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Abstract
High-throughput screening is a popular tool for collating biological data which would otherwise require the use of excessive
resources. In this study, an artificial genetic circuit sensor responding to dimethylallyl diphosphate (DMAPP) was constructed
based on amodified L-arabinose operon for high-throughput screening and isoprene synthase (ispS) evolution inEscherichia coli
(E. coli). As a first step, the DNA sequence of the L-arabinose ligand-binding domain (LBD) was replaced with an ispS gene to
enable the AraC operon responding to DMAPP, which is the substrate of the IspS enzyme. Then, an enhanced GFP (eGFP) was
also introduced as a reporter for pBAD promoter. The expression level of the reporter was monitored using either of the two tools:
flow cytometer (FCM) and microplate reader. Sequentially, we observed that a high DMAPP concentration led to low eGFP
fluorescence, and the overexpression of ispS gene, which consumes DMAPP, resulted in a high eGFP expression. These results
demonstrated that the artificial genetic circuit sensor responded directly to the intracellular concentration of DMAPP, and the
expression of IspS enzyme could be positively correlated to the expression level of eGFP. Finally, we identified two IspS mutants
with different activities from an ispS gene library and further validated the screening method.
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Introduction

Rubbers have got a very large global demand for the produc-
tion of automobile tires, medical supplies surgical gloves, mo-
tor mounts and fittings, rubber bands, golf balls, and shoes. An
important variety of rubber is a polymer of isoprene (2-meth-
yl-1,3-butadiene). Almost all isoprene is petroleum-derived
and thus subject to volatility in pricing and supply.
Therefore, a reliable biological process for isoprene produc-
tion utilizing renewable feedstock would be an industry-
redefining development. Some bio-based processes for

producing isoprene have been well studied in model organ-
isms such as Escherichia coli (Liu et al. 2014) and yeast
(Hong et al. 2012). Isoprene is biosynthesized from two basic
precursors, isopentenyl diphosphate (IPP) and its isomer
dimethylallyl diphosphate (DMAPP), in the presence of iso-
prene synthase (ispS) gene, which was originally identified
from Populus alba or kudzu (Sasaki et al. 2005; Sharkey
et al. 2001). There are two different pathways of isoprene
production: the methyl erythritol 4-phosphate (MEP) pathway
and the mevalonate (MVA) pathway (Adam and Zapp 1998;
Mahmoud and Croteau 2001; Yoon et al. 2006) (see Fig. 1i).
MVA pathway mainly exists in eukaryotes, archaebacteria,
and cytosols of higher plants, while the MEP pathway exists
in many eubacteria, cyanobacteria, and chloroplasts of higher
plant (Hemmerlin et al. 2012). The heterologous expression of
MVA pathway in E. coli has been reported to improve the
production of isoprene and other terpenoids (Liu et al. 2015;
Yang et al. 2012; Ozaydin et al. 2013).

Various efforts of pathway optimization have been made to
obtain high isoprene production. As reported, the highest titer
of isoprene was 60 g/L after fed-batch cultivation of
engineered E. coli (Whited et al. 2010) in prokaryotes and
23.6 g/L after the aerobic fed-batch fermentation of
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engineered yeast (Wang et al. 2017) in eukaryotes. Neither has
reached a profitable level for industrial application. Enzyme
IspS is one of the key components for isoprene production
(Whited et al. 2010); however, the specific activity of IspS
was generally low, such as 0.075, 0.5, and 0.16 U/mg in plant
kudzu (recombinant) (Berry et al. 2002), aspen (native)
(Julsing et al. 2007) and poplar (recombinant) (Floras et al.
1996), respectively. Because of the poor kinetics of these en-
zymes, protein engineering is required to achieve an isoprene
production required of a commercially viable process. Thus,
the highest possible specific activity of the IspS enzyme is
crucial for overproduction of isoprene. In this report, a simple
and fast method of screening and quantifying the activity of
the isoprene biosynthesis enzymes is proposed.

