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Preface to ”"Synthetic Biology Brings New
Opportunity for Antibiotics Discovery”

Though society is developing much more rapidly today than it did in the past, we are facing
a complicated public health issue in the form of global drug shortages, and antimicrobials are
unfortunately on that list. These shortages are caused by various issues, e.g., technological limitations,
which have led to a drying up of the pipeline of antimicrobial development. Indeed, it has been
decades since antibiotics with a completely novel mode of action were last delivered to the clinic.
The limited availability of antibiotics, in addition to the rapid emergence of multidrug resistance,
are putting us in a very dangerous position. Luckily, the advances of new technologies, especially
biotechnologies, such as DNA sequencing, precise genome editing, system metabolic engineering,
multiomics, synthetic biology, big data processing, and artificial intelligence are offering a great
opportunity to develop better and efficient bioactive molecules, including next-generation antibiotics.
Currently, various achievements and new discoveries from both academia and industry are taking
place in the broad field of antibiotics, which reflects the fact that a new era is coming. As one of
the most important driving forces, academia plays a critical role in drug discovery for a safer society,
and, thus, we would like to bring academia, industry, and clinic together in this Special Issue to report

recent progress in antibiotics discovery.

Yaojun Tong, Zixin Deng, and Linquan Bai
Editors

vii
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We are currently facing two big global challenges: antibiotics shortage and multidrug
resistance. Since the “Golden Age” of natural products-based antibiotic discovery in the
mid-20th century, we have only discovered a very limited number of new antibiotics.
This indicates that the traditional antibiotic discovery pipeline is drying up. Moreover,
the misuse and overuse of limited classes of antibiotics have caused the emergence and
spread of multidrug resistance. Fortunately, the advance of synthetic biology brings us new
opportunities for antibiotic discovery. A starting place could be the genomic (gene) and
related enzymatic information with the “bottom-up” strategy [1], empowered by “cutting-
edge” biotechnology such as CRISPR-based genome editing [2], to facilitate antibiotic
discoveries from natural resources.

Several important studies [3-7] on synthetic biology-assisted antibiotic research have
been published recently, and we strongly feel that it is about time to re-attract researchers’
attention to antibiotic discovery using cutting-edge concepts such as synthetic biology.
This idea encourages us to organize this Special Issue on “Synthetic Biology Brings New
Opportunity for Antibiotics Discovery”. This Special Issue covers a broad range of antibiotic
research, comprising three review articles and seven original research papers.

In the review article written by Huang and colleagues [8], the biosynthesis and working
mechanisms of specific plant-derived antimicrobial agents such as artemisinin, oleanolic
acid, berberine, colchicine, and baicalin are summarized and discussed with a goal to
provide insights for the future discovery and development of such agents.

The review by Wang and colleagues [9] summarizes the diverse secondary metabolites
that are produced by a popular edible and medicinal mushroom, Inonotus hispidus. Its sec-
ondary metabolites are mainly polyphenols and triterpenoids, with multiple bioactivities,
including anticancer, immunomodulatory, anti-inflammatory, antioxidant, antimicrobial,
and enzyme inhibitory activities. I. hispidus is a promising source of bioactive compounds,
including antibiotics for health promotion and functional food development.

To address the challenge of the shortage of antifungals, Zhong and colleagues have
written a review [10] that focuses on how to use synthetic biology to facilitate the develop-
ment of novel antifungal drugs that originate from traditional Chinese medicine derived
from natural products.

In the study conducted by Geng and colleagues, the mechanisms of antibiotic re-
sistance and genes associated with antibiotic resistance in Zymomonas mobilis are deeply
investigated using bioinformatics and CRISPR/Cas12a-based genome-editing technology.
Six ampicillin-resistant genes are identified, and their related mutants are constructed.
It shows that ZMO0103 is the key to ampicillin resistance in Z. mobilis and how other
ampicillin-resistant genes may have a synergistic effect [11]. This study could lay the
foundation for further studies of other antibiotic resistance mechanisms.

The research article conducted by Yang and colleagues reports a novel global regu-
latory protein, SspH, which is widespread in Streptomyces, and this was found to play an
important role in controlling different types of antibiotic production. This study provides
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insight into the regulation of antibiotic biosynthesis and the potential targets for future
antibiotic discovery and production [12].

Liu and colleagues, in their research paper, aimed to identify the genes that are
involved in the export of the anti-coccidiosis agent salinomycin produced by Streptomyces
albus BK3-25. By analyzing transcriptomes, eight putative transporter genes were found
and proven to positively impact salinomycin exports. The overexpression of these genes
will lead to an increase in the titer of salinomycin and improved self-resistance. The
study provides a transcriptome-based strategy for improving the titer of salinomycin and
identifying transporter genes for other antibiotics [13].

In their research article, Xue and colleagues found that L-kynurenine (Kyn) is a build-
ing block for the biosynthesis of bioactive natural products. They used a genome-mining
approach and discovered a biosynthetic gene cluster (BGC) from Neosartorya pseudofis-
cheri that can produce pseudofisnins: novel 1-benzazepine-containing compounds. A
methyltransferase named PseC was identified as a crucial enzyme in this BGC, catalyzing
di-methylation in an amine group [14].

Using a combinatory strategy of genome-mining and OSMAC (one strain of many
compounds), Zhang and colleagues identified two new and seven known cyclodipeptide
derivatives from Streptomyces sp. 26D9-414. The new compound 2 showed similar cyto-
toxicity to cisplatin in treating various cancer cells [15], which is promising for further
investigations.

In the study conducted by Al-Thubaiti and colleagues, metal cefotaxime complexes
of Ca(ll), Cr(Ill), Zn(II), Cu(Il), and Se(VI) were synthesized and characterized. They
then investigated the effects of cefotaxime and cefotaxime metal complexes on oxidative
stress and their activity against cancer cells (HepG-2) and bacteria (Bacillus subtilis and
Escherichia coli). The results showed that cefotaxime metal complexes with Zn and Se had
high antioxidant activity against HepG-2 cells, and they also presented potent antibacterial
activities at low concentrations [16].

El-Megharbel and colleagues, in their research article, investigated the formation of
Mg(1l), Fe(Ill), Cu(Il), Zn(II), and Se(IV) complexes of the antibiotic ceftriaxone (CFX).
Furthermore, they also investigated the effect of CEX and its metal complexes on oxidative
stress and tissue injury in rats. It showed that CFX and its metal complexes, especially
CFX/Zn, had high antibacterial activity [17].

I hope that readers find the articles in this Special Issue interesting and inspiring for
their own research. Joining together, let us bring society another “Golden Age” of antibiotic
discovery!
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Abstract: The overuse of antibiotics in the past decades has led to the emergence of a large number
of drug-resistant microorganisms. In recent years, the infection rate caused by multidrug-resistant
microorganisms has been increasing, which has become one of the most challenging problems in
modern medicine. Plant-derived secondary metabolites and their derivatives have been identi-
fied to display significant antimicrobial abilities with good tolerance and less adverse side effects,
potentially having different action mechanisms with antibiotics of microbial origin. Thus, these
phyto-antimicrobials have a good prospect in the treatment of multidrug-resistant microorganisms.
Terpenoids, alkaloids, and flavonoids made up the predominant part of the currently reported phyto-
chemicals with antimicrobial activities. Synthetic biology research around these compounds is one
of the hotspot fields in recent years, which not only has illuminated the biosynthesis pathways of
these phyto-antimicrobials but has also offered new methods for their production. In this review, we
discuss the biosynthesis investigations of terpenoid, alkaloid, and flavonoid antimicrobial agents—
using artemisinin and oleanolic acid (terpenoids), berberine and colchicine (alkaloids), and baicalin
(flavonoids) as examples—around their antimicrobial action mechanisms, biosynthesis pathway
elucidation, key enzyme identification, and heterologous production, in order to provide useful hints
for plant-derived antimicrobial agent discovery and development.

Keywords: phytochemicals; antimicrobial agents; biosynthetic pathway; secondary metabolites

1. Introduction

Infectious diseases caused by pathogenic microorganisms are becoming one of the
major causes of death worldwide [1]. Antibiotic refers to a chemical substance, with an
organic chemical of natural or synthetic origin, that has the capacity to inhibit the growth
of and even kill pathogenic bacteria and other micro-organisms [2]. The discovery and
development of antibiotics during the 20th century substantially reduced the threat of
infectious diseases [3,4]. However, it has been decades since antibiotics with a completely
novel mode of action were last delivered to the clinic. Specifically, in the first decade of
the 21st century, with the emergence of resistant strains of several important microbials,
including Pneumococci, Enterococci, Staphylococci, Plasmodium falciparum, and Mycobacterium
tuberculosis [5], people were faced with this continuing threat on a wider scale than ever
before. Multidrug-resistant pathogens are expected to kill about 300 million people pre-
maturely and will have costed the global economy up to USD 100 trillion by 2050 [6,7].
Several factors are involved in the rise of antibiotic resistance, including the existence
of efflux pumps, the lack of sensitive antibiotic targets, induction of a stress response of
bacterial cells (SOS reaction and RPOS regulation), the transport of drug-resistant genes
through the horizontal gene transfer (HGT) mechanism, and the inactivation of antibiotics
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by hydrolysis or modification, but the main reason is the overuse and misuse of antibiotics
in human and animal health and the lack of development of new antibiotics [8-10]. Thus,
there is an urgent need for new compounds with different mechanisms that can limit
antibiotic resistance.

In recent years, people have focused more attention on plants for new antibiotics dis-
covery and development since many experiments have proven that compounds from plants
have significant and potentially different antimicrobial effects compared with antibiotics of
microbial origin [11-13]. The antimicrobial compounds from medicinal plants may inhibit
the growth of bacteria, fungi, viruses, and protozoa by different mechanisms than those of
presently used antimicrobials and may have a significant clinical value in the treatment of
resistant microbial strains [5,14,15]. These agents could perform direct bactericidal action
by blocking bacterial DNA synthesis; inhibiting ATPase activity; inhibiting biofilm forma-
tion, membrane integrity, or permeability; and resisting the quorum sensing effect [16].
Moreover, many phytochemicals also showed effective antibiotic drug resistance reversal
activity, mainly through enzyme modification, plasmid curing, or drug efflux pump [9].
Although some of them do not hold substantial antibacterial potential on their own, their
application along with other drugs may considerably augment the antibiotic potential of
the drug against which the pathogen was resilient [17]. Moreover, compared with synthetic
drugs, plant-derived antibiotics usually have fewer side effects and a lower possibility of
drug resistance [10]. On the basis of these advantages, exploring plant-based metabolites is
a promising choice to identify new bioactive compounds, which can be used to develop
new and effective antimicrobial agents or multidrug-resistant reversal agents.

Secondary plant metabolites are molecules indirectly necessary for the life of plants,
which can serve as structural elements or as important tools for plants to adapt to their
environment and play a crucial role in many aspects of plant life activities [18]. According
to the different chemical structure skeletons and natural origins, plant-derived natural
products can be divided into diverse categories. Among them, there is no doubt that
terpenoids, alkaloids, and flavonoids compose the dominant part of phytochemicals in
the plant kingdom. Moreover, according to a large number of pharmaceutical reports,
these three kinds of natural products were also the major source of bioactive antimicrobial
candidates’ discovery. This review aims to focus on terpenoid, alkaloid, and flavonoid com-
pounds with antimicrobial activities (including antibacterial, antifungal, antiviral, and/or
antiparasitic activities) from medicinal plants, mainly discussing their action mechanisms,
biosynthesis pathway elucidation, and biosynthesis key enzyme identification, as well as
engineering strain construction.

2. Terpenoids

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. Especially because of their lipophilic characteristics, terpenoids have
become one of the major kinds of antimicrobial agents against various microorganisms [19].

2.1. 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 [20]. 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
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physiological activities, and the important substances such as proteins and impor-
tant enzymes in the cell will be lost, finally achieving the antimicrobial effect [21].
It is reported that 1,8-cineole (Table 1), a monoterpene substance extracted from Eu-
calyptus globulus Labill, showed antibacterial effect against Acinetobacter baumannii,
Candida albicans, a methicillin-resistant Staphylococcus aureus (MRSA) strain, and Es-
cherichia coli by destroying the cell membrane [22]. 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 struc-
ture [23]. The mechanism of action and target sites on microbial cells are graphically
illustrated in [20,21].

Anti-quorum sensing (QS) action: The QS system is an intercellular communication
system [20]. 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 [19]. The group sensing signal loop of Gram-positive and Gram-
negative bacteria has been introduced and illustrated in the literature [24]. Studies
have shown that a low concentration of cinnamaldehyde can effectively inhibit the
QS effect between bacteria [25]. 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 [26]. The action mechanism of cinnamaldehyde
inhibiting the acyl homoserine lactones and other autoinducers involved in the quorum
sensing is illustrated in [27].

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 [20]. 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 [28].
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 [29].

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 in-
terfere with the formation of z-loop of cell dynamics, thus showing antibacterial
activity against bacteria [30]. 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% [31].

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 [32]. The reaction mechanism is shown in the
literature [27].
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Table 1. Summary of the antimicrobial effects of some plant-derived terpenoids, alkaloids, and flavonoids.

Compounds Chemical Structures Micr(;rj:g::lisms Antimicrobial Effects Reference
A. baumannii
. C. albicans Cell membrane
1,8-cineole ' MRSA strain destruction [22]
oL E. coli
PN
S, tuphimurium 1. Cell membrane
-typ destruction
NS E. coli O157: H7 2. Anti-quorum sensin
cinnamaldehyde o P. fluorescence a;:tion ! & [23,25,30,31]
B. ngZZ:ﬂfcm 3. Inhibition of protein
’ synthesis
1. Cell membrane
S- typhimurium geif:lc Zflgrum sensing
E. coli O157: H7 O
action
carvacrol BP' ﬁz:r:fsc;z:';u 3. Inhibition of nucleic [23,26,27,29,32]
' P acid synthesis
Ho S- aureiis 4 Theysynergistic effect
P. fluorescens KM121 5. Inhibits cell movement
and bacterial invasion
S. typhimurium 1. Cell membrane
. E. coli O157: H7 destruction .
Terpenoids HO P. fluorescence 2. Anti-quorum sensing
thymol B ’ Hhermonhacta action [23,26-28,32]
' S aurfus 3. Inhibition of nucleic
P. ﬂuorf::scens KM121 acid synthesis
' 4. The synergistic effect
S. typhimurium 1. Cell membrane
E. coli O157: H7 destruction
eugenol P. fluorescence 2. Inhibition of nucleic [23,27,28,32]
B. thermophacta acid synthesis
S. aureus 3. The synergistic effect
A. baumannii
i C. albicans Cell membrane 23]
rmonene MRSA strain destruction
E. coli
E. coli
oleanolic acid En terosc'oil;;?}izecalis Antibacterial [33]
P. aeruginosa
S. aureus
L. B. subtilis s
piperine Salmonella sp Efflux pump inhibition [34,35]
E. coli
Alkaloids
reserpine HoCO N OCH; E. coli Efflux pump inhibition [36]
" o OCH;
OCH;
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Table 1. Cont.

Target

Compounds Chemical Structures . . Antimicrobial Effects Reference
Microorganisms
<O o E. coli
o N | Mz;n;ceoric;;g;;eus 1. Efflux pump inhibition
berberine \ OCH, Prevotella intermedia 2. DNA-mt.erc.al.at'mg [37-39]
. 3. Growth inhibition
Fusobacterium nucleatum
OCHs MRSA strain
OH H
L-ephedrine ©/k‘/ ~ Influenza A virus DNA-intercalating [40]
D-pseudoephedrine \N/'\./© Influenza A virus DNA-intercalating [40]
H G6H
OH ‘
L-methylephedrine ©/k‘/ N Influenza A virus DNA-intercalating [40]
/ O
H3CO J N® 7 S. aureus 1. Nucleic acid synthesis
chelerythrine ) Q © MRSA strain and repair inhibition [41]
HsCO OQ ESBLs-SA 2. Growth inhibition
S S. aureus
L p Permeability change of
- ~
8-hydroxy quinoline N SH‘ ;ZJZ;Z;ZZE membrane [42,43]
OH P
michellamine b HIV Protein activity inhibition [44]
K. pneumoniae
saneuinarine MRSA strain 1. DNA-intercalating [45,46]
& P. aeruginosa 2. Growth inhibition !
Streptococcus pyogenes
S. aureus 1. Efflux pump inhibition
roemerine ’ . 2. Permeability change of [47,48]
B. subtilis
membrane
. . S. aureus e
dihydrochelerythrine O N MRSA strain Growth inhibition [49]
-0
2N
O
\ N . Peptidoglycan
evodiamine N M. tubercolosis [50,51]
H

biosynthesis inhibitor
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Table 1. Cont.

Target

Compounds Chemical Structures . . Antimicrobial Effects Reference
Microorganisms
OH
HO ©/ OCHs Inhibit bacterial growth
h 1 HOS 2 o O S. aureus by modulating the [52]
esperidin o L . .
o \(;;g . monocytogenes expression of virulence [53]
HOW factors
HO Ly OH ©
HO o O o
. B. subtilis
oroxylin a O | S m[lreus / [54]
~ .
O
OH O
OH
O S. aureus 1. Inhibits peptidoglycan
- HO 0 B. subtilis synthesis [55]
aprgenin | E. coli 2. Increases cell
P. aeruginosa. membrane permeability
OH O
morin E coli Inhibition of ATP [56]
synthetase
. . . Inhibition of ATP
silymarin E. coli synthetase [56]
Flavonoids
HO O
epigallocatechin \g;[jo S. maltophilia Inhibits dihydrofolate [57]
gallate reductase
OH 2\ ; :OH
O
OH
OH
o 1. Inhibits viral
HO o polymerase and viral
quercetin O | OH P. aeruginosa nucleic acid [58]
OH 2. Inhibits the formation
OH O of its biofilm
HO. o] O 1. Destroys the plasma
galangin O \ S. aureus membrane [59]
OH 2. Weakens the cell wall
OH O
OH
"
. HO O B. subtilis Inhibits the bacterial [60]
catechin E. coli DNA gyrase [61]
OH
OH
baicalin Salmonella spp. Inhibits biofilm formation [62]
Staphylococcus spp. [63]
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Table 1. Cont.

