Synthetic and Systems Biotechnology 8 (2023) 610-617

KeAi
Synthetic

and Systems,
Biotechnology

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Synthetic and Systems Biotechnology

L
o
-

journal homepage: www.keaipublishing.com/en/journals/synthetic-and-systems-biotechnology

Original Research Article ' A

Check for

Constructing an artificial short route for cell-free biosynthesis of the | e
phenethylisoquinoline scaffold

Yuhao Zhang, Wan-Qiu Liu, Jian Li’

School of Physical Science and Technology, ShanghaiTech University, Shanghai, 201210, China

ARTICLE INFO ABSTRACT

Keywords:
Phenethylisoquinoline scaffold
Artificial pathway

Cell-free biosynthesis

Natural product

Plant-originated natural products are important drug sources. However, total biosynthesis of these compounds is
often not achievable due to their uncharacterized, lengthy biosynthetic pathways. In nature, phenethylisoqui-
noline alkaloids (PIAs) such as colchicine are biosynthesized via a common precursor 6,7-dihydroxy-1-(4-hydrox-
yphenylethyl)-1,2,3,4-tetrahydroisoquinoline (i.e., phenethylisoquinoline scaffold, PIAS). PIAS is naturally
synthesized in plants by using two upstream substrates (i.-phenylalanine and 1-tyrosine) catalyzed by eight en-
zymes. To shorten this native pathway, here we designed an artificial route to synthesize PIAS with two enzy-
matic steps from two alternative substrates of 3-(4-hydroxyphenyl) propanol (4-HPP) and dopamine. In the two-
step bioconversion, an alcohol dehydrogenase selected from yeast (i.e., ADH7) was able to oxidize its non-native
alcohol substrate 4-HPP to form the corresponding aldehyde product, which was then condensed with dopamine
by the (S)-norcoclaurine synthase (NCS) to synthesize PIAS. After optimization, the final enzymatic reaction
system was successfully scaled up by 200 times from 50 pL to 10 mL, generating 5.4 mM of PIAS. We envision
that this study will provide an easy and sustainable approach to produce PIAS and thus lay the foundation for
large-scale production of PIAS-derived natural products.

1. Introduction

Natural products such as alkaloids are crucial molecules for the
treatment of human diseases. The biosynthetic pathways of tetrahy-
droisoquinoline (THIQ) alkaloids, typically benzylisoquinoline alkaloids
(BIAs), have been well studied over the past decades [1]. In contrast,
another type of plant-derived THIQ alkaloids - phenethylisoquinoline
alkaloids (PIAs) such as colchicine, have just been totally biosynthesized
in 2021 [2,3], although the native colchicine producing plant Colchicum
has been used for the treatment of gout even in the age of classical Greek
[4]. In recent years, two PIA-type drugs were approved by the US Food
and Drug Administration (FDA) [5,6]. Currently, the main sources to
obtain these alkaloids are their native plant producers, despite some of
chemical synthesis approaches have been reported [7-9]. Alternatively,
enzymatic biotransformation is a powerful tool for natural product
synthesis. For example, the pain killer morphine alkaloids have been
biosynthesized using the engineered yeast [10]. Tobacco as a plant host
has also been used to synthesize alkaloids by reconstitution of their
biosynthetic pathways, for instance, the recently reported colchicine
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biosynthesis in tobacco [2]. However, the product yields of plant-based
production systems are normally insufficient for the industrial
demand/application.

