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Abstract

araC pBAD is a genetic fragment that regulates the expression of the araBAD operon in bacteria, which is required for the metabolism
of L-arabinose. It is widely used in bioengineering applications because it can drive regulatable and titratable expression of genes and
genetic pathways in microbial cell factories. A notable limitation of araC pBAD is that it generates a low signal when induced with high
concentrations of L-arabinose (the maximum ON state). Herein we have amplified the maximum ON state of araC pBAD by coupling it
to a synthetically evolved translation initiation region (TIREVPL). The coupling maintains regulatable and titratable expression from araC
pBAD and yet increases the maximal ON state by >5-fold. The general principle demonstrated in the study can be applied to amplify
the signal from similar genetic modules.
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1. Introduction gene expression (1). They are widely used in bioengineering for

Genetic sensor modules are cellular components that confer — expressing recombinant proteins, manipulating metabolic path-
the ability to detect small molecules and respond by regulating ~ ways and assembling synthetic genetic circuits (2-5). Genetic
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sensors typically contain an input device, such as an allosteric
transcriptional regulator that binds small molecules, metabolites
or high-value chemicals. They also contain an output device,
such as a promoter that provides a readout such as transcrip-
tion of a gene encoding a fluorescent protein, enzyme or antibiotic
selection marker. The transcribed messenger RNA (mRNA) is sub-
sequently translated by the cell, allowing easy detection (4). The
performance of genetic sensor modules is assessed by titrating a
small molecule and monitoring the response. The resulting dose—
response curve can be used to calculate important parameters
that define performance, such as ON/OFF states, dynamic range,
operational range and sensitivity (5). Dynamic range is the dif-
ference between maximal (ON) and minimal (OFF) values of the
reporter gene output. Operational range is the range of input val-
ues (i.e. concentration of small molecule) for which the sensor
shows a change in output. And sensitivity is the concentration of
small molecule at which the sensor is 50% activated.

Genetic sensor modules derived from nature do not always pos-
sess the performance parameters sought for bioengineering appli-
cations, such as a broad operational or dynamic range. Strategies
to improve or modify biosensors or their downstream response
are therefore highly sought after. Proven strategies include mod-
ifications to the input device, such as site-specific mutations
in the allosteric transcriptional regulator to increase sensitivity,
decrease cross-talk and even change the input sensed (6-9). Fur-
thermore, modifications to the output device, such as nucleotide
mutations in the promoter, operator or translational initiation
region (TIR) can amplify the signal from the output module
(10-14). Output signal amplification is also possible by increasing
the copy number of the sensor (15) or upregulating the expression
level of the allosteric transcriptional regulator (16).

araC pBAD from Escherichia coli is one of the more widely used
genetic sensor modules in bioengineering. It contains the pBAD
promoter, which regulates the transcription of the genes required
for the uptake and conversion of L-arabinose to D-xylulose-5-
phosphate (the araBAD operon) (17, 18). It also encodes a tran-
scriptional regulator protein AraC, which negatively regulates the
pBAD promoter in the absence of L-arabinose by binding to distal
I, and O, sites and looping the DNA so that transcription by RNA
polymerase is sterically blocked. In the presence of L-arabinose,
AraC undergoes a conformational change and moves to the I; and
I, sites on the pBAD promoter, allowing the RNA polymerase to
initiate transcription from pBAD. This event also negatively regu-
lates the pC promoter for araC. The araC pBAD module has been
extensively used in bacterial expression plasmids as it allows reg-
ulatable and titratable induction of cloned genes in the presence
of L-arabinose (16, 19, 20). It has also been built into sensor arrays
(16) and biomolecular feedback controllers (21, 22). Moreover, its
functionality has been expanded by evolving the AraC sensor,
making it more sensitive to L-arabinose and insensitive to IPTG
(6) and responsive to D-arabinose (8), mevalonate (9), triacetic
acid lactone (23), ectoine (24) and blue light (25). Even though the
araC pBAD genetic sensor module has been used in a multitude of
applications, it has a major limitation: the maximal ON state is
relatively low compared to other genetic sensors (16, 20, 26).

