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Terpenoids, also known as isoprenoids, are one of the largest natural product families, constituting more than 40,000
primary and secondary metabolites, including monoterpenes (53%), diterpenoids (1%), sesquiterpenes (28%), and others
(18%). The basic unit of terpenes is the isoprene unit (CsHg), which is a simple hydrocarbon. It is the main precursor and
could be post-modified through the cytosolic mevalonate (MVA) pathway or the plastid methyl erythritol phosphate (MEP)
pathway. Terpenoids are a major source of bioactive natural products.
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| 1. The Antimicrobial Mechanisms of Terpenoids

There are mainly five mechanisms through which terpenoids exhibit antimicrobial action according to previous reports.

e Cell membrane destruction: Terpenoids mainly use their lipophilicity to destroy the cell membrane of bacteria.
Terpenoids can pass through the phospholipid bilayer of bacteria and diffuse inward, showing antibacterial or
bactericidal effects L. Since the integrity of the cell membrane is very important for the normal physiological activities
of bacteria, the damage of terpenoids to the membrane will affect the bacteria’s basic physiological activities, and the
important substances such as proteins and important enzymes in the cell will be lost, finally achieving the antimicrobial
effect . It is reported that 1,8-cineole (Table 1), a monoterpene substance extracted from Eucalyptus globulus Labill,
showed antibacterial effect against Acinetobacter baumannii, Candida albicans, a methicillin-resistant Staphylococcus
aureus (MRSA) strain, and Escherichia coli by destroying the cell membrane (. In another study, the researchers
exposed Salmonella typhimurium, E. coli O157: H7, Pseudomonas fluorescence, Brochotrix thermophacta, and
Staphylococcus aureus cells to cinnamaldehyde (Table 1), carvacrol (Table 1), thymol (Table 1), eugenol (Table 1),
and limonene (Table 1), and observed their membrane damage through scanning electron microscopy. These results
found that terpenoids can achieve bacteriostatic effects by destroying the membrane structure [, The mechanism of
action and target sites on microbial cells are graphically illustrated in (L2,

« Anti-quorum sensing (QS) action: The QS system is an intercellular communication system . It is a communication
mode for bacteria to coordinate the interaction between bacteria and other organisms, which is also the main reason
for the emergence of antibiotic resistance . The group sensing signal loop of Gram-positive and Gram-negative
bacteria has been introduced and illustrated in the literature . Studies have shown that a low concentration of
cinnamaldehyde can effectively inhibit the QS effect between bacteria 4. Low concentrations of carvacrol and thymol
can effectively inhibit the self-inducer of bacteria, namely, acyl homoserine lactone (AHL), thus achieving the inhibition
of QS . The action mechanism of cinnamaldehyde inhibiting the acyl homoserine lactones and other autoinducers
involved in the quorum sensing is illustrated in [,

« Inhibition of ATP and its enzyme: ATP is the most direct energy source in organisms, and it is also a necessary element
for microorganisms to maintain normal operation and work. Terpenoids can act on the cell membrane, resulting in the
difference in ATP concentration inside and outside the cell, leading to the disorder of the cell membrane, thus
conducting the antibacterial activity [1. For example, terpenoid eugenol and thymol could target the cell membrane to
show fungicidal activity against C. albicans by inhibiting H*-ATPase, which will lead to intracellular acidification and cell
death 19, In another study, the researchers treated the target pathogen with the MIC of carvacrol. The extracellular
ATP concentrations of the samples were measured with the help of a luminometer (Biotek). On the basis of absorbance
analysis at 260 nm, this study observed that carvacrol disrupted the E. coli membrane, while the release of potassium
ions and ATP was also detected 111,



« Inhibition of protein synthesis: The physiological activity of bacteria is inseparable from protein synthesis. Terpenoids,
as inhibitors of protein synthesis, can achieve an antibacterial effect by blocking any process of the protein synthesis
pathway. Some studies have shown that cinnamaldehyde can reduce the in vitro assembly reaction and the binding
reaction of FtsZ (filamenting temperature-sensitive mutant Z)-type protein, a prokaryotic homolog of tubulin that
regulates cell division. In addition, cinnamaldehyde can inhibit the hydrolysis of GTP and bind to FtsZ, as well as
interfere with the formation of z-loop of cell dynamics, thus showing antibacterial activity against bacteria 2. In the
latest research, the researchers used -calculations, biochemistry, and in-vivo-based assays to verify that
cinnamaldehyde is a potential inhibitor of S. typhimurium (stFtsZ), and its inhibition rate of stFtsZ GTPase activity and
polymerization is up to 70% 13!,

