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ABSTRACT: We developed a hybrid synthetic circuit that co-opts the genetic regulation of the native bacterial quorum sensing
autoinducer-2 and imposes an extra external controller for maintaining tightly controlled gene expression. This dual-input genetic
controller was mathematically modeled and, by design, can be operated in three modes: a constitutive mode that enables consistent
and high levels of expression; a tightly repressed mode in which there is very little background expression; and an inducible mode in
which concentrations of two signals (arabinose and autoinducer-2) determine the net amplification of the gene(s)-of-interest. We
demonstrate the utility of the circuit for the controlled expression of human granulocyte macrophage colony stimulating factor in an
engineered probiotic E. coli. This dual-input genetic controller is the first homologous AI-2 quorum sensing circuit that has the
ability to be operated in three different modes. We believe it has the potential for wide-ranging biotechnological applications due its
versatile features.

Reprogramming metabolic and biosynthetic functions
within microorganisms enables both new routes for

biopharmaceuticals production,1 and more recently, for the
diagnosis and treatment of disease.2−13 The terms “smart
bacteria” or “smart probiotics” have been used to describe the
latter, reprogrammed bacteria that make decisions based on
prevailing molecular cues and that subsequently take action,
including expressing a marker protein as an indicator of disease
and/or a small molecule or protein-based therapeutic for
treatment.13−20 Several environmental conditions such pH,
oxygen tension, and host inflammatory conditions, or even the
absence of an important nutrient, have the potential to be used
for signaling these bacteria.7,21−25 That is, because there is now
an extensive network of signal/receptor pairs that enable tight
exogenous control of gene regulation,26 many gene circuits
have appeared that ensure high signaling fidelity and precise
control of the intended bacterial program. For example,
bacterial community size has served as a factor, wherein a
quorum-sensing (QS) signal molecule, indicating the presence
of a number of pathogens, was used to signal the synthesis and
delivery of a pathogen-specific toxin from an engineered
commensal strain.3 In addition, microfluidic systems that
recapitulate QS activity in vitro have appeared27−31 along with

mathematical models of quorum sensing;32−37 these enable
design and characterization of engineered strains. Accordingly,
QS systems and their components are widely exploited for
building circuits that help to detect metabolic diseases, fight
bacterial infections, or serve as biosensors. QS component
libraries have served in this capacity as repositories for
subsequent assembly of a variety of useful circuits.18,38−40

The autoinducer-1 (AI-1) family of autoinducers, also called
acyl-homoserine lactones (AHL), mediates intraspecies
communication, including signaling among pathogenic strains
enabling their detection in native environments. AI-1 systems
have also been assembled into heterologous synthetic circuits.
Because there are no AI-1 receptor/synthase pair homologues
in E. coli, these bacteria do not natively respond to AI-1. Thus,
there are few off target responses that might otherwise alter the
phenotype in unintended directions. When paired with the
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knowledge that AI-1 freely diffuses through E. coli membranes,
this attribute enables the incorporation of a variety of
pathogen-specific components that provide for sophisticated
engineered circuits (for instance, multi-input circuits41−43) and
pathogen-targeting functions.39

On the other hand, autoinducer-2 (AI-2) is an interkingdom
signaling molecule44 produced and/or sensed by many
bacterial species, including Gram positive species and
commensal Gram negative strains,18 as well as pathogens.45

In E. coli, QS is regulated by the lsr promoter via AI-2 (signal)
and its cognate repressor, LsrR. Because the native lsr
promoter is subject to interference by several E. coli global
regulators (e.g., CRP and σs) and is a relatively weak
promoter,46−51 its use in synthetic systems has been limited.
Instead, AI-2 QS circuitry enables native signaling processes to
be coopted for specific user-intended purposes wherein the
endogenous phenotypes are meant to be exploited or
augmented (e.g., autoinduction of heterologous proteins,51 or
programmed chemotaxis52).
Seeking to expand the use of native bacterial communication

within the biotechnology arena, our group focused here on the
development of an homologous synthetic circuit based on
E. coli AI-2 QS. We had previously modeled the AI-2 system
using several methods including a population-based study of
emergent behavior including chemotaxis,32 a spatially resolved
agent-based approach,53 a metabolically detailed stochastic
Petri Net approach,54 and the more typical ODE methods
aimed at revealing intracellular circuit design55 or optimizing34