In this study, we have increased the maximum ON state of
araC pBAD by coupling to a synthetically evolved TIR. The TIR is
the nucleotide sequence recognized by the 30S ribosomal sub-
unit during translation initiation (the first ribosomal ‘footprint’).
It stretches from the Shine-Dalgarno sequence to the fifth codon
of the coding sequence (27) and controls ribosomal recruitment
during translation initiation. This is the rate-limiting step in pro-
tein synthesis (28-31). The synthetically evolved TIR identified in

this study (TIREVPL) is partially embedded in an N-terminal purifi-
cation/detection tag that is part of the downstream output device
and can be used as a standardized genetic element for amplifying
the maximal ON state of araC pBAD in different contexts.

2. Materials and methods
2.1 Molecular cloning

The pBAD/HisB expression plasmid was obtained from Addgene
(plasmid #31931). This plasmid contained the coding sequence
for PAmCherryl downstream of the coding sequence for a poly-
Histidine sequence, the Xpress™ epitope and the enterokinase
protease cleavage site as originally described (32). The coding
sequences for super folder green fluorescent protein (sfGFP) (33),
mNeonGreen (34) and mEos3.2 (35) were obtained from Gen-
script Biotech (Netherlands) (Online Supplement, Supplementary
Table S1). These coding sequences were cloned into pBAD/HisB
using the in vivo DNA assembly method (36) and the E. coli strain
MC1061. The coding sequences were inserted downstream of the
coding sequence for the poly-Histidine sequence, the T7 tag, the
Xpress™ epitope and the enterokinase protease cleavage site, so
that the TIR (either TIRS™ or TIREVOM) was not disturbed.

2.2 Synthetic evolution of the TIR

TIR libraries (TIRMBRARIES) were generated by polymerase chain
reaction (PCR) amplification of the pBAD/HisB-sfGFP expres-
sion plasmid using overlapping primers as previously described
(37-39). For each library, the forward primer incorporated six
degenerate nucleotides on either side of the initiating start codon.
The reverse primer overlapped with the forward primer by 13
nucleotides, allowing the circularization of the PCR product using
the in vivo DNA assembly method (36) in the E. coli strain MC1061.
Primers can be found in the Online Supplement, Supplementary
Table S2. The PCR was carried out using the Q5® High-Fidelity DNA
Polymerase (New England Biolabs) and a program that consisted
of a denaturation step at 95°C for 2min, followed by 30 cycles of
95°C for 45 s, 44-60°C for 45 s (using a gradient thermocycler) and
72°C for 5min and a final elongation step of 68°C for 5min. PCR
products that were successfully amplified at the lowest anneal-
ing temperature with no nonspecific PCR fragments were used for
subsequent steps. A 25 pl aliquot of the PCR was treated with Dpnl
and then transformed into 200 pl of chemically competent E. coli
MC1061 using standard protocols that included a 30-min incuba-
tion on ice, a 1-min heat shock at 42°C and a 60-min recovery at
37°C. The transformation mixture was plated onto Lysogeny Broth
(LB)-agar plates supplemented with 100 ug/ml of ampicillin and
0.1% (w/v) L-arabinose and incubated face down overnight at 37°C.

TIRMBRARIES were screened by selecting 50 colonies that exhib-
ited high levels of fluorescence on a blue-light box (Syngene).
These colonies were further analyzed by growing the bacteria in
liquid culture and quantifying the fluorescence from cell pellets.
Here, overnight cultures were back-diluted (1:100) into 5ml of LB
containing 100 pg/ml of ampicillin in a 5ml 24-well growth plate
and incubated at 37°C with shaking at 180 RPM until an opti-
cal density at 600 nm (ODgq,) of 0.5 was reached. Cultures were
induced by addition of 0.1% (w/v) L-arabinose and then incubated
for 2h at 37°C with shaking at 180 RPM. Following incubation,
the ODgy, was determined, and 1ml of culture was collected by
centrifugation at 3220 x g for 15 min. The medium was removed,
and the pelleted cells were resuspended in 200 pl buffer (50 mM
Tris-HCl pH 8.0, 200 mM Nacl, 15 mM ethylenediaminetetraacetic
acid (EDTA)). The cell suspension was transferred to a 96-well opti-
cal bottom black-wall plate (Thermo Scientific) and incubated at



room temperature for 2 h, enabling sfGFP maturation. Fluores-
cence was determined in a SpectraMax M2e (Molecular Devices)
at an excitation and emission wavelength of 485nm and 513 nm,
respectively.

