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Accepted 8 September 2023 consuming and expensive because their yield is extremely low. Tetraketide synthase (TKS), the key
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methods to increase the overall yields of cannabinoid compounds. In this context, protein engineering is
Cannabinoids an economically beneficial and viable solution to improve the catalytic activity of TKS. However, the abil-
Escherichia coli ity to produce enzyme variants significantly exceeds the capacity to screen and identify high producers,
Olivetolic acid creating a bottleneck in the enzyme engineering process.

Results: This study constructed an Escherichia coli-based biosensor workflow for detecting the byproduct
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pentyl diacetic acid lactone (PDAL). Rational design was used to generate E. coli strains with mutant reg-
ulatory protein AraC and an altered effector PDAL to control the transcription of gfp and kanamycin. The
developed biosensor could detect PDAL at the concentrations of the operational range from microbial cell
culture and cell-free catalytic system.

Conclusions: The E. coli-based biosensor developed in this study efficiently detected PDAL with high
throughput and low cost.
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1. Introduction

Botanical polyketide synthases (PKSs, type IIl) are homodimeric
enzymatic machines that biosynthesize structurally and function-
ally diverse natural compounds. These compounds are widely used
as antibiotics (caprazamycins [1], acridones, xanthones, stilbenes,
and anthraquionones), antimalarial agents (acridones), antioxi-
dants (isoflavones and flavones), antiparasitic drugs (aurones),
cardioprotective agents (stilbenes), immunosuppressants, antipla-
telet aggregation drugs (phenanthrene), and cancer chemotherapy
medications (aurones and isoflavones) [2]. Mechanistically differ-
ent from the other two subgroups of PKSs, type IIl PKSs are struc-
turally simpler and do not have multidomain [3,4] and
multienzyme complexes [5,6]. Their biosynthesis is initiated via
the Claisen condensation of thioesters to assemble a functionalized
linear chain [7]. The products of PKSs are subsequently catalyzed
by cyclase for benzene ring formation. However, metabolic flux
imbalance and low biosynthetic efficiency lead to low productivi-
ties, titers, and product yields, making the catalytic step of PKSs
a major bottleneck in polyketide biosynthesis. Moreover, to date,
the mechanism of the biocatalytic system of natural PKSs remains
unclear [8]. To better understand how PKSs synthesize these com-
pounds, X-ray, nuclear magnetic resonance crystal structure, and
computational analyses have been used to provide insights into
the molecular basis of the catalysis process [9]. Based on these
analyses, protein engineering, including domain exchange [10,11]
and motif swapping [12], has been utilized to enhance biocatalytic
efficiency or alter product distribution to improve the target com-
pound production [13].

Cannabinoids are important polyketides, and >125 different
cannabinoids have been isolated and identified from plants [14].
These compounds can bind to one or more receptors of the endo-
cannabinoid system and regulate numerous physiological and
pathological processes [15]. Cannabinoids have been used in the
form of multitarget antitumor therapy agents [16,17,18] and
nutraceuticals. They can improve the quality of life of patients with
cancer because of their different supportive effects [19]. The
biosynthetic pathway of cannabinoid production begins with the
interactive condensation of malonyl-CoA and hexanoyl-CoA, cat-
alyzed by tetraketide synthase (TKS), into a linear tetraketide inter-
mediate. The intermediate is subsequently catalyzed by olivetolic
acid cyclase to form olivetolic acid. However, the yield of olivetolic
acid from malonyl-CoA and hexanoyl-CoA is <4%, which limits the
biosynthesis of cannabinoids (Fig. 1). To address this issue, a novel
method is needed to change the enzymatic functions of TKS using
protein engineering. This modification may limit the diffusion of
transient intermediates, prevent crosstalk between competitive
metabolic pathways, and minimize the degradation or loss of
unstable intermediates, thereby increasing the overall yield of
olivetolic acid [10]. From this perspective, various methodological
approaches are required to change the catalytic machinery or cat-
alytic activity of TKS. However, testing the products and byprod-
ucts of TKS is more difficult than building an enzyme mutant,
which creates obstacles in the protein engineering development
cycle. Methods used for quantifying the tetraketide intermediates
pentyl diacetic acid lactone (PDAL), hexanoyl triacetic acid lactone
(HTAL), and olivetol (such as liquid chromatography-mass spec-
trometry [LC-MS]) are tedious, time-consuming, expensive, and
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lack the required throughput in terms of equipment and expertise.
Thus, a cheap and powerful tool is needed for the detection and
quantification of these metabolites. Biosensors are analytical
devices that are extensively employed in many fields [20], includ-
ing process control [21], fermentation analysis [22], pollution mon-
itoring [23,24], and viral analysis [25,26]. Therefore, biosensors
have been proposed as an alternative to resolve the aforemen-
tioned bottleneck.

