
Acta Pharmaceutica Sinica B 2023;13(4):1771e1785
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
Structural diversification of bioactive bibenzyls
through modular co-culture leading to the
discovery of a novel neuroprotective agent
Yuyu Liuy, Xinnan Liy, Songyang Suiy, Jingshu Tang, Dawei Chen,
Yuying Kang, Kebo Xie, Jimei Liu, Jiaqi Lan, Lei Wu, Ridao Chen*,
Ying Peng*, Jungui Dai*
State Key Laboratory of Bioactive Substance and Function of Natural Medicines, CAMS Key Laboratory of Enzyme
and Biocatalysis of Natural Drugs, and NHC Key Laboratory of Biosynthesis of Natural Products, Institute of
Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China
Received 7 July 2022; received in revised form 25 September 2022; accepted 4 October 2022
KEY WORDS

Bibenzyls;

Modular co-culture
*

y

Pee

http

221

by
engineering;

Promiscuous enzymes;

Neuroprotective agent;

Aifm3;

Dendrobium officinale
Corresponding authors.

E-mail addresses: chenridao@imm.ac.

These authors made equal contribution

r review under responsibility of Chine

s://doi.org/10.1016/j.apsb.2022.10.007

1-3835 ª 2023 Chinese Pharmaceutic

Elsevier B.V. This is an open access a
Abstract Bibenzyls, a kind of important plant polyphenols, have attracted growing attention for their

broad and remarkable pharmacological activities. However, due to the low abundance in nature, uncon-

trollable and environmentally unfriendly chemical synthesis processes, these compounds are not readily

accessible. Herein, one high-yield bibenzyl backbone-producing Escherichia coli strain was constructed

by using a highly active and substrate-promiscuous bibenzyl synthase identified from Dendrobium offi-

cinale in combination with starter and extender biosynthetic enzymes. Three types of efficiently post-

modifying modular strains were engineered by employing methyltransferases, prenyltransferase, and gly-

cosyltransferase with high activity and substrate tolerance together with their corresponding donor

biosynthetic modules. Structurally different bibenzyl derivatives were tandemly and/or divergently syn-

thesized by co-culture engineering in various combination modes. Especially, a prenylated bibenzyl de-

rivative (12) was found to be an antioxidant that exhibited potent neuroprotective activity in the cellular

and rat models of ischemia stroke. RNA-seq, quantitative RT-PCR, and Western-blot analysis demon-

strated that 12 could up-regulate the expression level of an apoptosis-inducing factor, mitochondria asso-

ciated 3 (Aifm3), suggesting that Aifm3 might be a new target in ischemic stroke therapy. This study
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provides a flexible plug-and-play strategy for the easy-to-implement synthesis of structurally diverse bi-

benzyls through a modular co-culture engineering pipeline for drug discovery.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bibenzyls, a class of plant polyphenols characterized by a 1,2-
diphenylethyl scaffold1, have attracted considerable interest for
their significant and diverse pharmacological activity, including
anti-tumor2,3, anti-diabetic complications4, neuroprotective5,6,
anti-oxidant7, anti-inflammatory8, anti-fungal9, anti-platelet ag-
gregation10, and immune modulatory activities11. During the past
decades, a growing number of naturally-occurred bibenzyls have
been reported. And strikingly, the bibenzyls with methyl, prenyl,
and/or glycosyl moieties substitutions, usually exhibit prominent
biological activities. For example, many O-methylated and C-
prenylated bibenzyls had good anti-tumor properties and can be
used as potential anti-tumor drugs1,12e14, and several O-glycosy-
lated bibenzyls possessed strong neuroprotective activity15.
However, natural bibenzyls usually occur in trace amounts of
limited plant species, and chemical synthesis encounters
numerous difficulties such as the rigorous conditions, and un-
controllable and environmentally unfriendly processes. Whereas,
biosynthesis via engineering artificial pathways in microbes might
alleviate these disadvantages and be an alternative approach to
synthesizing structurally diverse bioactive bibenzyls.

Generally, plant bibenzyls are derived from the hybrid path-
ways of shikimate and polyketide16. Phenylalanine is metabolized
by a series of enzymes including phenylalanine ammonia-lyase
(PAL), cinnamate-4-hydroxylase (C4H), double bond reductase
(DBR), and 4-coumarate-CoA ligase (4CL) to generate phenyl-
propionyl CoA. While, malonyl-CoA is synthesized by acetyl
CoA carboxylase (ACC), or malonyl CoA synthetase. Subse-
quently, the bibenzyl scaffold is formed through the condensation
of phenylpropionyl CoA and three molecules of malonyl-CoA
mediated by bibenzyl synthase (BBS)17. After that, a variety of
tailoring reactions occurred on bibenzyl backbone resulting in a
plethora of structurally diverse bibenzyls. Usually, the engineering
of such multi-step biosynthetic pathways directly in a single
microbe to produce bibenzyls will inevitably increase the meta-
bolic burden of the host, and thus decrease the titer of the desired
products. While, it could be conducted by modular co-culture
engineering, in which the pathways are distributed into the
backbone-producing strain and different post-modifying modular
strains. In such microbial consortia, every module can be indi-
vidually and functionally constructed and optimized, and easily
assembled different pathways to efficiently yield a variety of
compounds18e21. Nowadays, the reconstruction of phenyl-
propionyl CoA and malonyl CoA biosynthesis have been common
in microbes, however, the mining of bibenzyl backbone and post-
modifying enzymes including BBSs, methyltransferases (MTs),
prenyltransferases (PTs), and glycosyltransferases (GTs) respon-
sible for the generation of different building blocks with high
catalytic activities and substrate promiscuity, is essential for
developing the engineered microbial consortia in further structural
diversification of bibenzyls.
In the present study, we identified and functionally character-
ized BBSs, and OMTs from Dendrobium officinale. And, we
mined and screened a novel PT with substrate promiscuity from a
fungus strain Periconia sp. F-3122 and a reported promiscuous GT
from Carthamus tinctorius23. Subsequently, we established a high-
yield bibenzyl backbone-producing Escherichia coli strain and
three types of post-modifying modular strains equipped with
promiscuous OMTs, PT, and GT. A series of natural and unnatural
structurally diverse bibenzyls were biosynthesized via the robust
plug-and-play of modules in a variety of combinations. Especially,
further in vitro and in vivo pharmacological activity evaluation for
these bibenzyl derivatives exhibited that a prenylated bibenzyl
(12) would be a novel and promising neuroprotective agent
possibly acting via an apoptosis-inducing factor, mitochondria
associated 3 (Aifm3)-medicated anti-oxidative stress for ischemia
stroke therapeutics.