Target

OH

Compounds Chemical Structures . . Antimicrobial Effects Reference
Microorganisms
HO O OH O OH 1. Inhibits the
. ) pathogenicity
phioretin w C. albicans 2. Inhibits virulence [64]
OH O factors
O._<CH,0H
HO o @[ OCHs
silybin \Q%g\ o MRSA strain Inhibits the efflux pump [65]
OH

OH O

2.2. Biosynthesis of Terpenoid Precursors

There are two important precursors for terpenoid biosynthesis, dimethylallyl py-
rophosphates (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 [66]. In general, the MEP pathway provides Cs-pentenyl
diphosphate for the synthesis of C1p monoterpenes, Cyg diterpenes, and Cy tetraterpenes,
while the MVA pathway provides the same generic precursors for the synthesis of Cy5
sesquiterpenes, Cpy_p9 sterols, Cs triterpenes, and their saponin derivatives [67].

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

2.3.1. Discovery and Predicted Action Mechanism of Artemisinin

So far, there have been several reports about terpenoid compounds that displayed de-
sired antimicrobial activities [68]. 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 [69]. 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 [70].
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Figure 1. MVA and MEP pathways involved in terpenoid biosynthesis. AACT, acetoacetyl coen-
zyme 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 iso-
merase; DXPS, 1-deoxy-xylose-5-phosphate synthase; DXR, 1-deoxy-xylose-5-phosphate racemic en-
zyme; 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; MEcDDP, 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.

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 [71]. 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 [72]. 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 [73].
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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; ADH], artemisinic alcohol dehydroge-
nase; 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.
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2.3.2. 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 [74]. To verify the origin of
the precursors, a plant of A. annua was grown in an atmosphere containing labeled *CO,
for 100 min. Following a chase period of 10 days, artemisinin was isolated and analyzed
by '3C 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 [75] (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 [76-79]. Following the formation of amorpha-4,11-diene, a cytochrome P450,
CYP71AV1, was cloned from A. annua and characterized by expression in Saccharomyces
cerevisize. CYP71AV1 could catalyze the multiple oxidation steps of amorpha-4,11-diene
to produce artemisinic alcohol and artemisinic aldehyde, and finally yield artemisinic
acid [80]. In addition, two genes encoding putative artemisinic alcohol dehydrogenase
(ADH1) and artemisinic aldehyde dehydrogenase 1 (ALDH1) were characterized from A.
annua glandular trichomes [81]. 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 [82].

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 [83]. It 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 [49].
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 [84]. It is well accepted that the primary route
is through dihydroartemisinic acid, and the route through artemisinic acid is a side path-
way [85-87]. 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 [88]. 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 [89]. Another possibility is that dihydroartemisinic acid could undergo rapid
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plant pigment photosensitized oxidation, followed by subsequent spontaneous oxidation
to form artemisinin [90].

2.3.3. 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 [91]. 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 produc-
tion was observed when the S. cerevisine 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 tHMGI) 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,
ERGS, and ERG12) for the conversion of MVA to FPP. These two plasmids were subse-
quently 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 [92-94]. 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 un-
suitable 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 plas-
mid borne; (3) overexpression of a 3-hydroxy-3-methylglutaryl-CoA reductase (tHMGR)
occurred to improve the production of amorphadiene; (4) downregulation of ERG9 oc-
curred, 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 Pysr73
was used to increase amorphadiene production; (6) the ADS gene was expressed under the
control of the GALI 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 constitu-
tive 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 [81,95,96].

2.3.4. 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 sub-
sequent formation of side products. The third step is an ‘ene-type’ reaction of the C4-C5
double bond with singlet oxygen (1O;,) to produce an allylic 3-hydroperoxide. Moreover,
in the final step, the allylic hydroperoxide undergoes an acid-catalyzed hock fragmentation
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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 [81]. 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 produc-
tion by Sanofi company as the worldwide supplement [91]. Artemisinin is by far the most
successful and representative example of the perfect combination of biosynthetic pathway
research and industrial production.

2.4. 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 [33,97-100]. Furthermore, 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 [101]. The biosynthesis pathway of oleanolic acid has been relatively clear [102].

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 [103]. 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) [104]. Conversely, the oleanolic acid biosynthetic
pathway of our interest, 2,3-oxysqualene, is cyclized by S-amyrin synthase (BAS), which
was first cloned from the medicinal plant ginseng and subsequently from a variety of other
plants [104,105]. This pentacyclic carbon skeleton is assumed to be formed from (35)-2,3-
oxidosqualene folded in pre-chair-chair—chair conformation [106]. Opening of the epoxide
ring followed by cation—7 cyclization initially produces a tetracyclic dammarenyl cation.
Following ring expansion and the formation of fifth ring, the lupenyl cation is formed [105].
Another ring expansion followed by a series of stereospecific 1,2-hydride shifts and the
final abstraction of 12« proton produces -amyrin [107] (Figure 3). The C-28 position of
-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 [108,109]. Thus, it is suggested that CYP716A12 is a C-28 oxidase of 3-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.

With the development of synthetic biology, some conventional biosynthetic pathways
were interfered with using genetic engineering to improve the target compound’s pro-
duction. For example, limonene, a cyclic monoterpene of plant origin, is antimicrobially
sensitive to Listeria monocytogenes and can damage its cell integrity and wall structure [110].
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 (FO6W, N127W; FPPSFIOW, N127W) that
can selectively produce GPP without further extension to FPP. In the yeast strain with
high isoprene production, fpps™®W N127W 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 (cltls1) was achieved.
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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 syn-
thase (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 [111].

Lupenyl cation Baccharenyl cation

CHO cyp716A

B ———

CH;0H cyp716A

Erythrodiol Oleanolic aldehyde Oleanolic acid

Figure 3. Biosynthesis pathway of terpenoid antimicrobial agent oleanolic acid. FPS, farnesyl
diphosphate synthase; SQS, squalene synthase; SQE, squalene epoxidase; CAS, cycloartenol synthase.

3. Alkaloids

Alkaloids are a class of structurally diverse nitrogen-containing organic compounds,
including more than 20,000 different molecules whose basic nitrogen atom can occur
in the form of primary amine (RNH3), a secondary amine (R,NH), or a tertiary amine
(R3N) [112]. From the perspective of chemical structure or natural origin, alkaloids can
be divided into two broad divisions. The first division contains the non-heterocyclic or
atypical alkaloids, also known as protoalkaloids or biological amines, containing nitrogen
in the side chain. The second division includes the heterocyclic or typical alkaloids (true
alkaloids), containing nitrogen in the heterocycle. Because of their structural complexity,
the second division can be further subdivided into 14 subgroups on the basis of the ring
structure, as shown in Figure 4 [113].
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Figure 4. The 14 subgroups of alkaloids.

3.1. Plant-Originated Alkaloids with Antimicrobial Bioactivities

Because alkaloids have a proton-accepting nitrogen atom, and one or even more
proton-donating amine hydrogen atoms in addition to functional groups, they can easily
form hydrogen bonds with proteins, enzymes, and receptors [113]. As a result, alkaloids
show a variety of pharmacological activities [8,114-116]. Nowadays, there are numerous
reports on the antimicrobial activity of plant-derived alkaloids. They could inhibit the
growth of fungi, bacteria, viruses, and protozoa through a variety of mechanisms, and
may have important clinical value in the treatment of resistant microbial strains [117].
Most alkaloids act as efflux pump inhibitors (EPIs) to exert antimicrobial effects—for ex-
ample, isoquinoline, protoberberine, quinoline, indole, monoterpene indole, and steroidal
alkaloids are reported to be used as competitive inhibitors of efflux pumps in bacteria
and fungi [118]. Piperine (Table 1)—a piperidine-type alkaloid—has strong antimicrobial
activity against both Gram-positive and -negative bacteria [34], acting as an EPIs in S. aureus
when combined with ciprofloxacin [35]. Reserpine (Table 1)—an indole alkaloid—is known
to be a competitive inhibitor of both primary and secondary active transporter systems. In
particular, regarding this latter function, reserpine acts mainly on resistance nodulation
division (RND) and the major facilitator superfamily (MFS) [119,120]. In addition, reserpine
could reverse Bmr-mediated multidrug resistance by inhibiting drug transport [36,121].
Berberine (Table 1) is a kind of isoquinoline alkaloid. It displays a synergistic effect with
the carbapenem antibiotic to re-sensitize imipenem-resistant Pseudomonas aeruginosa by
inhibiting the MexXY-OprM efflux pump system [37-39]. Berberine has shown antibacterial
activity against selected oral pathogens and is more effective than saline as an endodontic
irrigant against selected endodontic pathogens [122]. Some alkaloids play an antimicrobial
role by inhibiting nucleic acid synthesis and repair—for instance, berberine is also an excel-
lent DNA intercalator that accumulates under the drive of cell membrane potential [123].
L-Ephedrine (Table 1), D-pseudoephedrine (Table 1), and L-methylephedrine (Table 1)
have antiviral effects on influenza A virus (IAV) in vitro by inhibiting viral replication
and altering inflammatory response [40]. Chelerythrine (Table 1), an isoquinoline alkaloid,
displays strong antibacterial activity against S. aureus, MRSA, and extended-spectrum
B-lactamase S. aureus (ESBLs-SA) through inhibition of cellular division and nucleic acid
synthesis [41]. Some alkaloids play an antimicrobial role by changing the permeability of
the membrane. 8-Hydroxyquinoline (Table 1) is one of the oldest antibacterial agents [124].
Its high lipophilicity allows it to penetrate bacterial cell membranes to reach its target
site of action [42], displaying activity against S. aureus, Haemophilus influenzae, and Strep-
tococcus pneumoniae [43]. Some alkaloids conduct antimicrobial effects by inhibiting the
activity of enzymes. For example, michellamine B (Table 1) obtained from the tropical plant
Ancistrocladus korupensis showed anti-HIV activity by inhibiting the enzymatic activities
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of reverse transcriptases from both HIV types 1-2 as well as by inhibiting human DNA
polymerases « and (3 [44]. Some alkaloids perform antimicrobial effects by inhibiting the
growth of bacteria, such as benzophenanthridine alkaloid sanguinarine (Table 1). It could
interfere with Z-ring assembly through inhibiting filamenting temperature-sensitive mutant
Z (FtsZ) binding, thus preventing cytokinesis in both Gram-positive and Gram-negative
bacteria [45]. Sanguinarine can also affect the binding of FtsZ protofilaments to have a
bacteriostatic effect [46].

3.2. Biosynthesis Investigation of the Representative Antimicrobial Alkaloid Compound—Berberine

Alkaloids are biosynthetically derived from amino acids such as phenylalanine (Phe),
tyrosine (Tyr), tryptophan, ornithine, and lysine. Building blocks from the acetate, shiki-
mate, or deoxyxylulose phosphate pathways are also frequently incorporated into alkaloid
structures. Nowadays, the synthetic pathways of multiple kinds of antimicrobial alka-
loids have been analyzed and confirmed, such as berberine, colchicine, benzylisoquinoline
alkaloids (BIAs), and tropane alkaloids (TAs).

Berberine is the main representative quaternary ammonium salt of protoberberines
produced from Berberis spp. with various antimicrobial activities, especially against Gram-
negative bacteria [125-128]. The generally accepted biosynthesis precursor of berberine
is L-Tyr [129]. Biosynthesis from L-Tyr to berberine has 13 steps involving different en-
zymatic reactions, and all the enzymes involved in this pathway have been biochem-
ically characterized, as shown in Figure 5 [130]. It begins with the formation of the
first committed intermediate (S)-norcoclaurine, which is formed through the conden-
sation of two Tyr derivatives, dopamine and 4-hydroxyphenylacetaldehyde (4-HPAA).
Dopamine and 4-HPAA are synthesized by Tyr decarboxylase (TYDC) and Tyr/tyramine
3-hydroxylase (30Hase), or L-Tyr aminotransferase (TyrAT) and 4-hydroxyphenylpuruvate
decarboxylase (4HPPDC), respectively, and they were further condensed by the formation
of C-C bonds under the action of (S)-norcoclaurine synthase (NCS) to generate the basic
1-benzylisoquinoline core (S)-norcoclaurine [131-133]. (5)-Norcoclaurine continues to be
methylated and oxidized to form (S)-reticuline, which is a key molecule to derive a series
of alkaloids, through four steps under the action of three methyltransferases (S-adenosyl-L-
methionine (SAM): (§)-norcoclaurine 6-O-methyltransferase (6OMT) [134,135], SAM: (S)-
coclaurine-N-methyltransferase (CNMT) [136,137], SAM: 3/-hydroxy-N-methylcoclaurine
4'-O-methyltransferase (4'OMT) [138,139], and one cytochrome P450 enzyme [P450, (S)-
N-methylcoclaurine 3'-hydroxylase (NMCH)) [140-142]. During this biosynthesis, 6OMT
catalyzes O-methylation at C6 on (S)-norcoclaurine to yield (S)-coclaurine [135], and (S)-
coclaurine further undergoes N-methylation under the action of CNMT to generate (S)-N-
methylcoclaurine [137]. Then, the P450 enzyme NMCH can convert (S)-N-methylcoclaurine
to (5)-3'-hydroxy-N-methylcoclaurine [140], and finally it catalyzes the transfer of the
S-methyl group of SAM to the previous product through 4’'OMT to form an important inter-
mediate (S)-reticuline base for the synthesis of isoquinoline alkaloids [138]. Subsequently,
the key central ring closure is the conversion of the N-CHj of (S)-reticuline to the berberine
bridge carbon, C8 of (S)-scoulerine, thereby forming the protoberberine carbon skeleton.
This step is accomplished by berberine bridge enzyme (BBE), which is also an important
step in the biosynthesis of other isoquinoline alkaloids including protopine, protoberberine,
and benzophenanthridine alkaloids [143]. BBE is a key rate-limiting enzyme in the syn-
thesis of (S)-scoulerine. More recently, Li et al. [144] achieved high expression of McBBE
derived from Macleaya cordata in S. cerevisiae through codon optimization, N-terminal
truncation, and CRISPR-Cas9 technology, obtaining a genetically stable S. cerevisiae strain
with high McBBE expression. Further methylation of (S)-scoulerine was performed by
O-methyltransferase (SAM: scoulerine 9-O-methyltransferase (SMT)) [145,146] to yield
(S)-tetrahydrocolumbamine, which is stereospecifically converted to (S)-canadine under
formation of the methylenedioxy bridge through (S)-canadine synthase [147]. Finally,
(S)-canadine is oxidatively aromatized to berberine through tetrahydroprotoberberine
oxidase [147,148]. The above is the detailed process of berberine biosynthesis from Tyr,
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and it has been reported that by combining enzymes from the same or different sources,
this pathway could successfully synthesize berberine and a series of important intermedi-
ates [130,149-151] (Figure 5).
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Figure 5. Biosynthesis pathway of the alkaloid antimicrobial agent berberine. TyrAT, L-tyrosine
aminotransferase; 4HPPDC, 4-hydroxyphenylpuruvate decarboxylase; TYDC, tyrosine decarboxylase;
30Hase, tyrosine/tyramine 3-hydroxylase; NCS, (S)-norcoclaurine synthase; 60MT, SAM: norcoclau-
rine 6-O-methyltransferase; CNMT, (S)-coclaurine N-methyltransferase; NMCH, N-methylcoclaurine
3'-hydroxylase; 4 OMT, SAM: 3'-hydroxy-N-methylcoclaurine 4’-O-methyltransferase; BBE, berber-
ine bridge enzyme; SMT, SAM: scoulerine 9-O-methyltransferase; CAS, (S)-canadine synthase; STOX,
(S)-tetrahydroprotoberberine oxidase.

3.3. Biosynthesis Investigations of the Antimicrobial Alkaloid Compound—Colchicine

Colchicine is an FDA-approved, available, safe, and effective anti-inflammatory drug
derived from Colchicum and Gloriosa species [152-154]. On the basis of its unique efficacy
as an anti-inflammatory agent, colchicine has been used in the therapy of cardiovascular
diseases. Most recently, there have numerous reports suggesting that colchicine could
also be used in the treatment of coronavirus disease 2019 (COVID-19) [155,156]. The
antiviral activity of this alkaloid is attributed to its ability to bind tubulin dimers and
inhibit microtubule assembly, which not only promotes anti-inflammatory effects but also
makes colchicine a potent mitotic poison [154,157]. In addition, colchicine may inhibit
inflammasome signaling and reduce proinflammatory cytokines, which is a purported
mechanism of COVID-19 pneumonia [158].