Expression plasmids were extracted from selected colonies,
and the TIR was sequenced. The mutations identified were engi-
neered back into the original expression plasmid using the method
of Liu and Naismith (40). Briefly, primers contained complemen-
tarity to the template at their 3’ ends and primer—primer com-
plementarity at their 5 ends. A list of primers can be found
in the Online Supplement, Supplementary Table S2. To assist
PCR specificity, primer-template complementarity regions pos-
sessed a melting temperature 10°C higher than the primer—-primer
complemented regions.

2.3 Expression conditions

Coding sequences cloned into pBAD/HisB expression plasmids and
harbored in the MC1061 strain were expressed using two different
protocols. The first protocol was originally described by Guzman
and colleagues (20). In short, overnight cultures were back-diluted
(1:100) into 5ml of LB containing 100 pg/ml of ampicillin and L-
arabinose concentrations ranging from 0% (w/v) to 0.2% (w/v),
in a 5ml 24-well growth plate. The cultures were incubated at
37°C with shaking at 180 RPM for 3 h until an ODgy, between
0.3 and 0.5 was reached. The second protocol is described in the
instruction manual distributed by Thermo Scientific (41). Here,
overnight cultures were back-diluted (1:100) into 5ml of LB con-
taining 100 ug/ml of ampicillin in a 5ml 24-well growth plate and
incubated at 37°C with shaking at 180 RPM until an ODg, between
0.3 and 0.5 was reached. Cultures were then induced by addition
of L-arabinose concentrations ranging from 0% (w/v) to 0.2% (w/v).
Cultures were incubated for an additional 3 h at 37°C with shaking
at 180 RPM.

Activation and repression data, presented in Figure 1, were
collected using a modified version of the protocol described by
Guzman and colleagues (20). Three colonies of MC1061 harbor-
ing pBAD/HisB were grown overnight (i.e. in triplicate), then
back-diluted (1:100) into 5ml of LB and induced with 0.2% (w/v)
L-arabinose for 2 h (i.e. activation) and separately, with 0.2%
(w/v) D-glucose for 2 h (i.e. repression). Thus, activation and
repression data were collected simultaneously from the same
colonies.

Coding sequences cloned into the pET expression plasmids
and harbored in the BL21(DE3) strain were expressed as described
previously (37, 39, 42). Briefly, overnight cultures were back-
diluted (1:100) into Sml of LB containing either 50pg/ml of
kanamycin or 100 pg/ml of ampicillin in a 5ml 24-well growth
plate and incubated at 37°C with shaking at 180 RPM until an
ODygq between 0.3 and 0.5. IPTG was added at a final concentra-
tion of 1mM and cultures were incubated for either 3 or 20h at
37°C.

2.4 Quantification of sfGFP fluorescence

One milliliter of bacterial culture was collected by centrifugation
at 3220 x g for 15 min. The culture medium was removed, and the
pelleted cells were resuspended in 200 ul of buffer (50 mM Tris-HCl
pH 8.0, 200mM NacCl and 15mM EDTA). The cell suspension was
transferred to a 96-well optical bottom black-wall plate (Thermo
Scientific) incubated at room temperature for 3 h, enabling matu-
ration of the sfGFP. Fluorescence was determined in a SpectraMax
M2e (Molecular Devices) at an excitation and emission wavelength
of 485nm and 513 nm, respectively.
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2.5 Microscopy

Images were acquired using a NIKON TiE2 N-STORM v5 micro-
scope equipped with an SR HP Apo TIRF 100 x 1.49 NA oil objective
and integrated PFS4 (perfect focus system) for drift correction.
EPI fluorescence images were acquired using an intensilight C-
HGFIE light source with acquisition times of 2-20ms. The emitted
light was guided through a quad band filter (405:488:561:647)
before being captured using an OCRA-Flash4 v3 sCMOS camera
(Hamamatsu). Note that mEos3.2 was imaged in its green state. To
visualize PAmCherry, it was photo-activated using a 405-nm laser
line operated at ~500mW cm™, and images were acquired using
a 561 nm read-out laser operated at 2kW cm™.

Microscopy data were visualized and quantified in
Fiji/Image]. Plots and statistics were extracted using the webapp
PlotsOfData (43).