2. Results and discussion

2.1. Cloning and identification of DoBBSs genes from D.
officinale

BBSs, as the vital enzyme for the biosynthesis of bibenzyls, only a
handful have been reported and characterized such as PsBBS24

from Pinus sylvestris, pBibsy811, and pBibsy21225 from Phal-
aenopsis sp., with the same selectivity towards m-hydrox-
yphenylpropionyl-CoA. To mine BBSs with the capability of
generating bibenzyls, a total of 9 candidate genes (DoBBS1�9)
were screened from the transcriptome of D. officinale, a traditional
Chinese rare and precious medicine with bibenzyls as main
chemical constituents1,26e28. All of the predicted polypeptides
encoded by these candidates were grouped into the class of BBSs
through further phylogenetic analysis25,29 (Supporting
Information Fig. S1), containing Cys-His-Asn catalytic-triad
conserved in all known type III PKSs30e32 (Supporting
Information Fig. S2). The full-length cDNAs of DoBBS1�9
were cloned and expressed in E. coli Transetta (DE3), and the
recombinant DoBBSs were subjected to purification with Ni-NTA
agarose chromatography for enzymatic assay after overnight in-
duction (Supporting Information Fig. S3).

The catalytic activities of DoBBSs were biochemically
assayed with p-hydroxyphenylpropionyl-CoA and malonyl-CoA
as the starter and extender units, respectively. Three product
peaks were observed in HPLC chromatograms of all of the re-
actions incubated with these recombinant DoBBSs (1e3, Fig. 1).
Product 1 with [MþH]þ at m/z 231.05 in mass spectrum was in
consistent with the supposed bibenzyl product, dihydro-
resveratrol, and further confirmed by 1H and 13C NMR spectro-
scopic data analysis (Supporting Information). Whereas, the other
two products with [MþH]þ at m/z 232.96 and 275.06 were in line
with the lactonization products (2 and 3, Fig. 1; also see NMR
spectra in Supporting Information), which were commonly

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Functional characterization of DoBBSs. (a) Enzymatic reaction catalyzed by DoBBSs; (b) HPLC analysis (l Z 280 nm) of the

reactions with (1) DoBBS1, (2) DoBBS2, (3) DoBBS3, (4) DoBBS4, (5) DoBBS5, (6) DoBBS6, (7) DoBBS7, (8) DoBBS8, (9) DoBBS9, (10)

boiled DoBBS1; (c) MS spectra of products 1e3 at positive mode; (d) Relative activity of DoBBSs for the synthesis of 1�3. For each product, the

relative activity of the reaction with the highest yield was set as 100%. The relative activity represents mean � SD (n Z 2).
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observed and regarded as the derailed products in the polyketide
biosynthesis33. Therefore, DoBBS1�9 possessed the ability to
catalyze the synthesis of bibenzyl backbone, dihydro-resveratrol
(1), accompanied by two shunt products (2 and 3). Of the nine
DoBBSs, DoBBS8 exhibited the highest bibenzyl synthase ac-
tivity with the Km of 61.83 mmol/L, kcat of 0.54 min�1 (Supporting
Information Fig. S4) and was selected for the subsequent engi-
neering strain construction. The investigation of the biochemical
property revealed that the optimum reaction condition for re-
combinant DoBBS8 was at pH 8.0 and 30 �C, and independent on
divalent metal ions (Fig. S4). Besides, the further substrate pro-
miscuity analysis (Supporting Information Fig. S5) of the purified
DoBBS8 demonstrated that DoBBS8 could also accept
3,4-dihydroxyphenylpropionyl-CoA, m-hydroxyphenylpropionyl-
CoA, and even p-coumaroyl CoA as the starter units.

2.2. Assembly of bibenzyl backbone-producing strain

To construct a bibenzyl backbone-producing strain, the bibenzyl
backbone synthetic pathway was assembled with three units,
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including starter unit phenylpropionyl CoA and extender unit
malonyl CoA synthetic parts, together with a condensation unit
with BBS to generate bibenzyl backbone. To improve the intra-
cellular supply of malonyl-CoA, AAE13 (AAP03025.1)34 and
MatC (KF765784.1)35 encoding a malonyl CoA synthetase and a
malonate carrier protein, respectively, were introduced to
construct the extender unit-producing plasmid. Accompanied with
these, At4CL1 (AY376729.1)36 and DoBBS8 were introduced for
the starter unit- and bibenzyl backbone-producing plasmids,
respectively. All the above recombinant plasmids were co-
transformed into E. coli BL21(DE3) to initiate a bibenzyl
backbone-producing strain (Fig. 2a).
Figure 2 Establishment of bibenzyl backbone-producing strain E-DoBB

in E. coli; (bed) HPLC analysis (lZ 280 nm) of the reaction catalyzed by

materials; HPLC analysis of (1) the standards S1eS3, (2) the negative react

starting materials.
To verify the capacity of the engineering strain, the whole-cell
reactions were performed by feeding malonic acid and phenyl-
propionic acid derivatives. As shown in Fig. 2, a bibenzyl (1)
accompanied by a triacetic acid lactone (2) was produced when
malonic acid and p-hydroxyphenylpropionic acid (S1) were fed
as starting materials. Besides, the corresponding bibenzyls
(3,30,40,5-tetrahydroxybibenzyl, 5; 3,30,5-tetrahydroxybibenzyl,
7) were generated when feeding 3,4-dihydroxyphenylpropionic
acid (S2) and m-hydroxyphenylpropionic acid (S3) instead of
S1. These results suggested that both DoBBS8 and At4CL1
exhibited substrate promiscuity in the whole cell of the engi-
neering strain, which could produce bibenzyl backbones with
S8. (a) The reconstructed biosynthetic pathway for bibenzyl backbones

E-DoBBS8 strain with malonic acid and S1 (b)/S2 (c)/S3 (d) as starting

ion without substrate, (3) the reaction with malonic acid and S1eS3 as
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different substituents, and this strain was designated as E-
DoBBS8.

2.3. Screening of enzymes for bibenzyl post-modification

As mentioned previously, substituted groups such as methyl,
prenyl, and/or glycosyl not only lead to the structural diversity of
bibenzyls, and also play pivotal roles in their pharmacological
activities12e15. Thus, multi-organism-derived tailoring enzymes
for the post-modification of bibenzyl backbone were probed.