« The synergistic effect: For example, the synergistic antibacterial effect of eugenol with carvacrol and thymol is due to
the ability of carvacrol and thymol to penetrate the extracellular membrane, thus making it easier for eugenol to enter
the cytoplasmic membrane or increasing the number, size, and duration of pores to bind to membrane proteins for
better antibacterial activity 4!, The reaction mechanism is shown in the literature .

Table 1. Summary of the antimicrobial effects of some plant-derived terpenoids, alkaloids, and flavonoids.
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| 2. Biosynthesis of Terpenoid Precursors

There are two important precursors for terpenoid biosynthesis, dimethylallyl pyrophosphates (DMAPP) and isopentenyl
diphosphate (IPP), which can both be produced via the MVA or MEP pathways (Figure 1), depending on the organism.
The MVA pathway is based on the formation of IPP and DMAPP from acetyl coenzyme A (CoA) through the precursor
substance MVA, followed by further condensation of IPP and DMAPP to form sesquiterpenes, triterpenes, and sterols by
the action of polyisoprene pyrophosphate synthase. The MEP pathway, on the other hand, is based on pyruvate and
glyceraldehyde-3-phosphate in the presence of 1-deoxyxylulose-5-phosphate synthase (DXS) to form DXP. Then, under
the catalysis of 1-deoxyxylulose-5-phosphate reductor isomerase (DXR), MEP was formed, followed by further



phosphorylation and cyclization to produce IPP, which will be used in the downstream biosynthesis of monoterpenes,
diterpenes, and other terpenoids. In plants, both pathways can occur, with the MVA pathway acting in the cytoplasm and
the MEP pathway acting in the plastid. In bacteria, terpenoids are generally produced via the MEP pathway, whereas
terpenoids are mostly synthesized via the MVA pathway in fungi. Although there are slight differences in the processes of
these two pathways, the end products are both DMAPP and IPP 8l |n general, the MEP pathway provides Cs-pentenyl
diphosphate for the synthesis of Cig monoterpenes, C,o diterpenes, and Cyq tetraterpenes, while the MVA pathway
provides the same generic precursors for the synthesis of C;5 sesquiterpenes, C,7_o9 Sterols, Csq triterpenes, and their
saponin derivatives 42,
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Figure 1. MVA and MEP pathways involved in terpenoid biosynthesis. AACT, acetoacetyl coenzyme A thiolase; HMGS, 3-
hydroxy-3-methyl glutaryl coenzyme A synthetase; HMGR, 3-hydroxy-3-methyl glutaryl coenzyme A reductase; MVK,
mevalonate kinase; PMK, phosphomevalonate kinase; MPD, mevalonate-5-pyrophosphate decarboxylase; IDI,
isopentenyl diphosphate isomerase; DXPS, 1-deoxy-xylose-5-phosphate synthase; DXR, 1-deoxy-xylose-5-phosphate
racemic enzyme; CMS, 4-diphoxphocyt-idyl-2-C-methyl-2-(E)-butenyl-4-diphosphate synthase; CDP, cytidine-4-
diphosphate; CDP-ME, cytidine-4-diphosphate-2-C-methylerythritol; CMK, 4-diphoxphocyt-idyl-2-C-methyl-D-erythritol
kinase; CDP-MEP, cytidine-4-diphosphate-2-C-methyl-D-erythritol-2-phosphate; MCS, 2-C-methyl-D-erythritol-2,4-
cyclodiphosphats synthase; MEcDP, 2-C-methyl-D-erythritol-2,4-cyclophosphoric acid; HDS, 1-hydroxy-2-methyl-2-(E)-
butenyl-4-diphosphate  synthase; HMBDP, 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate; IPK, isopentenyl
monophosphate kinase.