AraC is a regulatory protein in Escherichia coli that regulates
gene transcription via the ara operon. AraC represses gene
transcription in the absence of -arabinose and activates it when
L-arabinose is present. This type of regulatory mechanism has been
well-studied in several applications. In previous studies, the AraC
effector was engineered to respond to mevalonate [27], triacetic
acid lactone [28], and p-arabinose [29].

The present study developed a new AraC mutant-based biosen-
sor that was sensitive to a range of PDALs. Using this E. coli-based
biosensor, the study demonstrated the detection of microbially
produced PDAL. As a living sensor, it served as a tool for measuring
the relative production yields of a library of TKS mutants.

2. Materials and methods
2.1. Strains, plasmids, cultures, and chemicals

All strains and plasmids used in the present study are listed in
Table S1. E. coli BL21 was used as the host for gene cloning and
expression. For expression in E. coli, the codon-optimized Cannabis
sativa TKS gene was synthesized using Genscript (Nanjing, Jiangsu,
China) and incorporated into pCold after digestion with Ndel and
Xbal to generate pCold-TKS. The AraC protein-encoding gene araC
from E. coli was amplified using primers F1/R1 and inserted into
pPET20b (+) after digestion with Ndel and HindIII to produce pET20b
(+)-araC. The BAD promoter and Kana or gfp were amplified using
F2/R2 and F3/R3 or F4/R4, respectively (Table S2), and fused via a
one-step assembly to generate Pgap-Kana or Pgap-gfp. They were
then inserted into pET20b (+)-araC to generate pET20b (+)-araC-
Pgap-Kana and pET20b (+)-araC-Pgap-gfp, respectively. The Luria-
Bertani (LB) medium (peptone 5 g/L, yeast extract 10 g/L, and NaCl
10 g/L) was used in all DNA manipulations and protein overexpres-
sion experiments. When necessary, 50 pg/mL ampicillin or
20 pg/mL kanamycin was added to exert selective pressure,
0.1 mM isopropyl-B-D-thiogalactopyranoside (IPTG) was added
to induce araC expression, and 0.01-1 mM PDAL was added to
regulate Kana and gfp expression. PDAL was synthesized in our
laboratory (Fig. S1), whereas all other high-grade chemicals were
obtained commercially.

2.2. Mutation of PDAL-binding AraC pocket

Based on the structure of E. coli AraC (PDB: 2ARC), the sizes of
the substrate-binding pockets were calculated using CASTP
(https://cast.engr.uic.edu/cast/) and POVME software [30]. The
partially flexible CDOCKER software was used to perform docking
between AraC and PDAL. The conformations of the ligand PDAL
were generated based on high-temperature dynamics. Simulated
annealing was utilized to optimize the flexible ligand conformation
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Fig. 1. Type III PKS gene of olivetolic acid biosynthesis in plants.

at the AraC binding pocket site. For this process, the default param-
eter was set to retain the first 10 conformations of the optimal
ligand. The binding AraC sphere was generated using a radius of
10 A. The optimal docking poses were obtained for subsequent
analysis based on the highest standard of the CDOCKER Energy
score (Table S3). To explore the key amino acid residues in the AraC
pocket site, alanine scanning was performed using the Calculate
Mutation Energy (Binding) module of the Discovery Studio 2017
software (Accelrys, Omaha, NE, USA). Mutation energies >0.5 kcal/
mol or <—0.5 kcal/mol were selected for saturation mutation, and
single-point mutants with the mutation energies of <—0.5 kcal/mol
were chosen as the optimal site mutations. The structural diagrams
were generated using PyMOL 1.8 (https://pymol.sourceforge.net).