The existence of numerous O-methylated bibenzyls in D.
officinale inspired us to mine desired OMT from this plant species,
and 11 candidate genes (DoOMT1�11) were screened from
the transcriptome. Further sequence analysis revealed that
DoOMT1�5 belonged to caffeic acid OMT (COMT) superfamily,
and DoOMT6�11 were grouped into the caffeoyl-CoA OMT
(CCOMT) superfamily (Supporting Information Fig. S6). Given
the reported different properties for dependence on divalent ions
and substrate preference between COMTs and CCOMTs37,38,
DoOMT1�11 might exhibit divergent activities in the methylation
of bibenzyl-related compounds. The full-length of DoOMT1�11
were amplified via RT-PCR from cDNA of D. officinale, and
successfully expressed in E. coli Transetta (DE3). Soluble proteins
except DoOMT7 were obtained from transformants of E. coli cells
after overnight induction and further purified with Ni-NTA
agarose affinity chromatography (Supporting Information
Fig. S7). The enzymatic activities of DoOMTs were tested by
using dihydro-resveratrol (1) as methyl acceptor and S-adeno-
sylmethionine (SAM) as methyl donor. The results demonstrated
that each reaction with COMTs (DoOMT1�5) generated a mono-
O-methylated product, 3,40-dihydroxy-5-methoxy-bibenzyl (4,
Fig. 3 and Supporting Information Fig. S8). While, there was no
product observed in the reactions with those CCOMTs, possibly
because their native substrate is caffeoyl-CoA derivatives rather
than bibenzyl derivatives. Among the five active COMTs,
DoOMT1 exhibited the highest conversion rate of 100% when
using 1 as acceptor substrate (Fig. S8). To further probe the
substrate promiscuity of DoOMT1, other fourteen bibenzyl de-
rivatives (5, 7, ael) were used as substrates and subjected to
enzyme reactions. Enzyme assay results showed that eight
bibenzyls (5, 7, aed, i, l) could be mono-O-methylated to the
corresponding products by HPLCeMS analysis, suggesting a
broad substrate spectra of DoOMT1 (Supporting Information
Fig. S9). Accordingly, DoOMT1 was selected for the subsequent
engineering methylation strain construction.

Meanwhile, four PTs with substrate promiscuity including
AtaPT39 and newly identified PTs, were tested for the bibenzyl
prenylation with 1 as the prenyl acceptor and dimethylallyl
diphosphate (DMAPP) as the prenyl donor. HPLCeMS analysis
(Supporting Information Fig. S10) showed that PsPT1, a novel
prenyltransferase from Periconia sp. F-3122 by genome-mining
exhibited the highest conversion rate of 95%. Further substrate
promiscuity analysis revealed the broad substrate tolerance of
PsPT1 (Supporting Information Fig. S11), in which PsPT1 could
catalyze the prenylaton of eight tested acceptor substrates (5, 7,
aed, i, l). Accordingly, PsPT1 was used for the construction of
the prenylation module.

Similarly, UGT71E5, a GT especially with excellent substrate
promiscuity from C. tinctorius23 was screened out of 5 GTs
including O-, N-, and C-GTs40e44, with its high conversion rate of
94% and substrate promiscuity in the reaction with 1 and various
acceptors (5, 7, aed, I, l) and uridine 50-diphosphoglucose (UDP-
Glc) by HPLC‒MS analysis (Supporting Information Figs. S12
and S13). Accordingly, UGT71E5 was used for the construction
of glycosylation modular strain.

2.4. Establishment of bibenzyl post-modifying modular strains

Based on the above results, we set to conduct the biosynthesis of
structurally diverse bibenzyls by the coordination of every func-
tional component. Firstly, we attempted to construct bibenzyl
derivative-producing strains through mono-culture engineering.
For example, the gene DoOMT1 was introduced into the bibenzyl
backbone-producing strain E-DoBBS8 to build up methylated
bibenzyl-producing strain. Unfortunately, no methylated product
was observed after fermentation, even though introducing a SAM
synthase metK45 for the methyl donor supplement in this strain.
The poor performance of the mono-culture system might be
attributed to the metabolic burden and difficulties in the coordi-
nation among different functional modules in a single cell, in
which each module required specialized environments or com-
partments for optimal function, etc. Since modular co-culture
engineering18e21 completely modularize and segregate a biosyn-
thetic pathway into multiple separate cells, each of which bears a
portion of the pathway and can be engineered independently to
achieve optimal function of the combined pathway, and might
alleviate the disadvantages of mono-culture engineering.

Therefore, we conducted to construct the post-modifying
modular strains. For the methylation modular strain, the gene
metK encoding SAM synthase was introduced to ensure the supply
of methyl donor SAM. For example, the strain (E-DoOMT1)
harboring recombinant plasmids of DoOMT1 and metK was taken
as the independent methylation module. As shown in Supporting
Information Fig. S14a, the methylated product 4 was produced
when bibenzyl backbone 1 was fed as the starting material, and
this engineered strain was designated as E-DoOMT1. Similarly,
the strains E-DoOMT6�11 harboring recombinant plasmids of
DoOMT6�11 and metK was constructed as additional methylation
modular strains.

For the prenylation modular strain, the recombinant plasmids
of pXL13 and pXL17 carrying 7 genes involved in the MVA
(mevalonic acid) pathway46 to ensure the sufficient supply of
prenyl donor, along with the plasmid harboring PsPT1 gene, were
co-transformed into BL21(DE3), generating the engineered pre-
nylation strain (E-PsPT1). Similarly, the prenylated product 1-P1
was produced when 1 was used as substrate (Supporting
Information Fig. S14b).

Considering the relatively sufficient supply of the endogenous
glycosyl donor from the E. coli host, the strain (E-UGT71E5)
harboring the recombinant plasmid of UGT71E5 was directly
employed as the glycosylation strain. As shown in Supporting
Information Fig. S14c, substrate 1 was nearly totally conversed
to the glycosylated product 1-G1 by the glycosylation modular
strain E-UGT71E5.

2.5. Co-culturing mono-post-modifying modular strains with E-
DoBBS8 strain

As described above, a bibenzyl backbone-producing and three
types of post-modifying modular stains have been constructed, in
which the crucial enzymes including BBS, OMT, PT, and GTwere
featured acceptor substrate promiscuity. Moreover, the donor
biosynthetic pathways were enhanced (for methylation) or engi-
neered (for prenylation), or intrinsic (for glycosylation). Thus,



Figure 3 Structural diversification of bibenzyls through modular co-culture engineering. (a) The reconstructed synthetic pathway for the

structural diversification of bibenzyls. (b) The structurally diverse bibenzyl derivatives prepared from the engineered E. coli modular co-culture.

The compounds in red numbers are new compounds.
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these functional modular strains would enable the structural
diversification of bibenzyls by employing co-culture engineering
with different combination modes.