AI-2 uptake. In this work, we created a simple gene circuit
model to characterize our previous efforts that enabled tuned
responses based on altered repression.56,57 Specifically, we had

evolved the lsr promoter, creating a library containing stronger
lsr promoter variants, EP01rec and EP14rec.57 These two
mutated promoters were 8-fold stronger than the wild type and
yet retained the native LsrR repressor function when the
promoters were provided on low copy vectors (∼1−2 copies).
In this work, we have employed these variants in dual-input
genetic controllers for modulating QS networks wherein the
wildtype LsrR expression level is augmented by the arabinose-
activated pBAD promoter. In addition, LsrK kinase was
incorporated into the system to maintain heightened levels of
phosphorylated AI-2. The system thus consists of two
plasmids, pPHT01 or pPHT14, and pSkunk-LsrK. The
pPHT01 and pPHT14 plasmids carry the evolved lsr
promoters, EP01rec and EP14rec, respectively, for driving a
gene-of-interest and lsrR expression placed under the pBAD
promoter (Figure 1). A simple ODE-based model, based on
typical repressor/activator functions, enables quantification of
both the degree of repression and activation that should be
obtained. That is, the controller exhibits tunable repression
owing to arabinose-inducible LsrR under the pBAD promoter,
and induction by AI-2 using the evolved lsr promoters,
EP01rec and EP14rec. The circuit also shows efficient
constitutive expression in the absence of arabinose.
This new system denoted the “homologous quorum sensing

regulatory circuit” (hQSRC) is based on native E. coli quorum
sensing and has the potential for a variety of metabolic
engineering and synthetic biology applications, especially
where native interspecies communication is envisioned. For
example, biomolecule conversion or production using
cocultures58−61 or consortia62,63 may benefit from such a
system. Additionally, cell constructs intentionally deployed in

Figure 1. Schematic of dual-input genetic controller for modulating quorum sensing (QS)-mediated protein expression. (A) QS genetic regulation
in E. coli. Lsr operon is regulated by LsrR (repressor), LsrK (AI-2 kinase), and AI-2 (inducer, produced via LuxS). (B) Homologous quorum
sensing regulatory circuit (hQSRC). The hQSRC system consists of two parts: pPHT01 or pPHT14 (Plasmid #1) and pSkunk-lsrK (Plasmid #2).
pPHT01 and pPHT14 harbor evolved lsr promoters, EP01rec and EP14rec,57 respectively. The araC-pBAD-lsrR sequence was introduced to
provide extra LsrR repression by arabinose addition. The second plasmid is a p15a origin plasmid expressing LsrK under the tac promoter basal
levels.
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complex environments where exogenous control may be
difficult, such as smart probiotics or those that are based on
interkingdom signaling, may benefit. We anticipate a variety of
applications in a variety of settings.

■ MATERIALS AND METHODS

Strains and Media. DH5α (NEB), PH04, and PH08
strains (Supplementary Table S1) were grown in Luria−
Bertani (LB) medium at 37 °C for DNA manipulation or
expression experiments. Media were supplemented with
chloramphenicol (34 μg/mL) to maintain pPHT, pPHT01,
pPHT14, pPHT01-YebF-rhGM-CSF, and pPHT14-YebF-
rhGM-CSF, kanamycin (25 μg/mL) for pBAD-lsrR, spectino-
mycin (25 μg/mL) for pSkunk-lsrK, and ampicillin (50 μg/
mL) to maintain pAES40 (AthenaES), pAES40-GM-CSF or
pGM29OmpA (Sletta et al. 2007)66 plasmids (Supplementary
Table S1).
E. coli Knockouts. PH04 and PH08 are derived from E. coli

LW7 and E. coli Nissle (EcN), respectively. The ptsH gene was
deleted from both LW7 and EcN. The luxS gene was also
knocked out from the EcN genome. Homologous recombina-
tion facilitated by λ Red recombinase was used to construct
knockouts.64 The pKD3 plasmid was used as template for
PCR, and the ptsHd_Fw and ptsHd_Rv primers were used to
create the PH04 strain, while luxSEcN_Fw, luxSEcN_Rv,
HprEcN_Fw, and HprEcN_Rv were used to create the PH08
strain. Deletion of ptsH and luxS genes was confirmed by PCR.
The pCP20 plasmid was used for removing the antibiotic
cassettes from the genome.65 Primer sequences are listed in
Supplementary Table S2.
Plasmid Construction. pPHT, pPHT01, and pPHT14 are

derived from plasmids pLSR, pLSR01 and pLSR14,
respectively. pLSR, pLSR01, and pLSR14 contain gfpmut2
under lsr promoter variant, either wild type, EP01rec, or
EP14rec, respectively.57 pPHT, pPHT01, and pPHT14 also
contain araC-pBAD-lsrR. To construct these plasmids, lsrR was
first cloned into pBAD/HisA (Invitrogen) to create pBAD-
lsrR. The araC-pBAD-lsrR sequence (2264 bp) was then
amplified through PCR using pBAD-lsrR as a template. The
araC-pBAD-lsrR fragment was inserted into pLSR, pLSR01,
and pLSR14, creating plasmids pPHT, pPHT01, and pPHT14.
pPHT01-yebF-rhGM-CSF and pPHT14-yebF-rhGM-CSF