For the biosynthesis of colchicine, since Leete conducted the first biosynthetic ex-
periments on colchicine in 1960 [159], the chemical origins of colchicine have been thor-
oughly studied through an abundance of feeding studies with isotope-labeled substrates in
Colchicum plants, as well as the structural characterization of colchicine-related alkaloids
isolated from species of the Colchicaceae family that helped to define a well-established
biosynthetic hypothesis [160-163] (Figure 6). It has been established that colchicine orig-
inated from Phe and Tyr [164]. Similar to the former part of the berberine biosynthetic
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pathway, the phenethylisoquinoline skeleton of colchicine is also formed by the condensa-
tion of an aldehyde with an amine [162]. Namely, the initial amino acids Phe and Tyr are
processed into 4-hydroxydihydrocinnamaldehyde (4-HDCA) and dopamine, respectively,
which are joined through a Pictet-Spengler reaction to form a 1-phenethylisoquinoline
scaffold [162,163,165]. The scaffold then undergoes a series of methylations and phenyl
ring hydroxylations to yield (S)-autumnaline [163], which proceeds to para—para phenol
coupling to create a bridged tetracycle [166]. An unusual oxidative ring expansion followed,
yielding the characteristic tropolone ring of the colchicine carbon scaffold, which is essen-
tial for the tubulin-binding activity of colchicine [167]. The biosynthesis of colchicine is
further accomplished through final processing and N-acetylation of the extruded nitrogen
atom [168].
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Figure 6. Biosynthesis pathway of alkaloid antimicrobial agent (-)-colchicine. GsPAL, phenylalanine
ammonia-lyase; GsCCR, cinnamoyl-CoA reductase; GSAER, alkenal reductase; GsC4H, cinnamate
4-hydroxylase; GsTyDC/DDC, L-tyrosine/L-DOPA decarboxylase; BvCYP76AD5, cytochromes
P450 3'-hydroxylase; CJNCS, (S)-norcoclaurine synthase; S-adenosylmethionine-dependent methyl-
transferase (MT): GsOMT1, GsOMT2, GsOMT3, GsOMT4, O-methyltransferase; GsNMT1, N-
methyltransferase; GsCYP75A109, GsCYP75A110, GsCYP71FB1, GsCYP71DA12, cytochromes P450;
GsABHI, alpha/beta hydrolase; GsNAT1, N-acetyltransferase.
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3.4. De Novo Biosynthetic Production of Colchicine in Nicotiana benthamiana

In view of the above research, Sattely et al. [169,170] established a metabolic pathway
of tropolone-containing colchicine alkaloids by using a combination of transcriptomics,
metabolic logic, and pathway reconstitution. The first stage is the generation of the key pre-
cursor 1-phenethylisoquinoline scaffold, which requires the Pictet-Spengler condensation
of 4-HDCA and dopamine derived from the amino acids Phe and Tyr. Labeling studies
have shown that 4-HDCA is produced from Phe through a metabolic pathway analogous
to the biosynthesis of monolignols [164,171]. Through hierarchical clustering analysis of
Gloriosa superba transcriptomic data utilizing the other identified colchicine biosynthesis
genes, the researchers demonstrated co-clustering of many monolignol biosynthetic gene
orthologs (GsPAL, Gs4CL, GsCCR, GsAER, GsC4H, and GsDAHPS), and their heterologous
co-expression in N. benthamiana resulted in the production of 4-HDCA. For dopamine for-
mation, the incorporation of L-Tyr and tyramine into colchicine demonstrated the activity
of L-Tyr/L-DOPA decarboxylase (TyDC/DDC) and 3'-hydroxylase enzymes [161]. The re-
searchers identified a TyDC/DDC homolog (GsTyDC/DDC) highly co-expressed with other
identified colchicine biosynthesis genes in the public G. superba transcriptome via a similar
analysis approach, combining it with 3’-hydroxylase BvCYP76AD5 from Beta vulgaris to pro-
duce L-DOPA successfully [169,172]. Furthermore, the modified (S)-norcoclaurine synthase
from Coptis japonica (CJNCS) was utilized to catalyze the condensation of 4-HDCA with
dopamine to produce the first alkaloidal precursor 1-phenethylisoquinoline. The NCS is a
previously characterized plant Pictet-Spenglerase, which condenses 4HPAA and dopamine
within the biosynthesis of benzylisoquinoline alkaloid (BIA) [173]. It can also condense
a wide range of aldehyde substrates with dopamine [174,175]. The precursor will yield
(S)-autumnaline by further modification (hydroxylations, methylations). (S)-Autumnaline
then undergoes enzyme-catalyzed phenolic coupling together with further modification to
produce O-methylandrocymbine, which is then converted to colchicine via homoallylic ring
expansion [176,177]. On the basis of the above information, the researchers utilized eight
genes (GsOMT1, GsNMT1, GsCYP75A109, GsOMT2, GsOMT3, GsCYP75A110, GsOMT4,
and GsCYP71FB1) explored from G. superba to act on 1-phenethylisoquinoline for the
biosynthesis of the colchicine precursor N-formyldemecolcine, which contains the charac-
teristic tropolone ring and pharmacophore of colchicine. Combining all the above genes,
the authors engineered a biosynthetic pathway (16 enzymes in total) in N. benthamiana
and realized the de novo biosynthetic production of N-formyldemecolcine starting from
amino acids Phe and Tyr in the commonly used model plant [169]. Subsequently, enzymes
that catalyze the N-demethylation, N-deformylation, and N-acetylation (GsCYP71FB1,
GsABH1, GsNAT1) of N-formyldemecolcine were further excavated and transferred into
N. benthamiana. Ultimately, through the heterologous system of 20 genes from G. superba
(17 genes) and other plants (3 genes), total biosynthesis of enantiopure (-)-colchicine was
successfully achieved from primary metabolites [170] (Figure 6).

3.5. Biosynthesis Investigations of Other Antimicrobial Alkaloids

As a major source of bioactive natural products, in addition to the above-discussed
berberine and colchicine, there are still many alkaloids that showed desirable antimicrobial
activities whose biosynthesis pathways have also been clarified. Quinoline alkaloids such
as 8-hydroxyquinoline are important kinds of nitrogen-containing heterocyclic aromatic
compounds with a broad range of antimalarial, antibacterial, antifungal, and antiviral
activities. Quinoline alkaloids mainly exist in the Rutaceae family, and their biosynthesis is
derived from 3-hydroxyanthranilic acid, a metabolite formed through a series of enzymatic
reactions of tryptophan. Specifically, 3-hydroxyanthranilic acid and malonyl-SCoA are
condensed and then cyclized to yield quinoline alkaloids [178]. Monoterpenoid indole
alkaloids (MIAs)—a large group of natural products derived from plants, such as camp-
tothecin, quinine, and vinblastine—exhibited anticancer, antimalarial, and antibacterial
effects [179,180]. Secologanin is the terminus of the monoterpenoid biosynthesis branch
and is coupled to tryptamine by strictosidine synthase (STR) to form strictosidine, which is
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the universal MIAs precursor in plants. The tomato plant, S. lycopersicum L., produces the
cholesterol-derived steroidal alkaloids tomatine and tomatidine. Tomatidine selectively
and potently inhibits small-colony variants of S. aureus that cause opportunistic infections
in patients with cystic fibrosis [181], and also has potent fungistatic activity against Candida
spp. with low toxicity to human cells [182]. Their biosynthesis begins from the precursor
dehydrotomatidine via enzymatic dehydrogenation, isomerization, and sequential reduc-
tions [183]. Scopolamine is a kind of TA that is present in many different plants of the
Solanaceae family and is classified as essential medicine by the WHO. Scopolamine showed
considerable antifungal activity [184,185]. Smolke et al. [186] realized the construction
of a modular biosynthetic pathway by engineered baker’s yeast for the production of
medicinal TA scopolamine, starting from simple sugars and amino acids. Genetic-level
manipulations they performed included functional genomics to identify missing pathway
enzymes, protein engineering to enable expression of functional acyltransferases through
trafficking to the vacuole, heterologous transporters to facilitate intracellular routing, and
strain optimization to increase titers.

The enormous potential of alkaloids as drug precursors is far from exhausted, and
various pharmacological effects continue to be reported and reviewed [187]. In addi-
tion, emerging biotechnologies have been optimized for plants, including metabolomics,
CRISPR-based gene editing, and heterologous yeast platforms, enabling the production of
diverse and complex plant compounds. It is reasonable to expect that with an increased un-
derstanding of the biosynthesis of other antimicrobial alkaloids, increasingly more alkaloid
antimicrobial agents could be explored and mass produced in the near future.

4. Flavonoids

Flavonoids widely exist in plants, being the general name of a series of compounds de-
rived from 2-phenyl chromogenic ketones. According to the chemical properties, positions,
and types of substituents on the ring, flavonoids can be divided into several subclasses,
such as flavones, flavonols, dihydroflavones, dihydroflavonols, isoflavones, chalcone, au-
rone, and anthocyanidin, among others [188]. The abundance and diversity of chemical
structures of flavonoids determined their wide-spectrum biological activities. In addition
to the traditional antioxidant, anti-radiation, radicals scavenging, anti-inflammatory, and
anti-tumor activities, flavonoids are also reported to possess remarkable antimicrobial
bioactivities [189]. They could effectively inhibit bacteria, viruses, and fungi, having good
therapeutic effects on infections caused by various pathogenic microorganisms, including
S. aureus, Bacillus subtilis, P. aeruginosa, E. coli, S. typhimurium, C. albicans, and Aspergillus
flavus. These compounds are not easy to produce drug resistance and have high clinical
therapeutic values. For example, oral candidiasis is one of the most common types of
oral mucosal infection caused by the yeast-like fungus Candida. The elderly and children
with low immunity are very susceptible to infection. Phloretin (Table 1) can inhibit the
pathogenicity and virulence factors of C. albicans both in vivo and in vitro, and is consid-
ered to be an effective candidate for the treatment of oral candidiasis [64]. Other flavonoids
such as apigenin (Table 1) and quercetin (Table 1) have been proven to have significant
antibacterial and antiviral activities [190,191]. Quercetin, when taken together with vitamin
C, is helpful to prevent and treat patients with early respiratory tract infections. According
to the report, when quercetin is used for phytotherapy, patients with mild COVID-19
symptoms have a shorter time to clear the virus [192]. Thus, the plant-originated flavonoids
can be used as an ideal natural source to explore novel antimicrobial agents [193].
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4.1. Structure—Activity Relationship Study on Antimicrobial Activity of Flavonoids

The antibacterial activity of flavonoids has attracted extensive attention from re-
searchers. Correspondingly, the relationship between the chemical structure and biolog-
ical activity has been discussed in depth. It was found that the antibacterial activity of
flavonoids was mainly related to the existence of hydroxyl groups on the aromatic skele-
tons of flavonoids and the types of substituents. In particular, flavonoids substituted by
hydrophobic groups, such as propenyl, acyl, alkyl amino chain, alkyl chain, and nitrogen-
containing or oxygen-containing heterocyclic groups, have been proven to have better
antibacterial potential [194]. Smejkal et al. [195] tested the antibacterial activities of eight
flavonoids isolated from Paulownia tomentosa towards S. aureus. The results showed that
hydroxylation at the C-5 position of ring A was very important to enhance the antibac-
terial activity of flavonoids. The in vitro antibacterial activities of a variety of chalcone
derivatives towards MSSA and MRSA were tested. The results showed that chalcones
with hydroxyl substitution at the 2 or 4 positions of the B ring had antibacterial activity.
However, the methylation of the active hydroxyl groups generally eliminated or weakened
its antibacterial activity [196]. Celiz et al. [52] found that acylated flavonoid derivatives
usually showed a high inhibitory effect on Gram-positive bacteria. For example, the activity
of hesperidin (Table 1) against S. aureus and L. monocytogenes can be greatly increased by
connecting the saturated fatty chain containing 10-12 carbon atoms to the ring of hesperidin.
Similar results were also obtained by Babu et al. [54]. They found that the introduction
of the acyl group at the C-7 position of oroxylin A (Table 1) can significantly enhance the
antibacterial activity. When the acyl group contains long-chain alkyl or phenyl, derivatives
of oroxylin A showed even stronger antibacterial activity. Moreover, the antibacterial
potential of nitrogen-containing flavone derivatives was also investigated. It was found
that the antibacterial activity of nitrogen-substituted apigenin derivatives was much higher
than that of apigenin [55].

4.2. Antibacterial Effects and Action Mechanisms of Flavonoid Antimicrobial Agents

The antimicrobial mechanism of flavonoids mainly includes the following aspects:
inhibiting the energy metabolism of bacteria, interfering with the cell wall of bacteria,
destroying the integrity of the cell membrane and increasing its permeability, inhibiting
bacterial efflux pumps, inhibiting the metabolism of bacterial nuclear acid, inhibiting bacte-
rial mobility, and reducing the expression of virulence factors to weaken the pathogenic-
ity [194]. Chinnam et al. [56] reported that flavonoids such as hesperidin, morin (Table 1),
and silymarin (Table 1) can inhibit the F1F, ATPase activity of E. coli by binding to the
polyphenol binding bag of ATP synthase, thus inhibiting the energy metabolism of bacteria
and further exerting the bacteriostatic effect. Navarro-Martinez found for the first time
that the epigallocatechin gallate (Table 1) in green tea has strong antibacterial activity
against Stenotrophomonas maltophilia, mainly by inhibiting the dihydrofolate reductase of
S. maltophilia [57]. The flavonol compound quercetin could inhibit the growth of various
drug-resistant microorganisms. It can suppress the herpesvirus and poliovirus by inhibiting
viral polymerase and viral nucleic acid. The flavonol compound galangin (Table 1) could
directly destroy the plasma membrane or weaken the cell wall of S. aureus, which will lead
to osmotic lysis, thus resulting in a bacteriostatic effect [59]. Catechin (Table 1), a flavonoid
in green tea, could inhibit the bacterial DNA gyrase by binding to the ATP binding site
of the B subunit of the bacterial gyrase, the inactivation of which will cause the death of
the bacteria [60]. Studies have shown that bacteria can migrate on semi-solid surfaces in a
flagella-driven manner, and this coordinated movement form is considered to be related
to the antibiotic resistance of various human pathogens [197]. Pejin et al. [58] discussed
the antibacterial mechanism of catechin, caffeic acid, quercetin, and morin against P. aerug-
inosa PAO1. The results showed that quercetin could inhibit the formation of its biofilm
at 0.5 MIC concentration. P. aeruginosa biofilm formation also depends on the flagellum
(swimming motility) and type IV pili (twitching motility). Moreover, among the four
compounds tested, quercetin was the only one found to effectively reduce the convulsive

24



Antibiotics 2022, 11, 1380

movement of P. aeruginosa. Fathima et al. [61] used the Gram-positive bacteria B. subtilis
and Gram-negative bacteria E. coli as model organisms to prove that catechins play an
antibacterial role mainly by producing active oxygen to cause bacterial cell membrane
rupture. Wang et al. [65] reported that silybin (Table 1), a flavonoid compound, com-
bined with ciprofloxacin can improve the antibacterial efficiency by inhibiting the efflux
pump of MRSA. Liu et al. [64] established a mouse oral candidiasis model to explore the
inhibitory effect of phloretin on the pathogenicity of Candida albicans. The results show that
phloretin can eliminate virulence factors in vitro, such as inhibition of biofilm formation,
yeast-to-hyphae transition, and secretion of protease and phospholipase, in order to play
an inhibitory role.

4.3. Plant Type Il Polyketide Synthase

The key enzyme involved in the biosynthesis of flavonoids in plants is type III polyke-
tide synthase (PKS), which not only is the key rate-limiting enzyme in the biosynthesis
and metabolism pathway of flavonoids but also determines the formation of the basic
molecular skeleton of these compounds. Plant type III PKS can repeatedly catalyze the
initiation, extension, and cyclization reactions to form polyketone products. At present,
nearly 30 plant PKSs genes with different functions have been successively explored and
verified in the biosynthetic pathway of various polyketides, such as chalcone syntheses
(CHS), benzophenone synthase (BPS), 2-pyrone syntheses (2-PS), pentaketide chromone
synthase (PCS), and benzalacetone synthase (BAS). Among them, CHS is involved in the
synthesis of all flavonoids of plant origin and has been deeply studied [198]. This enzyme
was first cloned from parsley. It could catalyze the three acetyl groups of malonyl CoA
to be connected to the molecule of 4-coumaroyl CoA through a continuous condensation
reaction, and then generate naringenin chalcone through Claisen-type cyclization reaction,
which is the critical intermediate for the biosynthesis of many flavonoid compounds [199],
and will be then converted to various flavonoid compounds by downstream tailoring en-
zymes such as chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavone synthase
(FNS), flavonol synthase (FLS), isoflavone synthase (IFS), and polyketide reductase [200]
(Figure 7). Since then, researchers have isolated hundreds of CHS genes from lily, rice,
corn, alfalfa, and other plants. The protein structure and catalysis mechanism of CHS have
also been elucidated [200]. In 1999, Ferrer and his colleagues reported the X-ray crystal
structure of Medicago sativa CHS2 at 1.56 A resolution [201]. Through crystallography and
site-directed mutagenesis, it was clarified that the key amino acid residues that determined
CHS catalytic activities were Cys164, His303, and Asn336 [198]. During the formation of
flavonoids, Cys164 acts as a nucleophilic active site and an attachment site for intermedi-
ates, while His303 and Asn336 play an important role in the decarboxylation of malonyl
CoA. In addition to the key ternary amino acid residues, its internal active site also includes
a coenzyme, a binding tunnel, a promoter-substrate-binding pocket, and a cyclization
pocket. In recent years, with the elucidation of flavonoids’ biosynthetic metabolic pathway
and the development of synthetic biology, it is possible to obtain large-scale flavonoids
by building microbial cell factories. E. coli and S. cerevisiae are common microbial hosts.
Genetic engineering strategies such as optimization of culture conditions, modular co-
culture technology, and iterative high-throughput screening methods have been used in
the construction and improvement of the engineering strains to obtain high-yield target
compounds [202,203].
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4.4. Biosynthesis Investigations of the Antimicrobial Flavonoid Compound—Baicalin

Baicalin (Table 1) is one of the representative flavonoid antimicrobial agents isolated
from Scutellaria baicalensis. It has been applied as a natural antibacterial agent against
foodborne pathogens such as Salmonella and Staphylococcus spp. [62]. Moreover, this com-
pound also showed significant anti-HIV-1 activity as a nonnucleoside reverse transcriptase
inhibitor [205]. Meanwhile, it can prevent the entry of HIV-1 into animal cells by perturbing
the interaction between HIV-1 Env protein and HIV-1 co-receptors on the cell surface [206].
As one of the popular lead natural products from medicinal plants for preventing HIV
infection, the biosynthesis pathway of baicalin has been fully analyzed, as shown in
Figure 7 [188,204]. There are two different biosynthetic metabolic pathways existing in
S. baicalensis, namely, the aerial flavone part pathway and the root-specific flavone pathway.
Baicalein, the precursor of baicalin, is synthesized through the root-specific flavone pathway.
The reaction process is as follows: amino acid Phe was used as a biosynthesis precursor that
could generate cinnamic acid under the action of SbPAL. Subsequently, cinnamic acid forms
cinnamoyl CoA under the catalysis of cinnamate CoA ligase (SbCLL-7). Then, pinocembrin
chalcone synthase SbCHS-2 will catalyze cinnamoyl CoA to generate pinocembrin chalcone,
which will be further converted to dihydroflavone pinocembrin by SbChI. Next, pinocem-
brin could be catalyzed by flavone synthase (SbFNSII-2) to form chrysin, finally leading
to the production of baicalein under the catalysis of flavone 6-hydroxylase (SbF6H) [207].
As the 7-O-glucuronic acid product of baicalein, baicalin could be biosynthesized by UDP
glycosyltransferase (UGT) to transfer glucuronic acid to the 7-hydroxyl group of baicalein.
Pei et al. [208] identified the baicalin metabolic accumulation pattern and tissue-specific
expression patterns of a total of 124 UGTs in S. baicalensis. Combined with phylogenetic
analysis, four SPUGAT genes were screened out to be able to use UDP-glucuronic acid
as a sugar donor to catalyze the conversion of baicalein to baicalin. On the basis of the
illumination of the biosynthesis pathway, heterologous production of baicalin has been
successfully realized in both E. coli [209] and model plant Lycopersicon esculentum [210].