To produce methylated bibenzyl derivatives, the methylation
strain E-DoOMT1 was co-cultured with bibenzyl backbone-
producing strain E-DoBBS8. When the malonic acid and three
different p-hydroxyphenylpropionic acid derivatives (S1eS3)
were individually used as the starting materials, the corresponding
O-methylated bibenzyls (4, 9, 35) were generated (Fig. 3 and
Supporting Information Fig. S15). Considering the predicted
native substrate of CCOMT members of DoOMT6�11 and the
generation of intermediates of caffeoyl-CoA derivatives by E-
DoBBS8 and as well as the substrate promiscuity of DoBBS8, the
methylation strains E-DoOMT6�11 were co-cultured with E-
DoBBS8, respectively. Intriguingly, a mono-O-methylated deriv-
ative (10) was generated for the strain E-DoOMT6 when adding
S2. Besides, when both of E-DoOMT1 and E-DoOMT6 strains
were co-cultured together with E-DoBBS8 in the presence of
malonic acid and S2, a di-O-methylated product (11) was
observed. Further NMR spectroscopic analyses (Supporting
Information) demonstrated that mono-methyls in 9/10 were
attached at 3-OH/30-OH of the bibenzyl backbone, respectively,
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and two methyls in 11 at 3-OH and 30-OH. These results suggested
that E-DoOMT6 might regio-specifically catalyze 3-O-methyl-
ation of caffeoyl-CoA derivative followed by BBS-mediated
condensation, providing an additional alternative for structural
diversification of such bibenzyls. This assumption was further
confirmed by an in vitro cascade reaction catalyzed by the purified
At4CL1 and DoOMT6 (Supporting Information Fig. S16), in
which two peaks correspond to the methylated CoA derivatives
(designated as S2-CoA-M1 and S2-CoA-M2) presented with
[MþH]þ at m/z 946.05, and 946.18, respectively. Besides, the
enzymatic assay in vitro also demonstrated that DoOMT6 could
catalyze the methylation of 5 to generate 5-M1, corresponding to
10. That is, in such consortia, the methylation catalyzed by E-
DoOMT6 not only occurred on the CoA derivatives, but also the
bibenzyl, convergently resulting in the synthesis of 10. Notably,
10 (Tristin)4,47 and 11 (gigantol)2 were reported as promising
antioxidative, anti-tumor, and anti-spasmodic agents.

Similarly, the prenylation modular strain E-PsPT1 was co-
cultivated with E-DoBBS8 to produce the prenylated products,
and the corresponding prenylated bibenzyl derivatives (12e14)
were yielded when feeding with the malonic acid and different p-
hydroxyphenylpropionic acid derivatives (S1eS3), respectively
(Fig. 3 and Supporting Information Fig. S17). 12e14 were
structurally characterized as regio-specifically 2-C-prenylated
bibenzyls by MS and NMR spectroscopic data analyses after
scale-up synthesis (Supporting Information).

Likewise, the co-culture of the glycosylation modular strain E-
UGT71E5 and E-DoBBS8, generated the corresponding glyco-
sides (15e19) (Fig. 3 and Supporting Information Fig. S18).
When feeding with the malonic acid and S1 or S3, only one regio-
specifically 3-O-glycosylated bibenzyl (15 or 19) with a higher
conversion rate was yielded, respectively. While, in the case of S2,
three glycosides, 3-O, 40-O, and 30-O-glycosylated bibenzyls
(16e18) were generated. Nevertheless, the major product of 3-O-
glycosides implied that UGT71E5 in the whole-cell system
preferred to 3-O-glycosylation of these bibenzyls.

2.6. Co-culturing multi-post-modifying modular strains with E-
DoBBS8 strain

Since the substrate promiscuity of these post-modifying enzymes/
engineered modular strains, we investigated the fitness of two or
more post-modifying modular strains with E-DoBBS8 for the
synthesis of more diverse bibenzyls with multiple modifications.
For example, apart from the basic bibenzyl backbone-related
products 1e8, the corresponding bibenzyl derivatives (20, 24,
and 25, Fig. 3, Supporting Information Fig. S19) with both
glycosyl and methyl groups were obtained when E-UGT71E5, E-
DoOMT1, and E-DoBBS8 strains were co-cultured by adding
malonic acid and S1eS3. Besides, glycosylated and methylated
product (26) monitored by LCeMS was generated when E-
DoOMT6 instead of E-DoOMT1 was co-cultured and S2 as starter
unit (Fig. S19). Moreover, co-culturing E-UGT71E5, E-PsPT1,
and E-DoBBS8 strains led to the synthesis of various additional
bibenzyl derivatives with both glycosyl and prenyl groups (21e23,
27e34, Fig. 3, Supporting Information Fig. S20). Intriguingly,
other than mono-glycosylated and mono-prenylated products
(21e23, 27e32), two products (33 and 34) undergone di-O-glu-
cosylation and mono-prenylation were generated in this bio-
process by LC‒MS analysis (Fig. S20). A further scale-up co-
cultivation with malonic acid and S1 resulted in the isolation of
products 21e23. Different from the above mono-modification co-
culture, prenylation occurred at C-6, C-2, and C-4 of the bibenzyl
backbone in such multi-modification co-culture, further high-
lighting the robust prenylation promiscuity of E-PsPT1 modular
strains.

Accordingly, such plug-and-play modular co-culture engi-
neering exhibited the powerful capacity for tandemly and diver-
gently synthesizing structurally diverse bibenzyl derivatives
(Fig. 3a), and a series of natural/unnatural bibenzyl derivatives
(Fig. 3b) including nine new compounds had been acquired from
the selected scale-up reactions. These results implied the excellent
fitness of these modular engineered strains with the capability of
yielding more structurally various derivatives.

2.7. Evaluation of the neuroprotective activities of bibenzyls
in vitro

Most of the obtained products were subjected to pharmacological
assay, the results showed that compound 12 exhibited strong
neuroprotective effect against glutamate-induced neuronal excit-
atory injury (Supporting Information Table S5 and Fig. S21a). By
comparing the structures and activities of these compounds (Fig. 3
and Table S5), it seemed that prenyl group might play a vital role
for neuroprotective effect, and 30-, 40-OHs in molecule could
enhance the activity. Further scavenging assay showed that 12 had
a stronger 1,1-diphenyl-2-picrylhydrazyl radical (DPPH$),
oxidative radical and �OH scavenging ability than vitamin C
(Supporting Information Fig. S22a�d), demonstrating that such
neuroprotective activity of bibenzyls was related to their anti-
oxidative stress effects48, although the intensity of 12 in scav-
enging O2

‒$ was weaker than vitamin C (Fig. S22e). Besides, 12
significantly increased the total antioxidant capacity (Fig. S21b)
and decreased reactive oxygen species (ROS) levels of injured SK-
N-SH cells induced by glutamate (Fig. S21c). Additionally, 12
could recover the activity changes of antioxidative enzymes
including catalase (CAT), glutathione peroxidase (GSH-Px), and
superoxide dismutase (SOD) (Fig. S21d�f), possibly due to
compensatory response. Thus, compound 12 might be a promising
neuroprotective agent.

2.8. Optimization and recycling utilization of engineered strains
for the synthesis of 12

The potent neuroprotective activity of compound 12 in vitro
inspired us to further explore its bioactivity in vivo and action
mechanism. Thus, it’s necessary to establish an approach for easy
access to 12. Firstly, the whole-cell culture conditions, including
the cell density of cultures, the input concentration of substrates,
and the incubation time were investigated and optimized to
improve the productivity of bibenzyl backbone-producing strain
E-DoBBS8. The results demonstrated that cell density at OD600 of
5.0, 1.50 mmol/L p-hydroxyphenylpropionic acid with
4.50 mmol/L malonic acid, and 24 h of incubation led to the
optimum yield of approximately 190 mg/L of 1 (Supporting
Information Fig. S23). Moreover, considering that the engi-
neered strains E-DoBBS8 and E-PsPT1 were generally discarded
after a round of incubation, we attempted to recycle the co-
cultured strains to maximize the capacity of the synthesis of 12.
Interestingly, the producibility of the two co-cultured strains
remained 64%, 33%, 21%, and 17% in the second to fifth batch,
respectively. Accordingly, 66 mg/L of 12 was yielded after 3
cycles (Supporting Information Fig. S24), which was about two
times yield of one batch. These results suggested that the efficient
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and sustainable production of 12 could be achieved through
optimizing reaction conditions and recycling utilization of engi-
neered strains.