are derived from pPHT01 and pPHT14 and contain the
yebF-rhGM-CSF-His6 (rhGM-CSF chimera) sequence down-
stream of the lsr promoter (either EP01rec or EP14rec) and
upstream of gfpmut2. To construct the yebF-rhGM-CSF-His6
sequence, pGM29OmpA66 was used as a template for
amplifying the rhGM-CSF sequence. This was then cloned
into pAES40 (AthenaES) containing yebF. pAES40-rhGM-
CSF was then used as a template to amplify the yebF-rhGM-
CSF-His6 fragment for cloning into pPHT01 and pPHT14.
The yebF-rhGM-CSF-His6 insert was ligated into pPHT01 and
pPHT14.
The lsrK gene was amplified from E. coli genome and cloned

into the pSkunk plasmid. Plasmid information and primer
sequences are also available in Supplementary Table S1 and
Supplementary Table S2, respectively.
Repression and Induction Experiments. PH04 harbor-

ing hQSRCwt, hQSRC01, or hQSRC14 were grown overnight
at 37 °C in 2 mL of LB medium supplemented with 25 μg/mL
of spectinomycin and 34 μg/mL of chloramphenicol. Bacterial
suspensions were then reinoculated into 10 mL of fresh LB

medium with chloramphenicol and spectinomycin in order to
have initial optical densities (OD600 nm) of 0.05.
To evaluate the pBAD-lsrR system repression range over the

wild-type lsr promoter, EP01rec and EP14rec promoters,57

0.002, 0.02, and 0.2% arabinose were added to the cultures.
Cells were allowed to grow in duplicate cultures at 37 °C with
shaking at 250 rpm. Bacterial cell samples (200 μL, technical
triplicate) were collected at optical density (OD600 nm) ∼ 0.2,
and after 2 and 4 h of additional cell growth.
To analyze the derepression caused by AI-2 over the wild-

type lsr promoter and its variants, experiments were conducted
adding synthetic AI-2 in the absence or presence of 0.005 and
0.01% arabinose. At OD600 nm ∼ 0.2 cultured cells were
induced by adding 0, 40, or 80 μM of synthetic AI-2. Cells
were collected at OD600 nm ∼ 0.2 (induction start point) and
after 2, 4, 6, and 9 h.
To prepare samples for analysis of GFP expression, samples

were centrifuged (1000g, 5 min), washed, resuspended in 1×
PBS, and kept on ice until flow cytometry. Results are the
averages of analytical triplicates and duplicate experiments.

GFP Expression. Flow cytometry analyses were performed
using a FACSCanto II flow cytometer equipped with 488, 633,
and 405 nm lasers (BD Biosciences, San Jose, CA) and all flow
cytometry data were analyzed with FACSDiva software (BD
Biosciences). Side and forward scatter of bacterial suspensions
were determined using semilog scale SSC/FSC plots with a
threshold of 5000. Voltage settings for the SSC, FSC, and
FITC channels were kept constant for all flow cytometry
experiments. Bacterial suspensions were analyzed at a medium
flow rate with a maximum of 1000 events per second for 75 s
and a minimum of 50 000 events. Positive cells for GFP
fluorescence were compared with negative controls (LW6
pLSR14 and E. coli W3110).

Human GM-CSF (hGM-CSF) Expression Experiments.
E. coli Nissle PH08 harboring hQSRC01 rhGM-CSF chimera
were grown overnight at 37 °C in 2 mL of LB medium
supplemented with 25 μg/mL of spectinomycin and 34 μg/mL
of chloramphenicol. Cells were reinoculated into 15 mL of
fresh LB medium supplemented with antibiotics mentioned
above in the same concentrations. Repression and induction
were evaluated based on the presence or absence of either
0.01% arabinose and/or 40 μM synthetic AI-2. Cells were
grown at 37 °C with shaking at 250 rpm for 4 h. Cultures were
then centrifuged (5000g, 10 min). Cell-free supernatant
fractions were precipitated overnight with 10% TCA at 4 °C.
After centrifugation at 10 000 rpm for 10 min the pellet was
washed once with ice-cold 100% acetone. All samples were
resuspended in 70 μL of 2× SDS-PAGE buffer to be analyzed
by Western Blot.

Western Blot Analysis. To detect rhGM-CSF chimera
excreted into the PH08 culture media, supernatant from
different conditions were precipitated using the TCA method
as described above. After that, samples were loaded in equal
volumes of 2× SDS-buffer for separation on 15% SDS-PAGE
gel and then transferred to a PVDF membrane for Western
blot analysis. To detect rhGM-CSF chimera a polyclonal rabbit
anti-YebF (1:20 000, AthenaES) was used. Membranes were
developed using SuperSignal West Femto Maximum Sensi-
tivity Substrate according to the manufacturer’s instructions.