3. Results

The pBAD/HisB expression plasmid contains the araC pBAD
genetic module. This module regulates the transcription of an
open reading frame encoding an N-terminal extension consist-
ing of a poly-Histidine purification tag, an Xpress™ epitope for
detection of recombinant proteins and an enterokinase cleav-
age site fused in frame to a gene of interest (Figure 1A). Coding
sequences expressed from pBAD/HisB, therefore, use a standard-
ized genetic module for transcription (araC pBAD) and transla-
tion initiation (herein denoted TIRS™) (Figure 1B). To assess the
performance of these two genetic modules together, the coding
sequence of the sfGFP was cloned into the pBAD/HisB and E. coli
MC1061 cells containing the plasmid were grown in the pres-
ence of either 0.2% (w/v) L-arabinose (‘activation’) or 0.2% (w/v)
D-glucose (‘repression’). As anticipated, sfGFP fluorescence was
detected from whole-cell pellets when L-arabinose was present
in the culture medium (Figure 1C) but not when 0.2% (w/v) D-
glucose was present (Figure 1D). The activation:repression ratio
was calculated to be 43 (Figure 1E).

We reasoned that TIRS™® might not be optimal (since it has
presumably been assembled ad hoc during the construction of
the pBAD/HisB expression plasmid). We, therefore, utilized a syn-
thetic evolution experiment to select a new TIR (37, 38). In the
experiment, a plasmid library containing >16 x 10° theoretical
permutations of the TIR was constructed and then transformed
into MC1061 and plated on LB agar containing 0.1% (w/v) L-
arabinose and 100 ug/ml of ampicillin. Fifty of the most fluorescent
colonies were selected by visualization on a blue-light box and
then a further eight of these were selected by quantification of
whole-cell fluorescence in a spectrophotometer. DNA sequenc-
ing identified seven novel TIR sequences, which differed from
TIRS™ and from each other (Figure 1B). Moreover, the TIRs encoded
different amino acids in the second and third positions of the N-
terminal extension due to allowance of non-synonymous codon
changes in these positions during the synthetic evolution process
(Figure 1B). To assess the performance of the synthetically evolved
TIRs, cells harboring pBAD/HisB-sfGFP were again grown in the
presence of either 0.2% (w/v) L-arabinose (‘activation’) or 0.2%
(w/v) D-glucose (‘repression’). sfGFP fluorescence from whole-
cell pellets confirmed that the average activation was higher
when all seven TIR sequences were used, regardless of whether
it was calculated volumetrically or normalized by the cell density
(Figure 1C). Alternatively, repression was unchanged (Figure 1D).
The activation:repression ratios indicated that all seven evolved
TIRs outperformed TIRSTP (Figure 1E). TIR?? (hereafter referred to
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Figure 1. Performance of the araC pBAD genetic sensor in the pBAD/HisB expression plasmid. (A) Illustration of the pBAD/HisB expression plasmid that
was used in the study. Genes of interest are cloned downstream of a region encoding for a poly-Histidine purification tag, an Xpress™ epitope for
detection of recombinant proteins and an enterokinase cleavage site. Resistance to f3-lactam antibiotics is conferred by the bla gene encoding the
TEM-1 B-lactamase (denoted AmpR). AmpR is harbored on a Tn3.12 fragment (44). (B) The translation initiation region embedded in pBAD/HisB,
denoted TIRSTP, stretches from the Shine-Dalgarmo sequence to the poly-Histidine purification tag. TIRs identified in this study, isolated from individual
colonies, are denoted with a number. The resulting nucleotide changes are marked in bold text and corresponding amino acid changes are denoted.
Note that TIR? was renamed TIREVOL, (C) The efficiency of araC pBAD with various TIRs was calculated by transforming pBAD/HisB into MC1061 and
inducing cells with 0.2% (w/v) L-arabinose for 2 h (i.e. activation). Data are presented as mean + S.D. (n=3). (D) As for (C) except that 0.2% (w/v)
D-glucose was used (i.e. ‘repression’). (E) The activation:repression ratio (i.e. average activation/average repression) of araC pBAD together with various

TIRs was calculated using values obtained in (C) and (D).

as TIREYO!) and TIR?® were chosen for further characterization as
they gave the highest activation:repression ratios (9025 and 1785,
respectively).