2.9. Neuroprotective effect in pMCAO rats

Oxidative stress plays an important role in cerebral ischemia, thus
we used permanent middle cerebral artery occlusion (pMCAO)
rats to explore the efficacy of compound 12. As shown in
Fig. 4aec, 12 at the dose of 30 mg/kg obviously reduced infarct
volume and improved neurobehavioral scores. Meanwhile,
oxidative damage of lipids, proteins, and DNA measures showed
that 12 reversed ischemia-induced elevations of malondialdehyde
(MDA) and 8-hydroxy-20-deoxyguanosine (8-OHDG), nor in
protein carbonylation levels (Fig. 4def). In addition, 12 remark-
ably reversed the downregulation of total antioxidant capacity
(Fig. 4g), and slightly decreased CAT level (Fig. 4h). Notably, 12
resulted in significant increases in SOD and GSH-Px levels,
although no significant decrease was detected in the vehicle group
compared with the sham group (Fig. 4iej). Since nuclear factor
erythroid 2-related factor 2 (Nrf-2) is one of the most important
regulators of the cellular defense system against oxidative stress in
stroke49,50. Western-blot analysis showed that all of the pathway-
related enzymes (Nrf-2, HO-1, and NQO-1) levels were signifi-
cantly higher than the vehicle group (Fig. 4ken), further sug-
gesting the antioxidant activity of 12. Taken together, compound
12 might exert neuroprotective function by increasing anti-
oxidative capacity in cerebral ischemic rats.

2.10. Molecular mechanism of neuroprotective effect in pMCAO
rats

RNA-seq was exploited to pursue the potential molecular mech-
anism of compound 12 in pMCAO rats. As shown in Fig. 5aec, a
total of 119 differentially expressed genes were identified between
the vehicle group and compound 12 group, of which 57 genes
were up-regulated and 62 genes were down-regulated after treat-
ment. Gene enrichment analysis (GSEA) indicated that 12 mainly
increased gene expression of the antioxidant-related pathway,
including oxidoreductase activity, GSH-Px activity, glutathione
transferase activity, and glutathione binding (Fig. 5d). In each of
these antioxidant related pathways, the genes in compound 12
group were upregulated. Notably, the increased GSH-Px activity
had been demonstrated in the previous results, which was
consistent with GSEA enrichment (Fig. 4j). Among the above
genes, apoptosis-inducing factor, mitochondria associated 3
(Aifm3), reported to show REDOX activity and induce
apoptosis51, was dramatically reduced after cerebral ischemia.
Interestingly, 12 vigorously enhanced Aifm3 expression (Fig. 5a
and e). Furthermore, quantitative RT-PCR and Western-blot
analysis demonstrated that 12 could reverse ischemia-induced
downregulation of Aifm3 in mRNA and protein levels
(Fig. 5feh). Furtherly, 12 exhibited a concentration-dependently
protective effect on oxygen glucose deprivation/reoxygenation
(OGD/R) injured neuronal cells (Fig. 5i) by improving the total
antioxidant capacity and GSH-Px activity. While, there was no
significant difference in SOD and CAT levels compared with the
model group (Supporting Information Fig. S25a�d). Similarly, we
also found that 12 raised the expression of Aifm3 after OGD/R
injury (Fig. 5j�k) in consistence with in vivo data, implying that
Aifm3 might be a key target in ischemic stroke therapy. In addi-
tion, we verified the effect of 12 on apoptosis by detecting the
changes of mRNA levels. However, mRNA levels of apoptosis-
related genes including Bax, Bcl-2, Cytochrome c, and Caspase-
3 did not significantly change (Supporting Information
Fig. S26a�d), further suggesting that 12 could exert antioxidant
function by up-regulating the level of Aifm3.

3. Conclusions

In the present study, several BBSs and OMTs from D. officinale, a
PT from fungus Periconia sp., and a GT from C. tinctorius have
been identified and functionally characterized. Based on the high
activities and substrate promiscuity of these enzymes, a high-yield
bibenzyl backbone-producing modular E. coli strain and three
types of post-modification including methylation, prenylation, and
glycosylation modular strains were constructed. Subsequently, a
versatile pipeline for structural diversification of bibenzyls was
established through a plug-and-play modular co-culture engi-
neering strategy, and a number of structurally diverse bibenzyl
derivatives were tandemly and divergently synthesized. Besides,
initial optimization and recycling utilization of engineered strains
were achieved for the efficient synthesis of the target product.
Most importantly, one prenylated product (12) was found to be a
novel potential neuroprotective agent after systematic pharmaco-
logical activity evaluation in vitro and in vivo. Molecular mech-
anism investigation revealed that 12 might function as an
antioxidant by up-regulating the level of Aifm3, which is firstly
reported as a putatively key target in ischemic stroke therapy. This
work not only provides a powerful and flexible approach for the
synthesis of structurally diverse bibenzyl derivatives but also
provides a proof-of-concept for the efficient biosynthesis of
bioactive natural compounds for drug design and discovery by
modular co-culture engineering.

4. Experimental

4.1. General

Chemicals and reagents were purchased from SigmaeAldrich (St.
Louis, USA), Biodee Biotech Co., Ltd. (Beijing, China), and
InnoChem Science & Technology Co., Ltd. (Beijing, China),
unless noted elsewhere. 4-Hydroxyphenylpropionyl-CoA and
DMAPP were prepared according to the literatures52,39. Bibenzyls
ael were isolated in our previous work53. KOD-Plus neo DNA
polymerase was purchased from Toyobo Biotech Co., Ltd.
(Shanghai, China). ClonExpress� II One Step Cloning Kit was
purchased from Vazyme Biotech Co., Ltd. (Nanjing, China). Re-
striction enzymes were purchased from Takara Biotech Co. Ltd.
(Dalian, China). Primer synthesis and DNA sequencing were
conducted at Sangon Biotech Co., Ltd. (Shanghai, China). Genes
encoding 4-coumaroyl CoA ligase (At4CL1, Genbank No.:
AY376729.1)36 and malonyl CoA synthase (AAE13, Genbank
No.: AAP03025.1)34 from Arabidopsis thaliana were gifted from
Prof. Shepo Shi (Beijing University of Chinese Traditional Med-
icine). Plasmids pXL13 and pXL1746 were kindly provided by
Prof. Yong Wang (Institute of Plant Physiology and Ecology,
Chinese Academy of Sciences). The gene encoding a dicarbox-
ylate carrier protein (MatC, Genbank No.: KF765784.1)35 was
chemically synthesized (Sangon Biotech, Shanghai, China) with a
codon-optimization for E. coli expression.