Protein Purification. The rhGM-CSF chimera was
expressed under the constitutive expression mode (in absence
of both arabinose and AI-2) and purified from PH08 cell-free
supernatant after 4 h of growth. Supernatant was absorbed to
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HiTrap Chelating HP filled with 1 mL of Ni2+-charged
chelating Sepharose (GE Healthcare) previously equilibrated
with PBS 1×, pH 7.4 buffer. After absorption of rhGM-CSF
chimera, the resin was washed with 5 volumes of PBS 1×, pH
7.4 containing 5 mM imidazole, following protein elution with
5 volumes of PBS 1×, pH 7.4 containing 150 mM imidazole.
The purified rhGM-CSF chimera was dialyzed against PBS 1×,
pH7.4 buffer and then concentrated to 100 μg/mL to have its
activity tested in the human erythroleukemia cell line (TF-1).
Recombinant hGM-CSF Activity. Cell Lines and

Reagents. The TF-1 cell line was obtained from Dr. David
Stroncek (National Cancer Institute). TF-1 cells were
maintained in RPMI 1640 (ATCC) with 10% FBS, 1% Pen-
Strep, and 2 ng/mL recombinant human GM-CSF (Pepro-
Tech).
Cell Proliferation Assays. TF-1 cells were seeded at 20 000

cells per well, in media supplemented with 10% FBS, 1%
Penicillin−Streptomycin, in a 24 well plate (VWR 10062−
900), treated with rhGM-CSF chimera (0.01−1000 ng/mL) or
GM-CSF (PeproTech) used as a control, incubated in 5% CO2
at 37 °C for 4 days, and analyzed using Alamar Blue (Bio-Rad)
following the manufacturer’s protocol.
Analysis of Activity. Each data set was fit to a logistic curve

to determine EC50, the concentration at which half maximal
activity occurs. The best fit value for EC50 along with 95%
confidence bounds (lower and upper) were determined using
the MATLAB (Version R2016a) curve fitting tool with the
“nonlinear least squares” fit method.
Mathematical Model. The model consists of 11 ordinary

differential equations (ODEs) that describe both the AI-2 QS
components native to the host and the additional components
introduced by the hQSRC. The equations were solved in
MATLAB Version R2016a using the ODE45 solver. Additional
details are provided in Supplementary Note S1.

■ RESULTS AND DISCUSSION

AI-2 Synthetic Circuit: Parts and Strain Engineering.
Figure 1 depicts the native E. coli QS circuitry (Figure 1A) and
our dual-input QS regulator for controlling homologous

quorum sensing (Figure 1B) that is comprised of three parts:
(i) an lsr or lsr-derived promoter (EP01rec or EP14rec); (ii)
the LsrR repressor expressed via a non-QS signaling modality
(e.g., under pBAD promoter); and (iii) the Lsr kinase, LsrK,
which enables enhanced sensitivity to AI-267,68 (e.g., expressed
via pSkunk-lsrK which has a p15a origin of replication and
expresses LsrK kinase under the uninduced tac promoter).
These components provide for tunable control of heterologous
gene expression via native AI-2 QS signaling. We refer to this
system as an homologous quorum sensing regulatory circuit
(hQSRC) and have constructed two testable examples. The
pPHT01 and pPHT14 plasmids each contain two parts of our
system (Figure 1B), the evolved lsr promoters (EP01rec or
EP14rec) and the pBAD controlled lsrR repressor subcircuit.
The third component (LsrK background) is enabled by
pSkunk-lsrK (Figure 1B), which maintains an elevated LsrK
kinase level that ensures uptake and phosphorylation of AI-2,
allowing LsrR to release the lsr promoter via derepression. Our
decision to incorporate the pBAD promoter was based on its
tight regulation and facile modulation via arabinose addition.69

When envisioning future applications, this feature retains
homologous QS (hQS) regulation for in vivo purposes such as
“smart” probiotic use in drug-delivery and diagnosis
applications. That is, the extra control is enabled by simple
carbohydrate (arabinose) addition. Importantly, the third
component, LsrK, maintains circuit sensitivity to the prevailing
AI-2 level. Here, the hybrid tac promoter was used because it
has a high background level of basal LsrK so that the prevailing
AI-2 level is rapidly converted into viable genetic signal.34,67,68

While not described thus far, our E. coli host strains were also
engineered to achieve better control of protein expression
levels. Notably, because our focus is on the homologous QS
circuitry and the lsr promoter of E. coli, which is a component
of native E. coli quorum sensing (Figure 1A), our host cell has
additional mutations (e.g., ΔptsH) that ensure our host
functions with advanced sensitivity to AI-2 and for a variety
of environmental niches.70 The luxS gene was also deleted.
LuxS is a S-ribosylhomocysteinase that catalyzes the last
committed step in the biosynthetic pathway of AI-2, which is
the autoinducer in our system. Thus, the engineered cells