Previous studies have demonstrated the natural biosynthesis path-
ways of PIAs, which use r-phenylalanine and i-tyrosine as two pre-
cursors [11-13]. While a nearly complete colchicine biosynthetic
pathway has been reconstituted in tobacco, the direct enzyme(s) for the
synthesis of PIAs scaffold are still missing [2]. This gap might be filled by
using (S)-norcoclaurine synthase (NCS) - an enzyme involved in the BIAs
biosynthetic pathway [14]. Naturally, NCS catalyzes the Pictet-Spengler
condensation between dopamine and an aldehyde substrate (e.g.,
4-hydroxyphenylacetaldehyde) to form the THIQ scaffold [15]. The re-
ported PIAs scaffold (PIAS) biosynthetic pathway contains a partial
lignin pathway, which can convert i-phenylalanine to 4-coumaroyl
aldehyde via sequential reactions catalyzed by phenylalanine amino-
lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate: coenzyme A
ligase (4CL), and cinnamoyl-CoA reductase (CCR) [2]. Then, 4-cou-
maroyl aldehyde is reduced by a NADPH-dependent double-bond
reductase to form 4-hydroxydihydrocinnamoyl aldehyde (4-HDCA),
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which serves as a substrate of the PIAS synthase [14,16]. The other
substrate for PIAS synthesis is dopamine, which is derived from r-tyro-
sine catalyzed by two enzymes in higher plants [2,14]. The native
pathway to synthesize PIAS from 1-phenylalanine and 1-tyrosine consists
of eight enzymatic steps (Fig. 1a), which is lengthy and makes recon-
stitution of the entire pathway in a heterologous host difficult. Thus,
designing and constructing a short route to synthesize PIAS is highly
desirable.

In this work, we aim to design a short biosynthetic pathway by ret-
robiosynthesis for the production of PIAS (Fig. 1b). First, the enzyme
NCS is selected for the final step enzymatic catalysis, albeit the
condensation reaction can be catalyzed by phosphate [17]. This is
because that the phosphate-mediated reaction generates racemic prod-
ucts, while NCS exclusively produces the (S)-configuration THIQ scaf-
fold [14]. Since the optical activity is essential for the structure of
bioactive natural products (e.g., PIASs) [4,18], a
phenylpropanal-tolerable = NCS is used rather than the
phosphate-mediated condensation for precise synthesis [14,17]. Second,
to provide the aldehyde substrate for NCS, we intend to use a cheaper
alcohol as a precursor, which can be converted to the direct aldehyde
substrate by a NADP"-dependent alcohol dehydrogenase (ADH) [19].
However, the common reaction orientation of most ADHs is aldehyde
reduction rather than alcohol oxidation [20]. Here, Saccharomyces cer-
evisiae ADH7 is selected because it shows higher activity toward the
substrate cinnamyl alcohol compared to other ADHs [21]. Furthermore,
previous studies have demonstrated that supplementation of the
oxidative coenzyme I and/or II can also reverse the common reaction
orientation of ADHs by introducing an oxidase in the enzymatic catalysis
system [22-24]. Therefore, a NAD(P)H oxidase (NOX) variant origi-
nated from Streptomyces is used to regenerate cofactors for ADH7 in our
design, because both NADH and NADPH are compatible for this NOX
enzyme [23]. Finally, an artificial, short biosynthetic route with a
two-step enzymatic cascade for PIAS synthesis is constructed by using
three enzymes (i.e., ADH, NOX, and NCS) (Fig. 1b). In this artificial
pathway, two precursors of 3-(4-hydroxyphenyl) propanol (4-HPP),
which has a similar chemical structure to cinnamyl alcohol, and
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dopamine are used for PIAS synthesis. After constructing the in vitro
reaction system, we further optimize the reaction conditions for
enhanced PIAS production. Moreover, we scale up the reaction system to
demonstrate its feasibility for industrial catalysis and production.

2. Materials and methods
2.1. Chemicals

Dopamine hydrochloride, 3-(4-hydroxyphenyl) propanol (4-HPP),
acetonitrile, and formic acid were purchased from Sinopharm Chemical
Reagent (Shanghai, China). NADP-Na was purchased from Bidepharm
(Shanghai China). Reagents for molecular biology were purchased from
Sangon Biotech (Shanghai, China). The standard compounds of 6,7-
dihydroxy-1-(4-hydroxyphenylethyl)-1,2,3,4-tetrahydroisoquinoline (i.
e., phenethylisoquinoline scaffold, PIAS) and 4-hydroxydihydrocinna-
moyl aldehyde (4-HDCA) were the gifts from Dr. Fei Qiao (Tropical
Crops Genetic Resources Institute, Chinese Academy of Tropical Agri-
cultural Sciences).