The analyses of enzyme activity and the determination of
conversion rates were performed on an Agilent 1200 series HPLC



Figure 4 Effects of compound 12 on cerebral infarction volume, neurobehavioral scores, antioxidant enzymes and oxidative damage indexes of

pMCAO rats. (aeb) Cerebral infarction volume of pMCAO rats (n Z 8e9); (c) Neurobehavioral scores of pMCAO rats (n Z 8e9); (dee) The

levels of MDA and protein carbonylation in pMCAO rat brains (nZ 10); (f) The level of 8-OHDG in pMCAO rat brains (nZ 5); (g) The level of

total antioxidant capacity in pMCAO rat brains (n Z 5); (h) The activities of CAT in pMCAO rat brains (n Z 5); (i) The activities of SOD in

pMCAO rat brains (n Z 10); (j) The activities of GSH-Px in pMCAO rat brains (n Z 5); (ken) The protein levels of Nrf-2, HO-1 and NQO-1

(n Z 3). Data were shown as mean � SEM, #P < 0.05, ##P < 0.01 vs. the sham group, *P < 0.05, **P < 0.01 vs. the vehicle group.
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system (Agilent Technologies, Germany) coupled with an LCQ
Fleet ion trap mass spectrometer (Thermo Electron Corp., USA)
equipped with an electrospray ionization (ESI) source. HR-ESI-
MS data were measured with an Agilent Technologies 6520 Ac-
curate Mass Q-TOF LC‒MS spectrometer. 1H and 13C NMR
spectra were measured on Mercury-400 and Bruker AVIIIHD
spectrometers, chemical shifts (d) were referenced to internal
solvent resonances and are given in parts per million (ppm), and
coupling constants (J ) are given in hertz (Hz). For quantification,
three parallel assays were routinely performed.

The procedures of DPPH, pyrogallol autoxidation, Fenton re-
action, and oxygen radical absorbance capacity (ORAC) assay,
determinations of 8-hydroxy-20 deoxyguanosine (8-OHDG) and
protein carbonyl, quantitative RT-PCR, and Western-blot were
described in Supporting Information. The levels of CAT, GSH-Px,
MDA, ROS, SOD, and total antioxidant capacity were detected



Figure 5 The molecular mechanisms of compound 12 in anti-ischemia. (a) RNA-seq analysis of differential genes in pMCAO rat brains tissues

(n Z 5). 119 differential genes were identified between the vehicle group and compound 12 group. (b) 57 genes were up-regulated and 62 genes

were down-regulated after compound 12 treatment. (c) 99 genes with opposite trends in the intersection of vehicle group versus sham group and

vehicle group versus compound 12 group. (d) Gene enrichment analysis (GSEA) indicated antioxidant related pathway, including oxidoreductase

activity; oxidoreductase activity (acting on the CHeOH group of donors); oxidoreductase activity (acting on the CHeCH group of donors);

glutathione peroxidase activity; glutathione transferase activity and glutathione binding. (e) The level of Aifm3 mRNA in RNA-seq results. (f)

compound 12 increased Aifm3 mRNA level by Q-PCR verification (n Z 8). (geh) compound 12 reversed the down-regulation of Aifm3 protein

expressions in pMCAO rat brains (n Z 3). (i) compound 12 protected OGD/R-induced neuronal injury (n Z 4). (jek) compound 12 elevated

Aifm3 protein levels after OGD/R injury (n Z 3). Data were shown as mean � SEM, #P < 0.05, ###P < 0.001 vs. the sham group or control

group, *P < 0.05 vs. the vehicle group or model group.
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following the manufacturer’s instructions (Beyotime Biotech-
nology, Shanghai, China). For pharmacological experiments, all
data were presented as the mean � SEM, statistical significance
was determined using unpaired Student’s t-tests, all analyses were
conducted using GraphPad Prism 8.0.1 software, and differences
at P < 0.05 were considered statistically significant.

4.2. Plant materials

The plants of D. officinale were collected in Jiangsu Province,
China, and authenticated by Prof. Xiaomei Chen, Institute of
Medicinal Plant Development, Chinese Academy of Medical
Sciences.

4.3. Molecular cloning and the heterologous expression of
DoBBSs genes

Total RNA of the fresh stems of D. officinale was prepared using
the E.Z.N.A.™ Plant RNA kit (Omega Bio-Tek, Inc. GA, USA)
and reverse-transcribed to cDNA with SmartScribe reverse tran-
scriptase (Clontech, USA) following the manufacturer’s in-
structions. Full-length cDNAs of the DoBBSs (DoBBS1�9) were
amplified from D. officinale by PCR using gene-specific primer
pairs (Supporting Information Table S4). The amplified DNA
fragments were inserted into pET-28a vector between the BamH I
and XhoI sites. After sequence confirmation, the recombinant
plasmids were transformed into E. coli Transetta (DE3) (Trans-
Gen, Beijing, China) for heterologous expression. The subsequent
detailed procedures for protein expression and purification were
conducted as previously reported39.

4.4. Bibenzyl synthase activity assays

The reaction mixture consisted of 1.5 mmol/L malonyl-CoA,
0.5 mmol/L p-hydroxyphenylpropionyl-CoA and 1 mg/mL
DoBBSs in 100 mL of reaction buffer (50 mmol/L Tris-HCl,
1 mmol/L DTT, 1.5% glycerol (v/v), pH 7.4). After incubation
at 30 �C for 12 h, the reaction was terminated by the addition of
200 mL of MeOH and vortexing for 2 min. The protein was
removed by centrifugation at 12,000�g for 30 min. The super-
natant was analyzed by HPLC‒MS on a Shiseido Capcell Pak C18

MGIII column (250 mm � 4.6 mm I.D., 5 mm, Shiseido Co., Ltd.,
Japan) at a flow rate of 1 mL/min. The mobile phase was a
gradient elution of solvent A (0.1% formic acid aqueous solution)
and solvent B (acetonitrile). The gradient programs used for
analysis were shown in Supporting Information Table S6.

For investigation of pH effects on DoBBS8 activity, the
reactions were performed in reaction buffers with pH
4.0e6.0 (50 mmol/L citric acid-sodium citrate buffer), 6.0e7.0
(50 mmol/L Bis-Tris-HCl buffer), 7.0e9.0 (50 mmol/L Tris-HCl
buffer), 9.0e10.5 (50 mmol/L glycine/NaOH buffer). For tem-
perature, the reactions were conducted at different temperatures
ranging from 15e55 �C. For the dependence of divalent metal
ions, the solutions of MgCl2, SrCl2, BaCl2, CaCl2, SnCl2, NiCl2,
CoCl2, ZnCl2, MnCl2, CuCl2, and EDTA were added to reactions
with the final concentration of 5 mmol/L, respectively. Reactions
without divalent metal ions were used as a control. All assays were
carried out with p-hydroxyphenylpropionyl-CoA and malonyl-
CoA as substrates.