An artificial genetic circuit capable of sensing target sub-
strate is frequently applied to the development of screening
methods to get the desired variants of the target enzyme. Chou
et al. had established a feedback-regulated phenotypic evolu-
tion system to evolve IPP isomerase (Idi) for overproduction
of desired metabolite (Chou and Keasling 2013). In nature,
many examples of genetic circuit sensors consist of an induc-
er, a regulator, and a reporter, of which the inducer makes the
conformation of the regulator change, and then induces the
reporter expression, such as the lactose, L-arabinose, and ga-
lactose operons. AraC is a transcription regulator that un-
dergoes conformational changes and dissociates from its

special DNA-binding partner when it forms a complex with
its monosaccharide ligand, L-arabinose. In absence of L-arab-
inose, a single AraC dimer binds with two widely separated
half-sites (I1 site at − 35 and O2 site at − 285), forming a 210–
base pair DNA loop and repressing the transcription from the
pBAD promoter (Dunn and Schleif 1984; Hendrickson and
Schleif 1985; Lobell and Schleif 1990; Martin et al. 1986).
When L-arabinose is present, its binding to AraC causes the
protein to cease DNA looping and favors binding to the adja-
cent two close half-sites I1 and I2 (close to − 35 site), thus the
transcription is activated (Hendrickson and Schleif 1984;
Martin et al. 1986). The 292-residue AraC protein consists
of a NH2-terminal L-arabinose-binding domain (LBD, resi-
dues 1 to 170) that binds to L-arabinose and mediates AraC
dimerization, a COOH-terminal DNA-binding domain (DBD,
residues 178 to 292) and a linker of at least five amino acid
residues which connects LBD and DBD (Bustos and Schleif
1993; Eustance et al. 1994; Eustance and Schleif 1997; Lauble
et al. 1989). If the L-arabinose-binding domain is replaced
with an enzyme of interest, the binding of the enzyme to its
substrate may trigger a conformational change. If one of the
binding conformations can activate the pBAD promoter, the
transcription strength would be correlated to the concentration
of the substrate of the enzyme.

The crystal structure of IspS observed upon binding its
substrate DMAPP exhibits structural changes at the IspS

Fig. 1 I The two pathways for isoprene production: MEP pathway and
MVA pathway. G3P, glyceraldehyde-3-phosphate; DXP, 1-deoxy-D-
xylulose 5-phosphate; HMBPP, (E)-4-hydroxy-3-methylbut-2-enyl-di-
phosphate; AcCoA, acetyl coenzyme A; MVA, mevalonate; MVAPP,
mevalonate-5-diphosphate; IPP, isopentenyl diphosphate; DMAPP,
dimethylallyl pyrophosphate. II The synthetic genetic circuit sensor
responding to DMAPP. Blue triangles stand for DMAPP; red shapes

represent IspS-AraC gene or fusion protein; green shapes mean eGFP
protein or gene. A = When the concentration of DMAPP is high, the
fusion protein IspS-AraC dimerizes when binding to DMAPP,
inactivating pBAD transcription. B = When the concentration of
DMAPP is low, the fusion protein IspS-AraC becomes a monomer when
dissociating with DMAPP, activating pBAD transcription
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dimer interface. This dimer was formed by two additional
hydrogen bonds and four additional salt bridges between the
monomers, suggesting the existence of at least two different
conformations (Koksal et al. 2010). Based on this observation,
it would be possible to fuse IspS with the COOH-terminal
domain of AraC to obtain a DMAPP sensor. In light of the
AraC mechanism, we can modify the AraC operon by replac-
ing the LBD sequence of this regulator with ispS gene, and
construct a genetic circuit sensor composed of two parts: the
new fused protein IspS-AraC and a pBAD-driven enhanced
GFP (eGFP) as the reporter (see Fig. 1). It is then possible to
use it for screening high activity IspS enzyme mutants that
catalyzes the conversion of DMAPP to isoprene.

In this study, a DMAPP-responding genetic circuit sensor
was first developed by replacing the LBD sequence of the
regulator AraC with the ispS gene so that the expression of
the reporter gene eGFP under control of the pBAD promoter
can respond to DMAPP, instead of L-arabinose. The sensor’s
performance was then tested by monitoring the expression
level of eGFP in E. coli BL21 (DE3) with DMAPP in vivo.
The relationship between DMAPP concentration and eGFP
fluorescence was examined by changing the concentrations.
The regulation of this sensor by DMAPP was totally different
from the L-arabinose induction mechanism. Thus, DMAPP
acted as a repressor instead of inducer. Most of the intracellu-
larly expressed fusion protein IspS-AraC bound to DMAPP
when concentration of DMAPP was high. The interaction of
IspS-AraC and DMAPP will lead to a conformational change
of the fusion protein and repress the transcription from pBAD
promoter. When ispS gene was overexpressed, consumption
of its substrate DMAPP caused the dissociation of IspS-AraC
homodimer and the activation of the downstream reporter of
pBAD promoter. The changes of fluorescent level of eGFP
induced by the dimerization of IspS-AraC were monitored by
microplate reader and flow cytometer (FCM). We also dem-
onstrated that this novel genetic circuit could serve as a simple
and fast tool to screen and evolve ispS gene through screening
two enzymes of different activities.