Figure 2. Representative FACS histograms show the mean GFP fluorescence from E. coli PH04 (ΔluxS ΔptsH) cells transformed with hQSRC01
(A) or hQSRC14 (B) (see Figure 1). Panels (A) and (B) show arabinose dose-dependent repression. PH04 were grown in LB media until
OD600 nm ∼ 0.2 and then supplemented with 0, 0.002, 0.02, and 0.2% arabinose and shaken at 37 °C for 2 and 4 h. GFP expression was measured at
three different points, OD600 nm of 0.2 (starting point), 1.0 (2 h), and ∼2.5 (4 h). Data are plotted as means ± standard deviations of technical
triplicates.
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respond to the prevailing AI-2 level, rather than contribute to
it. Our tested systems include E. coli Nissle 1917 (a commensal
host) and E. coli PH04 (see Supplemental Table S1). We
previously discovered that deletion of ptsH enables homolo-
gous AI-2 QS in the presence of glucose.70 That is, ptsH
encodes HPr, which is involved in the central phosphotransfer-
ase system (PTS) for sugar uptake; we found HPr forms
dimers with LsrK, inhibiting its activity and altering native QS.
The extent of inhibition is dependent on the phosphorylation
state of HPr, which varies depending on whether glucose is
being transported into the cell. Additionally, Lsr is directly
regulated by CRP owing to the CRP binding site located in the
lsrR/lsrA intergenic region.46,47 These functions all serve to
diminish QS signaling among E. coli and other genera45 in the
presence of glucose. Manipulation or removal of these controls
in the host cells enables QS modulation in the presence of
glucose and a variety of other conditions.48,57,70,71 In
Supplemental Figure S1, we found no growth impairment in
PH04 due to AI-2 and arabinose addition.
Ara-Mediated QS Repression via LsrR. In our semi-

synthetic QS regulator, we make use of the native QS
repressor, LsrR. In Figure 2, we measured the level of GFP
expressed via the EP01rec and EP14rec promoters and
repressed by the araC-induced overexpression of LsrR. E. coli
PH04 cells (ΔluxS ΔptsH) carrying hQSRC01 or hQSRC14
were either grown in LB media to OD600 ∼ 0.2 and then
supplemented with arabinose at 0.002% or were grown from
inoculation (e.g., OD600 ∼ 0.02) in the presence of 0.02% and
0.2% arabinose. We measured GFP fluorescence via FACS at
OD600 ∼ 0.2, and after 2 and 4 h of additional cell growth.
These experiments enable elucidation of both the extent of
repression and its transient nature. In all cases the addition of
more than 0.02% arabinose resulted in a tightly repressed state
and this was maintained throughout. Interestingly, in the
experiments where arabinose was added at OD600 ∼ 0.2, even
0.002% arabinose prevented the subsequent induction of GFP
(the levels at OD600 ∼ 0.2 were maintained at 2 and 4 h). We
further note that the absence of arabinose enabled the native-
like (e.g., leaky) expression of GFP previously observed in
EP01rec and EP14rec.57 The PH04 strain used to perform the
experiment is not an AI-2 producer (ΔluxS), and AI-2 was not
added to these cultures. We note that the EP01rec promoter
was previously shown to exhibit more leaky expression than
the EP14rec promoter,57 which is likely the cause for relatively
higher GFP levels shown here.
Dual Input Control of Homologous QS Signaling.

Having demonstrated that even low levels of arabinose provide
for repression of the genetic circuit, we wanted to test the
release of this repression by the addition of the native QS
signal molecule, AI-2. In this way, the genetic circuit would
exhibit low or no expression of the encoded target gene unless
AI-2 was present. Experiments were performed combining
arabinose (repressor) and AI-2 (inducer). For this, cultures
were grown in LB media prepared with 0, 0.005 and 0.01%
arabinose, and then at OD600 nm ∼ 0.2, different concentrations
of AI-2 (0, 40, or 80 μM AI-2) were added to cell cultures. On
the basis of our previous results (Figure 2), we determined
0.005 and 0.01% arabinose would correspond to a minimal and
maximal repression condition, over which we could test AI-2
mediated derepression. That is, with higher levels of arabinose
(e.g., 0.02%, Figure 2), we suspect that subsequent AI-2
addition would have minimal impact. GFP fluorescence was
measured at OD600 nm ∼ 0.2, which is the induction point, and

after 2, 4, 6, and 9 h. In Figure 3A, we found expression levels
in both systems (hQSRC01 and hQSRC14) were reduced by

at least ∼50% in the presence of 0.005 and 0.01% arabinose,
when compared to expression in the absence of arabinose, as
expected. Then, both hQSRC01 and hQSRC14 were switched
ON in the presence of 40 or 80 μM AI-2 (inducer), even in the
presence of 0.005 or 0.01% arabinose. 80 μM AI-2 consistently
resulted in higher activation than 40 μM AI-2, consistent with
previous results showing that the lsr promoter is tunable over a
range of AI-2 concentrations.72 hQSRC01 showed higher
expression levels in comparison to hQSRC14 (Figure 3A), but
as noted earlier, this is likely due to more constitutive
expression in the absence of repressor or inducer (see OD600 ∼
0.2 used as controls). In both systems, arabinose-mediated
repression was sustained or derepressed (by AI-2 addition) and
the resulting expression levels were maintained while the cells
grew from 0.2 to the final OD (∼OD600 = 4).
Our results suggest that the dual input hQSRC system,

which makes use of an added metabolizable carbohydrate and
the homologous AI-2 QS signal could be “operated” in three
different modes: (1) there is a well-defined constitutive
expression mode when neither the arabinose nor AI-2 are
present (e.g., no repression and no induction), (2) a
controllable repression mode in which tight LsrR repression
is rapidly induced by the addition of arabinose, and (3) a
repression/induction mode via native AI-2 signaling with levels