For the determination of kinetic parameters, 10 mg of recom-
binant DoBBS8 was incubated with various concentrations of p-
hydroxyphenylpropionyl-CoA (5e800 mmol/L) and a fixed
concentration of malonyl-CoA (2.0 mmol/L) in a total volume of
50 mL at 30 �C for 30 min. All of these reactions were performed
in duplicate, and enzyme activity was evaluated via quantification
of the corresponding bibenzyl product dihydroresveratrol (1) as
nmol per mg of recombinant protein per minute. Kinetic param-
eters, including MichaeliseMenten constant (Km) and turnover
number (kcat), were calculated by nonlinear regression analysis
using GraphPad Prism 8.0.1 software.

The cascade reaction catalyzed by At4CL136, AAE1334 and
DoOMT6 was firstly initiated by the At4CL1 and AAE13 reac-
tion, the former consisted of 0.5 mmol/L S2/S3/S4, 2 mmol/L
CoA, 4 mmol/L ATP, 5 mmol/L MgCl2, and 0.25 mg/mL purified
At4CL1 in 100 mL of reaction buffer (50 mmol/L Tris-HCl,
1 mmol/L DTT, 1.5% glycerol (v/v), pH 7.4), while the latter
consisted of 1.5 mmol/L malonic acid, and 0.25 mg/mL purified
AAE13, the other same as the At4CL1. After incubation at 30 �C
for 30 min, the cascade reaction was pushed by supplement of
1 mg/mL purified DoBBS8, with the reaction volume adjustment
to 200 mL. The supernatant was sequentially analyzed by HPLC
on a Tosoh TSK gel ODS column (250 mm � 4.6 mm I.D., 5 mm)
and a Shiseido Capcell Pak C18 MGIII column at a flow rate of
1 mL/min. The mobile phase for the former was a gradient elution
of solvent A (0.1% trifluoroacetic acid aqueous solution) and
solvent B (acetonitrile). While for the latter, it was same as the
bibenzyl derivatives. The gradient programs used for analysis
were shown in Table S6.

4.5. Establishment of bibenzyl backbone-producing strain

AAE13 (AAP03025.1)34 and MatC (KF765784.1)35 were
sequentially inserted into the Not I and EcoR V sites of pETDuet-
1, resulting in the plasmid (designated as pETDuet-AAE13-
MatC ). At4CL1 (AY376729.1)36 and DoBBS8 were individually
inserted into EcoR V site of pACYCDuet-1 and pCDFDuet-1,
generating the plasmids pACYCDuet-At4CL1 and pCDFDuet-
DoBBS8. With all of the recombinant plasmids co-transformed
into E. coli BL21(DE3), the bibenzyl backbone-producing strain
was generated and designated as E-DoBBS8. After induction for
16 h, the engineered E. coli cells were collected and washed twice
with M9 minimal medium. Pellets were resuspended in M9
minimal medium with OD600 of 3.0. With the malonic acid and p-
hydroxyphenylpropionic acid derivatives (S1eS3) feeding into the
culture at a final concentration of 3.0 and 1.0 mmol/L, respec-
tively, the whole-cell reactions were incubated at 30 �C and
200 rpm for 24 h, and analyzed by HPLC‒MS.

4.6. Screening of enzymes for bibenzyl backbone post-
modification

The methyltransferase genes DoOMTs (DoOMT1�11) were
amplified from D. officinale by PCR using gene-specific primer
pairs (Supporting Information Table S4). The amplified DNA
fragments were inserted into pET-28a vector and transformed into
E. coli Transetta (DE3) for heterologous expression. For methyl-
transferase activity assays, the reaction mixture routinely con-
sisted of 0.4 mmol/L methyl acceptor, 0.8 mmol/L methyl donor
(SAM), 5 mmol/L MgCl2, and 1 mg/mL purified DoOMTs in
100 mL of reaction buffer (50 mmol/L Tris-HCl, 1 mmol/L DTT,
1.5% glycerol (v/v), pH 7.4). The cascade reaction catalyzed by
At4CL1 and DoOMT6 was firstly initiated by the At4CL1 reac-
tion, which consisted of 0.5 mmol/L S2, 2 mmol/L CoA, 4 mmol/
L ATP, 5 mmol/L MgCl2, and 0.25 mg/mL purified At4CL1 in
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100 mL of reaction buffer (50 mmol/L Tris-HCl, 1 mmol/L DTT,
1.5% glycerol (v/v), pH 7.4). After incubation at 30 �C for 30 min,
the cascade reaction was pushed by supplement of 0.5 mmol/L
SAM and 1 mg/mL purified DoOMT6, with the reaction volume
adjustment to 200 mL. The supernatant was analyzed by HPLC‒
MS on a Tosoh TSK gel ODS column (250 mm � 4.6 mm I.D.,
5 mm) at a flow rate of 1 mL/min. The mobile phase was a gradient
elution of solvent A (0.1% trifluoroacetic acid aqueous solution)
and solvent B (acetonitrile). The gradient programs used for
analysis were shown in Table S6.

The coding region of PsPT1 (GenBank No. OM809169) was
amplified by RT-PCR from the cDNA of Periconia sp. F-3122 and
subcloned into pET-28a vector and transformed into E. coli
Transetta (DE3) for heterologous expression. The cloning and
expression of GT gene UGT71E5 were conducted as previously
reported23. GTs and PTs activity assays were performed similarly
to DoOMTs. The reaction mixture routinely consisted of
0.4 mmol/L dihydro-resveratrol (1), 0.8 mmol/L glycosyl/prenyl
donor (UDP-Glc/DMAPP) and 1 mg/mL purified GTs/PTs in
100 mL of reaction buffer [50 mmol/L Tris-HCl, 1 mmol/L DTT,
1.5% glycerol (v/v), pH 7.4].

4.7. Establishment of bibenzyl backbone post-modification
modular strains

The coding region of metK45 was cloned from E. coli Transetta
(DE3) and inserted into EcoR V site of pCDFDuet-1, after
sequencing confirmation, the plasmid pCDFDuet-metK was then
co-transformed into the E. coli BL21(DE3) with plasmids of pET-
28a-DoOMTs, generating the methylation modular strains
(designated as E-DoOMTs). The coding region of PsPT1 was
cloned and inserted into EcoR V site of pCDFDuet-1, and the
resultant plasmid pCDFDuet-PsPT1 was then co-transformed with
plasmids of pXL13 and pXL1746 into BL21(DE3), generating the
prenylation modular strain E-PsPT1. To establish glycosylation
strain, an E. coli BL21(DE3) harboring the recombinant plasmid
of pET-28a-UGT71E5 was constructed and designated as E-
UGT71E5.