5. Conclusions and Perspective

Currently, plant-derived antimicrobial agents are still in the early stage of research.
The developed plants only account for a very small number of global plants. In addition, the
potential synergy or antagonism between plant compounds and antibiotics is still uncertain.
Moreover, there is no research showing the resistance of plant antimicrobial agents, so
whether there is resistance is unknown. Moreover, some plant compounds have not been
tested to prove their effectiveness and safety. Furthermore, studies on the mechanisms
of action, exploring the potential synergistic or antagonistic effects and improving the
bioavailability, stability, and physicochemical property of the candidate compounds, were
also very important before their clinic uses.

Terpenoids, alkaloids, and flavonoids made up the predominant part of the currently
reported phytochemicals with antimicrobial activities. Synthetic biology research around
these compounds is one of the hotspot fields in recent years. It can be seen that even
for artemisinin—one of the most famous antimalaria drugs with in-depth biosynthesis
investigation—its whole biosynthesis pathway still has several key enzymes to be discov-
ered, let alone many plant-originated compounds whose biosynthesis pathway is obscure.
Thus, a lot of challenges have remained in the investigations of plant-derived compounds.

In our opinion, one of the greatest challenges may be the discovery of genes because
normally functional genes in plants are not clustered. Although recently there are reports
that found that the co-expression of physically linked genes occurs frequently, it is still
very difficult to explore a new gene through gene cluster searching, especially considering
the limited number of plant species with the known whole-genome sequence. In addition,
plants usually have different organs and tissues, and the gene expression level could be
tissue specific, which makes the selection of the gene extraction material more complex.
Moreover, genes in plants often exist in homologs, and their expression could be different
and affected by multiple factors such as the environment, living position, temperature,
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and developmental stages. Currently, the frequently used method for gene discovery in
plants is homology-based cloning. However, it is hard to realize in those enzymes with new
functions or that do not have enough known templates. With the rapid development of
sequencing and transcriptomic advances, enzymes can be discovered by the ‘omics’ tools,
such as genomics, transcriptomics, proteomics, and metabolomics. By comparing transcrip-
tome, proteome, and metabolome data from different conditions, candidate genes could
be selected and subsequently tested for their putative activity—this approach has been
successfully used in the discovery of a large number of unknown genes in phytochemical
substances’ biosynthesis pathways.

The other important field that synthetic biology focuses on is the biosynthetic path-
ways reconstructing and optimizing the production of secondary metabolites. Recent plant
genome editing/engineering methods such as transcription activator-like effector nucleases
(TALENS), zinc-finger nucleases (ZFNs), and CRISPR-Cas open new avenues for ration
design of the biosynthesis pathway. Using these approaches, genes of interest could be
constructed in a highly effective way; meanwhile, the side pathways could be eliminated to
a large extent. The targeted antimicrobial or resistance-reversal agents could be produced
in the transgenic microorganisms or plants, which have had great success in the production
of artemisinin [91], as well as other valuable compounds such as vinblastine [211,212],
etoposide aglycone [213], vindoline, and catharanthine [212]. Lastly, with the continu-
ous discovery of new phytochemicals, deep clarification of pharmacological mechanisms,
and comprehensive understanding of specific biosynthesis pathways, plant-derived natu-
ral products will become increasingly more useful therapeutic antimicrobial candidates
in the future.
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Abstract: Inonotus hispidus mushroom is a popular edible and medicinal mushroom with a long his-
tory of use. It is well known as a medicinal fungus with various health benefits for its significant anti-
cancer and immunomodulatory activities. Over the last 60 years, secondary metabolites derived from
I. hispidus and their biological activities have been discovered and investigated. Structurally, these
compounds are mainly polyphenols and triterpenoids, which have anticancer, anti-inflammatory,
antioxidant, antimicrobial, and enzyme inhibitor activities. Here, the secondary metabolites de-
rived from I. hispidus and their activities were systematically and comprehensively classified and
summarized, and the biosynthetic pathway of stylylpyrones was deduced and analyzed further.
This review contributes to our understanding of I. hispidus and will help with research into natural
product chemistry, pharmacology, and the biosynthesis of I. hispidus metabolites. According to this
review, I. hispidus could be a promising source of bioactive compounds for health promotion and the
development of functional foods.

Keywords: Inonotus hispidus; natural product; biological activity; medicinal fungi

1. Introduction

The fungus Inonotus hispidus (Bull.: Fr.) Karst. is a facultative saprophytic (brown-
rot Basidiomycete), which has been found to be parasitic on various broadleaf trees in
China and Europe including mulberry (Morus alba L.), ash (Fraxinus mandshurica), Populus
euphratica, Ulmus campestris, Sorbus aucuparia, and Acer saccharum [1,2]. According to mod-
ern classification systems, I. hispidus belongs to the Inonotus genus in Hymenochaetaceae
(Hymenochaetales, Agaricomycetes, Basidiomycota) [3], whose obsolete synonyms in-
clude Polyporus hispidus (Bull.) Fr., Boletus hispidus (Bull.), Xanthochrous hispidus (Bull.)
Pat. The fruit bodies of I. hispidus are annual, sessile, woody mushroom. The fruiting
bodies are bright yellow at the initial growth stage (edible) (Figure 1A), and the color
gradually changes from light brown to brown as they grow, becoming dark brown when
fully matured with hairy surfaces (Figure 1B), and eventually turns to black [4].

Since 1. hispidus are frequently parasitic on the mulberry tree (pronounced “sang” in
Chinese), their fruit bodies are yellow (pronounced “huang” in Chinese) in color, highly
similar in morphology to the modern taxonomic definition of the genus Sanghuangporus [5],
and relatively close in herbal activity; I. hispidus were described as “Sanghuang” in the
ancient Chinese medical classics. In the Aksu region of Xinjiang and Xiajin County of
Shandong in China, I. hispidus parasites on mulberry trees has been used as a traditional
indigenous medicine “Sanghuang” for the treatment of dyspepsia, cancer, diabetes, and
stomach problems [6]. In fact, “Sanghuang” is a traditional collective name including L.
hispidus, which has a long history of medicinal use and high economic value in the Southeast
Asia region (“Meshimakobu” in Japan, and Sanghwang in South Korea) [7]. In China, the
earliest medicinal records on “Sanghuang” can be traced back to Shen Nong’s Materia
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Medica in the Qin and Han Dynasties. The “Shen Nong’s Materia Medica” and “Compendium
of Materia Medica” have detailed descriptions of the efficacy of “Sanghuang”. After the
Second World War, the number of cancer cases in Nagasaki, Japan, increased dramatically.
Danjo-gunto in Nagasaki is rich in “Sanghuang” due to the cultivation of mulberries and
silkworms, and the residents were more healthy and had fewer cancer cases due to taking
“Sanghuang”. It was later found that it was the anti-tumor properties of mulberry that
played a key role [8]. Recent studies in natural product chemistry and pharmacology have
shown that I. hispidus contains a diverse spectrum of monomeric compounds and exhibits
a diversity of physiological actions in in vitro and in vivo assays.

Figure 1. Morphological photographs of fruiting bodies of I. hispidus at the initial growth stage in
artificial cultivation (A) and at the mature stage in the wild (B). The photo of mature fruiting body
taken on ash on the campus of Northeast Forestry University in August 2021.

This review summarizes English and Chinese articles published in international aca-
demic journals after 1961, based on retrieving electronic databases PubMed, Wiley Online
Library, Science Direct, and Web of Science. Totals of 64 compounds, including polyphe-
nols, terpenoids, fatty acids and other types, were classified and sorted. These metabolites
with outstanding medicinal value, and crude extracts of the fruit bodies were then in-
ventoried and summarized according to their antitumor, anti-inflammatory, antioxidant,
antineurodegenerative, and antimicrobial biological activities. The biosynthetic pathways
of styrylpyrones derived from I. hispidus and related fungi were deduced and summa-
rized. Related studies on phenols and sesquiterpenes, and food properties of 1. hispidus
are discussed. This work will provide a reference for subsequent studies on the natural
product chemistry, pharmacological activities, and biosynthesis of secondary metabolites
of I. hispidus.

2. Compounds with Diverse Structures
2.1. Polyphenol Compounds

Polyphenols (Figure 2) are the main pigment components present in the fruiting bodies
of I. hispidus. Zopf first isolated a series of yellow substances from the fruiting bodies of I.
hispidus in 1889, and Edwards et al. isolated the yellow substances to obtain a yellow crys-
talline hispidin (1) in 1961 [9]. Hispidin was the first reported monomeric compound from
L. hispidus, and its structure was identified as 6-(3,4-dihydroxystryl)-4-hydroxy-2-pyrone
by infrared techniques and derivatization reactions. Bis-noryangonin (2) was found in the
fermentation broth of P. hispidus (synonym of I. hispidus) in liquid medium with glucose as
the main carbon source. Its structure was determined as 4-bydroxy-6-(4-hydroxystylyl)-2-
pyrone by isotopic label feeding, spectral characterization, and thin-layer chromatography
(TLC) [10]. Fiasson and Jean-Louis isolated hispidin (1) from the fruiting bodies of I. hispidus
in 1982, along with its two dimer derivatives, hypholomin B (3) and 3,14’-bishispidinyl
(4) [11]. In 1996, Nasser Ali et al. obtained two pigment polyphenols, hispolon (5) and
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known hispidin (1), from the crude ethanolic extract of fruiting bodies under the guidance
of immunomodulatory and antiviral activity. The structure of compound 5 was identified
as 6-(9,10-dihydroxyphenyl)-3,5(E)-hexadien-4-ol-2-one by combined spectroscopic, mass
spectrometry (MS) and nuclear magnetic resonance (NMR) techniques [12]. In 2009, Yousfi
et al. extracted and isolated two other known polyphenols (1 and 5) and a new compound
methyl 5-(3,4-dihydroxyphenyl)-3-hydroxypenta-2,4-dienoate (6) from the antioxidant com-
ponents of the fruiting bodies parasitic on Pistacia atlantica, and its structure was determined
by NMR and EI-MS [13]. In the experiment to determine the trace element composition
of anti-influenza virus mushrooms, compounds 1 and 5 were once more isolated and
extracted from the fruiting bodies of I. hispidus in 2011 [14]. In 2011 and 2012, Zan et al.
isolated ten phenolic compounds from methanol extracts of fruiting bodies living on ash,
among which inonotusins A (7) and B (8) were new natural products. The other known
compounds were hispidin (1), hispolon (5), osmundacetone (9), protocatechualdehyde (10),
inoscavin C (11), and inoscavin D (12), as well as protocatechuic acid (13) [15]. Compound
7 contains a highly oxidized functional group with a 2,3,4,5-tetrahydrooxepine backbone,
which is the only phenolic compound containing a heptameric ring from I. hispidus. A
combined approach of MS, spectroscopy and NMR methods clarified the structures of 7
and 8 are 6-(11,12-dihydroxystyryl)-2-hydroxy-2-methyl-5,6-dihydro-oxepine-1,4-dione
and 5-(10,11-dihydroxystyryl)-3,4-dihydroxy7-(2-oxopropyl) pyrano-isochromen-1-one [16].
Compounds 9-13 were isolated from this strain for the first time [15]. A content comparison
revealed that the fruit bodies contained higher concentrations of hispidin (1), hispolon (5),
and osmundacetone (9), which were isolated for the first time from this strain [15]. Gruende-
mann et al. isolated known compounds hispidin (1) and hispolon (5) from methanol extracts
of their fruiting bodies with the help of bioactivity-guided fractionation and analyzed their
immunomodulatory effects in 2016 [17]. In 2017, Ren et al. isolated a new compound
hispinine (14) and five known polyphenols (1, 4, 5, 9, and 15) from the methanol extract of
fruiting bodies of Xinjiang (China) indigenous medicinal fungus L. hispidus [18]. Despite
the fact that the structure of compound 14 was determined by spectroscopic analysis to be
2-(3,4-dihydroxyphenyl)-6-methyl-2H-pyran-4(3H)-one [18], its absolute conformation has
not yet been verified. Compound 15, pinidine, isolated from I. hispidus in 2017, was first
isolated from Phellinus pini [19]. Phellinus pini is a fungus that is morphologically similar to
the fungi of the genus Sanghuangporus defined by the latest taxonomy [5]. Five polyphenols
(16-20) were isolated and identified by Li et al. from the ethanolic extract of mature yellow
fruiting bodies in 2017. Two compounds 3'4’-dihydroxy-5-[11-hydroxyphenyl]-6,7-vinyl]-
3,5-dioxafluoren-5-one (16) and phelligridin C (17) were undescribed previously, while
phellibaumin A (18), phelligridin C’ (19) and phelligridin D (20) were isolated for the first
time from L. hispidus [2]. In 2019, Yang et al. isolated the compound 3,3'-methylene-bis
[6-(3,4-dihydroxystyryl)-4-hydroxy-2H-pyran-2-one (MBP, 21) from a methanol extract
of the fruiting body, together with four reported polyphenols (9, 10, 13, and 18) derived
from I. hispidus [20]. From a methanol extract of the fruiting body, Kou et al. isolated six
polyphenols in 2021, including three compounds inonophenols A-C (22-24), as well as 5, 9,
and 4-(3' 4'-dihydroxyphenyl)-2-butanone (25) [21]. The structures of compounds 22-24
were identified by NMR, HRMS, and/or computational circular dichroism data [21]. In
the work on the analysis of antitumor metabolites in the mycelial fermentation broth of I.
hispidus, hispolon (5) was isolated again, which was the first reported isolation from the
liquid fermentation [22]. Bis-noryangonin (2), isolated from the mycelial broth of I. hispidus,
is the only phenolic metabolite derived solely from the mycelial broth [10]. Structurally,
compound 21, MBP, is the symmetrical isomer of compound 1, while compounds 3, 4, and
15 are its non-symmetrical isomers.
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Figure 2. Structures of polyphenol compounds (1-25).

2.2. Triterpenoids

Triterpenoids are another important group of secondary metabolites found in I
hispidus, with a total of 15 triterpene compounds isolated (Figure 3). Yang et al. first
reported the isolation and identification of four triterpenoid monomers from the ethanolic
extract of fruiting bodies in 2008, which included 3,22-dihydroxy-lanosta-8,24-diene (26),
ergosterol (27), ergosterol-5,8-peroxide (28), and eburicoic acid (29), with ergosterol (27)
being the main chemical constituent isolated from 95% ethanolic extract of I. hispidus [23].
Zan et al. isolated five triterpenoids from the methanolic extract of fruiting bodies in 2012,
including 7(8),22(23)-dien-3-one-ergostane (30), 4,6,8(14),22(23)-tetraen-3-one-ergostane (31)
for the first time from this fungus, along with known compounds 27-29 [15]. Compound
28 is a high-content component in the fruiting bodies of 1. hispidus [15].
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Figure 3. Structures of triterpenoids (26-40).

Ren et al. isolated six triterpenoids, including hispindic acids A and B (32-33),
as well as the known compounds 27, 29, inotolactone B (34), and ergosterol-3-O-3-D-
glucopyranoside (35) from the methanolic extract of fruiting bodies in 2017. The two new
triterpenoids 32 and 33 were structurally identified as 24-exomethylene-35-hydroxy-30-
oxo-lanost-8-en-21-oic acid and 24-exomethylene-38, 28-dihydroxy-lanost-8-en-21 oic acid
by a combination of mass spectrometry and NMR techniques [18]. Seven triterpenoids
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were isolated from the methanolic extract of the fruiting bodies of I. hispidus by Kou
et al. in 2021, including compound 28, 35, 24-methylenelanost-8-en-3-ol (36), cerevis-
terol (37), (22E, 24R)-ergosta-7,22-diene-3,54,63,9a-tetrol (38), and Inonoterpene A (39),
and 3p-hydroxy-lanosta-8,24-dien-21-al (40). Among them, Inonoterpene A (39) is a new
Lanostane triterpenoid, and compound 40 was isolated from the fungus for the first time.
Interestingly, the above 15 triterpenoids are all lanosterol-type triterpenoids, all derived
from the fruiting bodies of I. hispidus. Only three triterpenes 32, 33, and 39, have been
isolated as new compounds for the first time from I. hispidus. Compounds 32 and 40 contain
formyl groups at C30 and C21, respectively, while compound 35 possesses glycosylated
modifications. It was discovered that specific combinations of four compounds, methyl
jasmonate, salicylic acid, oleic acid, and Cu?*, and their combinations, can increase the
content of total triterpenoids in an orthogonal experiment for liquid fermentation of 1.
hispidus [24].

2.3. Fatty Acid Compounds

The fatty acid analogues of I. hispidus were first reported by Yang et al. in 2008, and
two monomer compounds hexadecanoic acid (41) and octadecanoic acid (42) were obtained
in the ethanolic extract of its fruit bodies [23] (Figure 4). The structure of the former was
identified by EI-MS and TLC comparison of the standard, and the identification of the
latter was done with additional infrared techniques [23]. Zan et al. published 2012 the
detection results of gas mass spectrometry of the yellow oily substance obtained from the
petroleum ether extraction part of the methanol extract of fruit bodies. A total of 12 fatty
acid compounds were identified by consulting the Wiley Online Library. These compounds
are hexadecanoic acid (41), (E)-9-hexadecenoic acid methyl ester (43), hexadecanoic acid
methyl ester (44), hexadecanoic acid ethyl ester (45), 10,13-octadecadienoic acid methyl
ester (46), ethyl oleate (47), linoleic acid ethyl ester (48), 9,12-octadecadienoic acid (Z, Z)-
methyl ester (49), Isopropyl linoleate (50), cis-erucic acid (51), and cis-9,17 octadecadienoic
acid methyl ester (52) [15]. Due to their low polarity and insignificant drug properties, fatty
acid compounds are not preferred subjects in natural product chemistry studies of fungi.
Only two cases of . hispidus have been reported in this regard.

W /\/\/W\/\/\/\/Cli /OY\/\/\/\/\/\N
OH OH o
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9,12-octadecadienoic acid
(Z.Z)-methyl ester (49) R=CH,
Q. -
/\/\/\/E/\/\/\/\/\/YOH - T}/\/\/\/\_/\/\/W
(o]
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Figure 4. Structures of fatty acid compounds (41-52).