3. Discovery, Biosynthesis Investigations, and Engineering Strain
Construction of the Representative Terpenoid Antimicrobial Agent—
Artemisinin

3.1. Discovery and Predicted Action Mechanism of Artemisinin

So far, there have been several reports about terpenoid compounds that displayed desired antimicrobial activities 29,
Among them, the most representative one is undoubtedly artemisinin (Figure 2). Artemisinin (Qinghaosu) is a
sesquiterpene endoperoxide isolated from the leaves of the plant Artemisia annua, which has a long history of use in
traditional Chinese medicine. Malaria, caused by Plasmodium falciparum, has been a life-threatening disease for
thousands of years 1. Nowadays, 40% of the world’s population is at risk of malaria infection, and artemisinin is
designated as the first-line antimalarial drug by the World Health Organization (WHO). Since the discovery of the
antimalarial activities of artemisinin by Chinese scientists in 1971, it has saved millions of lives and represents one of the
significant contributions of China to global health. On account of this, the 2015 Nobel Prize for Medicine was awarded to
Professor Youyou Tu for her contributions to the discovery and recognition of artemisinin 22!,
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Figure 2. Chemo-enzymatic synthesis of artemisinin. Yellow region shows the biosynthesis pathways for artemisinic acid
production. Green region shows the chemical conversion route of artemisinic acid to artemisinin. tHMGR, 3-hydroxy-3-
methylglutaryl-coenzyme A reductase; ADS, amorphadiene synthase; CYP71AV1, amorpha-4; 11-diene monooxygenase;
ADH1, artemisinic alcohol dehydrogenase; ALDH1, artemisinic aldehyde dehydrogenase 1; Dbr2, artemisinic aldehyde
A11 (13) reductase; CPR1, cognate reductase of CYP71AV1. Arrows with frames showed the gene elements manipulated
by Keasling's team for artemisinic acid production engineering strain construction.

Although widespread investigations have been carried out, the mechanism of action of artemisinin is still incompletely
clarified. It has been widely accepted that the anti-malarial activity of artemisinin is largely dependent on the unusual
endoperoxide since derivatives lacking the endoperoxide bridge are discovered to be devoid of antimalarial activity, and
the activity could be enhanced by high oxygen tension and by the addition of other free-radical-generating compounds,
while some radical scavengers could block the antimalarial activity 231, Considerable evidence has proven that the killing
parasite’s ability of artemisinin-based combination therapies is mediated by free radicals, which are produced from the
endoperoxide bridge 4. The degradation of the endoperoxide bridge in a heme-dependent process could form carbon-
centered radicals, which then alkylate multiple targets including heme and proteins at the pathogenic Plasmodium blood
stage and lead to the conversion of heme to hemozoin and finally lead to the death of the parasite 221,

3.2. Key Enzymes Involved in The Biosynthesis Pathway of Artemisinin

The large demand for artemisinin-based combination therapies has caused artemisinin to fall in short supply. To provide
more alternative sources, the biosynthesis pathway of artemisinin has been investigated for many years and remarkable
achievements have been obtained. Like other regular sesquiterpenes, artemisinin’s biosynthesis precursor is farnesyl
pyrophosphate (FPP), which is formed by the condensation of three IPP molecules by either the MVA or plastid non-MVA
pathway, respectively B8l To verify the origin of the precursors, a plant of A. annua was grown in an atmosphere
containing labeled 13CO, for 100 min. Following a chase period of 10 days, artemisinin was isolated and analyzed by 13C
NMR spectroscopy. The result shows that the precursor IPP can be provided by both the MVA pathway and the non-MVA
pathway. As shown in Figure 2, DMAPP was initially provided by MVA origin and then transferred to the plastid, where an
IPP unit of non-MVA origin is used for elongation to form geranyl diphosphate (GPP). In the subsequent step, GPP is
exported to the cytosolic compartment and converted into FPP using IPP from the MVA pathway B4 (Figure 2). After FPP