Materials and methods

Material and strains

Restriction enzymes, ligase, and DNA polymerase including
Primer STAR HS and Ex TaqDNAwere purchased from New
England Bio-labs (Ipswich, MA) or TAKARA (Dalian, China).
DMAPP standard (Sigma-Aldrich) was used for testing the cor-
relation of its concentration with the output of eGFP florescence.
Most of the chemicals, solvents, and media components were
purchased and used without modification from Sigma-Aldrich
(St. Louis, MO), Fisher Scientific (Pittsburgh, PA), or NEB
(Ipswich, MA) unless otherwise noted. E. coli strains Top10

and BL21 (DE3) were used for plasmid construction and pro-
duction experiments, respectively. All plasmids and strains listed
in Table 1 were sequenced to verify the cloning accuracy.

Plasmids construction and screening of mutant IspS
library

The plasmids for genetic circuit sensor were constructed based
on the modified vector backbone pRSFDuet-1 with RSFOri and
kanamycin resistance gene. Two T7 expression cassettes were
replaced by AraC operon with the eGFP inserted behind pBAD
promoter. The vector backbone fragment was modified by diges-
tion usingXba I andBgl II enzymes. The DNA fragment pBAD-
eGFPwas generated by overlap PCR using the primers PBAD-F
and eGFP-R. The fragment of DBD including the linker was
connected with ispS gene through overlap PCR to obtain IspS-
AraC fragment. The PCR programs were performed in a
Mastercycler Personal (Eppendorf) with Primer STAR HS
DNA Polymerase. Finally, the plasmid RSF-IspSC-eGFP
(Fig. S2) was constructed via assembling the three DNA frag-
ments of the vector bone fragment, pBAD-eGFP and IspS-AraC
using a commercial Gibson Assembly® Master Mix kit (New
England Biolabs). Plasmid RSF-IspSTerC-eGFP was construct-
ed based on plasmid RSF-IspSC-eGFP by inserting a rrnB ter-
minator between ispS and AraC through PCR with primers
rrBTer-IspSAraC-F and rrBTer-IspSAraC-R and cyclization of
the PCR product by T4 polynucleotide kinase and T4 ligase after
digestion with enzyme Dpn I. Plasmid pTrc99a with ColE1
(pBR322) ori and ampicillin resistance gene was used for ex-
pressing ispS gene driven by pTrc promoter. The ispS gene was
cloned with the primers IspS-NcoI-F and IspS-SacI-R using the
template of E. coli codon-optimized ispS gene (GenBank No.
AB198180) from P. alba (Liu et al. 2014, 2015). The ispS gene
without its predicted signal peptide was inserted into the pTrc99a
vector between Nco I and Sac I sites (Fig. S2).

Randomly mutated ispS sequences were generated by
error-prone PCR using ExTaq Mix DNA polymerase
(TAKARA) with the concentration of Mn2+ was 0.3 mM in
the PCR reaction. Then they were inserted into pTrc99a vector
between Nco I and Sac I sites for constructing the IspS mutant
library. The library was transformed into the screening host
strain AraC-IS, and three plates with colonies were used for
screening. Number of colonies on each plate was estimated to
around 102–103. About 450 colonies were inoculated into
2 mL LB medium with 50 mg/L kanamycin, 100 mg/L ampi-
ci l l in ant ibiot ics , and 0.1 mM isopropyl b-D-1-
thiogalactopyranoside (IPTG) in 48-well deep plates and then
they were cultured for 48 h. The eGFP fluorescence of all the
cultures was screened in 96-well plates using the microplate
reader at time points 14, 23, and 38 h. The colonies identified
with great deviations of eGFP florescence per OD600 compar-
ing to strain IS-IC were selected for colony PCR and
sequence.
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Characterization of the fluorescence of eGFP
with FACS.