2.2. Construction of plasmids

The genes of ADH7, NOX, and NCS were codon-optimized for E. coli
and synthesized by GENEWIZ (Suzhou, China). The gene sequences are
shown in Table S1. The ADH7 gene was cloned into the plasmid pET28a,
generating pET28a-ADH7. To generate variants of ADH7, all gene
fragments (i.e., plasmid backbone, coding sequence, and mutated gene
fragments) were amplified by polymerase chain reaction (PCR). Then,
the fragments were ligated with the corresponding backbones using the
ClonExpress Ultra One Step Cloning Kit (Vazyme). Afterward, the
ligated products were transformed into E. coli DH5a competent cells,
followed by cell growth on LB-agar plates (containing correct concen-
tration of antibiotic) for 12 h. The resulting colonies were selected for
further cultivation, plasmid extraction, and DNA sequencing. To
generate pPIAS1, the NCS and NOX genes were inserted into pET28a-
ADH7. The resulting plasmid (pPIAS1) contained three genes of
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Fig. 1. Biosynthesis of PIAS and the examples of PIAS-derived natural products. (a) The native biosynthetic pathway of PIAS with eight enzymatic steps. (b) The
artificial two-step biosynthesis of PIAS. 4-HPP, 3-(4-hydroxyphenyl) propanol; 4-HDCA, 4-hydroxydihydrocinnamoyl aldehyde; PIAS, phenethylisoquinoline scaffold;
ADH?7, alcohol dehydrogenase; NOX, NAD(P)H oxidase; NCS, (S)-norcoclaurine synthase.
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ADH7, NCS, and NOX (each gene has its own T7 promoter for tran-
scription; see Fig. S1 for the plasmid map). All primers used for PCR
amplification are listed in Table S2.

2.3. Cell-free protein synthesis (CFPS) of ADH7 and variants

The cell-free protein synthesis (CFPS) system was reported in our
previous studies [25-27]. Briefly, each plasmid was added to the CFPS
reaction mixture, containing 12 mM magnesium glutamate, 10 mM
ammonium glutamate, 130 mM potassium glutamate, 1.2 mM ATP, 0.8
mM GTP, UTP and CTP, 34 pg/mL folinic acid, 170 pg/mL E. coli tRNA
mixture, 2 mM each of 20 standard amino acids, 0.33 mM nicotinamide
adenine dinucleotide (NAD), 0.27 mM coenzyme A (CoA), 1.5 mM
spermidine, 1 mM putrescine, 4 mM sodium oxalate, 33 mM phospho-
enolpyruvate (PEP) and 27% (v/v) of cell extracts (prepared from E. coli
BL21 Star (DE3)). The volume for each CFPS reaction was 15 pL and the
incubation was performed at 30 °C for 5 h.

2.4. Preparation of NCS and NOX crude enzyme solutions

E. coli BL21 Star (DE3) harboring the NCS or NOX plasmid was
cultivated in liquid LB for 37 °C and 250 rpm. When the ODg( reached
0.5, the culture was cooled down to 25 °C and induced with 0.5 mM
IPTG. Then, cells were cultivated at 25 °C and 180 rpm for another 5 h.
At the end of cultivation, cells were collected by centrifugation at 4000 g
and 4 °C for 10 min. Then, cell pellets were washed three times and
resuspended with 100 mM Tris-HCI (pH 7.0) buffer (1 mL per gram of
wet cell biomass). Next, cells were lysed by sonication (10 s on/off, 50%
of amplitude, input energy ~600 J). The lysate was then centrifuged
twice at 12,000 g and 4 °C for 10 min. The resultant supernatant (crude
enzyme solution) was flash frozen in liquid nitrogen and stored at
—80 °C until use.

2.5. Activity assay of NCS, ADH7-NOX, and the ADH7-NOX-NCS
cascade

For NCS assay, 5 pL NCS crude enzyme was added to the reaction
mixture consisting of 5 mM dopamine, 5 mM 4-HDCA, and 100 mM Tris-
HCI buffer (pH 7.0). The total reaction volume was 50 pL. The reaction
was incubated at 45 °C for 30 min and quenched by adding 50 pL
methanol.