is formed, the first committed step of artemisinin biosynthesis is the conversion of FPP to amorphadiene by the terpene
synthase enzyme amorphadiene synthase (ADS). To explore the catalysis mechanism of ADS, deuterium-labeled FPP at
H-1 position was used as the substrate to trace the H-1 hydrogen migration of FPP during cyclization. *H NMR results of
amorphadiene showed that one of the hydrogen Ha-1 of FPP migrated to H-10 of amorphadiene, while the other
hydrogen Hb-1 remained at its position to label amorphadiene H-6. These observations indicated that ADS may act
through an initial formation of a bisabolyl cation intermediate through 1,6-ring closure and one 1,3-hydride shift. Bisabolyl
carbocation intermediate would then undergo hydride shift through one direct suprafacial 1,3-shift of axial Ha-1 to C-7
(Figure 2), resulting in the correct cis-decalin configuration at C-1 and C-6 of amorphadiene B8IB2IEEL  Fo|lowing the
formation of amorpha-4,11-diene, a cytochrome P450, CYP71AV1, was cloned from A. annua and characterized by
expression in Saccharomyces cerevisiae. CYP71AV1 could catalyze the multiple oxidation steps of amorpha-4,11-diene
to produce artemisinic alcohol and artemisinic aldehyde, and finally yield artemisinic acid €2, In addition, two genes
encoding putative artemisinic alcohol dehydrogenase (ADH1) and artemisinic aldehyde dehydrogenase 1 (ALDH1) were
characterized from A. annua glandular trichomes 3. ADH1 is a NAD-dependent alcohol dehydrogenase of the medium-
chain dehydrogenase/reductase superfamily, with specificity towards artemisinic alcohol. ALDH1 could effectively convert
artemisinic aldehyde to artemisinic acid (64,

It is obvious that the A11 (13) double bond in amorpha-4,11-diene is reduced during the biosynthesis of artemisinin, which
is assumed to occur in artemisinic aldehyde. A corresponding gene, Dbr2, was cloned and characterized from A. annua
(631 |t could specifically reduce artemisinic aldehyde to produce dihydroartemisinic aldehyde, which could be then
converted to dihydroartemisinic acid by ALDH1. Further study showed that ALDH1 could also catalyze the oxidation of
artemisinic aldehyde as CYP71AV1 did Bl Conversely, CYP71AV1 cannot catalyze the oxidation of dihydroartemisinic
aldehyde. Meanwhile, experimental results showed that there was no direct enzymatic conversion of artemisinic acid into
dihydroartemisinic acid. Therefore, there should be two branches that exist during artemisinin biosynthesis 8. It is well
accepted that the primary route is through dihydroartemisinic acid, and the route through artemisinic acid is a side
pathway B768I89] From dihydroartemisinic acid, biosynthesis of artemisinin still requires a photooxidative formation of the
endoperoxide ring. However, the details of this process, such as the potential involvement of additional enzyme activities,
are currently unclear. In 2004, there was a report that, through using the cell-free extracts of A. annua, realized the
bioconversion of artemisinic acid to artemisinin, but the activity was not observed when using artemisinic acid as the only
substrate /9. Thus, the enzyme in charge of this reaction is still a question. One possibility is that artemisinic acid could
be converted into several other compounds such as arteannuin B non-enzymatically, which is later transformed into
artemisinin 241, Another possibility is that dihydroartemisinic acid could undergo rapid plant pigment photosensitized
oxidation, followed by subsequent spontaneous oxidation to form artemisinin 22,