Three colonies harboring the plasmid RSF-IspSC-eGFP were
inoculated into LB medium with 50 mg/L kanamycin and
cultured overnight as seed cultures. Then, each of them was
diluted into two 4-mL fresh LBmediumwith the antibiotics to
an initial optical density (OD600 nm) of 0.05 the following
day. After culturing for 3 h, DMAPP was supplemented into
one of the two tubes to a final concentration of 10 μM as the
experimental group and equal volume of water was added into
the other tubes as the control group. After culturing for another
21 h at 30 °C, the cultures were diluted to OD600 of 0.1 or a
cell density of 106/mL using deionized water and then they
were filtered into the 15-mL tubes by etamine. Finally, sam-
ples were shot into FACSAria II (BD, Franklin Lakes, NJ) for
eGFP fluorescence detection. The FACS was performed with
the excitation at 488 nm and the emission at 509 nm for de-
tecting eGFP fluorescence. Fluorescein (FITC) channel was
used for sorting target cells in the total number of cells and
eGFP gating for calculation the positive numbers. The FACS
flow sheath fluid (BD, Franklin Lakes, NJ) was applied for
keeping the sample flow constant.

Measurement of eGFP fluorescence
through microplate reader.

Colonies harboring plasmid RSF-IspSC-eGFP and empty
pTrc99a, and colonies harboring plasmid RSF-IspSC-eGFP
and pTrc99a-IspS on plates were inoculated into LB medium
with 50 mg/L kanamycin and 100 mg/L ampicillin antibiotics.

Starter cultures were grown overnight at 37 °C, and then every
culture was diluted into three or four tubes with fresh LB
culture containing antibiotics, respectively. After culturing
for 3 h at 37 °C, they were supplemented with 0.1 mM
IPTG or 10 mg/L L-arabinose when OD600 reached 0.6, and
allowed to continue growth for 35 h at 30 °C. At time points
14, 23, and 38 h, 100-μL culture was sampled and diluted 10
times with LB medium for eGFP florescence and OD600 de-
tection in a 96-well plate. The eGFP fluorescence was mea-
sured by microplate reader SpectramaxM2 set of excitation at
488 nm and emission at 509 nm. The eGFP florescence per
OD600 after removing the background was compared for ana-
lyzing of the responding of the genetic circuit sensor to ispS
expression.

Isoprene production and detection.

Three colonies were inoculated into 4 mL LB medium, cul-
tured at 37 °C as the seed cultures and then diluted into the
fresh medium in 20-mL sealed vials to produce isoprene. The
E. coli cell cultures were incubated in rotary shakers (200 rpm)
at 30 °C after 0.5 mM IPTG was added at OD600 of 0.6–0.8.
After culturing for 48 h, 1 mL of gas sample from the 20-mL
sealed vials was injected into a gas chromatography mass
spectrometry (GC-MS) by the headspace auto-injector for de-
tecting isoprene production. The GC-MS (Thermo Fisher,
Trace ISQ America) equipped with an electron impact (EI)
detector and a TG-WAXMS column (30 m × 0.25 mm ×
0.25 um film thickness) was configured to the following con-
ditions: inlet at 200 °C, 1.1 mL/min constant flow, transfer line
at 300 °C, ion source at 250 °C, and scan m/z 50–300. The

Table 1 Plasmids and strains
used in this study Name Relevant genotype Reference

pRSFDUET-1 RSF Ori Kanar This study

pTrc99a pBR322 ori, AmpR, This study

pTrc99a-IspS pBR322 ori, AmpR, This study

RSF-IspSC-eGFP RSF Ori Kanar, IspS-AraC, PBAD-eGFP This study

RSF-IspSTerC-eGFP RSF Ori Kanar, IspS-rrnB Ter-AraC, PBAD-eGFP This study

Strains Description Reference

E. coli TOP10 Applied for harvesting plasmid Purchased from Biomed

E. coli BL21 (DE3) Applied for expression genes Purchased from Biomed

AraC-IS RSF-IspSC-eGFP This study

IC pTrc99a+ RSF-IspSC-eGFP This study

IS-IC pTrc99a-IspS+ RSF-IspSC-eGFP This study

NC E. coli BL21 (DE3) harboring pRSFDuet-1 This study

IspS pTrc99a-IspS This study

AraC-ISTer RSF-IspSTerC-eGFP This study

IS-IC-31 pTrc99a-IspS with 345–349 residue
truncated + RSF-IspSC-eGFP

This study

IS-IC-34 pTrc99a-IspS V93D R116H L148Q A172T F180S L272R
M337 T L421Q I478F+ RSF-IspSC-eGFP

This study
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oven temperature programs were set to the initial temperature
of 40 °C for 1 min, then increasing to 200 °C at 15 °C/min
rate, and finally holding for 1 min. The injector was main-
tained at 220 °C. The samples were incubated at 60 °C, sub-
jected to a 10-min cycle of 10-s shaking and 10-s keeping still
before injection with the headspace needle at 70 °C. The sam-
ple drawn was 1 mL and split in the column with a ratio of
1:50.