We compared the titratability of araC pBAD with TIRST?, TIREVOE
and TIR?® by varying the concentration of L-arabinose and mea-
suring the sfGFP fluorescence. Two induction protocols were
used in these experiments. In the first protocol, based on the
work of Guzman et al. (4), liquid cultures were started in the
presence of varying concentrations of L-arabinose and grown to
mid-exponential phase. sfGFP fluorescence was then quantified

from whole-cell pellets (Figure 2A). At <0.002% (w/v) L-arabinose,
fluorescence was equivalent to the MC1061 strain. At >0.002%
(w/v) L-arabinose, titratable expression of sfGFP was observed
with all three TIRs (Figure 2A). sfGFP fluorescence was 13.5 times
higher when TIREVOL was used and six times when TIR?® was
used (compared to TIRS™P). But since the readings did not plateau
at these concentrations of L-arabinose, performance parameters
such as the maximal ON state sensitivity, dynamic and opera-
tional range could not be calculated. Visualization of cells by fluo-
rescence microscopy confirmed that the increase in fluorescence
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Figure 2. araC pBAD s titratable with different TIRs. (A) MC1061 cells harboring pBAD/HisB-sfGFP with either TIRS'™?, TIREVO: or TIR?® were incubated in
the presence of varying concentrations of L-arabinose and grown to mid-exponential phase as described by Guzman et al. (4). sGFP fluorescence was
then quantified from whole-cell pellets. Data are presented as mean 4 S.D. (n=3). (B) Visualization of cells by fluorescence microscopy. These cells
were induced with 0.2% (w/v) L-arabinose, as described in Panel (A). Scale bars =4 pm. (C) Box and whisker plot of fluorescence values obtained from
individual cells is shown in Panel (B). Values were normalized to TIRS™P. n = 244 for TIRS™?, n= 257 for TIRFY®! and n =226 for TIR?*. Fluorescence
intensity per cell was on average 21.5 times higher when TIREVO: was used and 13.5 times higher when TIR?® was used (i.e. compared to TIRS™P). (D) As
for Panel (A) except that cells were grown to mid-exponential phase before varying concentrations of L-arabinose were added, as per the
manufacturers’ instructions (41). Data are presented as mean + S.D. (n=3). (E) Visualization of cells by fluorescence microscopy. These cells were
induced with 0.2% (w/v) L-arabinose, as described in Panel (D). Scale bars =4 pm. (F) Box and whisker plot of fluorescence values obtained from
individual cells shown in Panel (E) (n =242 for TIRS™®, n =262 for TIREV?! and n=211 for TIR?3). The fluorescence intensity per cell was on average 26.5
times higher when TIREVC! was used and 14 times higher when TIR? was used (compared to TIRS'P). Note in (C) and (F) that raw fluorescence values of
TIREVOL and TIR?® were normalized by the average value of the respective TIRS'™. The edges of the box show S.D., colored mid line is mean and whiskers
indicate the 1-99% interval. Note also that variability in the data was partly caused by the fact that measurements were made on cells that were at

different stages of their cell cycle (which affects cell size and, therefore, total fluorescence).

was in all cells in the population, as expected from previous
work (45, 46) (Figure 2B). Quantification of the fluorescence from
individual cells confirmed that fluorescence was higher when
TIREVOL and TIR? were used.

In the second protocol, based on the manufacturers’ instruc-
tions (41), liquid cultures were grown to mid-exponential
phase before varying concentrations of L-arabinose were added
(Figure 2D). Cells were cultivated for a further 3 h and then
sfGFP fluorescence was quantified from whole-cell pellets. Titrat-
able expression of sfGFP was again observed with all three TIRs
(Figure 2D). The maximal ON state was five times higher for
both TIREFVCL and TIR?? compared to TIRS™P. As a consequence, the
dynamic range of araC pBAD was increased but the sensitivity and
the operational range were unaffected (Figure 2D). Visualization
of cells again confirmed that the increase in expression was in
all cells in the population (Figure 2E and F). And quantification of
the fluorescence from individual cells confirmed that the increase

in the maximal ON state was higher when TIREY"! and TIR?® were
used.