3.3. Microbial Production of Artemisinic Acid

On the basis of the biosynthesis pathway elucidation, increasingly more attention on artemisinin is now shifting to its
microbial production. Particularly represented by Dr. Jay D. Keasling, his team has made great achievements in this field
73 They combined the biological synthesis of the earlier steps to produce the precursor artemisinic acid and the organic
synthetic steps of artemisinic acid to produce artemisinin together and realized the industrial production of semi-synthetic
artemisinin for commerce needs. They first constructed the biosynthesis pathway of amorphadiene in E. coli. Compared
with the expression of DXP pathway genes, a dramatic increase in isoprenoid precursor production was observed when
the S. cerevisiae MVA pathway was heterologously expressed in E. coli. Thus, two plasmids were correspondingly
designed. One encoded the MevT operon (known as the ‘top pathway’), which comprises three genes (atoB, ERG13, and
tHMG1) that are needed for the conversion of acetyl-CoA to MVA. The second plasmid encoded the MevB operon (known
as the ‘bottom pathway’) comprising five genes (idi, ispA, MVD1, ERGS8, and ERG12) for the conversion of MVA to FPP.
These two plasmids were subsequently expressed in E. coli with the codon-optimized amorphadiene synthase (ADS)
gene together. Combined with the optimization of the fermentation conditions, the production of amorphadiene could
reach 0.5 g per liter in E. coli FAZ3I76] Following this is the next stage: after the identification of CYP71AV1, this project
meets a quandary that although the amorphadiene was produced with a higher yield in E. coli than in S. cerevisiae, E. coli
is unsuitable for the expression of the P450 enzyme CYP71AV1, which is crucial for the following steps. Thus, in this
stage, Keasling’s team switched the expression system of artemisinin to S. cerevisiae. Following this, a series of gene
manipulations were performed, including: (1) The S. cerevisiae strain was engineered to overexpress the MVA pathway,
and all genes were integrated into the genome; (2) ADS and CYP71AV1 genes were constructed as plasmid borne; (3)
overexpression of a 3-hydroxy-3-methylglutaryl-CoA reductase (tHMGR) occurred to improve the production of
amorphadiene; (4) downregulation of ERG9 occurred, which encodes squalene synthase, catalyzing the first step in the
sterol biosynthetic pathway to inhibit the flux from FPP to sterol; (5) a methionine repressible promoter Pys73 was used to
increase amorphadiene production; (6) the ADS gene was expressed under the control of the GAL1 promoter; (7) the
CYP71AV1 gene was expressed along with its cognate reductase (CPR1); (8) yeast strain CEN.PK2 was chosen as the



host, which is capable of sporulating sufficiently; (9) every enzyme of the MVA pathway including ERG20 (the final step for
the production of FPP) was overexpressed in CEN.PK2 in an effort to increase the production of amorphadiene; (10) the
GAL80 gene was deleted to ensure constitutive expression of the overexpressed MVA pathway enzymes and the A.
annua-derived genes; (11) the much cheaper glucose was used as the carbon source instead of galactose; (12) another
two enzymes, aldehyde dehydrogenase (ALDH1) and artemisinic alcohol dehydrogenase (ADH1), were combinedly
expressed with CYP71AV1, which resulted in the highest production yield of artemisinic acid. With all the above
manipulations coupled with the development of the fermentation process, the production of artemisinic acid in the
engineering yeast strain was finally as high as 25 g per liter [E3IZZI78],

3.4. Chemical Conversion to Produce Artemisinin

The final stage for artemisinin chemo-enzymatic synthesis is the chemical conversion of artemisinic acid to artemisinin
(Figure 2). The chemical process involves a four-step conversion that begins with the reduction of artemisinic acid to
dihydroartemisinic acid. Then, the esterification of the carboxylic acid moiety will be performed to block the subsequent
formation of side products. The third step is an ‘ene-type’ reaction of the C4—C5 double bond with singlet oxygen (*O,) to
produce an allylic 3-hydroperoxide. Moreover, in the final step, the allylic hydroperoxide undergoes an acid-catalyzed hock
fragmentation and rearrangement to afford a ring-opened keto-aldehyde enol. Trapping of this enol with 30, produces a
vicinal hydroperoxide aldehyde, followed by a cascade reaction of acid-catalyzed cyclization that could form an
endoperoxide bridge to provide artemisinin at last €3, Finally, through the metabolic engineering of the earlier steps using
multiple gene manipulations and following synthetic organic chemistry, the anti-malaria drug artemisinin production
system was successfully established and effectively used for industrial production by Sanofi company as the worldwide
supplement 28], Artemisinin is by far the most successful and representative example of the perfect combination of
biosynthetic pathway research and industrial production.