Results

Construction and the structure analysis of genetic
circuit sensor.

This artificial genetic circuit sensor was constructed based on
the L-arabinose operon, in which the LBD was replaced by
ispS gene. The eGFP gene was inserted under the control of
pBAD promoter (the design was shown in Fig. S1). If the
protein IspS undergoes a conformational change when bound
to its substrate DMAPP, the hypothesis is that only one of the
two possible conformations may activate the transcription of
pBAD promoter and induce eGFP expression.

To our knowledge, AraC regulates expression of L-
arabinose utilization genes from the L-arabinose-inducible
promoter pBAD by preferentially binding to different DNA
sequences in the presence and absence of L-arabinose. AraC
has a distinct amino-terminal LBD and carboxy-terminal
DNA-binding domain DBD, and the activation and repression
of pBAD depend on whether the LBD has bound with L-
arabinose (Koksal et al. 2010). To this end, the plasmid
RSF-IspSC-eGFP was constructed by inserting the ispS gene
from P. alba between the pC promoter and the linker region of
AraC (170–178 amino acid) based on the modified vector
pRSFDuet-1. To further illustrate that eGFP expression was
regulated by fusion protein IspS-AraC, an rrnB terminator was
inserted between ispS and AraC sequence to construct plasmid
RSF-IspSTerC-eGFP. In addition, to study the relationship
between ispS expression and eGFP florescence, plasmid
pTrc99a-IspS was constructed for expressing ispS gene which
led to change of the concentration of DMAPP.

eGFP has been validated as a reporter by FACS.

The fused protein IspS-AraC should be in dimeric conforma-
tion when binding to DMAPP and in monomeric conforma-
tion when separating with DMAPP. However, we did not
know which conformation could induce the reporter gene ex-
pression. If the binding of the fusion protein IspS-AraC with
DMAPP can induce the expression of proteins under the con-
trol of pBAD promoter, the fluorescence of eGFP will in-
crease with higher concentration of DMAPP. Then DMAPP
will act as an inducer like L-arabinose in the original AraC-

operon. Otherwise, the binding may repress the expression of
eGFP protein, then the fluorescence will decrease with higher
concentration of DMAPP.

To study the relationship between the expression level of
eGFP and the concentration of DMAPP, we first cultured the
seed cultures of negative control, AraC-IS and AraC-ISTer
strain, and then diluted every one into two tubes with fresh
LB culture. The two tubes of every strain were, respectively,
supplemented with 10 μM DMAPP and equal volume of wa-
ter when OD600 reached 0.6. Sequentially, we used FACS to
monitor the fluorescence of eGFP from the two cultures re-
spectively with additional DMAPP and water after the cul-
tures were diluted with deionized water. In FACS histograms,
FITC-A mean is the indicator of eGFP fluorescent level, and
the number of cells in P2 area stands for the positively staining
population with high fluorescence. The percentages of the
cells in P2 area represent the ratio of cells with higher fluores-
cence intensity of eGFP.

According to the analysis, we obtained the percentages of
the positively staining population [P2/(P1 + P2) (% parent)],
the mean fluorescence intensity of the positively staining pop-
ulation [P2 (FITC-A mean)] and of all the cell populations
[P1 + P2 (FITC-A mean)]. As shown in Fig. 2a, e, c, the per-
centages of cell populations in P2 area were, respectively, 0,
1.1, and 34.9% in the cultures of negative control, AraC-ISTer
and IspS-AraC without additional DMAPP. The percentages
of the three strains indicated that the eGFP expression under
pBAD promoter considerably decreased without fusion pro-
tein IspS-AraC. The eGFP fluorescence of negative control
showed no difference between the cultures with and without
DMAPP (Fig. 2a, b), indicating that DMAPP had no effect on
the eGFP fluorescence without fusion protein IspS-AraC. The
percentage of the positively staining population [P2/(P1 + P2)
(% parent)] of the sample with additional DMAPP was 21.7%
(Fig. 2d), decreased 38%when compared with the strain IspS-
AraC without DMAPP (Fig. 2c). Moreover, in the culture
without additional DMAPP, the highest FITC-A mean
reached to 105, and two peaks were observed, of which the
second peak in P2 area represented the cells with high eGFP
fluorescence. While with the addition of 10 μM DMAPP, the
highest FITC-A mean was about 104, and the peak in P2 area
disappeared, indicating that the eGFP fluorescence decreased
sharply. These results indicated that the eGFP expression was
lower with higher DMAPP concentration; therefore, DMAPP
acted as a suppressor for promoter pBAD. In comparison of
the eGFP fluorescence in Fig. 2c, d, the fluorescence of strain
IspS-AraC supplemented with 10 μMDMAPP was 38% low-
er than that supplemented with equal volume water,
supporting that high-concentration DMAPP can repress
pBADpromoter transcription. Therefore, the dimer conforma-
tion binding with DMAPP can repress pBAD promoter and
this eGFP-based artificial genetic circuit sensor was initially
verified to be a sensitive DMAPP-responding system using