Figure 3. Transcriptional regulation of hQSRC01 and hQSRC14 in
the presence or absence of arabinose (repressor) and/or AI-2
(inducer). PH04 cells carry hQSRC01 or hQSRC14 system
expressing GFP. (A) Panels represent different time points during
cell growth (2, 4, 6, and 9 h); samples were collected for measurement
of GFP fluorescence. Bar color (blue, red, or green) indicates whether
arabinose was added; color intensity (faded to strong) indicates the
level of AI-2 supplemented, as indicated. (B) Data from the
hQSRC14 system in A are recast into the three different modes of
operation: (i) constitutive, (ii) repressed by arabinose addition, and
(iii) induced by AI-2 either with or without arabinose. (C) Full time
course of data from hQSRCWT, which is identical to hQSRC but with
the native lsr promoter. Extra repression is clearly visible. Data are
plotted as means ± standard deviations of technical triplicates of
duplicate runs.
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that are tuned by the prevailing AI-2 level. Figure 3B shows the
hQSRC14 operated in each of these three modes. Both
hQSRC01 and hQSRC14 made use of evolved promoter
regions of the native lsr promoter which had advantageous
characteristics (e.g., higher expression and more amplification
relative to the wild type). For instance, Figure 3C shows that in
an identical system with the native lsr promoter driving GFP
expression rather than the evolved promoters (called
hQSRCWT), GFP expression levels remain low even with AI-
2 addition.
In Supplemental Tables S3 and S4 and Supplemental Note

S1, we describe a simple ODE-based mathematical model that
enables dynamic simulation of gene expression using these
circuits. In particular, the model equations employ standard
forms of repression and activation (as mediated by a single
transcriptional regulator). The model was developed to
accommodate arabinose-induced LsrR, as well as LsrR and
AI-2-mediated regulation of lsr promoter activity. Its utility is
in its discriminatory ability to tease out the relative
amplification (fold change) that is obtained by having the
extra repression enabled by overexpressed LsrR. That is, a
central purpose for designing this system was to first provide
low background expression but then develop autoinduced
amplification that responds strongly to AI-2. This is an
alternative motivation to that of our previous work in which we
sought only amplification of lsr-mediated expression by using a
T7 amplification scheme.51,73 We simulated the experiment
carried out in Figure 3A (hQSRC01) using the model,
adjusting the unknown model parameters (e.g., repressor
binding, KLsrR, transcription rate, βGFP) so the model and
experimental results were in reasonable agreement. In
Supplemental Figures S2 and S3, cell growth and expression
results for all levels of arabinose and AI-2 are depicted. For
simplicity, Figure 4A shows the strong agreement between the
model and the data for the 0.01% arabinose cases of
hQSRC01. This agreement suggests that the general model
formalism and constants are reasonable. We subsequently
altered the GFP transcription rate constant, βGFP, to simulate
the hQSRC14 system, anticipating that this should be the only
altered parameter between the two systems (the host and
remaining genetic control components are identical). To do
this, we simply halved the rate constant based on our previous
data showing mRNA and the expression levels of two target
genes57 using the EP14rec promoter were at about half the
levels of the EP01rec promoter. The simulated GFP levels
were again within experimental error. Again, this result
confirms that the genetic circuit as modeled by a set of
ordinary differential equations (ODE) reasonably reflects the
level of gene expression from this dual-input controller. We
have quantified the differences between the model and
experiments by including Supplemental Figure S4, which
depicts each data point with its corresponding simulated value.
In general, we found the model deviation was within 20−40%
of the experimental values for both cases and throughout all
times.
Engineered Probiotic Bacteria Secreting Active

Recombinant Human GM-CSF via hQSRC System.
Armed with a predictive model, especially one that character-
izes the extra control that is enabled by arabinose controlled
LsrR-repression and AI-2 derepression, one can use this
formalism to design expression characteristics for therapeutic
proteins, ultimately enabling a base model for “smart
probiotic” delivery systems for complex in vivo environments.