2.4. Miscellaneous Compounds

During the constituent analysis of dried fruiting bodies of I. hispidus in 2007, Politi et al.
identified a known compound, phenylalaninopine (53), by spectral and mass spectrometric
characterization collected by LC-DAD-MS and comparing with the literature, while at-
tempting to develop a phytochemical extraction method for mushrooms using hot water as
a solvent [25] (Figure 5). The compound was isolated initially from Clitocybe acromelalga,
a poisonous mushroom [26]. Yang et al. obtained two monosaccharides, D-arabitol (54)
and D-glucose (55), along with the isolation of four triterpenoids [23]. In their experiments
to examine the fatty acid composition of fruiting bodies, Zan et al. discovered two hydro-
carbons, squalene (56) and docosane (57), and one phthalate, 1,2-benzenedicarboxylic acid
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mono(2-ethylhexyl) ester (58) [15]. In the separation of anticancer active components, Yang
et al. isolated a new compound from the methanol extract of fruiting bodies in 2019 and
confirmed its structure as (45,55)-4-Hydroxy-3,5-dimethoxycyclohex-2-enone (HDE, 59)
by LC-MS and NMR [27]. When analyzing the methanol extract composition of I. hispidus
fruiting bodies, Yang et al. identified a nucleoside compound, inosine (60), based on a
comparison of UV absorption characteristics and retention time with a standard [20]. Kou
et al. isolated an unsaturated sesquiterpene, xylaritriol (61) [21], from the methanol extract
of fruiting bodies, which had previously been from the metabolites of endophytic fungus
Xylaria cubensis (Ascomyecete) [28]. Tang et al. isolated compounds, cinnamic acid (62), uri-
dine (63), and Cyclo (L-Leu-L-Phe) (64) from the fermentation broth of I. hispidus mycelium
in 2021 [22]. Among these 12 compounds with no shared structural features, compound
59 is the only new compound isolated for the first time from I. hispidus, and compound
61 was the only sesquiterpene isolated from I. hispidus. Cyclic dipeptide compounds are
uncommon in mushrooms (Basidomycota), but compound 64 was discovered in I. hispidus.
This could be related to the fact that compound 64 is derived from mycelial fermentation
broth.
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Figure 5. Structures of miscellaneous compounds (53-64).

3. Biological and Pharmacological Activities

Inonotus hispidus has long been used to treat dyspepsia, cancer, diabetes, and stomach
problems in Xinjiang residents [6]. Several studies have been published on the pharmacolog-
ical activities and mechanisms of major compounds from I. hispidus (Table 1). These studies
have been summarized here, with a special emphasis on polyphenols with medicinal
potential (Figure 6).
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Figure 6. The bioactivities of representative compounds (A) and hispidin (1) (B) from I. hispidus
compounds.

Table 1. Occurrence of compounds from Inonotus hispidus.

No. Name Resource Method Activity Reference
Antitumor, ABTS, Edwardg et al. [9]. Zan et al. [15].
DPPH. influenza A Ali, N.A.A. et al. [29].
N fruiting body, EtOH, . Zan et al. [16]. Zan et al. [30].
1 hispidin . and B viruses,
mycelium MeOH E e Benarous, K. et al. [31]. Benarous,
nzyme-inhibitory, an- K. etal. [32]
tineurodegenerative Gruendemann, C. et al. [17].
2 Bis-noryangonin mycelium NA NA Perrin, PW.et al. [10].
3 hypholomin B fruiting body NA NA Fiasson et al. [11].
4 3,14’-bishispidinyl fruiting body MeOH NA Fiasson et al. [11]. Ren et al. [18].
DPPH, influenza A Zan l\tlfis?lg hthnaL [tlfll. [22]
. fruiting body EtOH, MeOH and B viruses, PC-12 etal ) getal :
5 hispolon mycelium EAC cell, BV-2 microglia Kouetal. [21].
4 netrodeaes r§ i Ali, N.A.A. et al. [29].
curodegenerative Gruendemann, C. et al. [17].
methyl 5-(3 ,4-
dihydroxyphenyl)-3- . .
6 hydroxypenta-24- fruiting body MeOH NA Yousfi et al. [13].
dienoate
7 inonotusin A fruiting body MeOH MCEF-7, ABTS Zan et al. [15]. Zan et al. [16].
8 inonotusin B fruiting body MeOH Antitumor, ABTS Zan et al. [15]. Zan et al. [16].
.\ DPPH, PC-12 cell,
9 osmundacetone fruiting body MeOH BV-2 microglia Zan et al. [15]. Kou et al. [21].
10 protocatechualdehyde  fruiting body MeOH NA Zan et al. [15].
11 inoscavin C fruiting body MeOH NA Zan et al. [15].
12 inoscavin D fruiting body MeOH NA Zan et al. [15].
13 protocatechuic acid fruiting body MeOH NA Zan et al. [15].
14 hispinine fruiting body MeOH NA Ren et al. [18].
15 pinillidine fruiting body MeOH NA Ren et al. [18].
3’4’-dihydroxy-5-
[11-hydroxyphenyl]- . mouse macrophage .
16 6,7-vinyl]-3,5- fruiting body EtOH cell Liet al. [2].
dioxafluoren-5-one
17 phelligridin C fruiting body EtOH NA Lietal. [2].
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Table 1. Cont.

No. Name Resource Method Activity Reference
. . - EtOH mouse macrophage .
18 phellibaumin A fruiting body MeOH cell Li et al. [2]. Yang et al. [20].
19 phelligridin C’ fruiting body EtOH NA Lietal. [2].
20 phelligridin D fruiting body EtOH mouse rrclzlclrophage Lietal. [2].
.. HepG2, MCF-7, Hela
21 MBP fruiting body MeOH and A549 cells Yang et al. [20].
. o DPPH, PC-12 cell,
22 inonophenol A fruiting body MeOH BV-2 microglia Kou et al. [21].
. . DPPH, PC-12 cell,
23 inonophenol B fruiting body MeOH BV-2 microglia Kou et al. [21].
. . DPPH, PC-12 cell,
24 inonophenol C fruiting body MeOH BV-2 microglia Kou et al. [21].
4-(3' 4'-
. ’ o DPPH, PC-12 cell,
25 dihydroxyphenyl)-2-  fruiting body MeOH BV-2 microglia Kou et al. [21].
butanone
3B, 22-dihydroxy- .
26 Janosta-8,24-diene fruiting body EtOH U937, Hela, QRH-7701 Yang et al. [23].
fruiting body EtOH, MeOH Yang et al. [23]. Zan et al. [15].
27 ergosterol mycelium EAC NA Tang et al. [22].
ergosterol-5,8- .. o . Yang et al. [23]. Zan et al. [15].
28 peroxide fruiting body EtOH, MeOH BV-2 microglia Kou et al. [21].
29 eburicoic acid fruiting body EtOH, MeOH NA Yang et al. [23]. Zan et al. [15].
30 7(8)2223)-dien-3- ¢ iine body MeOH NA Zan et al. [15].
one-ergostane
4,6,8(14),22(23)-
31 tetraen-3-one- fruiting body MeOH NA Zan et al. [15].
ergostane
32 hispindic acid A fruiting body MeOH NA Ren et al. [18].
33 hispindic acid B fruiting body MeOH NA Ren et al. [18].
34 inotolactone B fruiting body MeOH B16 melanoma cell Ren et al. [18].
35 ergosterol-?)-O-ﬁ -D- fruiting body MeOH BV-2 microglia Ren et al. [18]. Kou et al. [21].
glucopyranoside
36 24-methylenelanost- fruiting bod MeOH BV-2 microglia Kou et al. [21]
8-en-3p-ol g body & et
37 cerevisterol fruiting body MeOH NA Kou et al. [21].
(22E, 24R)-ergosta-
38 7,22-diene- fruiting body MeOH NA Kou et al. [21].
3B,5a,6,9a-tetrol
39 Inonoterpene A fruiting body MeOH BV-2 microglia Kou et al. [21].
3B-hydroxy-lanosta- - . .
40 8 24-dien-21-al fruiting body MeOH BV-2 microglia Kou et al. [21].
41 hexadecanoic acid fruiting body EtOH, MeOH NA Yang et al. [23]. Zan et al. [15].
42 octadecanoic acid fruiting body EtOH NA Yang et al. [23].
g3 (B)9hexadecenoic g ooy MeOH NA Zan et al. [15].

acid methyl ester
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Table 1. Cont.

No. Name Resource Method Activity Reference
hexadecanoic acid .
44 methyl ester fruiting body MeOH NA Zan et al. [15].
45 hexadecanoic acid fruiting bod MeOH NA Zan et al. [15]
ethyl ester & bocy ' '
10,13-
46 octadecadienoic acid  fruiting body MeOH NA Zan et al. [15].
methyl ester
47 ethyl oleate fruiting body MeOH NA Zan et al. [15].
48 h“OIe“; Sat‘;lrd ethyl g iiting body MeOH NA Zan et al. [15].
9,12-octadecadienoic
49 acid (Z, Z)-methyl fruiting body MeOH NA Zan et al. [15].
ester
50 Isopropyl linoleate fruiting body MeOH NA Zan et al. [15].
51 cis-erucic acid fruiting body MeOH NA Zan et al. [15].
cis-9,17
52 octadecadienoic acid  fruiting body MeOH NA Zan et al. [15].
methyl ester
53 phenylalaninopine fruiting body Water NA Politi et al. [25].
54 D-arabitol fruiting body EtOH NA Yang et al. [23].
55 D-glucose fruiting body EtOH NA Yang et al. [23].
56 squalene fruiting body MeOH NA Zan et al. [15].
57 docosane fruiting body MeOH NA Zan et al. [15].
1,2-
benzenedicarboxylic
58 acid fruiting body MeOH NA Zan et al. [15].
mono(2-ethylhexyl)
ester
.. HepG2, McF-7, Hela,
59 HDE fruiting body MeOH A549 and H22 cells Yang et al. [27].
60 inosine fruiting body MeOH NA Yang et al. [20].
61 xylaritriol fruiting body MeOH BV-2 microglia Kou et al. [21].
62 cinnamic acid mycelium NA NA Tang et al. [22].
63 uridine mycelium NA NA Tang et al. [22].
64 Cyclo (L-Leu-L-Phe) mycelium NA NA Tang et al. [22].

NA indicated the data is not available.

3.1. Antitumor Activity

As a traditional medicinal fungus with a long-applied history, anti-cancer activity is the
principal medicinal value of I. hispidus. Multiple monomers with anticancer activity from L.
hispidus have been discovered and preliminarily resolved in modern chemical chemistry and
pharmacological investigations. In vitro screening of five compounds including hispidin
(1), inonotusin A (7) and inonotusin B (8) against breast cancer cells MCF-7 using the SRB
method revealed that inonotusin A (7) had moderate activity against MCF-7 with an ICsg
value of 19.6 uM [16]. The anti-tumor screening study of MBP (21) was carried out by MTT
method. The results showed that MBP (21) had a dosage-dependent inhibitory effect on
the proliferation of HepG2, MCF-7, Hela and A549 cells. Among them, HepG2 showed the
best inhibitory effect, with an ICsg of 2.3 pg/mL.
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According to the results of the apoptosis analysis, it is hypothesized that the compound
(21) achieves its anti-tumor activity by inducing apoptosis [20]. A study of compound
26’s antitumor activity discovered that it inhibited the growth of lymphoma cells U937,
cervical tumor cells Hela, and liver cancer cells QRH-7701 [23]. In vitro screening showed
that HDE (59) inhibited the proliferation of HepG2, McF-7, Hela, A549 and Hjy; cells, with
a greater effect on HepG2 cells (IC5y = 7.9ug/mL) [27]. Not only did HDE (59) increase
the relative activities of Caspase-3 and Caspase-8 and induce HepG2 apoptosis, but it also
promoted HepG2 apoptosis by up-regulating Fas expression and down-regulating FasL ex-
pression [27] (Figure 7A). In vivo mouse experiments revealed that HDE (59) does not cross
the blood-brain barrier and is rapidly metabolized with no adverse effects on organs. Over-
all, HDE (59) has the potential to be an effective antineoplastic agent [27]. At 10 mmol/L,
the compound inotolactone B (34) still showed activity in activating melanogenesis and
tyrosinase in B16 melanoma cells, outperforming 8-MOP (a drug used clinically in the treat-
ment of vitiligo). This indicates that inotolactone B (34) has the potential to be developed as
an anti-vitiligo agent [18]. The evaluation of the cellular activity of mouse macrophage cells
RAW?264.7 revealed that compounds 16, 18 and 20 all had anti-inflammatory activity, with
compound 16 being the most active. Cytotoxicity studies showed that all three compounds
have a low impact on cell proliferation [2]. This result suggests that compound 16 has the
potential to be an anti-leukemic agent. In the supernatant of fermented mycelium of a
suspected new subspecies of 1. hispidus, IH3, a single fraction with high purity of anti-tumor
activity, WIH3, was obtained. WIH3 had strong inhibitory against melanoma cells B16
(ICs0 29.32 png/mL), liver cancer cells Hep-3B (37.39 ng/mL), human cervical cancer cells
Hela (47.03 ug/mL), and human breast cancer cells MCF-7 (58.01 nug/mL) [33].
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/
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Figure 7. Schematic diagram of the proposed inhibitory mechanism of compound 59 on HepG2 cell
(A) and compounds including 24 on inflammatory BV-2 microglia induced by LPS (B).

In vivo antitumor activity experiments with extracts of fruit bodies from different
growth stages of I. hispidus revealed that both petroleum ether extracts (IPE) and aqueous
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extracts at the mature stage had the best tumor suppressive effect on Hyy-bearing mice [15].
Using non-targeted metabolomics techniques, it was found that the antitumor effects of IPE
on Hp; tumor-bearing mice were mainly mediated by energy modulation and regulation
of biosynthetic pathways including amino acids and corticosteroids [34]. A series of key
regulators of the antitumor activity of IPE were identified in Hp, tumor suppressor model
mice through transcriptomic and proteomic approaches, and the results provide a useful
reference for the pharmacological study of the antitumor activity of IPE [35]. The feeding
experiment of solid fermentation powder of I. hispidus on Hp;-bearing mice demonstrated
that it has antitumor effect, whose mechanism may be related to antioxidation, improving
immunity and inhibiting tumor tissue angiogenesis [36].

3.2. Antioxidant Activity

One of the important properties of mushrooms is their antioxidant function, and antiox-
idant active molecules derived from I. hispidus have been investigated and studied. Antioxi-
dant assays revealed that compounds 1, 7, and 8 have significant oxidative protective activ-
ity against 2,2"-azino-bis (3-ethylbenzthiazoline)-6-sulfonic acid (ABTS) [16]. Compounds 5,
9, 22-25 have remarkable inhibitory activity against 1,1-Diphenyl-2-picrylhydrazyl radical
(DPPH) with ICs( values of 9.82—21.43 uM, with compound 24 being more effective than
the positive control [21]. Preliminary structure-activity relationship analysis revealed that
catechol unit, double bond on the side-chain, and pyran ring may be important pharma-
cophores for increasing activity [21]. A study of the antioxidant activity of the compound
hispidin (1) to scavenge free radicals discovered that at a low concentration (12.5 mg/L),
the scavenging rate of 1 to free radical DPPH was 84.70%. At low concentrations, the DPPH
scavenging rate was higher than that of BHA, a commercial antioxidant, and compound 1
has natural antioxidant value [30]. The antioxidant activity of compound 1 for scavenging
hydroxyl radicals was found to be superior to that of BHA at concentrations as low as
25 mg/kg [30]. DPPH, ABTS and phosphomolybdenum were used as indicators to deter-
mine the antioxidant activity of the ethyl acetate extract of I. hispidus. The extract was found
to be more powerful than the commonly tested antioxidant compounds gallic acid and
quercetin [31]. The scavenging effect of hydroxyl radical, DPPH radical and superoxide
anion of the volatile oil fragments (H-2) obtained by the diethyl ether reflux extraction of the
fruiting bodies of I. hispidus was significantly better than that of the volatile oil fragments
(H-1) obtained by the steam distillation extraction of the fruiting bodies of I. hispidus [37].

3.3. Antimicrobial Activity

The antibacterial activity tests performed on hispidin (1) revealed that compound
1 lacked adequate inhibitory activity against Escherichia coli, Staphylococcus aureus, and
Bacillus subtilis [15]. The inhibition activity of a 70% ethanolic extract of fruit bodies was
tested, and it was discovered that the ethanolic extract inhibited only E. coli, with the high
dosage extract (40.96 mg/mL) achieving a significant level of inhibition. S. aureus and B.
subtilis were not inhibited significantly [15]. Ata concentration of 1 x 10~° g/mL, both
the H-1 (water extract) and H-2 (ether extract) fractions of fruit bodies inhibited S. aureus,
Candida albicans, Aspergillus niger, and Pseudomonas aeruginosa, with a positive correlation
with concentration, but neither inhibited E. coli [15]. The disc diffusion assay of ethanolic
extracts of I. hispidus fruit bodies revealed a minor antimicrobial effect against S. aureus, E.
coli, and P. aeruginosa [38]. Hispolon (5) and hispidin (1) were discovered to have antiviral
activity, inhibiting the growth of influenza A and B viruses [29]. After feeding mice I.
hispidus mushroom containing compounds 1 and 5, the anti-influenza virus ability of mice
was improved, as was the content of trace elements zinc (194 £ 16.9 mg/kg), selenium, and
iron in mouse serum. These metal elements are thought to enhance the antiviral ability of
the I. hispidus mushroom [14].
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3.4. Neurotrophic and Neuroprotective Activity

Compounds 5, 9, and 22-25 exhibited a growth-promoting effect on PC-12 cells. Of
these, compounds 23 (33.21 £ 0.8%) and 24 (33.34 + 1.0%) were the most significant
in promoting growth at a concentration of 10 uM [21]. In screening assays for anti-
neuroinflammatory activity, compounds 5, 9, 22-25, 28, 36, 3940, and 61 all inhibited
of LPS-induced NO production in BV-2 microglia, with compound 24 showing significant
activity with an ICsq value of 11.56 M. None of the compounds tested toxic [21]. Addi-
tional molecular immunological experiments revealed that compounds 5, 9, and 22-25
inhibited the expression of TLR-4 to down-regulate the NF-«B signaling pathway, and
then inhibited the expression of COX-2 and iNOS to reduce inflammation (Figure 7B) [21].
These findings show that these polyphenols and triterpenoids have anti-neurodegenerative
activity.