2.3. Growth-based positive and negative screening

Screening was performed as described in a previous study with
minor modifications [31]. In brief, after the plasmid pET20b
(+)-araC-Pgap-Kana and its mutant were transformed into E. coli
BL21 to generate E. coli BL21 pET20b (+)-araC-Pgap-Kana and its
mutant, the strains were cultured in LB medium with 50 pg/mL
ampicillin at 37°C for 12 h. They were then transferred to fresh
LB medium with 50 pg/mL ampicillin and 0.1 mM IPTG to induce
araC expression. After 2 h, 20 pg/mL kanamycin was added to
the broth, 0.1 mM PDAL was added for positive screening, and
DMSO was added to the control.
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2.4. PDAL concentration during strain growth

PDAL concentration was assayed at different time points during
E. coli BL21 pET20b (+) growth. In brief, the strain was cultured in
LB medium with 50 pg/mL ampicillin and 0.1 mM PDAL at 37°C for
12 h. The culture supernatant was collected for PDAL concentration
assay.

2.5. GFP expression fluorescence assays

Fluorescence assays were performed as previously described
[32]. In brief, E. coli BL21 harboring the plasmid pET20b (+)-araC-
Pgap-gfp or its mutants were cultured overnight in LB medium con-
taining 50 pg/mL ampicillin. They were then transferred to fresh LB
medium with 50 pg/mL ampicillin and 0.1 mM IPTG to induce araC
expression. After 2 h, 0.01-1 mM PDAL was added to the medium.
After culture at 37°C for 12 h, the cells were collected and washed
with Tris-HCl buffer solution (pH 7.4). The cell suspension was
then diluted to ODggp = 0.5, and the fluorescence emission was
measured using a multidetection microplate reader (Synergy 4,
BioTek, VT, USA) via 488-nm excitation and 520-nm emission
filters.

2.6. TKS purification

For TKS purification, E. coli BL21 pCold-TKS was cultured
overnight, inoculated at a ratio of 1% (v/v) into fresh LB broth,
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and incubated at 37°C with 220-rpm shaking for 2 h. Next, 100 uM
IPTG was added to induce TKS expression. After incubation for 24 h
at 16°C, the cells were collected by centrifugation at 10,000 x g and
4°C for 5 min and then resuspended in 10 mM Tris-HCl buffer (pH
7.4). The cells were subsequently disrupted via sonication, and the
supernatant obtained by centrifugation at 12,000 x g and 4°C for
30 min was filtered through a 0.22-pm membrane for TKS purifica-
tion. The TKS-containing filtrate was purified with Ni-NTA agarose
using affinity chromatography (GE Healthcare, Little Chalfont, UK).
In brief, Ni-NTA agarose was incubated with the filtered super-
natant and washed thoroughly with the washing buffer (10 mM
Tris-HCl, 30 mM imidazole, and 500 mM NaCl; pH 7.4). TKS was
released from Ni-NTA agarose using the elution buffer (10 mM
Tris-HCI, 300 mM imidazole, and 500 mM NaCl; pH 7.4). The con-
centration of the purified TKS was determined using a modified
Bradford protein assay kit (Sango, Shanghai, China) with bovine
serum albumin as the standard. TKS concentration was adjusted
to 10 g/L in 10 mM Tris-HCl (pH 7.4) and stored for enzymatic
assays.

2.7. In vitro PDAL assays

In vitro catalytic TKS activity was assayed to detect the product
yield of PDAL, hexanoyl triacetic acid lactone, olivetol, and olive-
tolic acid [33]. A standard TKS reaction mixture comprising
5 mM 1,4-dithiothreitol, 0.2 mM hexanoyl-CoA, 0.6 mM malonyl-
CoA, and 2.5 mM MgCl, in 20 mM HEPES (pH 7.4) buffer was incu-
bated at 10°C for 24 h, and 1 mL of the resulting products was
added into LB medium to determine GFP expression using the mul-
tidetection microplate reader.