Appl Microbiol Biotechnol



Appl Microbiol Biotechnol



FACS technology. The FACS histogram of strain AraC-ISTer
(Fig. 2e, f) demonstrated that almost no eGFP fluorescence
was detected after the fusion protein IspS-AraCwas broken by
the rrnB terminator, indicating that the regulation of eGFP
expression degenerated without the fusion protein. The fusion
protein IspS-AraC has also been verified to be capable to
catalyze DMAPP into isoprene but its activity decreased since
isoprene production of strain AraC-IS was lower than strain
AraC-ISTer (shown in supplementary Fig. S4).

Analysis of eGFP fluorescence responding to ispS
expression.

After confirming that the eGFP fluorescence was related to
DMAPP concentrations through FACS, we would like to in-
vestigate that the intensity of eGFP fluorescence could be
linked to ispS gene expression, using a microplate reader to
monitor the fluorescence. In order to prove the eGFP fluores-
cence of the cells was distinguishably affected by the expres-
sion of ispS gene, we respectively transformed plasmid
pTrc99a and pTrc99a-IspS into E. coli IspS-AraC, obtaining
IC as the control strain and IS-IC as the experiment strain.
Plasmid pTrc99a-IspS was constructed for ispS gene overex-
pression with IPTG-induced pTrc promoter, since its overex-
pression would cause the concentration of DMAPP to change.
To support that the overexpression of ispS gene could induce
the eGFP fluorescence changing, we detected the output of
eGFP reporter of the two strains, respectively, supplemented
with IPTG, L-arabinose, or both, of which L-arabinose was
used for proving the inducer changing into DMAPP.

In Fig. 3, no significant difference has been observed on the
eGFP fluorescence across three sampling time points of 14, 23,
and 38 h not only in the IPTG presence culture and IPTG ab-
sence culture, but also in the presence of both 0.1 mM IPTG and
10 mg/L L-arabinose culture and the culture with only 10 mg/L
L-arabinose in control strain IC. These results indicated that
IPTG itself had no influence on the genetic circuit sensor system
without ispS gene overexpression. For strain IS-IC, the eGFP
fluorescence was five times higher with 0.1mM IPTG and seven
times higher with 0.1 mM IPTG and 10 mg/L L-arabinose.
These results indicated that the overexpression of ispS gene in-
stead of L-arabinose became the main factor of regulating the
reporter eGFP expressing in strain IS-IC. After adding 0.1 mM
IPTG, the overexpressed IspS enzyme consumed the substrate

DMAPP in vivo, and then induced the expression of eGFP. It
was well aligned with the previous conclusion that low concen-
tration of DMAPP induced the eGFP expression.

In conclusion, the fusion protein IspS-AraC did not have
enough DMAPP to bind with in the low level of DMAPP
resulting from overexpression of ispS gene, and then promoter
pBADwas activated and the fluorescence of eGFPwas higher
than that without ispS. The concentration of DMAPP became
the major factor that can change the expression strength of
gene eGFP under pBAD promoter in this genetic circuit sen-
sor. Moreover, the expression level of IspS had a decisive
effect on the expression strength of eGFP by consuming
DMAPP. Thus, the higher activities of IspS leads to the lower
concentration of DMAPP and higher eGFP fluorescence.
Based on the above analysis, the DMAPP-responding genetic
circuit sensor was established and verified successfully.

Screen different activity enzyme IspS.

To apply this method to screening IspS (Fig. 4), we generated
the IspS mutant library by error-prone PCR before subjecting
to eGFP fluorescence measurement. We also tested the rela-
tive production of isoprene produced by strain IC, IC-IS, and
the screened mutants. As a result, although most of the mu-
tants showed constantly similar fluorescence with the wild-
type strain, several colonies showed significant negative fluo-
rescence offset. Two of the negative samples with the lowest
fluorescence IS-IC-31 and IS-IC-34 were sequenced, reveal-
ing the mutation sites 345–349 residue truncated, and nine
amino acids were mutated: V93D, R116H, L148Q, A172T,
F180S, L272R, M337T, L421Q, and I478F.