E. coli Nissle 1917 (EcN) is a commensal E. coli strain that has
been widely used in many studies involving probiotics and the
production of biotherapeutics.5,74−77 We engineered EcN to
create E. coli PH08 which is a luxS and ptsH double knockout
of the isogenic parent. In this way, alterations of the genetic
background used to construct PH04 with results from Figure 4
were maintained. Naturally, the rest of the genetic backgrounds
for the two strains were different. Next, pPHT01 and pPHT14
were modified to express a granulocyte macrophage colony
stimulating factor (GM-CSF), a model gastrointestinal (GI)
tract therapeutic7,73 Here, we express a chimeric protein
consisting of a secretion mediator, YebF, an enterokinase
cleavage site, and a C-terminal hexahistidine tag for
purification via immobilized metal ion affinity chromatography
(IMAC). The YebF-EK-rhGM-CSF-His6 fusion construct
(rhGM-CSF chimera) was placed in front of the gfpmut2
gene, both under EP01rec or EP14rec control, thus creating
pPHT01-rhGM-CSF chimera and pPHT14-rhGM-CSF chi-
mera, respectively.
The E. coli PH08 strain expressing rhGM-CSF chimera via

hQSRC01 or hQSRC14 system were cultivated in various
conditions including (or not) the repressor signal (arabinose)
or inducer signal (AI-2). Subsequently, we expected GM-CSF
would be expressed and secreted into the extracellular media at
various levels according to the signaling conditions. After 4 h of
induction or repression, supernatants from each culture were
collected and precipitated using a TCA protocol as described
in Materials and Methods followed by Western blot. In Figure
5A, the rhGM-CSF chimera was detected in the positive
control (denoted “C”), where the pAES40 plasmid was used to
express the chimeric protein under the tac promoter via IPTG
addition. For hQSRC01, rhGM-CSF chimera expression was
significantly lower due to the added presence of 0.01%

Figure 4. Comparison of experimental data to model simulations. (A)
hQSRC01 data (left) were used to ensure reasonable agreement with
model (right). (B) On the basis of previous measurements of
promoter strength,57 one model parameter, βGFP (Supplemental Table
S4), was adjusted to predict behavior of hQSRC14. Model equations,
parameters, and assumptions along with other simulations are
provided in Supplemental Tables S3, S4 and Supplemental Note S1.
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arabinose (repressor signal, Lane 1). We note that the rhGM-
CSF chimera was observed in both conditions in which AI-2
was added to the culture, 40 μM AI-2 and 40 μM AI-2 plus
0.01% arabinose (Lanes 2 and 3). Importantly, in the condition
that both inducer and repressor were added (Lane 3), rhGM-
CSF chimera levels were higher with AI-2 only (Figure 5A,
Lane 2). Analogously, the hQSRC14 system showed similar
protein expression profiles to hQSRC01; however, since
EP14rec is a weaker promoter compared to EP01rec, protein
expression levels were somewhat lower in comparison. Both
systems exhibited the repressible and inducible phenotype

shown dynamically and at more conditions for the GFP
experiments. In Figure 5B, we compared repression and
induction of GFP (Figure 3) to the repression and induction of
rhGM-CSF chimera estimated from the gel images (Figure 5A,
gel image quantification illustrated in Supplemental Figure S5).
We also show the results predicted by the mathematical model.
That is, we previously demonstrated that the model was in
agreement with the GFP fluorescence data (Figure 4), and
here we used the model to predict outcomes using rhGM-CSF
chimera as a product. We compare conditions with or without
arabinose and AI-2 as a means to normalize the data. While the
model can provide a molar concentration of rhGM-CSF
chimera, it is the fold-change and tunability that we are most
interested in capturing. By describing fold change, the
stoichiometric constants that convert transcript level to
concentration of protein are factored out. Without altering
transcription rate constants, the 4 h time points after AI-2
addition from the model were used to compare to the rhGM-
CSF chimera expression experiments (Figure 5B). Here, the
effect of arabinose was evaluated from Western blot data in
Figure 5A, where the intensity of bands from Lane 3 data were
divided by Lane 2. The effect of AI-2 is shown as the
expression level with 0.01% arabinose and 40 μM AI-2
addition relative to the same experimental setup without AI-2
(Lane 3 divided by Lane 1 in (Figure 5A). Note that the model
predicts the same fold changes for both hQSRC01 and
hQSRC14 since the only difference in the model between the
two systems was the transcription rate constant for the gene-of-
interest, which is factored out when determining fold change.
Experimentally, AI-2 or arabinose mediated fold changes were
similar between the two systems for both the GFP and rhGM-
CSF chimera expression experiments (dots represent average
results for the individual systems, while the bars represent
averages of the two systems, Figure 5B). The expression model
correlated extremely well with the repression and subsequent
AI-2-mediated derepression, illustrating that for GM-CSF, a
secreted protein of mammalian origin the model was still
viable. This suggests that the model generated for hQSRC
system may have potential for future designs and more
importantly, it corroborates the mechanistic relationships
between the promoter and repressor designs in the model
equations. Thus, the expression and secretion of human GM-
CSF (i.e., rhGM-CSF chimera) using an engineered
commensal E. coli strain (PH08) may serve as a step toward
a viable “smart” probiotic delivery system. While not shown
here, the extra benefit enabled by the tight arabinose-mediated
repression is that potentially cell toxins (e.g., cancer
therapeutics) could be delivered in a more spatially or
temporally controlled manner. Our data also suggest the
expression of a protein or other molecule could potentially be
stopped by the exogenous (or otherwise) addition of
arabinose. That is, the rhGM-CSF chimera could be
constitutively expressed and then stopped. There might be
advantages to all three modes of expression and control (i.e.,
switched from one mode to the other).
To ascertain whether the rhGM-CSF chimera expressed and

secreted was biologically active, supernatants collected after 4 h
of protein expression were passed through a Ni2+-Sepharose
column, purified, and evaluated using a human TF-1 cell line,
wherein proliferation is stimulated by rhGM-CSF.78 Since LPS
interacts directly with a TLR4/MD-2 complex on hemato-
poietic progenitor cells,79 we also depyrogenated the purified
chimera by incubating with polymyxin B sulfate to remove