2.8. In vivo PDAL assay

In vivo PDAL concentration was determined using fluorescence
assays that assessed its correlation with the formation of free
GFP. In brief, a single colony of E. coli BL21 harboring pCold-TKS
and pET20b (+)-araC-Pgap-gfp was cultured overnight in 3 mL LB
medium with 50 pg/mL ampicillin. The culture was then incubated
in 50 mL LB medium with 50 pg/mL ampicillin at 37°C for 2 h.
Then, 0.1 mM IPTG and 0.01-1 mM PDAL were added to the med-
ium to induce gfp expression at 16°C for another 24 h. Finally, 1 mL
of the resulting culture was centrifuged, and the cells were washed
with 10 mM Tris-HCl (pH 7.4) buffer and resuspended in 1 mL of
the same buffer. The cultures were diluted to ODggo = 1, and fluo-
rescence emission was measured using the multidetection micro-
plate reader.

2.9. LC-MS quantification of PDAL

The catalytic TKS reaction buffer was collected and analyzed
using LC-IT-TOF-MS on an ESI time-of-flight mass spectrometer
(Shimadzu, Kyoto, Japan). A methanol gradient (0%-100%) was
used as the elution buffer for 80 min at 30°C, whereas nitrogen
was used as the desolation gas and nebulizer in both the negative
and positive ion modes. The negative and positive ion spectra were
generated by scanning in the range of 100-2,000 m/z.

2.10. Statistical analysis
Data are expressed as means + standard deviation. Mean values

between two groups were compared using Student’s t-test, and
P < 0.05 denoted a significant difference.
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3. Results and discussion
3.1. Development of E. coli AraC variant-based PDAL biosensor

AraC is a regulatory protein that responds to -arabinose in
E. coli. It regulates the gene transcription of the ara operon. When
L-arabinose is absent, the DNA-binding domains of AraC dimer
bind to the I; and O, half-sites and repress transcription by form-
ing a DNA loop upstream of the Pgap promoter. However, when the
N-terminal AraC arm binds to | -arabinose, the AraC dimer changes
conformation, such that the DNA-binding domains of AraC dimer
bind to the I; and I, half-sites and activate the transcription by
interacting with RNA polymerase at Pgap. Thus, the dual regulatory
property of AraC is dependent on a “light-switch” mechanism
between the two conformations as well as on the interactions
between the N-terminal domain amino acid residues and the effec-
tor. Point mutations in the N-terminal domain amino acid residues
may change the ligand-binding pocket and alter molecular recog-
nition in AraC. In this context, AraC responds to various small
molecules [29]. In previous studies, AraC was engineered to
respond to p-arabinose, ectoine [34], mevalonate, and triacetic acid
lactone [28]. In the present study, this previously reported plat-
form was advanced for developing an AraC-based PDAL biosensor
in E. coli (Fig. 2A). First, computational molecule docking and vir-
tual screening programs were used to evaluate the interaction
and binding energies of PDAL-AraC based on the structure of
AraC- [-arabinose (PDB: 2ARC). During the screening, the best-
ranked mutants of LeulOTrp, LeulOLys, LeulOArg, Ile24Tyr,
11e24Trp, lle24Phe, lle24Lys, 1le24Glu, 1le24Gln, Ile36Lys, 1le36Glu,
1le36GIn, Ile36Arg, Arg38Tyr, Arg38Lys, Met42Trp, Met42Phe,
Met42His, Met42GIn, Met42Arg, Phel5Lys, Phel5Arg, 1le36Trp,
Ile36Phe, Ile36Tyr, 1le46Trp, 1le46Tyr, Ile46Phe, Arg93Lys, and
Arg93Trp were considered potential positive mutants (Fig. S2).
E. coli BL21 pET20b (+)-araC-Pgap-Kana mutants containing the
aforementioned screened variants were then assessed for their
growth in LB medium containing 50 pg/mL ampicillin, 20 pg/mL
kanamycin, 0.1 mM PDAL, and 0.1 mM IPTG. After culture for
12 h, six positive variants of Leu10Trp, Leu10Lys, Leu10Arg, lle36-
Lys, lle36Phe, and I1e46Trp showed a higher growth rate than wild-
type variants in the presence of exogenous 0.1 mM PDAL (Fig. 2B).
The ODggog values of these variants were improved by 13.26% *
0.07%, 33.02% + 1.32%, 56.86% + 8.22%, 12.10% + 0.01%, 21.72% +
0.12%, and 4.18% + 0.05%, respectively, compared with the control
WT-AraC. Besides, PDAL was not consumed during the growth of
E. coli BL21 pET20b (+) (Fig. 2C). Thus, PDAL was an effector for
these AraC mutant strains. Moreover, PDAL activated the expres-
sion of ampicillin under the control of the pBAD promoter. These
positive variants were considered candidates for exploring the
dose-response profiles of PDAL using the AraC biosensor.