4.8. Structural diversification of bibenzyls through modular co-
culture

Methylation modular strains E-DoOMTs, prenylation modular
strain E-PsPT1, and glycosylation modular strain E-UGT71E5
were individually co-cultured with the bibenzyl backbone-
producing strain E-DoBBS8 for the synthesis of corresponding
mono-post-modified bibenzyls. Both E-DoOMT1 and/or E-
DoOMT6 and E-UGT71E5 strains together with E-DoBBS8 were
co-cultured for the synthesis of multi-post-modified bibenzyl de-
rivatives. Similarly, E-UGT71E5 and E-PsPT1 were co-cultivated
with E-DoBBS8 to yield both glycosylated and prenylated
bibenzyls. Each modular strain was kept at OD600 of 5.0 and
mixed up in equal volume, malonic acid and S1eS3 were fed at
4.5 and 1.5 mmol/L for E-DoBBS8. After being incubated at 30 �C
and 200 rpm for 24 h, the reactions were quenched and analyzed
by HPLC‒MS.

4.9. Preparative-scale reactions

The preparative-scale reactions were performed in 50 mL cultures.
After incubation at 30 �C and 200 rpm for 24 h, the reaction
mixture was centrifuged at 6000�g for 5 min, and the resultant
supernatant was subjected to an Amberlite XAD-16 macroporous
resin column chromatography and eluted with gradient ddH2O-
ethanol. The 80% (v/v) ethanol fraction containing product was
pooled, concentrated, and further purified by reversed-phase semi-
preparative HPLC. The purified products were subjected to MS
and NMR analysis. The detailed HPLC methods and spectroscopic
data were shown in Supporting Information.

4.10. Optimization and recycling utilization of engineered
strains for the synthesis of 12

For the optimal cell density, the reactions were performed in
various cell densities with OD600 values in the range of 1.0e18.0.
The concentration of S1 was fixed at 1.0 and 2.0 mmol/L,
respectively, with three times malonic acid of S1, and incubated
for 24 h. For the optimal concentration of substrate, the reactions
were performed with 0.25e3.0 mmol/L of S1 with three times
malonic acid at the cell density of OD600 5.0 for 24 h of incu-
bation. For the optimal incubation time, the time course of the
reaction in the range of 0e50 h was monitored with the cell
density of 5.0, 1.0, and 3.0 mmol/L S1 and malonic acid. In the
experiments of recycling utilization of co-cultured E-PsPT1 and
E-DoBBS8, the culture mixtures were collected at 6000�g for
5 min after one batch of incubation, and resuspended in an equal
volume M9 medium for the next batch. The supernatants were
collected for HPLC analysis.

4.11. Neuroprotective assay

4.11.1. Glutamate-induced neuronal excitatory injury
Neuroblastama SK-N-SH cell line was a gift from Dr. Dennis
Selkoe of Brigham and Woman’s hospital, Harvard Medical
School. SK-N-SH cells were cultured in 96-well microplates with
DMEM media supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin streptomycin cocktail at a density of
7.5 � 103 cells/well. A panel of compound samples were prepared
in DMSO as 100 mmol/L stock solutions. SK-N-SH cells were
pre-incubated with compound samples for 4 h before 29 mmol/L
glutamate to the cells. After 4 h of co-incubation, each well was
added with MTT solution (final concentration 0.5 mg/mL) for
another 4 h at 37 �C. After removing the culture medium, the
MTT formazan crystals were solubilized with 150 mL DMSO and
determined by a microplate reader at 570 nm. The cell viability
was expressed as a percentage of the control group54.

4.11.2. Oxygen glucose deprivation/reoxygenation (OGD/R)
injury
SK-N-SH cells were cultured in 96-well microplates at a density
of 6.5 � 103 cells/well for 20 h. SK-N-SH cells were incubated
with compound 12 at different concentration, and the
medium were changed to low-glucose and serum free DMEM
medium in hypoxia chamber containing 95% N2 and 5% CO2 at
37 �C for 4 h. Then low-glucose DMEM medium was changed
to control medium for 4 h. Besides, control cells were placed
in a normal incubator throughout the OGD/R process. The
cell survival rate was determined by MTT method as above
mentioned.

4.11.3. Permanent middle cerebral artery occlusion
SpragueeDawley rats weighing 260e280 g were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). Permanent middle cerebral artery occlusion
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(pMCAO) was induced as previously described55. Rats were
anesthetized with isoflurane, and a midline incision were made in
the neck. The right common carotid artery (CCA), external carotid
artery (ECA), and internal carotid artery (ICA) were isolated. The
proximal CCA and distal ECAwere ligated. Then a cut was made
on the ECA, and a 4e0 silicon coated monofilament suture (F
0.26 mm) was inserted from ECA to ICA until occlude the origin
of the right middle cerebral artery. Sham-operated rats received
the same surgical procedures without pMCAO. The pMCAO rats
were randomly divided into three groups: vehicle group, com-
pound 12 10 mg/kg group, and compound 12 30 mg/kg group.
Compound 12 and control solvent were administered by intra-
peritoneal injections 5 min after surgery. Rats were housed in
plastic cages at 23 � 1 �C with a 12 h light/dark cycle and free
access to water and food. All experiments were approved and
performed in accordance with the National Institute of Health
Guidelines for the Care and Use of Laboratory Animals and
approved by the institutional Ethics Committee of the Experi-
mental Animal Center of the Chinese Academy of Medical Sci-
ences (Beijing, China).

4.11.4. Measurement of cerebral infarction
The brain samples were collected at 24 h after cerebral ischemia,
and sliced into 2-mm-thick coronal slices and immediately stained
with 1% triphenylte-trazoliumchloride (TTC) solution at 37 �C for
40 min. Cerebral infarction volume measurements were performed
as described previously56. The infarct volume was calculated as a
percentage according to Eq. (1):

Infarct volume (%) Z (area of contralateral hemisphere � area of
non-infarcted region of ipsilateral hemisphere)/area of
contralateral hemisphere � 100 (1)
4.11.5. Neurological deficit assessment
Neurological deficit assessment was performed using Bederson
score system by an assessor who was blinded to the experimental
groups. Bederson scoring system evaluated forelimb flexion,
resistance to lateral push and circling behavior which was graded
0e4 according to following criteria: 0, no neurological deficit; 1,
flexion of contralateral forelimb; 2, severe forelimb flexion and
decreased resistance to lateral push without circling; 3, unidirec-
tional circling; and 4, loss of spontaneous motor activity and a
depressed level of consciousness57.

4.11.6. RNA-seq
Total RNA was extracted and the constructed cDNA library was
sequenced using BGIseq 500 (BGI-Shenzhen, China). The reads
were mapped to Ensembl rat (mRatBN7.2) reference genome
using HISAT2 (v2.0.4). Differential expression analysis was per-
formed using the DESeq2 (v1.4.5) with Q value less than 0.05.

4.12. Data availability

The authors declare that all data supporting the findings of this
study are available within the paper and Supporting Information,
including experimental details, characterization data, and NMR
spectra (Supporting Information Spectra S32‒106) of all prepared
compounds. All the data are available from the authors upon
reasonable request. Source data are provided with this paper.
Sequence data from this article can be found in GenBank under
the following accession numbers: OM809166 for DoOMT1,
OM809167 for DoOMT6, OM809168 for DoBBS8, OM809169
for PsPT1.
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