Figure 5. Dual-input controlled expression of rhGM-CSF. (A)
Recombinant human GM-CSF chimera (rhGM-CSF chimera)
expression and secretion in E. coli Nissle ΔluxS ΔptsH strain
(PH08). PH08 cells were grown in LB media and supplemented with
0.01% arabinose and/or 40 μM AI-2. The rhGM-CSF chimera
expressed extracellularly was analyzed using Western blots. Samples
from different growth conditions were precipitated using a TCA
protocol. Lanes indicated were (1) A positive control (pAES40-GM-
CSF induced via IPTG), (2) 0.01% arabinose, (3) 40 μM AI-2, and
(4) 40 μM AI-2 plus 0.01% arabinose. (B) AI-2 and arabinose-
mediated fold change in expression of GFP and rhGM-CSF chimera
after 4 h growth in the presence of 0.01% arabinose and after AI-2
addition (40 μM). Here, the effect of arabinose was evaluated from
Western data in A, where the intensity of blots from Lane 3 data (with
AI-2 and arabinose) were divided by Lane 2 (with AI-2 and without
arabinose). AI-2 mediated fold change is shown as expression levels
with 0.01% arabinose and 40 μM AI-2 addition relative to the same
experimental setup without AI-2 (Lane 3 divided by Lane 1 in (A)).
Fold changes in GFP expression were determined from Figure 3. The
open and closed circles represent fold changes for either hQSRC01 or
hQSRC14, as indicated. The bars represent the average fold changes
of both systems. Note that the model predicts the same fold changes
for both hQSRC01 and hQSRC14. (C) Purified and depyrogenated
(LPS free) rhGM-CSF chimera expressed by PH08 strain was
bioactive as noted by proliferation of TF-1 cells. Activity was also
compared to the commercially available hGM-CSF (PeproTech).
Calculated EC50 values with 95% confidence bounds are shown for
each sample.
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possible LPS contamination from the host E. coli cells. In
Figure 5C, TF-1 cell proliferation was higher for the GM-CSF
purchased from PeproTech than the rhGM-CSF chimera
expressed via hQSRC01 in PH08 host cells at most
concentrations tested. However, the E. coli expressed protein
was also quite active; differences could be due to many factors
including potential effects from yebF fusion with membrane
translocation and purification tags. We also note that the
samples treated with polymyxin B showed further decreased
TF-1 cell proliferation when compared with the other samples
(Figure 5C), indicating a possible activation effect by LPS. To
quantify differences in activity, we fit each data set to a logistic
curve and determined the best fit value for EC50, or the
concentration of sample that resulted in 50% of the maximum
activity. The EC50 values were 3, 11, and 19 ng/μL for the
purchased GM-CSF, expressed rhGM-CSF chimera, and LPS
free rhGM-CSF chimera, respectively. Perhaps more impor-
tantly, a 250 mL culture of PH08 cells carrying the hQSRC01
GM-CSF expression system yielded ∼100 μg/mL of active
YebF-EK-hGM-CSF-His6 fusion, which is appreciable.

■ CONCLUSIONS
We created a semisynthetic QS regulator, the E. coli
homologous quorum sensing regulatory circuit (hQSRC)
that enables both external and endogenous control of gene
expression based on native AI-2 signaling. This was built upon
our previous directed evolution efforts of the lsr promoters;57

key features of the new system are due to the rewiring and
adjusting of the AI-2 QS regulatory components, LsrK and
LsrR. Here, we enabled tighter than native repression by the
addition of the heterologous arabinose repressor/actuator
system and more sensitive AI-2 mediated activation by the
incorporation of additional levels of LsrK.68 To transition this
system toward in vivo application, we added these constructs to
luxS and ptsH deletion mutants enabling their function in the
presence of glucose and precluding extraneous signaling by AI-
2 synthesis. Further, we built a mathematical model that can be
used to estimate protein production based on both the native
and external cues. We believe the novelty and value of this
system is that it builds tunable control onto the homologous
(AI-2) signaling processes native to E. coli and many other
bacteria, both Gram positive and Gram negative, as well as by
the addition of a simple digestible sugar. Its tight repression
until AI-2 accumulates for derepression is attractive for
industrial biotechnological settings, and its two-cue processing
logic should enable robust use in complex environments.
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