3.2. Characterization of AraC mutant biosensor response to PDAL

To explore the dose-response profiles of PDAL on the AraC
biosensor, three E. coli BL21 pET20b (+)-araC-Pgap-gfp mutants
(Leu10Trp, Leu10Lys, and Leu10Arg) were established and cultured
in LB broth containing 50 pg/mL ampicillin and 0.1 mM IPTG. The
effect of exogenous PDAL concentration on GFP expression under
the control of the promoter Pgap and AraC mutant strain growth
is shown in Fig. 3. E. coli growth was reduced when PDAL concen-
trations exceeded 0.8 mM, making PDAL quantification based on
ODggo difficult for a saturating exogenous PDAL dose (Fig. 3A).
However, GFP fluorescence increased as a function of PDAL concen-
tration in a manner approximated by a Hill function, an observa-
tion that was similar to that for IPTG concentration [35].
Mathematical models for predicting PDAL concentrations and
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GFP expression levels were fitted to Hill functions as follows:
Vieutoarg = 0.99789 + 0.64258 x x0468 /(1.03732 + x*48), y\.ui01ys =
0.98721 + 0.36097 # x0468 /(1.03732 + x°48),  and  Yiewiomep =

0.99979 + 0.06426 + x°468 /(1.03732 + x°468) (Fig. 3B). The highest
normalized GFP fluorescence values were 1.6407, 1.3842, and
1.0641, respectively. The mathematical models increased the
objectivity and reliability of the PDAL concentration and GFP fluo-
rescence assessments and predictions. This indicated that the
expression response of the AraC (Leul0Arg)-PDAL reporter was
relatively more specific to PDAL than to AraC (Leul0Trp)-PDAL
and AraC (Leu10Lys)-PDAL reporters. For a detailed understanding
of the molecular basis for improving the expression response of the
AraC-PDAL reporter, a homology-based model of AraC-PDAL and
its mutants AraC (Leul0Arg)-PDAL, AraC (LeulOTrp)-PDAL, and
AraC (LeulOLys)-PDAL was constructed. 10Leu was located on
the gating loop ’DPLLPGYSFNAHL'® in the substrate-binding
pocket, which dictated the pocket’s entrance width and thus con-
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trolled PDAL entry and release. When 10Leu was mutated to the
basic amino acids Arg, Lys, and Trp, the residues occupied the
PDAL-binding pocket. The pocket bottleneck width for AraC was
represented by the distance between the two points associated
with the sidechains of residues 10 and 34 after AraC was bound
to the PDAL substrates (Fig. S3). This enhanced the steric hindrance
among the residues in the pocket, depressed the mobility of PDAL,
and prevented PDAL from releasing, leading to a slightly larger
affinity between AraC and PDAL.