To determine whether araC pBAD and TIREV®! would work effi-
ciently in the production of other recombinant proteins, the cod-
ing sequences for PAmCherry1 (32), mNeonGreen (34) and mEos3.2
(35) were cloned into pBAD/HisB (TIREVO!) and pBAD/HisB (TIRSTP).
These fluorescent proteins originate from different organisms
and their coding sequences have no homology to each other
or to the coding sequence of sfGFP (33). In this set of experi-
ments, we induced cells with 0.2% (w/v) L-arabinose and then
visualized them by fluorescence microscopy. The fluorescence
intensity from individual cells was then quantified. Cells har-
boring pBAD/HisB (TIREV®!) were always more fluorescent than
those harboring pBAD/HisB (TIRS™) (Figure 3A-C). This observa-
tion was validated by inducing cells with different concentrations
of L-arabinose, separating whole-cell lysates by sodium dode-
cyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
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Figure 3. Output from araC pBAD and TIREVO! is increased across multiple coding sequences. Expression of (A) PAmCherry1, (B) mEos3.2 and (C)
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colored mid line is mean and whiskers indicate the 1-99% interval. Note also that variability in the data was partly caused by the fact that
measurements were made on cells that were at different stages of their cell cycle (which affects cell size and, therefore, total fluorescence) (D) Cells
were induced with different concentrations of L-arabinose and then separated by SDS-PAGE and stained with Coomassie. Unprocessed gel images are

available in the Online Supplement, Supplementary Figures S2 and S3.

visualizing proteins by Coomassie staining (Figure 3D). Similar
observations were made when araC pBAD and TIR?® were com-
bined to produce PAmCherryl, mNeonGreen and mEos3.2 (Online
Supplement, Supplementary Figure S1).

Expression plasmids using araC pBAD do not support the same
production titers of recombinant proteins as other expression
plasmids (16, 20, 26) and are, therefore, not as widely used for this
purpose (39). Since TIREV®! had amplified the maximal ON state
of araC pBAD, we speculated that it would be useful for recombi-
nant protein production. To explore this possibility, we compared
production titers with pET28a and pET15b (39). Although these
expression plasmids differ from pBAD/HisB in a number of ways
(Figure 4A), they are amongst the most commonly used expres-
sion plasmids in circulation (39) and, therefore, serve as a use-
ful benchmark. In the experiment, pBAD/HisB (containing araC
pBAD and either TIRS™ or TIREV®!) was transformed into MC1061,
grown to mid-exponential phase and induced with 0.2% (w/v) L-
arabinose. MC1061 is deficient for arabinose catabolism owing to

the araD139 mutation, allowing sustained induction of protein
expression. pET28a-sfGFP and pET15b-sfGFP were transformed
into BL21(DE3), grown to mid-exponential phase and induced
with 1mM IPTG. After a standard 3-h induction period, cells
were harvested and whole-cell fluorescence was quantified. We
observed that pET28a and pET15b supported >10-fold higher pro-
duction titers of sfGFP than pBAD/HisB (TIRS™P) but comparable
levels to that observed with pBAD/HisB (TIREVOL) (Figure 4B). When
the experiment was carried out with a 20-h induction period,
pPBAD/HisB (TIRS™) could still not compete with pET28a and
pET15b, whereas pBAD/HisB (TIREV!) was again comparable with
the pET plasmids (Figure 4C). Taken together, these data indi-
cate that pBAD/HisB (which couples araC pBAD and TIREVOY) can
compete with the pET system of expression plasmids, while still
providing tight control of expression levels and titratability. How-
ever, it should be noted that comparative data were only generated
in small-scale cultures, with one recombinant protein, and in one
strain background. Further benchmarking needs to be carried out,
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pET28a 5293 KanR (Tn903) pBR322 Med (15-20)
pET15b 5708 AmpR (Tn3.1) pBR322 Med (15-20)
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Figure 4. araC pBAD and TIRFYOL cooperate effectively in recombinant protein production. (A) Salient features of the pBAD/HisB, pET28a and pET15b
expression plasmids, which were used in this experiment. Comparative expression levels of sfGFP after (B) 3h or (C) 20 h of induction. Fluorescence
values were normalized by the ODgy, of the culture. pET28a and pET15b were harbored in the BL21(DE3) strain and induced with 1 mM IPTG.
PBAD/HisB-sfGFP (TIRS'™ and TIRFVO') were harbored in the MC1061 strain and induced with 0.2% (w/v) L-arabinose. Data are presented as mean + S.D.
(n=13). A statistically significant difference of P < 0.001 is denoted by *** (two-tailed Student’s t-test).

as shown in (26), to determine how pBAD/HisB (TIREVCL) compares
with other expression systems.