3.5. Enzyme Inhibitory Activity

Yousfi et al. discovered in 2013 that the polyphenol-rich ethyl acetate extract of I.
hispidus fruit bodies was very effective in inhibiting Candida rugosa lipase, but the specific
inhibitory compounds were unknown [39]. In 2015, they isolated hispidin (1) from the fruit
bodies and demonstrated that hispidin (1) strongly inhibited C. rugosa lipase, proposing the
use of hispidin (1) in the treatment of candidiasis [31]. Hispidin (1) was discovered to have
anti-peroxidase activity, with an ICsy of 23 mg/mL showing a strong competitive inhibition
of horseradish peroxidase (HRP) activity. The inhibition mechanism of compound 1 against
peroxidases (horseradish and thyroid) was studied using molecular docking simulations in
terms of hispidin interaction with amino acid residues, and its drug-forming potential was
predicted using ADEMT and Lipinski filtering analyses [40]. According to the combined
evaluation, hispidin (1) is a more potent irreversible thyroperoxidase inhibitor than the
anti-thyroid drug 6-hropylthiouracil [40]. The discovery of this result, to some extent,
revealed the mechanism of the antioxidant activity of hispidin (1). Furthermore, low
doses of ethanolic extracts of I. hispidus fruiting bodies increased GST enzyme activity [38].
Compound 34 (IC5p = 0.24 mM) has excellent x-glycosidase inhibitory activity and is more
potent than the clinically used acarbose (ICsy = 0.46 mM) [40]. At the same concentration,
the ethyl acetate extract of fruiting bodies had higher «-glucosidase inhibitory activity than
the n-butanol, methanol, and petroleum ether extracts [41].

3.6. Immunomodulatory Effects and Other Biological activities

Cellular activity assays on NK cells showed that compounds 1 and 5 both inhibited
the activation and proliferation of activated lymphocytes, but the combination of the two
did not enhance this effect [17]. This result demonstrates the immunomodulatory activity
of these phenolic compounds. In addition, the fermentation broth exopolysaccharide of I.
hispidus was shown to attenuate inflammatory responses in mice with acute alcoholic liver
disease [42].

4. Biosynthetic Progresses on Styrylpyrones

Styrylpyrone compounds are a specific class of polyphenols with a wide range of
structures and high yields. The majority of I. hispidus-derived yellow polyphenol pigments
have a styrylpyrone backbone, and 10 styrylpyrone compounds (1, 3-4, 8, 12, 15-16, 20-21,
24) have been identified from the secondary metabolites of I. hispidus. Nearly hundreds
of styrylpyrone pigments have been discovered in a variety of fungi dominated by the
Hymenochaetaceae family since the discovery of hispidin (1) as the first naturally occurring
styrylpyrone metabolite [43—45]. Experiments on light-regulated enzymatic activity re-
vealed that the cinnamic acid (62) pathway involved in phenylalanine metabolism is linked
to hispidin synthesis in P. hispidus. Cinnamic acid (62) is thought to be a key intermediate
in the biosynthesis of hispidin and other phenylpropanoids [46]. Isotope labeling traces
revealed that the styrene unit was incorporated with phenylalanine, tyrosine, cinnamic acid
(62), p-coumarate, and caffeic acids, while the pyrone ring was incorporated with acetate
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and malonate [10]. The isolation of five phenylpropanoids from the fruiting bodies of Inono-
tus sp., including iso-hispidin (65), inonotic acid methyl ester, and inotilone, provided clues
to the biosynthesis of styrylpyrones. The phenylpropanoid polyketide is an important in-
termediate that is thought to be a side chain elongation of caffeic acid catalyzed by PKS [47].
Integrating metabolomic and proteomic findings that the up-regulation of phenylpropanoid
biosynthesis leads to increased levels of hispidin and other polyphenols in P. baumii, genes
involved in the up-regulation of expression include PAL, C4H, and 4- coumarate-CoA
ligase (4CL) (Figure 8) [48]. PAL, 4CL, C4H, polyketide synthase (PKS), palmitoyl protein
thioesterase (PPT), decarboxylase, and dehydrogenase genes were identified in a combined
investigation of molecular docking simulations and RNA-seq-based analysis of differen-
tially expressed genes in P. gilvus (Figure 8) [49]. Based on biosynthetic research and the
analysis of existing styrylpyrone compounds derived from the Phellinus and Inonotus fungi,
the comprehensive biosynthetic pathways of styrylpyrone compounds, including hispidin
(1), hispolon (5) and their dimers, as well as inoscavin A (66), have been deduced in this
review (Figure 8) [47-49]. The natural structural diversity of styrylpyrones suggests that
their biosynthetic gene clusters are active and contain multiple post-modification genes. It
is speculated that the study of its biosynthetic pathway and related synthetic gene clusters
may aid in understanding the biosynthetic network of styrylpyrones and their derivatives
in I. hispidus.
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Figure 8. Proposed biosynthesis pathways for styrylpyrones in Inonotus and Phellinus fungi.

5. Discussions and Perspectives

Triterpenes are characteristic pharmacological components of lignified traditional
medicinal fungi, such as Ganoderic acid from Ganoderma species [50], and Eburicoic acid
and its derivatives from polypore species [51]; however, they are not monolithic. Phenols,
a class of high-value natural products with medicinal potential [44,52], are prominent
bioactive components of the highly lignified and well-known medicinal mushrooms of
the genus Phellinus and Inonotus belonging to the order of Hymenochaetales [43]. The
diversely modified phenolic derivatives yielded by these mushrooms have promising
applications in drug discovery and development [43,44]. Hispidin (1) is the first compound
isolated and identified from I. hispidus, and these phenolic compounds with styryl and
pyrone moieties are gathered here with diverse activities such as antitumor, antioxidant,
antimicrobial, and anti-inflammatory activities (Figure 6). These diverse activities of the
natural product reflect the biological activities of its producer. Despite the fact that 5 was
initially isolated from I. hispidus in 1996 [12], it is more of a characteristic component of
fungi belonging to the genus Phellinus, as it has also been isolated from various species
of the genus Phellinus, including P. linteus, P. igniarius, P. lonicerinus and P. merrillii [43].
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A summary of the anticancer, antidiabetic, antioxidant, antiviral, and anti-inflammatory
properties of compound 5 revealed its potential development value as a complementary
and alternative medicine [43].

As one of the most abundant secondary metabolites found in mushrooms, numerous
mushroom-derived sesquiterpenes have been isolated and identified [53]. Sesquiterpene
synthases are one of the core gene types involved in the biosynthesis of secondary metabo-
lites. Mushroom genomes contain typically at least ten sesquiterpene synthases. 1. obliguus
is a congener species of I. hispidus. Although the genome of I. obliqguus contains at least
4 types of 20 sesquiterpene synthases [54], only 8 sesquiterpenoids of the drimane-type
have been reported [55]. So far, only one sesquiterpenoid (61) has been reported for I.
obliquus [21], and the type and number of sesquiterpene synthases are also unknown. The
identification of sesquiterpene cyclases derived from lots of mushrooms including Coprinus
cinereus [56], Omphalotus olearius [57], Stereum hirsutum [58,59], Flammulina velutipes [60],
and Agrocybe aegerita [61] have led to the discovery of numerous novel sesquiterpenoids,
which are not found in their natural producer instead. As a result, we speculate that in
most mushrooms, only one or a few types of sesquiterpene synthases can be expressed to
produce specific sesquiterpenoids, while the majority of sesquiterpene synthases are silent
and have no corresponding products.

Although 1. hispidus has been widely considered a traditional medicinal fungus due
to its secondary metabolites with remarkable significant pharmacological value, the food
properties of I. hispidus that are rich in health and nutritional functional factors should
not be overlooked. The edible fruiting body of I. hispidus is a scarce ingredient. I. hispidus
possess a good selenium-enriching function [62], and the antiviral ability of I. hispidus rich
in selenium has also been enhanced. The dihydroxy phenylalanine-melanin contained
in I. hispidus could effectively remove DPPH radicals and can therefore be used in health
food or as a food additive [63]. Furthermore, the extracellular exopolysaccharide of 1.
hispidus was investigated and found to have antioxidant activity [64] and hepatoprotective
functions [42].

Mushrooms are often perceived more for their anticancer or immunomodulatory
activity than for their antibacterial activity. In fact, mushrooms with antimicrobial activity
are uncommon [65,66], with Pleurotus mutilus and L. hispidus being the few examples. Pleu-
romutilin was found to have good antifungal inhibitory activity and was used as the lead
compound in the development of the human antibiotic retapamulin, which was approved
by the FDA in 2007 [67]. Both aqueous and ether extracts of I. hispidus mushrooms inhibit
pathogenic microorganisms such as S. aureus [15]; however, monomeric compounds with
antibacterial activity have yet to be identified. As a result, the discovery and development
of antimicrobial compounds derived from I. hispidus is worth pursuing.

Herein, a total of 64 compounds derived from I. hispidus were collected and classified
according to their structural features. Biological and pharmacological activities including
antitumor, antioxidant, as well as anti-inflammatory and neurotrophic and neuroprotective
activities were summarized. These studies, however, were limited to the isolation, iden-
tification, and activity evaluation of compounds. Current research has not paid enough
attention to L. hispidus, despite its significant medicinal efficacy and functional food value.
Although the genomes of multiple rare medicinal fungi including I. obliquus [54] have been
sequenced, the genome of 1. hispidus has not been sequenced. The lack of genomic infor-
mation of I. hispidus severely hampered the biosynthetic pathway elucidation of its active
compounds. As a result, it is critical to complete the genome sequencing of 1. hispidus [54]
using rapidly developing sequencing technology, which will lay a firm foundation for
biosynthesis research and synthetic biology production of valuable compounds to meet the
needs of the drug development and functional food industries.
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Abstract: Fungal infections have become a growing public health challenge due to the clinical
transmission of pathogenic fungi. The currently available antifungal drugs leave very limited choices
for clinical physicians to deal with such situation, not to mention the long-standing problems of
emerging drug resistance, side effects and heavy economic burdens imposed to patients. Therefore,
new antifungal drugs are urgently needed. Screening drugs from natural products and using
synthetic biology strategies are very promising for antifungal drug development. Chinese medicine
is a vast library of natural products of biologically active molecules. According to traditional Chinese
medicine (TCM) theory, preparations used to treat fungal diseases usually have antifungal and
immunomodulatory functions. This suggests that if antifungal drugs are used in combination
with immunomodulatory drugs, better results may be achieved. Studies have shown that the
active components of TCM have strong antifungal or immunomodulatory effects and have broad
application prospects. In this paper, the latest research progress of antifungal and immunomodulatory
components of TCM is reviewed and discussed, hoping to provide inspiration for the design of novel
antifungal compounds and to open up new horizons for antifungal treatment strategies.

Keywords: natural product; traditional Chinese medicine; antifungal drug; immune regulation;
combination of drugs; fungal infection

1. Introduction

The development of new drugs has a very important role in improving human health
and extending human lifespan. There are many strategies for drug development, including
screening drugs from natural products and synthetic biology strategies. Traditional Chinese
medicine (TCM) is a huge reservoir of natural products, with a long history of practice and
great potential for drug development. The discovery of novel drug candidates from TCM
and its extracts has become a research hotspot [1].

Fungal infections have been a major public health challenge. Depending on the site
of invasion, there are at least three types: superficial, subcutaneous, and deep. Most of
these infections are superficial, i.e., non-fatal infections of the skin, nails, and hair, mainly
caused by skin fungi, with a global incidence of about 25% [2,3]. Deep mycosis, by contrast,
can be life-threatening. The infection can spread to many organ systems and meninges.
Under different circumstances, the mortality rate can vary from 35% to 90% [2]. Common
pathogens of invasive fungal diseases include Candida albicans, Cryptococcus neoformans,
and Aspergillus fumigatus [4,5]. Despite continuous efforts to develop antifungal drugs, the
availability of drugs for clinical use remains limited. At present, commonly used antifungal
drugs in clinics are azole, polyene, echinomycin, terbinafine, and so on. However, existing
drugs have problems such as drug resistance, high price, high toxicity, and serious side
effects, such as renal toxicity. It is an urgent and challenging task to find new antifungal
drugs with high efficiency and low toxicity.

55



Antibiotics 2023, 12, 48

The TCM treatment of infectious diseases focuses more on the treatment of diseases
rather than just killing pathogens. According to the basic theory of TCM, diseases can be
divided into cold, heat, deficiency, and excess. The meaning of the words mentioned here
is different from the literal meaning. For example, “heat” refers to a range of different
kinds of diseases, which include a range of symptoms caused by an excessive inflammatory
response, such as vulvovaginal candidiasis. In the case of “deficiency”, diseases caused
by immune deficiency are included, such as invasive pulmonary aspergillosis. Thereby,
drugs with anti-inflammatory effects are usually used to treat fungal infections with heat.
These drugs include Fructus Forsythiae (lianqgiao in Chinese) and Lonicera japonica Flos
(jinyinhua in Chinese). Meanw hile, some drugs with immune-modulatory effects are
used to tonify “deficiency”. These drugs include ginseng, Atractylodes macrocephala Koidz.
(baizhu in Chinese), and Schisandra chinensis (Turcz.) Baill. (wuweizi in Chinese). TCM
treats the interaction between the fungus and its host as a whole. If we try to explain
it in modern medical terms, it could be killing the fungus while modulating the body’s
immune response.

There are several TCM products that use both antifungal and immunomodulatory
strategies to treat fungal infections. For example, Skinguard Lotion, a TCM product for the
treatment of vaginitis, contains Lonicera japonica Flos, Taraxacum officinale L., Cnidii Fructus,
etc. The pharmacological effects of the lotion include inhibiting inflammation, relieving
itching, and killing pathogens. In the lotion, Cnidii Fructus is reported to have antifungal ef-
fects [6], while the main active molecules in Lonicera japonica Flos and Taraxacum officinale L.
are proven to have anti-inflammatory effects [7,8]. Patients with vaginitis suffer a lot from
persistent itch caused by inflammation response. The lotion can reduce the itching and at
the same time inhibit pathogens. It can both treat the symptoms and eliminate the causes
of the disease. The combination of antifungal drugs and immunomodulators may be a
promising antifungal treatment strategy and an effective way to develop new antifungal
drugs. Therefore, this paper reviewed two kinds of substances isolated from TCM: those
with antifungal effects and those with immunomodulatory effects.

2. Antifungal Ingredients from TCM

Hundreds of TCM have been shown to have antifungal effects, such as Coptis chinensis
Franch [9], Scutellaria baicalensis Georgi [10], Curcuma longa Linn [11], and Allium sativum L. [12].
We can extract active substances from these TCMs with water, alcohol, chloroform, ethyl
acetate, ether, and petroleum ether. The extracts, such as terpenoids, volatile oil, ketones,
alkaloids, aldehydes, phenylpropanoids, and saponins, also exhibit potent antifungal
activity [13]. We reviewed substances isolated from TCMs with antifungal activities,
including dioscin, x-santalol, formyl-phloroglucinol meroterpenoids, asiatic acid, carvacrol,
eugenol, thymol, turmeric oil, terpinen-4-ol, silibinin, pinobanksin, tectochrysin, chrysin,
licochalcone A, baicalein, baicalin, berberine, sanguinarine, plumbagin, osthole, and ethyl
caffeate (Table 1).

Table 1. Natural products from TCMs and their antifungal activities.

Natural Product Source Target Fungi MIC (ug/mL) 2 FICI? References
dioscin
C. albicans (2) P 4 .
Dioscoreaceae
family C. glabrata 2 - [14,15]
C. parapsilosis 4 -

56



Antibiotics 2023, 12, 48

Table 1. Cont.

Natural Product Source Target Fungi MIC (ug/mL) 2 FICI 2 References
«-santalol
CH, Santalum )
~CHa family T. rubrum 12.5 (ug/disc ©) - [16,17]
CH, OH
eucarobustol E .
CHO o— fluconazole-susceptible
H . 4-16 - [18]
C. albicans (10)
Eucalyptus
robusta
fluconazole-resistant
C. albicans (10) 32-128 ) (18]
fluconazole-susceptible
C. albicans (4) 64 0.75-1.00 [19]
Centella asiatica
fluconazole-resistant
C. albicans (4) 64-128 0.25- [19]
carvacrol
Oregariim C. albicans 250 0.374 [20,21]
family
HO
thymol
C. albicans 500 1.062 [20,22]
HO Oreganum
| e family
7 C. neoformans (10) 20-51 - [23]
eugenol
|
Oreganum C. albicans 1000 0.312 [20,24]
family
HsCO
OH
laurel essential oil Laurus nobilis C. albicans (2) >4 (% v/v) 4 - [25]
anise essential oil PWF" inella C. albicans (6) 4 or >4 (% v/v) - [25]
anisum
L Thymus . 0.0039-1, or
oregano essential oil capitatus C. albicans (31) <0.0019 (% v/0) - [25]
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Table 1. Cont.

Natural Product Source Target Fungi MIC (ug/mL) 2 FICI 2 References
. 1 Ocimum . o
basil essential oil basilicum C. albicans (11) 4 or >4 (% v/v) - [25]
lavender essential oil Lavandula C. albicans (15) 0.25-4 (% v/v) - [25]
vender esse o latifolia . . o
mint essential oil Mentha spicata C. albicans (25) 2-4 (% v/v) - [25]
L Rosmarinus . o
rosemary essential oil officinalis C. albicans (2) 4 (% v/v) - [25]
C. albicans 50,000 - [26]
C. dubliniensis 50,000 - [26]
Rosmarinus
rosemary extract officinalis L. C. glabrata 50,000 - [26]
C. krusei 50,000 - [26]
C. tropicalis 50,000 - [26]
tea tree oil Melaleuca C. albicans (44) 0.06-4 (% v/v) 0.25-1.25 [25,27]
alternifolia ' ' ’ ' ' g
terpinen-4-ol
CH,
Melaleuca .
P C. albicans (33) 0.06-0.25 0.250-0.252 [27,28]
alternifolia
H:C—¢ “oH
CH4
grapefruit essential oil Citrus paradisi C. albicans (12) 0.0039-1 (% v/v) - [25]
M.gypseum (2) 0.25 (% v/v), 6.25 - [29,30]
Curcuma T. mentagrophytes (2) 0.25 (% v/v), 6.25 - [29,30]
turmeric essential oil longa L.
T. rubrum 1.56 - [30]
E. floccosum 1.56 - [30]
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Table 1. Cont.