For ADH-NOX assay, 10 pL. ADH7-CFPS mixture and 5 pL NOX crude
enzyme solution were mixed with 10 mM 4-HPP, 0.5 mM NADP*, 1 mM
ZnS04, and 100 mM Tris-HCI buffer (pH 7.0). The reaction was incu-
bated at 45 °C for 4 h and quenched by adding 50 pL methanol.

For the full cascade reaction (ADH7-NOX-NCS cascade), 5 pL. NCS
crude enzyme was added to the above ADH7-NOX assay system. The
reaction was incubated at 45 °C for 5 h and quenched by adding 50 pL
methanol.

2.6. One-pot scale-up reactions

The pPIAS1-harboring E. coli strains (BL21 Gold (DE3), BL21 Rosetta
(DE3), BL21 (DE3) pLysS, and BL21 Star (DE3)) were cultured in LB
medium overnight (50 mg/L kanamycin), respectively. Cell cultivation,
collection, and lysis were carried out the same as described above. The
reaction volume was scaled up from 50 pL to 1 mL and 10 mL. In each
reaction (containing 80% of cell lysates, v/v), 7.5 mM 4-HPP, 7.5 mM
dopamine, 0.5 mM NADP", and 1 mM ZnSO4 were added for the
biosynthesis of PIAS. The reaction mixtures were incubated at 45 °C for
5 h, followed by detecting PIAS with LC-MS and HPLC.

2.7. Computational docking

The hydrogen atoms in NADP™ and zinc contained protein model of
ADH6 and ADH7 were added by AutoDock Tools. The grid box was
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selected as center x = 208.844, center.y = 61.976, center_z = 29.398,
size_ x = 32, size_y = 36, and size_z = 32. Totally, ten docking results
were obtained by UCSF Chimera (www.cgl.ucsf.edu/chimera).

2.8. Analytical methods

The quenched reaction mixtures were centrifuged at 12,000 g for 10
min, and the supernatants were filtered with 0.22 pm nylon membrane
before sample loading. 5 pL of each sample was injected into a HPLC
system (Thermo Ultimate 3000 UHPLC) with an Agilent Pursuit XRS 5
Cyg column (4.6 x 250 mm, 5 pm). The column temperature was kept at
30 °C. For analyzing PIAS, the column was eluted with 15% acetonitrile-
85% water-0.1% formic acid for 30 min at a flow rate of 0.5 mL/min. For
analyzing 4-HPP and 4-HDCA, the column was eluted with 45% aceto-
nitrile-55% water for 20 min at a flow rate of 0.5 mL/min. The com-
pounds were monitored at 280 nm wavelength.

To analyze PIAS by LC-MS, 5 pL of the sample was injected to Agilent
1290 Infinity I with a ZORBAX Original C;g column (4.6 x 250 mm, 5
pm). The LC method is the same as described above. The high-resolution
mass spectrum analysis is generated in Exactive™ Plus Orbitrap Mass
Spectrometer (ThermoFisher Scientific) with an electron spray ioniza-
tion (ESI). The voltage and capillary temperature are selected as 4 kV
and 350 °C, respectively. For positive ion scanning, the mass to charge is
selected as 50-750. The sheath, aux, and sweep gas (nitrogen) flow rates
are selected as 40, 15, and 15 Arb, respectively. The low-resolution
mass/mass spectrum analysis is generated in Angilent 6470 triple
quad Mass Spectrometer with an electron spray ionization (ESI). The
collision energy is 20 V.