4. Discussion

The araC pBAD genetic sensor module has a notoriously narrow
dynamic range (16, 20, 26), which limits its use in bioengineering
applications. In the pBAD/HisB expression plasmid, araC pBAD is
adjacent to a standardized TIR (TIRS™P) embedded in an N-terminal
purification and detection tag. We used a synthetic evolution pro-
cess to identify TIRFY! and demonstrated that it amplified the
signal from the araC pBAD genetic sensor. The maximum ON signal
of araC pBAD was increased by 5-fold when coupled with TIREVOL
(i.e. compared to TIRSTP). The increased performance observed
with araC pBAD did not affect titratability or other performance
parameters such as background (or leakiness), operational range
and sensitivity. Moreover, it is unlikely that they affected solubility
of the recombinant protein, as this is an intrinsic property of the
protein itself. Taken together, the study indicates that the signal
from araC pBAD can be amplified by coupling it with TIREVOL,

At this point in time, bacterial expression plasmids containing
araC pBAD are most commonly used for titrating the expres-
sion levels of recombinant proteins during genetic complementa-
tion studies or when balancing flux through metabolic pathways.
They are rarely used for recombinant protein production as the
maximum ON rate is low compared to expression plasmids con-
taining other induction systems (16, 20, 26). We observed that,
when transformed into the MC1061 strain, pBAD/HisB (contain-
ing araC pBAD and TIRFY®!) could produce comparable levels of
sfGFP to the pET/BL21(DE3) system. Given the high production
yields we observed with pBAD/HisB (containing araC pBAD and
TIRFYOL), we anticipate that the community might want to utilize
it for recombinant protein production (i.e. as an alternative to the

PET/BL21(DE3) system). We anticipate that similar yields will be
possible with other recombinant proteins, based on the fact that
araC pBAD and TIREYOL increased production titers of other dis-
parate coding sequences (e.g. PAmCherryl, mEos3.2 and mNG).
However, we cannot exclude the possibility that some context-
dependent differences in translation initiation may be observed
when TIRFV®L is used as a standardized genetic element, as the
region encoding the N-terminal extension is only 111 nucleotides
long and Woo et al. have reported that 290 nucleotides are required
to buffer contextual effects (47). Nevertheless, we believe that
pPBAD/HisB (containing araC pBAD and TIREVOM) will be an attrac-
tive option for those looking to obtain high production yields of
recombinant proteins.

Although the current study has focused on TIREVOL, it is worth
noting that another six synthetically evolved TIRs were identified
in this study (TIR%, TIR%, TIRM, TIR?, TIR?® and TIR*!). Our pre-
liminary characterization indicated that these TIRs also increased
the maximum ON rate and activation: repression ratio of araC
PBAD (compared to TIRS™P). And as they exhibited different max-
imum ON rates, they can also be used to control titratability, for
example, if multiple coding sequences need to be expressed in the
same cell at different stoichiometries (i.e. by one concentration
of L-arabinose). Thus, we can envision the various TIRs poten-
tially being used to balance protein stoichiometries in synthetic
metabolic pathways or when multi-subunit protein complexes
need to be recombinantly expressed. These TIRs can, in princi-
ple, also be used to amplify laboratory evolved versions of araC
pBAD, which detect and respond to D-arabinose (8), mevalonate
(9), triacetic acid lactone (23), ectoine (24) and blue light (25).

Bioengineering applications require genetic sensor modules
that have a broad dynamic range (48-52). One tried-and-tested
approach to broaden dynamic range is to tune the translational
efficiency of the output module by engineering the TIR. This has
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been done previously by swapping Shine-Dalgarno sequences (53),
using computational algorithms to design TIRs de novo (54-56), or
directed/synthetic evolution processes (37-39, 44, 57, 58). A signif-
icant advantage of these approaches is that they do not change
the sequence of the genetic sensor and, therefore, do not directly
affect its sensing capabilities. The genetic sensor will continue
to respond to the same concentrations of small molecule (input)
and respond with the same transcriptional response (output). The
optimized TIR simply functions as an ‘amplifier’ of the genetic sen-
sor, by increasing the translational efficiency of the transcribed
mRNA.

Supplementary data
Supplementary data are available at SYNBIO Online.
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