Natural Product Source Target Fungi MIC (ug/mL) 2 FICI 2 References
Ar-t
e M.gypseum 7.81 - [30,31]
&

Curcuma T. mentagrophytes 7.81 - [30]

longa L.
T. rubrum 3.90 - [30]
E. floccosum 3.90 - [30]

fluconazole-susceptible

Candida species (27) 250-650 i [32,33]
fluconazole-resistant 250-500 ) (32]
Candida species (11)
C. albicans 64 - [34]
C. tropicalis 256 - [34]
C. krusei 256 - [34]
C. parapsilosis >256 - [34]
curcumin
3 - 29 P 5 Curcuma C. glabrata >256 - [34]
52, S lOYZgﬂ L.
HO OH
C. dubliniensis (2) 32 - [34]
C. neoformans 32 - [34]
S. schenckii 32 - [34]
P. brasiliensis (7) 0.5-32 - [34]
A. fumigatus (2) >256 - [34]
A. nomius >256 - [34]
A. flavus >256 - [34]
A. tamarii >256 - [34]
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Table 1. Cont.

Natural Product Source Target Fungi MIC (ug/mL) 2 FICI 2 References
curcumin
. 0o o . Curcuma A. terreus >256 - [34]
- O o # ~ longa L.
e o A. clavatus >256 - [34]
Cinnamomum
zeylanicum, C. albicans (4) 0.02 (% v/v) - [35]

a blgnd of essential oils (30.53% Syzygium
of cinnamaldehyde, 3.53% of aromaticum,

eugenol, 3.530/0 Of CaI‘VaCOl, Orig/mum C. glabmta 0.05 (0/0 Z}/U) _ [35]

1.040/; of cargtol, ar}d 8%35% vulgare, Daucus
of Camelina sativa oil) carota, and

Camelina sativa C. tropicalis 0.01 (% v/v) - [35]
C. albicans (2) 19.3, 1024 - [36-38]
C. krusei 1024 - [36]
silibinin C. tropicalis 1024 - [36]
OH
|
C[O Silybum
HO O 0 ok marianum A. flavus 9.6 - [37]
OH OH
OH O
C. parapsilosis 9.6 - [37]
Malassezia Furfur 19.3 - [37]
Trichosporon species 19.3 - [37]
pinobanksin
OH ©
Chmes.e C. albicans 100 - [39]
propolis
Chmesg C. albicans 25 - [39]
propolis
chrysin
OH O
Chmesg C. albicans 100 - [39]
propolis
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Table 1. Cont.

Natural Product Source Target Fungi MIC (ug/mL) 2 FICI 2 References
3-O-acetylpinobanksin
Chmes.e C. albicans 50 - [39]
propolis
licochalcone A
7
HO OH Glycyrrhiza C. albicans (4) 16.92-50.76 - [40]
‘ O family
7
0 0
baicalein
scutellaria C. albicans 25 0.039 [41,42]
baicalensis
C. albicans (4) 80-160 0.017-0.127 [43,44]
berberine
o many herbs
0 PNy such as Coptis C. krusei (3) 1020 - [43]
\ | chinensis and
O Mahonia
0 aqulfolium C. glabmta (3) 20-160 - [43]
o Y §
C. dubliniensis 40 - [43]
C. albicans (11) 4,37.5-50 - [45,46]
Papaveraceae
family
C. neoformans 64 - [45]
C. albicans (3) 2-4 - [4547]
C. glabrata (2) 16 [47]
Papaveraceae
family C. krusei (2) 16 [47]
C. tropicalis (2) 8 [47]
C. neoformans 64 - [45]
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Table 1. Cont.

Natural Product Source Target Fungi MIC (ug/mL) 2 FICI? References
plumbagin
0 C. albicans 0.78 - [48]
Plumbago
‘O scandens
C. neoformans 8 - [49]
O OH
bis-naphthoquinone
Ceratostigma C. albicans 0.09 - [50]
plumbaginoides

C. albicans (12) 2-8, >64 - [51,52]
C. krusei 4 - [51]
C. glabrata 8 - [51]
shikonin C. tropicalis 8 - [51]

Lithospermum
erythrorhizon C. parapsilosis 16 - [51]
Saccharomyces cerevisiae 4 - [51]
C. neoformans 8 - [51]
T. cutaneum 8 - [51]
A. fumigatus >64 - [51]
osthole
S
~o 0= 0 Cnidii fructus C. albicans (52) 8-64, >64 0.04-0.37 [6,53]
|
ethyl caffeate
HO
Elephantopus C. albicans (26) 64-256 0.047-0.375 [54]
HO \_/ scaber L. : : :

LR

2 MIC, minimum inhibitory concentration. FICI, fractional inhibitory concentration index; the numbers indicate
the FICI of natural products combined with fluconazole against fungi. -, not mentioned in the report. ® Numbers
in the brackets indicate the number of strains tested. © In this case, MIC is defined as the concentration of the
0.5 mm inhibitory zone produced by the tested compound in a disc diffusion method. d In these cases, the unit of
MICs is (% v/v) instead of ug/mL, since the agents are in liquid form.
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2.1. Terpenoids

Terpenoids are common substances in natural products. Many terpenoids have impor-
tant biological activities and are important resources for the development of new drugs.
Some terpenoids in natural medicines have important biological activities and have been
used in clinical practice for many years, such as the antimalarial drug artemisinin, the anti-
cancer drugs paclitaxel and cantharidin, the antibiotic drug lactam, etc. Some terpenoids
have antifungal activity and may provide new strategies for antifungal therapy.

For example, dioscin is a steroidal saponin that can be isolated from TCMs of the
Dioscoreaceae family. It exhibits significant fungicidal effects against the Candida species,
such as C. albicans, C. glabrata, and C. parapsilosis, with minimum inhibitory concentration
(MIC) at 2—4 ng/mL. Moreover, dioscin can also inhibit biofilm formation and even destroy
the mature biofilm at high concentrations [14]. The possible antifungal mechanisms of
dioscin may be associated with inhibiting the virulence factors of C. albicans, including
the morphological transformation, the production of phospholipase, and the adherence to
the abiotic surface [14]. Another computational study showed that dioscin can bind to the
glucoamylase enzyme that is produced in many fungi by molecular docking [55].

Another example of antifungal terpenoids is x-santalol. It can be found in the essential
oil of the Santalum species, which has been historically used as a noble perfume as well as
medicine. It is reported that «-santalol inhibits Trichophyton rubrum at 12.5 ug/disc (using
the disc diffusion method), and a preliminary mechanism study revealed that x-santalol
influences the fungal cell wall synthesis and mitosis process [16].

Formyl-phloroglucinol meroterpenoids (FPMs) are important secondary metabolites
with various biological activities, mainly found in Eucalyptus and Psidium. FPMs ex-
hibit antifungal effects against many fungal species, including C. albicans and T. menta-
grophytes [56,57]. Eucalyptus robusta is widely distributed in Sichuan, Yunnan, and other
southern areas of China, and it is commonly used in the traditional medicine of ethnic
minorities. Eucalyptus leaves are used to treat respiratory infections, intestinal infections,
malaria, trachoma, otitis media, keratitis, dermatitis, etc. The essential oil extracted from
the leaves is also used as a preservative. Eucarobustol E, as an FPM from the leaves of
Eucalyptus robusta, has a broad-spectrum antifungal effect with MIC ranging from 4 to
16 pg/mkL. It also inhibits C. albicans biofilms in both the formation phase and mature
phase, and the mechanism might involve the negative regulation of hyphal growth due to
the inhibition of carbon flow towards ergosterol. This mechanism is totally different from
the known mechanisms of existing antifungal drugs and may provide a novel strategy for
fungal infection treatment [18].

Carvacrol is a phenolic monoterpenoid that can be extracted from Origanum vulgare, an
herb that is used to treat acute gastroenteritis in TCM. It inhibits the spore germination of
Aspergillus flavus by 73.3% at the concentration of 100 ug/mL, and 100 pug/mL of carvacrol
slows the mycelia growth and reduces mycelia drying weight. The antifungal mechanism
involves deficiency in ergosterol production and the alteration of glycerophospholipid
metabolism [58].

Thymol is one of the main components of thyme oil, which is used as both pharmaco-
logical and cosmetic additives. The MIC of thymol against C. albicans is 500 pug/mL [20].
Thymol also exhibits antifungal activity against C. neoformans, with MICs ranging from
20-51 pg/mlL, and the mode of antifungal action seems to be related to the ergosterol of
yeast [23]. Another study demonstrated that thymol regulated several signaling pathways,
such as calcineurin, unfolded protein response, and the HOG-MAPK pathway [59].

In addition to the terpenoids with antifungal effects when used alone, there are also
some terpenoids that can be used as synergists in combination with existing antifungal
drugs to reduce the dosage and increase efficacy. Doke S. K. et al. evaluated the synergistic
effects of three terpenoids with fluconazole against C. albicans, involving carvacrol, eugenol,
and thymol. The results indicated that carvacrol and eugenol showed synergistic effects in
combination with fluconazole against planktonic cells and biofilm formation, with FICI
ranging from 0.25 to 0.516, whereas thymol showed an indifferent effect with fluconazole.
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Using terpenoids in combination with current antifungal drugs, such as fluconazole, may
be a feasible strategy to treat fungal infections. The combination can effectively reduce the
dosage of antifungal drugs and, therefore, reduce the adverse effects during treatment [20].

Asiatic acid (AA) is a natural ursane-type pentacyclic triterpenoid, mainly found in
plants such as Centella asiatica. AA shows synergistic effects with fluconazole, and the
combination can inhibit fluconazole-resistant C. albicans strains in vitro and in vivo, with
a fractional inhibitory concentration index (FICI) of 0.25. 32 ug/mL. AA also increases
the fluconazole effect against C. albicans biofilm at 0.125-0.25 pg/mL. A mechanism study
indicated that AA inhibited the drug efflux pump of C. albicans. The inhibitory effect of AA
on the drug efflux pump may increase the intracellular concentration of fluconazole in C.
albicans cells, and thereby, AA exhibits synergistic effects with fluconazole. Meanwhile, AA
in combination with fluconazole aroused the level of intracellular reactive oxygen species
(ROS) and inhibited the hyphal growth of yeast [19].

2.2. Volatile Oils

Volatile oils, also known as essential oils, are extracted from plants and animals with
various bioactivities. They are an important source for developing antifungal agents.
Volatile oils have complex molecular structures and usually have a strong fragrance. Ac-
cording to TCM theories, volatile oils have the functions of inducing diaphoresis, regulating
Qij, relieving pain, being antimicrobial, and correcting flavor, whereas modern medical
research shows that essential oils have antibacterial, antifungal, antiviral, antioxidant,
antitumor, and immunomodulatory activities [60]. It seems that natural medicines with
antifungal effects are mostly found in Lamiaceae, Lauraceae, Myrtaceae, and Compositae, such
as Cinnamomum cassia Presl, Rosmarinus officinalis, Ocimum basilicum, Origanum vulgare,
Mentha haplocalyx Briq., Melaleuca alternifolia, Foeniculum vulgare, Zingiber officinale, Catsia
tora Linn, Cinnamomum camphora (L.) Presl., and Senecio scandens.

Abers M. et al. evaluated 19 essential oils for their antifungal activity using a modified
disk diffusion test. The results demonstrated that volatiles of lavender, tea tree, cinnamon,
peppermint, cassia, and oregano had “moderate” antifungal activity, whereas volatiles of
thyme and rosemary had “high” antifungal activity. Clove volatile did not exhibit any
antifungal activity in the test [61]. A similar work was conducted by another team. Bona
E. et al. tested the sensitivity of 30 vaginal C. albicans strains to 12 essential oils, and mint,
basil, lavender, tea tree 0il, and oregano were more efficient in inhibiting fungal growth
and activity than the traditional antifungal drug clotrimazole. The MICs of mint, basil,
lavender, and tea tree oil were 0.25-4% v /v for most strains, with values >4% for others.
The oregano volatile MICs were lower than 1% v/v in 64% of the strains. They also found
that the mechanism of essential oils in antifungal activity was associated with cell wall and
membrane damage [25].

Turmeric oil is the extract from Curcuma longa Linn. It has long been used as a common
household medicine and a yellow spice in Southeast Asia. As for antifungal activities,
turmeric oil completely inhibits common dermatophyte growth at the concentration of 0.2%
v/v, including Epidermophyton floccosum, Microsporum gypseum, M. nanum, T. mentagrophyte,
T. rubrum, and T. violaceum [29]. Notably, turmeric oil exhibits low toxicity towards humans.
It did not show any irritation or adverse effect at a 5% concentration for up to 3 weeks
in a clinical trial [29]. Moreover, the main component of turmeric oil, Ar-turmerone,
exhibits more potent antifungal activity against dermatophytes than ketoconazole, with
MICs ranging from 3.90 to 7.81 pug/mL [30]. Another important substance isolated from
Curcuma longa L. is curcumin, which also arouses the wide interest of scientists. It is
reported to have many bioactivities, such as antitumor, antioxidant, anti-inflammatory;,
and antimicrobial activities [62-64]. Curcumin shows inhibitory effects against many
common fungal pathogens. It inhibits Candida species growth with an MICgg ranging
from 250 to 650 pg/mL. This includes clinical isolates and fluconazole-resistant strains of
C. albicans, C. glabrata, C. krusei, C. tropicalis, and C. guilliermondii [32]. Curcumin also shows
antifungal activity against C. neoformans and C. dubliniensis with an MIC of 32 ug/mL [34].
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In addition, curcumin and its derivatives show synergy effects with fluconazole against
resistant C. albicans, C. tropicalis, and C. krusei, with the FICIs ranging from 0.078 to 0.563 [33].
The antifungal mechanisms of curcumin include causing oxidative stress and inhibiting
thymidine uptake 1. Curcumin also alters the membrane-associated properties of ATPase
activity, ergosterol biosynthesis, and proteinase secretion [33].

Similar to terpenoids, volatile oils can also be used as a synergist with antifungal
drugs. Adding tea tree oil at a concentration of 1/4 MIC can effectively reduce MICs of
fluconazole against resistant C. albicans strains. Among all the 32 tested strains, the average
fluconazole MIC is reduced from 244.0 ug/mL to 38.46 pg/mL, and terpinen-4-ol, which is
the major bioactive component of tea tree oil, shows an even stronger inhibition effect [27].

Moreover, a combination of different TCMs without antifungal drugs can also have
a synergistic effect against fungi. Apart from enhancing antifungal activity and reduc-
ing adverse effects, this kind of combination treatment can also reduce the occurrence of
drug resistance in fungi. It is reported that an essential oil blend of Cinnamomum zeylan-
icum, Daucus carota, Syzygium aromaticum, and Origanum vulgare shows antifungal activity
against C. albicans, C. tropicalis, and C. glabrata, including strains resistant to fluconazole or
amphotericin B, with MICs ranging from 0.01 to 0.05% v/v [35].

2.3. Flavonoids

Some flavonoids from TCMs also have antifungal properties. Rosmarinus officinalis L.,
for example, contains phenols and flavonoids in its extract. The extract shows an an-
tibiofilm effect against C. albicans, C. dubliniensis, C. glabrata, C. krusei, and C. tropicalis.
A 50-200 mg/mL extract can reduce mature biofilms, which are formed 48 h in advance,
and the antibiofilm activity of Rosmarinus officinalis L. extract is comparable to that of
nystatin [26].

Silibinin is a flavonoid that can be found in Silybum marianum, a traditional medicine
for hepatobiliary diseases in China and Europe [65]. The antifungal activity of silibinin
seems not stable or uniform. Dayanne R. O. et al. reported that silibinin inhibits C. albicans,
C. krusei, and C. tropicalis with MICs at 1024 pg/mL [36]. In another study, however, the
MICs of silibinin against C. albicans and C. parapsilosis were 19.3 pug/mL and 9.6 ng/mL,
respectively [37]. One possible reason for the differences is that the strains used in the
tests are different and silibinin does not exhibit stable or uniform antifungal activities
against those strains. Silibinin at 100 pg/mL also inhibits C. albicans biofilm formation to
approximately 50%, and the mode of action involves causing membrane damage to fungal
cells [65].

Propolis is a natural product with antimicrobial [66], anti-inflammatory [67], and an-
tioxidant activities [68]. The main bioactive components of propolis are flavonoids. Propolis
production is influenced by many environmental factors such as local climate and the plants
nearby. Therefore, propolis from different regions contains different kinds and amounts of
flavonoids, and it consequently has different bioactivities [69]. In Chinese propolis, the four
major flavonoids are pinobanksin, tectochrysin, chrysin, and 3-O-acetylpinobanksin. All
the four flavonoids have antifungal activities against C. albicans, with MICs of 100 pg/mL,
25 pug/mlL, 100 pug/mL, and 50 ug/mL, respectively [39]. The antifungal mechanism of
propolis is related to the induction of apoptosis through metacaspase and Ras signaling. It is
also reported that propolis disrupts the expression of several genes involving pathogenesis,
cell adhesion, biofilm formation, filamentous growth, and phenotypic switching [70].

The Glycyrrhiza species is another commonly used ingredient in traditional herbal
remedies. Licochalcone A is a bioactive natural product isolated from Glycyrrhiza species,
and it exhibits antifungal activities against C. albicans with MICs ranging from 16.92 pug/mL
to 50.76 pg/mL. Licochalcone A also significantly inhibits C. albicans biofilm growth at
10 x MIC, and an in vivo experiment conducted in mice with oral candidiasis indicated
that licochalcone A decreases numbers of fungal colonies in tongue tissue. The mechanism
study revealed that licochalcone A decreased proteinases and phospholipases secreted by
C. albicans biofilm [40].
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The combination of flavonoids and antifungal agents can exhibit synergy. The major
active components of TCM Scutellaria baicalensis are baicalein and baicalin [71]. Both of the
two major components exhibit antifungal activities. The MIC of baicalein is 25 pg/mL [41].
It induces the apoptosis of C. albicans cells and has potent synergy with fluconazole against
resistant strains, with an FICI of 0.039 [42]. The derivatives of baicalein even show greater
synergistic antifungal effects with FICIs < 0.007 [72]. There is also evidence that baicalein
reduces the MIC of amphotericin B with an FICI ranging from 0.031 to 0.677, and further
mechanism investigation indicated that the combination of the two agents accelerates
C. albicans apoptosis [73].