As shown in Fig. 5, compared with the wild-type strain IS-IC,
the fluorescence and the isoprene production of strain IS-IC-31
were decreased simultaneously by 52.7 and 93%, respectively,
and for strain IS-IC-34, the fluorescence was decreased to the
level of negative control IC. These results indicated that the ac-
tivities of IspS enzymes with 345–349 residue truncated or the
nine amino acids mutated were considerably lower than the wild
recombinant IspS enzyme, and eGFP fluorescence is a useful
reporter of ispS gene activity. According to Fig. 5a, b, we can
see that strain IS-IC-34 and IC performed similar eGFP fluores-
cence and isoprene production, indicating that the IspS enzyme
activity in IS-IC-34 was probably inactive. After analysis of the
mutations, we found the amino acids of 345–349 were reported
to be responsible for binding of Mg2+ which is a cofactor in IspS
enzyme catalysis (Sasaki et al. 2005), and the truncations of these
amino acids in strain IS-IC-31 were suspected to reduce the
enzyme activity by weakening the binding of Mg2+. The nine
amino acids in strain IS-IC-34 changed from aliphatic amino acid
V, R, L, A, I, and L to hydrophilic amino acids, probably
resulting to the inactivation of IspS enzyme. In summary, this
work provided a promising tool for IspS screening and further
validated this screening method.

�Fig. 2 FACS histogram of negative control, AraC-IS, andAraC-ISTer for
eGFP fluorescence analysis. a, c, and e The cultures of strain negative
control (NC), AraC-IS, and AraC-ISTer were supplemented with water.
b, d, and f The cultures of strain NC, AraC-IS, and AraC-ISTer were
supplemented with 10 μM DMAPP. All the strains were shot for FACS
after cultured 24 h at the same condition. The FACS was performed with
the excitation at 488 nm and the emission at 509 nm for eGFP
fluorescence. The number of cells in the P2 area stands for the positively
staining population with high fluorescence
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Discussion

In this study, we successfully developed a genetic circuit bio-
sensor based on the L-arabinose operon to screening for a

highly active IspS enzyme. In brief, we can screen cells
through two methods: one is sorting the cells with high
eGFP florescence through FACS, the other is using a micro-
plate reader to monitor the eGFP fluorescence of the cultures

Fig. 4 The flow path and two methods of screening IspS enzyme.
Randomly mutated ispS sequences were generated by error-prone PCR
using ExTaq Mix polymerase with 0.3 mM Mn2+, and then ligated into
plasmid pTrc99a to construct the ispS gene library. The library plasmid
pTrc99-IspS was co-transformed with screening plasmid RSF-IspSC-

eGFP into E. coli BL21 (DE3) for screening mutants. The desired
mutants were screened by measuring the eGFP fluorescence through
two methods: one is using microplate reader to screen the IPTG-
induced cultures in 96-well plate, the other is sorting the IspS mutants
with FACS after cultivation and induction with IPTG

Fig. 3 PBAD output from the genetic circuit sensor responding to
DMAPP in strain IC and IS-IC. IC is the control without the additional
ispS expression, and IS-IC harboring RSF-IspSC-eGFP and pTrc99a-
IspS plasmid is for studying the relationship of eGFP fluorescence and
ispS gene expression. The eGFP florescence of the cultures was
monitored by microplate reader after they were induced by 0.1 mM

IPTG at time points of 14, 23 and 38 h. + or − Ara means with/without
L-arabinose supplemented in the cultures. IPTG and L-arabinose were
supplemented when OD600 reaches to 0.6. EGFP fluorescence was
measured at the excitation of 488 nm and the emission of 509 nm using
microplate reader Spectramax M2. Data represent averages from three
replicate cultures and error bars show s.d.
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after induction by 0.1 mM IPTG in the 96-well deep plate
format (see Fig. 4). It is easy to operate since large amounts
of cells could be sorted with FCM in a relative short period of
time and 96 colonies can be screened in one plate with the
microplate reader. Both of these methods employing the ge-
netic circuit sensor are more feasible, sensitive, and simple for
isolating the desired mutants from a gene library than the
method involving of pyrolysis-gas chromatography/mass
spectrometry to screen and analysis isoprene and limonene
released from polyprenols and polyisoprenes (Takeno et al.
2010), or some other methods based on the color change of
the cells harboring carotenoid pathways (Furubayashi et al.
2014).