3. Results and discussion

3.1. Enzyme expression and demonstration of their catalytic activity in
vitro

To synthesize PIAS from 4-HPP and dopamine, we chose three en-
zymes to construct a two-step enzymatic cascade reaction (Fig. 1b).
First, 4-HPP is oxidized by ADH?7 to form the aldehyde substrate (i.e., 4-
HDCA), in which NOX is used for regenerating the cofactor (NADP™) for
ADH?7. In the second step, NCS catalyzes a condensation reaction be-
tween 4-HDCA and dopamine to yield PIAS. Prior to building the in vitro
full pathway, the activity of each enzyme was evaluated. Here, we used
different strategies to prepare enzyme samples for the biocatalysis. First,
NOX and NCS were expressed in vivo using E. coli as a host, followed by
preparing crude enzyme solutions for the activity assay. The results
suggested that both enzymes could be well expressed in vivo (Fig. S2a).
For the enzyme ADH7, we used an E. coli-based cell-free protein syn-
thesis (CFPS) system to express ADH7, which is mainly due to the reason
that CFPS has been used for rapid expression and screening enzyme
variants without the use of intact living cells [25-27]. Since the catalytic
activity of ADH7 toward 4-HPP was not reported previously, here we
took advantage of CFPS to rapidly express ADH7 for the initial activity
assay. By simply adding the plasmid to CFPS reactions, ADH7 could be
successfully expressed at different plasmid concentrations from 0.8 to
4.5 nM (Fig. S2b). When 1.5 or 3 nM of plasmid was used, the expression
level of ADH7 was similar, which is higher than the use of 0.8 or 4.5 nM
plasmid. Thus, we added 1.5 nM plasmid for cell-free expression of
ADH?7 in our following experiments.

After confirming the expression of three enzymes, we next sought to
determine their catalytic activity, respectively. In the first enzymatic
step, we directly used cell-free expressed ADH7 for the catalytic reac-
tion. After ADH7 was expressed in CFPS, the substrate 4-HPP was added
to the reaction mixture. Then, the reaction was incubated at 45 °C for 4
h, followed by HPLC analysis to detect the product of 4-HDCA. However,
the detection of 4-HDCA in the ADH7 reaction without NOX was not
obvious, although trace amount of 4-HDCA could be detected (Fig. 2a,
middle). This is likely due to the lack of sufficient cofactor (NADP™) or
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Fig. 2. Detection of the target compounds generated by the enzymatic reactions. (a) HPLC analysis of the substrate (4-HPP) and the intermediate (4-HDCA) from the
ADH7-NOX catalyzed reactions. (b) HPLC analysis of the product (PIAS) from the NCS catalyzed reactions. (¢) LC-MS detection of PIAS. Top, MS spectrum of PIAS;
Bottom, MS/MS spectrum of PIAS with representative fragment ions. The control reactions were performed by mixing cell extract and CFPS reaction

without enzymes.

NADP' could not be regenerated to support the ADH7-catalyzed
oxidation of 4-HPP. When NOX was supplemented to the ADH7 reac-
tion, the formation of 4-HDCA was notably enhanced (Fig. 2a, top) as
compared to the group without NOX. Our results suggested that with the
aid of NOX for cofactor regeneration ADH7 favors the reaction of alcohol
oxidation rather than aldehyde reduction. As a result, selecting ADH7 to
synthesize 4-HDCA is feasible to construct the full artificial biosynthetic
route (Fig. 1b). Then, we added 4-HDCA and dopamine as two substrates
to the NCS-based in vitro reaction. The results showed that NCS was
active to synthesize PIAS with the two substates (Fig. 2b, middle and 2c).
In addition, we also observed the synthesis of PIAS in the control reac-
tion without the presence of NCS (Fig. 2b, bottom), which is due to the
spontaneous, non-enzymatic condensation between the two substrates
[17,28]. However, this background synthesis is notably lower than the
product synthesized by NCS (Fig. 2b, middle and bottom). Overall, three
enzymes selected in this artificial route are active for PIAS biosynthesis.