4. Biosynthesis Pathway Investigation of the Terpenoid Antimicrobial
Agent—Oleanolic Acid

Oleanolic acid (Table 1) is a pentacyclic triterpenoid originating from a number of medicinal plants. It has desired
antimicrobial activity against various bacterial pathogens and viruses 1SIZ980I[81][82] Fyrthermore, the study on this
antimicrobial agent is of importance because as a natural source product, there has been no resistance case toward
oleanolic acid found yet 3], The biosynthesis pathway of oleanolic acid has been relatively clear 4],

In plant cells, acetyl CoA generates DMAPP and IPP through the MVA pathway in the cytosol. IPP and DMAPP are
isomerized into FPP under the action of farnesyl pyrophosphate synthase (FPS), and FPP is then converted into squalene
under the action of squalene synthase (SQS). Squalene cyclooxygenase (SQE) then oxidizes squalene into a precursor
molecule for primary sterol metabolism, 2,3-oxsqualene (3. From this step, the different cyclizations of 2,3-oxidized
squalene become a branching point between primary sterol and secondary triterpene metabolism. For the biosynthesis of
plant sterols, the cyclization of 2,3-oxysqualene to the tetracyclic plant sterol precursor cycloartenol is mainly catalyzed by
cycloartenol synthase (CAS) 88, Conversely, the oleanolic acid biosynthetic pathway of the researchers' interest, 2,3-
oxysqualene, is cyclized by B-amyrin synthase (BAS), which was first cloned from the medicinal plant ginseng and
subsequently from a variety of other plants 87 This pentacyclic carbon skeleton is assumed to be formed from
(3S)-2,3-oxidosqualene folded in pre-chair—chair—chair conformation 81, Opening of the epoxide ring followed by cation—
1T cyclization initially produces a tetracyclic dammarenyl cation. Following ring expansion and the formation of fifth ring,
the lupenyl cation is formed 4. Another ring expansion followed by a series of stereospecific 1,2-hydride shifts and the
final abstraction of 12a proton produces B-amyrin B2 (Figure 3). The C-28 position of B-amyrin is then oxidized in three
consecutive steps by a single cytochrome P450 enzyme, CYP716A12, to produce oleanolic acid. The key enzyme for this
step—CYP716A12—was first identified in Medicago truncatula, and the study found that erythrodiol, oleanolic aldehyde,
and oleanolic acid production were detected in the reaction solution catalyzed by this enzyme BB, Thus, it is suggested
that CYP716A12 is a C-28 oxidase of B-amyrin, catalyzing three sequential oxidation reactions of oleanane main chain C-
28 rather than a one-step generation. The oleanolic acid biosynthetic pathway is shown in Figure 3.
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Figure 3. Biosynthesis pathway of terpenoid antimicrobial agent oleanolic acid. FPS, farnesyl diphosphate synthase;
SQS, squalene synthase; SQE, squalene epoxidase; CAS, cycloartenol synthase.

With the development of synthetic biology, some conventional biosynthetic pathways were interfered with using genetic
engineering to improve the target compound’s production. For example, limonene, a cyclic monoterpene of plant origin, is
antimicrobially sensitive to Listeria monocytogenes and can damage its cell integrity and wall structure 2. The most
classical biosynthetic pathway of limonene is the condensation of IPP and DMAPP to form GPP by the action of geranyl
pyrophosphate synthase, and limonene synthase (LS) uses GPP as a substrate to synthesize limonene. However, GPP
can also subsequently condense with a molecule of IPP to form FPP, and studies have shown that the synthesis of
excessive FPP hinders the efficient synthesis of monoterpenes. According to a recent report, researchers have developed
an FPPS mutant (F96W, N127W; FPPSF8W. N127W) that can selectively produce GPP without further extension to FPP. In
the yeast strain with high isoprene production, fppsF2W. N12"W genes were combined with nine plant LS genes, and the N-
terminal sequence of plasma-membrane-targeted transport peptide (TLS) was truncated. The best effect of 15.5 mg L™*
limonene on Citrus lemon tls1 (cltlsl) was achieved. Moreover, an orthogonal engineering pathway was constructed. In
this pathway, limonene could be produced through the condensation of IPP and DMAPP by neryl pyrophosphate (NPP)
synthase to form NPP, and limonene synthase can also use NPP as a substrate to synthesize limonene. The expression
of Solanum lycopersicum nerolidyl diphosphate synthase (SINDPS1) and Citrus limon tLS2 (CItLS2) genes in the same
yeast strain made the limonene yield higher than that of traditional methods (28.9 mg L™1). Under the action of glucose-
induced promoter HXT1, the production of limonene can be increased to more than 900 mg L™ by extensive pathway
engineering using the FPPS competitive gene 221,
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