residues that play important roles in ligand
binding. Water molecules are shown as spheres.

Table 1. Fluorescence of Strain HF19 Harboring PBAD-GFP
Reporter Plasmids and Expressing WT, Mut1, or Mut2, in the
Presence of the Indicated Concentration of Effectora

WT Mut1 Mut2

no effector 170 2200 270
∆O2, no effector 470 2800 930
100 mM D-arabinose 210 37000 16000
10 mM L-arabinose 66000 2600 310
100 mM L-arabinose 58000 2500 340
10 mM D-xylose (∆xylA) 340 2500 450
100 mM D-xylose (∆xylA) 360 2700 490
100 mM D-fucose 200 2500 350
100 mM D-lyxose 880 2900 340

a Values represent total cell suspension fluorescence normalized with
respect to cell optical density (no correction for background
fluorescence). All cells were induced for 10 h. Fluorescence of control
cells not harboring GFP reporter plasmids is ∼140. ∆O2 represents cells
carrying reporter plasmid with deleted O2 half-site. Strain HF25 (HF19,
∆xylA) cannot metabolize xylose and was used for measuring induction
by D-xylose.

Figure 3. Relative GFP expression from strains (HF19 or HF24) co-
expressing Mut1 (a), or Mut2 (b), reported as a function of D-arabinose
(DA) or L-arabinose (LA) concentration. The response curve for WT AraC
is included for reference. Strain HF24 constitutively expresses the FucP
transporter to mediate D-arabinose uptake. Data represent cell suspension
fluorescence normalized w.r.t. cell density, corrected by subtracting
background fluorescence in the absence of inducer (constitutivity is therefore
not portrayed) and divided by the fluorescence value under the corresponding
saturating condition.
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and are not responsive to 100 mM D-arabinose, both Mut1 and
Mut2 are induced in 100 mM D-arabinose and not in 10 mM or
100 mM L-arabinose. A high level of basal expression is evident
for Mut1 (>10-fold higher background fluorescence relative to
WT). Mut2 shows low basal expression (similar to WT) that is
not elevated in the presence of L-arabinose, and a maximum
induction response to D-arabinose that is ∼25% of the maximum
WT response to L-arabinose.

The dual selection employed here only guards against
constitutivity and induction by L-arabinose. Therefore, it was
possible that Mut1 or Mut2 are actually mutants with relaxed
substrate specificity, with the exception of L-arabinose. The
induction response in the presence of other sugars was therefore
also studied. Of primary importance is the growth substrate
D-xylose. To prevent D-xylose metabolism during the induction
study (resulting in sugar depletion and acid secretion), the xylA
gene encoding xylose isomerase was first deleted from HF19
(resulting in strain HF25). Table 1 shows that neither 10 mM
nor 100 mM D-xylose significantly induces Mut1 or Mut2 (note
that xylose induces the expression of xylose transporters in E.
coli, and xylose transport is saturated above 1 mM40). D-Fucose
and the pentose D-lyxose were also tested, and 100 mM
concentrations of these sugars did not significantly induce either
mutant (Table 1). While it is likely that some compounds other
than D-arabinose can act as inducers of Mut1 and Mut2, these
results indicate that the mutants are not nonspecifically induced
by monosaccharides other than L-arabinose.

To study the role of DNA looping via interactions with the
O2 half-site upstream of PBAD, we constructed a variant of the
GFP reporter plasmid in which the O2 half-site has been
removed. As shown in Table 1 (labeled “∆O2”), the increase
in background fluorescence as a result of the O2 deletion is
similar with all three proteins. The relative increase in basal
expression from PBAD as a result of deleting O2 is comparable
to that previously reported for WT AraC.31 The similarity in
response between WT and Mut2 suggests that Mut2 retains
interactions with O2. The increase in basal expression with the
O2 deletion for both WT and Mut2 does not approach that
observed for Mut1 in the presence of O2, suggesting that the
high basal expression observed with Mut1 is not strictly due to
a loss of contacts with O2. Rather, Mut1 may slightly activate
transcription in spite of DNA looping, or in the absence of
effector, this mutant may alternate between a conformation that
interacts with O2 and an activating conformation, resulting in
net elevated transcription. Studies are in progress to better
characterize the repression and activation properties of Mut1
and Mut2.

Figure 3 depicts relative GFP expression levels for cells
expressing Mut1 (Figure 3a) or Mut2 (Figure 3b) as a function
of L- or D-arabinose concentration, with the response curve for
WT AraC included for reference. The half-maximal induction
response for cells expressing WT AraC occurs near 10 µM
L-arabinose. In contrast, HF19 expressing Mut1 or Mut2 reaches
half-maximum induction at ∼20 mM D-arabinose. Whereas
HF19 constitutively expresses an L-arabinose symporter
(AraE),32 this strain does not express a D-arabinose-specific
transporter. We reasoned that poor uptake of D-arabinose was
partly responsible for the low apparent affinity for this effector

and therefore constructed strain HF24, which constitutively
expresses the FucP permease, known to mediate D-arabinose
uptake.41 When HF24 is used, half-maximal induction for Mut1
(0.23 mM) and Mut2 (1.0 mM) occurs in D-arabinose concen-
trations 1 to 2 orders of magnitude lower than those observed
with HF19.

While the data in Table 1 demonstrates that L-arabinose does
not induce Mut1 or Mut2, it does not indicate whether these
mutants still bind L-arabinose, in which case L-arabinose would
competitively inhibit induction by D-arabinose. (This would
resemble the binding of WT AraC to D-fucose, which does not
act as an inducer but inhibits induction by L-arabinose.42) This
is particularly important if D-arabinose is to induce expression
in cells growing on media containing L-arabinose. We therefore
tested the influence of L-arabinose on the induction response of
Mut1 and Mut2 to D-arabinose. As shown in Figure 3, 100 mM
L-arabinose has essentially no impact on the GFP expression
profiles for both strains HF19 and HF24, indicating that
L-arabinose does not competitively inhibit D-arabinose binding.

Conclusion

The AraC mutants described here allow D-arabinose-inducible
gene expression from the PBAD promoter. These proteins (or
similar analogues) can replace WT AraC for regulating expres-
sion from PBAD during growth on substrates containing D-xylose
and L-arabinose. Expression of the FucP transporter enables the
use of “practical” in-culture concentrations of D-arabinose as
inducer. While sugars other than L-arabinose also did not
significantly induce Mut1 or Mut2 in these studies, multiple
decoy ligands could easily be included during future negative
screening, to ensure that particular specificities are achieved.
Random mutagenesis could additionally fine-tune specific
properties of AraC variants, such as reducing leaky expression
from Mut1 or eliminating the weak response to D-xylose.

These results demonstrate the power of dual screening for
altering AraC inducer specificity, and represent steps toward
the development of orthogonal AraC-promoter pairs. Given
the significant difference in orientation of hydroxyl groups
between L-arabinose and D-arabinose, it should be possible to
engineer a variety of customized AraC mutants that are induced
by specific monosaccharides, and perhaps other small molecules.
The natural coupling between molecular recognition and
transcriptional activation ensured by this design process makes
regulatory proteins such as AraC ideal targets as molecular
reporters that can be implemented in ViVo for the design of
microbes and enzymes that overproduce effectors of interest.
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