3.2. Generation of ADH7 variants

Although ADH?Y is active to convert 4-HPP to 4-HDCA, the activity of
ADH7 toward the non-natural substrate was relatively low (Fig. 2a). To
increase its catalytic activity, we tried to engineer ADH7 by modifying
several key amino acid residues around the activity center. In
S. cerevisiae, another alcohol dehydrogenase (ADH6) is an isoenzyme of
ADH7 and shows 64% amino acid sequence identity to ADH7 [21,29].
Both enzymes belong to the cinnamoyl alcohol dehydrogenase family
and have the same optimum aldehyde substrate (cinnamaldehyde) [21,
29]. However, the catalytic efficiency toward the oxidation of cinna-
moyl alcohol is much higher (20-fold) for ADH7 than for ADH6 [21,29].
Since the structure of ADH6 has been solved (PDB ID: 1PIW), it was used
as a template to predict the structure model of ADH7 by SWISS-MODEL
(Fig. 3a and b). Then, the substrate (i.e., cinnamoyl alcohol and 4-HPP)
binding models with the two enzymes were simulated by AutoDock
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Vina, respectively (Fig. 3¢ and d). The molecular docking results indi-
cated that the residues D117, V119, A278, and M293 of ADH7 locate in
the substrate binding site (Fig. 3d), but they are different from ADH6
(Fig. 3c). This suggests that these residues in ADH6/ADH7 might in-
fluence the binding of 4-HPP or other substrates such as cinnamoyl
alcohol. Thus, these residues were selected to make single site mutation,
yet not with a saturation mutation strategy. Instead, we chose several
potential amino acids trying to enhance the performance of ADH7. For
example, three variants were generated to mutate the position M293,
because these mutations (M293Y, M293F, and M293K) might improve
the n-n stack with the aromatic ring of 4-HPP (Y and F) and the binding
with the phenol hydroxy group (K). However, our CFPS expression and
activity assay indicated that while the ADH7 variants were well
expressed, their catalytic activity was comparable to the wild-type
ADH7 without obvious increase (Fig. S3). As a result, the wild-type
ADH7 was used in the subsequent experiments to optimize the biosyn-
thetic route for enhanced production of PIAS.

3.3. Effect of key physicochemical factors on the enzymatic reactions

Having demonstrated the catalytic activity of the selected enzymes,
we next wanted to evaluate the effect of different key parameters on the
enzymatic reactions. First, we tried to increase the conversion of 4-HPP
to 4-HDCA catalyzed by ADH?7. Since the cofactor NADP" was important
for the ADHY activity, different concentrations of NADP" were added to
the reactions. The results suggested that 0.5 mM NADP" was able to
support the enzymatic reaction with a relative activity of 86% in the
group of ADH7+NOX, which is about 3.7 times higher than the control
group (ADH alone in the reaction) (Fig. 4a). Although the enzyme ac-
tivity was increased by adding more NADP™ (5 mM), the improvement
was not significant and, thus, 0.5 mM NADP" was used in the following
reactions. Next, we tested the effect of reaction temperature, ranging
from 25 °C to 60 °C, on the ADH7 catalysis. We observed that the
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Fig. 3. The predicted protein structure of ADH7 and comparison of substrate recognition sites. (a) The protein structure of ADH6 (PDB ID: 1PIW). (b) Homology
model of ADH7 constructed by SWISS-MODEL using ADH6 as a template (64% identity). (¢) Molecular docking of ADH6 with the substrate CA. (d) Molecular docking
of ADH7 with the substrates CA and 4-HPP. CA, cinnamoyl alcohol; 4-HPP, 3-(4-hydroxyphenyl) propanol.