3.3. In vitro PDAL assay in presence of TKS pathway

To determine in vitro PDAL concentration in the presence of the
TKS pathway, the effect of the substrates and products of TKS catal-
ysis on the growth rate, i.e., ODgqo, Of E. coli BL21 pET20b (+)-araC
(Leul10Arg)-Pgap-Kana was tested in the presence or absence of
substrates and products. No activation in the strain growth was
observed after E. coli BL21 pET20b (+)-araC-Pgap-Kana was cultured
at 37°C for 12 h in the presence of malonyl-CoA (substrate),
hexanoyl-CoA (substrate), Hexanoyl triacetic acid lactone (pro-
duct), olivetol (product), or Olivetolic acid (product) (Fig. 4A). Thus,
the AraC-mutant biosensor did not respond to substrates and prod-
ucts. Indeed, the strain growth was reduced by 72% when the olive-
tol concentration was 0.8 mM. However, all these compounds had
no effect on the GFP expression level of E. coli BL21 pET20b (+)-araC
(Leu10Arg)-Pgap-gfp. In this case, E. coli BL21 pET20b (+)-araC
(Leu10Arg)-Pgap-gfp was first cultured in 2*LB broth, induced by
IPTG, and subsequently exposed to enzymatic blends at 10°C for
24 h to assess GFP fluorescence. Compared with the control, in
which E. coli BL21 pET20b (+)-araC (Leu10Arg)-Pgap-gfp was cul-
tured without enzymatic blends, the normalized GFP fluorescence
was 1.0969 + 0.0033 and the corresponding PDAL concentration
was 0.03 mM according to Yieul0arg =

0.99789 + 0.64258 x x9468 /(1.03732 4+ x°468), which was in agree-
ment with the PDAL concentration detected via LC-MS (Fig. 4B).

3.4. In vivo PDAL detection in microbial fermentation

To determine in vivo PDAL concentration in microbial culture,
the offline forms that assay the products and byproducts of enzy-
matic steps are not practical. The addition of the substrates
malonyl-CoA and hexanoyl-CoA are required after cell disruption,
which is time-consuming, labor-intensive, and expensive. To
address this challenge, a PKS-producing strain of E. coli pCold-TKS
was established that could catalyze the endogenous substrates
malonyl-CoA and hexanoyl-CoA into different products. To deter-
mine the in vivo PDAL concentration, recombinant E. coli BL21
strain harboring pCold-PKS and pET20b (+)-araC(Leu10Arg)-Pgap-
gfp, E. coli BL21 strain harboring pCold-PKS and pET20b (+)-araC
(Leu10Trp)-Pgap-gfp, and E. coli BL21 strain harboring pCold-PKS
and pET20b (+)-araC(LeulOLys)-Pgap-gfp were constructed. The
time course of GFP fluorescence was recorded after IPTG was added
to the broth. After 24-h culture, the normalized GFP fluorescence of
the aforementioned recombinant strains was 1.1695 + 0.0135, 1.
10301 + 0.0142, and 1.0172 % 0.0023, respectively, compared with
the GFP fluorescence of E. coli pCold-TK. Thus, the concentration of
E. coli pCold-TKS-produced PDAL was 0.13 mM according to the fol-
lowing  Hill  functions:y e, oa = 0.99789 + 0.64258 » x0468/
(1.03732 +X°%8), y u101ys = 0.98721 + 0.36097 * X048 /(1.03732+
x0468) and | ey10mp = 0.99979 + 0.06426 + x2468 /(1.037324 x0468),
in line with the PDAL concentration detected using LC-MS (Fig. 5).

In summary, a robust E. coli biosensor for detecting microbially
produced PDAL was constructed using the rational engineering of
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AraC N-terminal domain based on the structural design approach.
The study results indicated that residues located on the N-terminal
domain played a crucial role in the binding activity of AraC with
different effectors. The AraC variants LeulOTrp, LeulOLys,
Leul0Arg, Ile36Lys, Ile36Phe, and I1le46Trp were responsive to
PDAL and regulated the gene transcription under the Pgap pro-
moter. The present study results indicated that an AraC-based
biosensor in E. coli was a cheap and powerful tool for PDAL assay
both in vivo and in vitro, with potential applications in TKS engi-
neering and cannabinoid bioproduct detection.
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