In summary, we demonstrated the application of a genetic
circuit sensor designed by modifying L-arabinose operon,
confirmed the sensor’s responding to DMAPP, and identified
two mutants by monitoring the actuator level with eGFP pro-
tein. Based on the analysis of FACS and microplate reader, we
found that the regulation mechanism of IspS-AraC fusion was
completely different from that of the L-arabinose operon. In
the later regulation, L-arabinose is an inducer, to activate pro-
moter pBAD transcription and gene expression. However, in
this genetic circuit sensor, DMAPP acted as a repressor, to
repress promoter pBAD transcription and the gene expression
when the concentration of DMAPP was high. To explain the
negative correlation between eGFP fluorescence and DMAPP
concentration, it is supposed that when the concentration of
the intracellular DMAPP is low, the fusion protein IspS-AraC
in DMAPP-dissociated state is keeping monomer conforma-
tion which ceases DNA looping and hinders the position of
the RNA polymerase, resulting in activation of promoter
pBAD transcription. On the contrary, when the concentration

of the intracellular DMAPP is high, the dimers are formed by
two additional hydrogen bonds and four additional salt brid-
ges between monomers according to the study of IspS protein
(Koksal et al. 2010). In this case, we suspect that the dimer
constructs, consisting of a pair of fusion proteins and a pair of
fixed DMAPP molecular binding with DNA sites, are too
large to occupy the space and obstruct the RNA polymerase
binding to the DNA sites. In addition, DMAPP was found to
be toxic to the cells when comparing the OD600 of the cultures
with and without additional DMAPP (Fig. S3). This is consis-
tent with a previously reported study (Martin et al. 2003; Sivy
et al. 2011).

Although the use of the L-arabinose operon has been dem-
onstrated before (Chou and Keasling 2013), reports of modi-
fication of this operon for application in high-throughput
screening of high activity enzymes are rare. The application
of this genetic circuit sensor might be extended also to quan-
titative screening of other isoprenoid biosynthesis related the
enzymes of the MEP/MVA pathway through monitoring the
DMAPP concentration. In addition, the modification of the
lactose operon to construct a similar sensor which should in
theory be viable in respond to DMAPP has been attempted.
However, efforts to obtain a specific sensor after the attempts
of replacing the specific lactose-binding domain in repressor
LacI with IspS enzyme based on the structure analysis of LacI
(Lewis et al. 1996) have failed. Further research would also be
needed to evaluate the possible association of the substrate
DMAPP and its binding domain in this biosensor using some
other technologies, such as the immunofluorescence and elec-
tronmicroscope technologies. Establishing an enzyme screen-
ing system for high isoprene production might need consider-
able investment in work and time at a commercially relevant

Fig. 5 The characterization of the screened IspS enzyme with different
activities. a The eGFP fluorescence of strain IS-IC, IC, IS-IC-31, and IS-
IC-34. The florescence was measured by microplate reader at time point
14 h (black), 23 h (red), and 38 h (blue). b The relative production of
isoprene in strain IS-IC (black), IC (green), IS-IC-31 (red), and IS-IC-34

(blue). The isoprene production was detected by GC-MS with headspace
sample injector after the cultures were induced with 0.1 mM IPTG in
rotary shakers (200 rpm) at 30 °C for 48 h. The peak area reveals the
isoprene production levels
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cost, involving: (1) the construction of an ispS gene library, (2)
screening and selecting high fluorescence cells or colonies,
and (3) identifying the enzyme activity.

Isoprene is an important raw material in the synthetic
chemistry industry and its biosynthesis has become one of
the research hotspots in recent years. Furthermore,
biocatalysts are recognized as one of the key components for
Bsustainable chemistry development,^ that requires new en-
zymes with higher chemical reactivity, specificity and stabili-
ty. In the study of bioprocess for isoprene-monomer produc-
tion by Genencor, it has been demonstrated that optimizing,
engineering, and designing enzyme activities to mitigate the
inhibition of the key intermediate or end product is one im-
portant step in making the isoprene commercial production
(Whited et al. 2010). However, the ispS genes from plants
were characterized by low activities (Berry et al. 2002;
Julsing et al. 2007; Floras et al. 1996), thus exploring the
IspS enzyme with high activity is of high priority for improv-
ing isoprene production. The screening method reported in
this paper has got great significance in developing isoprene
biosynthesis to industrialization.
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