enzyme activity was gradually improved by increasing the temperature
from 25 °C to 45 °C and the highest activity reached at 45 °C (Fig. 4b).
Further increase of the temperature to 60 °C led to a sharp decrease of
the activity, which is likely ascribed to the denaturation of the enzyme at
a high temperature. Our observation is in agreement with the reported
optimum temperature range of the enzyme NCS (40-55 °C) [15,30].
Therefore, the two step enzymatic reactions were then performed at
45 °C. Next, we varied the concentration of the substrate 4-HPP added to
the reaction mixture. We found that increasing the 4-HPP concentration
from 5 mM to 7.5 mM yielded a 4.5-fold improvement of the enzyme
activity (Fig. 4c). Although 10 mM 4-HPP further gave rise to a slightly
higher (8%) ADH7 activity than that of 7.5 mM 4-HPP, we finally used
7.5 mM 4-HPP as a suitable substrate concentration for the cascade re-
action. This is because the activity of the second step enzyme NCS was
slightly inhibited with 10 mM 4-HPP (Fig. S4). The reason is likely due to
the similarity of the chemical structures between 4-HPP and 4-HDCA,
which might compete to bind the active site of NCS. In addition, we
observed that the ADH7-catalyzed reaction terminated after about 4-6 h
incubation (Fig. 4d). Finally, we investigated the second step reaction
catalyzed by NCS. As reported previously, the non-enzymatic conden-
sation of 4-HDCA and dopamine could occur to form PIAS [17,28]. This
was also observed in our experiments (Fig. 2b, bottom). Therefore, we
compared two reaction groups, including ADH7+NOX and ADH7+NOX
-+ NCS (the complete cascade reaction). The PIAS concentrations were
calculated according to a calibration curve prepared with a standard
compound (Fig. S5). Clearly, the final concentration of PIAS reached 3.4
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mM with NCS after 5 h reaction, which is over 5 times higher than that of
the reaction without NCS (Fig. 4e). This suggests that NCS is highly
active to execute the catalysis, and the two-step cascade reaction can be
terminated at 5 h with a high PIAS yield (Fig. 4d and e). Interestingly,
when the two step enzymatic reactions were coupled, 45.3% of 4-HPP
(7.5 mM) could be converted to the final product PISA (3.4 mM), sug-
gesting that the catalytic efficiency of wild-type ADH7 in the artificial
pathway was sufficient to support PISA synthesis. In addition, the con-
centration of dopamine in the reaction was also evaluated and the result
showed that 7.5 mM dopamine was suitable for the high product for-
mation (Fig. 4f).

3.4. Preparing highly active enzyme-enriched cell lysates for scale-up
production

Next, we sought to scale up the reaction system for PIAS production.
To this end, we first optimized the conditions for cell cultivation,
enzyme expression, and cell lysis. To coexpress three enzymes (i.e.,
ADH7, NOX, and NCS), we constructed a plasmid by inserting the
related three genes — each with its own T7 promoter — into the backbone
vector pET28a, generating the expression plasmid pPIAS1 (see Fig. S1
for the map). Then, pPIAS1 was transformed into four different E. coli
strains for enzyme expression, including BL21 Gold (DE3), BL21 Rosetta
(DE3), BL21 (DE3) pLysS, and BL21 Star (DE3). Coexpression of the
three enzymes was verified by the Western-blot analysis (Fig. S2c). After
cultivation, cells were lysed and the lysates (supernatants) were used for
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mM 4-HPP, 0.5 mM NADP", 1 mM ZnSO,4, and 100 mM Tris-HCI buffer (pH 7.0). The reaction was incubated at 45 °C for 4 h and quenched by adding 50 pL
methanol. (e) Construction of the complete two-step cascade reaction for PIAS synthesis. (f) Effect of the substrate (dopamine) concentration on PIAS formation. In
the reactions (e)—(f), a standard reaction (50 pL) contains the following components: 10 pL. ADH7-CFPS mixture, 5 L. NOX crude enzyme solution, 5 pL NCS crude
enzyme solution, 7.5 mM 4-HPP, 5 mM dopamine, 0.5 mM NADP", 1 mM ZnSO,, and 100 mM Tris-HCI buffer (pH 7.0). The reaction was incubated at 45 °C for 5 h
and quenched by adding 50 pL methanol. Values show means with error bars representing standard deviations (s.d.) of at least three independent experiments.

biocatalytic reactions. As shown in Fig. 5a, cell lysates prepared from
BL21 Gold (DE3) performed the best, giving rise to more than 1 mM of
PIAS, which is 17% higher than the second group of BL21 (DE3) pLysS.
Using the E. coli BL21 Gold (DE3) strain, we then investigated the effect
of enzyme expression temperature and IPTG concentration on the PIAS
production. The results indicated that the optimum temperature and
IPTG concentration for cell cultivation and enzyme expression were
25 °C and 100 pM (Fig. 5b and c), respectively. Cells were lysed by
sonication and thus the input energy was optimized. We found that a
relatively low energy between 250 and 750 J was sufficient to generate
highly active cell lysates, yet further increasing the input energy
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(>1000 J) significantly reduced the PIAS yield (Fig. 5d). In addition, we
evaluated the cell cultivation time on PIAS synthesis. After induction
with 100 uM IPTG, cells were further incubated at 25 °C for a total of 48
h. During the cultivation, cells were collected at different time points for
wet weight measurement. At each point, cells were also lysed to perform
biocatalysis. The results showed that cells could keep growing over 48 h;
however, the highest PIAS yield was achieved at 12 h cultivation
(Fig. 5e).

Finally, we gradually scaled up the reaction volume from 50 pL to 1
mL and 10 mL. The 1 mL and 10 mL reactions were carried out in 15 mL
tubes and 50 mL flasks, respectively. The results indicated that with the
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Fig. 5. Optimization and scale-up production of PIAS. (a) The selection of different E. coli strains to coexpress three enzymes (i.e., ADH7, NOX, and NCS) for PIAS
synthesis. 1, E. coli BL21 Gold (DE3); 2, E. coli BL21 (DE3) pLysS; 3, E. coli BL21 Rosetta (DE3); 4, E. coli BL21 Star (DE3). Effect of (b) enzyme expression tem-
perature, (c) IPTG concentration, and (d) sonication energy on the production of PIAS. (e) PIAS biosynthesis using different cell lysates prepared from cultivations
between 3 and 48 h. Cell wet weights were measured by collecting cells at different time points (light gray). PIAS concentrations were shown in dark gray columns.
(f) Scale-up production of PIAS. The shaking reaction was performed at 220 rpm. In the reactions (a)-(f), a standard reaction (50 pL) contains the following
components: 40 pL cell lysates (consisting of ADH7, NOX, and NCS), 7.5 mM 4-HPP, 7.5 mM dopamine, 0.5 mM NADP ", 1 mM ZnSO,4, and 100 mM Tris-HCl buffer
(pH 7.0). The reaction was incubated at 45 °C for 5 h and quenched by adding 50 pL methanol. Values show means with error bars representing standard deviations

(s.d.) of at least three independent experiments.

increase of reaction volume the PIAS yield reduced 34% from 50 pL to
10 mL reactions (Fig. 5f). This is probably due to the lack of dissolved
oxygen, which is required by the enzyme NOX (Fig. 1b), in the large
volume of reaction mixture. To supply sufficient oxygen for NOX, we
then incubated the 10 mL reaction with shaking at 220 rpm. By doing
this, the synthesis of PIAS was significantly enhanced as compared to the
10 mL reaction without shaking, reaching the highest PIAS yield of 5.4
mM (Fig. 5f). Overall, our work provides a feasible approach for PIAS
synthesis that holds the potential for large-scale production in the
future.
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4. Conclusions

In this study, we demonstrated the construction of an artificial short
pathway for the biosynthesis of PIAS, an important precursor of phe-
nethylisoquinoline alkaloids. Three enzymes were employed to perform
a two-step cascade reaction to synthesize PIAS, avoiding the use of the
long native biosynthetic pathway with eight enzymatic steps [31]. In
particular, the ADH7 from S. cerevisiae was selected to oxidize the
alcohol substrate (4-HPP) to form the aldehyde product (4-HDCA) with
the help of the enzyme NOX. The condensation of 4-HDCA and dopa-
mine was catalyzed by NCS, yielding PIAS. The activity of each enzyme
was first confirmed and then three enzymes were mixed to construct the
full biosynthetic pathway. After optimization, the enzymatic reaction
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system was scaled up from 50 pL to 10 mL, which finally produced 5.4
mM of PIAS. To the best of our knowledge, this is the first report to
synthesize PIAS in two steps by combining three enzymes (ADH7, NOX,
and NCS). Looking forward, our work will offer an easy, green, and
sustainable approach to produce PIAS and, therefore, pave the way for
large-scale production of PIAS-derived natural products such as the
clinical drug colchicine.
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