2.4. Alkaloids

Alkaloids are a group of cyclic nitrogen-containing small molecules with diverse
bioactivities. They are abundant natural products and provide many valuable molecules in
the medical field, such as morphine, quinine, vinblastine, and berberine.

Berberine has been used for treating diarrhea for thousands of years in China and
is still used widely in contemporary medicine. There are many studies on the antifungal
effects of berberine. It is reported that berberine inhibits the Candida species, i.e., C. albicans,
C. krusei, C. glabrata, and C. dubliniensis, with MICs ranging from 10 to 160 pug/mL [43]. The
antifungal activity of berberine alone is unstable and weak in some situations. Therefore,
researchers have turned their attention to combining berberine with other drugs. Our group
members found that berberine showed potent synergy with fluconazole against fluconazole-
resistant C. albicans strains. We tested 40 clinical isolates, and the median FICI was 0.034
(range, 0.017 to 0.127) [44]. Further mechanism investigation showed that berberine played
a major role in killing the fungi in the synergy, and fluconazole increased the intracellu-
lar berberine concentration by inhibiting ergosterol synthesis in cell membranes [74,75].
Berberine also exhibits synergy with other antifungal drugs such as amphotericin B and
terbinafine. It was reported that the combination of berberine and amphotericin B reduced
approximately 75% of the amphotericin B dose in a mouse model [76], and 100 pg/mL
of berberine can effectively assist the antifungal potential of terbinafine [77]. Berberine
inhibits biofilms of the Candida species in a dose-dependent manner, and 40, 5120, 320, 40,
and 1280 pg/mL of berberine can inhibit biofilms of C. albicans ATCC 10231, C. albicans
ATCC 90028, C. krusei ATCC 6258, C. glabrata ATCC 90030, and C. dubliniensis MYA 646,
with inhibition rates of 43.54 &+ 1%, 19.89 + 0.57%, 96.93 + 1.37%, 92.36 + 0.32%, and
21.62 £ 0.51%, respectively [43].

Sanguinarine and chelerythrine are two alkaloids with similar structures. Both of
them can be isolated from Papaveraceae plants and have diverse bioactivities. They share
similar antifungal activities against C. albicans and C. neoformans with MICs of 4 ng/mL
and 64 pg/mL, respectively, and a 1:1 mixture of sanguinarine and chelerythrine exhibits
stronger antifungal effects with an MIC of 2 pug/mL for C. albicans and 16 ug/mL for
C. neoformans [45]. Another study reported that sanguinarine inhibited 10 C. albicans
strains, with the MICs within the range of 37.5-50 pug/mL. Sanguinarine also showed
anticandidal effects in a murine model at the dose of 1.5 and 2.5 mg/kg, and the mode
of action is related to ergosterol synthesis deficiency in cells [46]. Sanguinarine can also
inhibit C. albicans biofilms, and 3.2 pg/mL of sanguinarine significantly inhibits C. albicans
biofilm formation by over 90% and destroys mature biofilms by 68.3%. The possible
mechanism of sanguinarine’s antibiofilm effect involves its inhibitory effect on adhesion
and hypha formation due to cAMP pathway suppression [78]. In addition to C. albicans
and C. neoformans, the antifungal spectrum of chelerythrine consists of C. glabrata, C. krusei,
and C. tropicalis. According to Gong et al., the MICs of chelerythrine against C. albicans,
C. glabrata, C. krusei, and C. tropicalis are 2, 16, 16, and 8 pug/mL, respectively, and the
mechanism investigation showed that chelerythrine inhibited hyphal growth, increased
intracellular calcium concentration, induced the accumulation of intracellular ROS, and
inhibited drug transporter activity [47].
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Piper betle L. var. nigra is a plant used as a spice and medicine belonging to the
Piperaceae family. It contains many bioactive chemicals such as cadinene, caryophyllene,
and amide alkaloids [79,80], and the extract of P. betle showed inhibitory effects against
C. albicans according to a disk diffusion test [81].

2.5. Quinones

Quinones are six-membered «,3-dienonic rings that occur in nature. Naphthoquinones
is one of the most common classes in quinones. Futuro D.O. et al. reviewed the develop-
ment of naphthoquinones as antifungal agents against the Candida species and identified
30 naphthoquinones with better antifungal activities than those of the existing drugs [82].
Plumbagin, for example, exhibits antifungal effects against C. albicans ATCC 10,231, with an
MIC of 0.78 ug/mL [48,82]. In a recent study, plumbagin exhibited antifungal effects against
C. neoformans with an MIC of 8 ug/mL. Further study showed that plumbagin disrupted
cell membrane integrity and reduced metabolic activities of the pathogen. It also damaged
formation-phase and mature-phase biofilms of C. neoformans at concentrations of 64 and
128 pg/mlL, respectively. A mechanism study confirmed that plumbagin damaged biofilm
by down-regulating FAS1 and FAS2 expression [49], and bis-naphthoquinone, which can
be extracted from Ceratostigma plumbaginoides, has an MIC of 0.09 ng/mL against C. albicans
ATCC 25,555 [50].

Another example is shikonin; it has fungicidal activity against C. albicans with MICs
of 2-8 ug/mL [51,52], and it exhibits antifungal activity against other Candida species,
C. neoformans, T. cutaneum, and Saccharomyces cerevisize, with MICs ranging from 4 to
16 ng/mL (see details in Table 1) [51]. Using metabonomics, shikonin was found to
boost histone H3 on lysine 56 residue acetylation via HST3 in C. albicans and execute its
antifungal activity [83]. Shikonin can also inhibit the formation of biofilms and destroy
the maintenance of mature biofilms at concentrations of 1-32 ug/mL and 4-16 ug/mL,
respectively. This antibiofilm activity was confirmed in a mouse vulvovaginal candidiasis
model. The possible mechanisms involve down-regulating hypha- and adhesion-specific
gene expression and inducing farnesol production [52].

2.6. Coumarin

Osthole is a natural coumarin that can be isolated from TCM Cnidii fructus. It does not
show antifungal activity against C. albicans at up to 64 pg/mL. However, 1-16 ug/mL of
osthole has significant synergy with fluconazole against fluconazole-resistant C. albicans,
with FICIs ranging from 0.04 to 0.37 [6,53], and further study indicated that the mechanism
of synergy is associated with endogenous ROS accumulation [53].

Designing novel coumarin derivatives is another common way of developing antifun-
gal agents, since coumarin has many modifiable sites. Linking other pharmacophores, such
as azole and quinoline, to coumarin molecules can effectively expand the antimicrobial
spectrum and enhance antifungal activity [84].

2.7. Others

Ethyl caffeate (EC) can be extracted from Elephantopus scaber L., which is widely
distributed in the southwest of China and used as TCM, treating fevers and microbial
infections [85]. EC exhibits antifungal effects against 26 isolates of C. albicans, with MICs
ranging from 64 to 256 ug/mL, and the combination of EC and fluconazole shows synergism
in 14 out of 26 tested isolates, with FICIs ranging from 0.047 to 0.375. Similar results are
observed in C. albicans biofilms. EC shows no antibiofilm effects at up to 256 pg/mL.
However, EC and fluconazole exhibit synergy against 11 out of 26 isolates, with FICIs
ranging from 0.002 to 0.375. The synergy mechanisms may be related to the inhibition of
hydrolase secretion and drug efflux function of C. albicans [54].
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3. Immunomodulatory Ingredients from TCM

The immune modulatory effect of TCM on fungal infection include the inhibition
of inflammation and the enhancement of fungal clearance. According to TCM theory,
most herbs with anti-inflammatory effects fall under the category of “heat-clearing” drugs,
including Fructus Forsythiae, Lonicera japonica Flos, and Menthae Haplocalycis Herba. This
Chinese medicine is used to treat inflammatory diseases, and active ingredients of these
herbs include phenolic acids, flavonoids, volatile oils, lignans, etc. Meanwhile, Panax
ginseng C. A. Mey., and Astragalus membranaceus are herbs that can improve the fungal
clearance function of the immune system. The main active ingredients are polysaccharide,
glycoside, alkaloid, volatile oil, and so on. In this section, the common TCM components
with immunomodulatory effects were classified according to their chemical structures.

3.1. Phenolic Acids

Phenolic acids are widely found in Lonicerae and are the main active ingredients
in TCM Lonicera japonica Flos and Lonicera japonica Caulis (both originated from Lonicera
japonica Thunb.). Lonicera japonica Flos is the most important ingredient in many TCM
preparations used to treat inflammatory diseases. Its extract shows protective activity
against LPS-induced lung inflammatory cytokine release. The mechanism study revealed
that the Lonicera japonica Flos extract increases nuclear Sp1 binding activity through the
incremental phosphorylation of ERK, and it consequently enhances the expression of IL-10.
At the same time, the extract suppresses the phosphorylation of IkB, p38, and JNK, thereby
inhibits nuclear NF-«B binding activities and down-regulates the expression of TNF-«,
IL-1f3, and IL-6 in the lung [86].

Chlorogenic acid is one of the main active substances of Lonicera japonica Flos (the
chemical structures can be found Figure 1). It is reported that chlorogenic acid exhibits anti-
proliferation activity against the fibroblast-like synoviocyte cell line (RSC-364), which is
stimulated by IL-6. The main mechanism involves JAK/STAT and NF-«B signaling cascades.
Chlorogenic acid inhibits these two pathways by suppressing the expression of p-STAT3,
JAK1, p50, and IKK, therefore inducing apoptosis in RSC-364 [7]. Interestingly, a recent
study revealed that chlorogenic acid also induces apoptosis in fluconazole-resistant Candida
spp- and exhibits antifungal activity. Molecular docking demonstrates that chlorogenic
acid binds to several important drug targets, including thymidylate kinase, CYP51, and
ALS3 [87].

Rosmarinic acid (Figure 1) can be found in Menthae Haplocalycis Herba and Prunella
vulgaris [88,89]. Rosmarinic acid has been reported to have anti-inflammatory effects in
many diseases, such as arthritis, colitis, atopic dermatitis, asthma, allergic rhinitis, and
periodontal disease [90]. It also inhibits LPS-induced inflammation in RAW264.7 cells.
The anti-inflammation target of rosmarinic acid involves the NF-xB/MAPK pathway. It
suppresses the activation of the NF-kB/MAPK pathway and thereby reduces the production
of pro-inflammatory cytokines NO, TNF-«, IL-1$3, and IL-6 [91].

3.2. Flavonoids

Flavonoids can be found in many TCMs with anti-inflammatory effects, such as Tarax-
acum officinale L., Fructus Forsythiae, and Menthae Haplocalycis Herba. Common flavonoids in
these herbs are luteolin, quercetin, rutin, etc. The extract of Taraxacum officinale L., which
contains luteolin (Figure 1), was confirmed to have anti-inflammatory effects in many
studies. It can reduce the release of inflammatory cytokines, including NO, PGE2, IL-1f3,
IL-6, and TNF-«, by suppressing the NF-kB/iNOS and MAPK pathway [8,92-94]. Research
on the anti-inflammatory effects of luteolin dates back at least 20 years [95]. Luteolin can
reduce LPS-induced inflammation both in vivo and in vitro. A mechanism study showed
that luteolin inhibits the pro-inflammatory molecules TNF-« and ICAM-1 expression in
mice [95], and in RAW264.7 cells, luteolin also inhibits NO, IL-13, and IL-6 in addition to
TNF- [96].
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Figure 1. Chemical structures of the natural products isolated from TCMs with immunomodulatory effects.

Quercetin (Figure 1) is another common flavonoid in these “cold-natured” herbs. It
also can be found in some vegetables and fruits. The anti-inflammatory effect of quercetin
has been reported in many diseases such as inflammatory bowel disease, multiple sclerosis,
asthma, and atherosclerosis, in vivo or in vitro [97,98]. It was also in a clinical trial for
treating rheumatoid arthritis [99]. Quercetin inhibits inflammation via promoting anti-
inflammatory cytokine secretion (for example, IL-10), reducing pro-inflammatory cytokine
release (TNF-«, IL-13, and IL-6), inhibiting cyclooxygenase and lipoxygenase expression,
and maintaining mast cell stability [97,100].

Rutin (Figure 1) is a flavonoid that exists in Fructus Forsythiae [98]. Rutin shows
anti-inflammatory effects in activated human neutrophils, through inhibiting TNF- and
NO production, as well as myeloperoxidase (MPO) activity [101]. Rutin also attenuates
advanced glycation end product induced inflammation on human chondrocytes. The study
revealed that rutin targets BCL-2 and TRAF-6 in the NF-kB/MAPK pathway to inhibit
inflammation and treat osteoarthritis [102].

3.3. Volatile Oils

Volatile oils are the main active ingredients in Menthae Haplocalycis Herba, consisting
of menthol, menthone, isomenthone, piperitone, linalool, carvone, limonene, x-pinene,
-pinene, etc. The volatile oils of Menthae Haplocalycis Herba are reported to exhibit anti-
inflammatory and antimicrobial effects, as well as alleviate mental fatigue [88]. Menthol
(Figure 1) can be beneficial in rats with acetic acid-induced acute colitis. The protective
effect is related to the inhibition of MPO, as well as the reduction of TNF-«, IL-13, and
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IL-6 [103]. Menthone (Figure 1) is reported to reduce LPS-induced inflammation in mice.
The possible mechanism is that menthone inhibits the activation of NLRP3 inflammasome
and consequently reduces the release of pro-inflammatory cytokines, including IL-18, IL-1(3,
IL-5, TNF-«, IFN-y, G-CSF, GM-CSF, and MIP-13 [104].

3.4. Lignans

Lignans are one of the main active ingredients in Fructus Forsythiae. Fructus Forsythiae
is the dried fruit of Forsythia suspensa (Thunb.) Vahl, family Lignanaceae. Fructus Forsythiae
is often used for acute colds belonging to “heat”, lymphatic tuberculosis, urinary tract
infections, etc.

One of its main lignans with an anti-inflammatory effect is phillyrin (Figure 1).
Phillyrin inhibits inflammation both in vivo and in vitro. In a zebrafish model, phillyrin
reduced inflammation in a dose-dependent manner and improved survival. A mechanism
study showed that phillyrin inhibits the MyD88/IkBo/NF-«B signaling pathway, but not
ERK1/2 MAPKSs or JNK MAPKSs. It reduces neutrophil infiltration and down-regulates the
release of IkBet, TNF-o, IL-1f3, and IL-6 [105]. By regulating NF-«kB signaling, phillyrin also
alleviates inflammation induced by SARS-CoV-2 in Huh-7 cells. It decreases the release of
pro-inflammatory cytokines including TNF-c, IL-6, IL-13, MCP-1, and IP-10 [106].

Phillygenin (Figure 1) is another lignan in Fructus Forsythiae that targets the NF-«B
signaling pathway and shows anti-inflammatory effects. It inhibits LPS-induced inflam-
mation in LX2 and RAW 264.7 cell lines. Molecular docking indicated that phillygenin
has an affinity for many proteins in the NF-«B pathway, such as IKKf, p65, IkBx, and
TAK1 [107,108].

Arctiin (Figure 1) can be found in Fructus Forsythiae and exhibits anti-inflammatory
effects as well. It attenuates inflammation in different cells by inhibiting COX-2 expression,
which is an essential protein in inflammation [109,110]. Arctiin also activates Nrf2/HO-
1 signaling and blocks the RIG-I/JNK MAPK signaling of A549 cells in inflammation
induced by HIN2 avian influenza virus [110]. In an LPS-induced acute lung injury mice
model, arctiin significantly ameliorated lung histopathological changes and decreased lung
MPO activity. The mechanism study suggested that arctiin targets the PI3K/AKT/NF-«B
signaling pathway by inhibiting PI3K/Akt phosphorylation and NF-kB activation [111].

3.5. Alkaloids

Some alkaloids have a regulatory effect on the immune function of the body by
targeting inflammation-related pathways such as the NF-«kB signaling pathway. Matrine,
for example, is a tetracyclo-quinolizindine alkaloid (Figure 1) extracted from Sophora
flavescens. It balanced the Th1/Th2 axis and improved rheumatoid arthritis in a rat model.
By regulating the NF-kB pathway, matrine reduced the level of Thl cytokines (IFN-vy,
TNF-o, and IL-1f3) and raised Th2 cytokines (IL-4 and IL-10) [112].

Tetrandrine is an isoquinoline alkaloid (Figure 1) that can be isolated from Radix
Stephaniae Tetrandrae. It is reported to have inhibitory effects on the proliferation of T cells
via the NF-«B pathway. Tetrandrine prevents the degradation of IkBo and inhibits nuclear
translocation of p65 by blocking IKK« and IKKf activities, and tetrandrine down-regulates
the activation of MAPK including JNK, p38, and ERK, as well as the downstream transcrip-
tion factor AP-1 [113]. Isotetrandrine has a chemical structure very similar to tetrandrine,
differing only in the stereochemistry at the chiral centers (Figure 1). Isotetrandrine has
stronger inhibitory effects against the proliferation of T cells than those of tetrandrine [114].

3.6. Polysaccharides

Polysaccharides are sugar chains consisting of at least 10 monosaccharides bound by
glycosidic bonds. They are complex mixtures and one of the main active ingredients of
tonic herbs in TCM, such as polysaccharides from Ganoderma, Astragalus, Ginseng, Angelica
sinensis, etc. The pharmacological effects of polysaccharides on immune systems are
complicated. Some polysaccharides have an inhibiting effect on the immune system
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to attenuate excessive immune responses, while others have a stimulating effect on the
immune system to help the body fight against infections or tumors. In many cases, some
polysaccharides have both of these effects. It seems that these polysaccharides can balance
immune cells and restore immune functions from abnormal.

Ganoderma lucidum polysaccharide is extracted from sporoderm-removed spores of
the fungus. On one hand, it inhibits inflammation in AOM/DSS-induced colitis. Gano-
derma polysaccharide suppresses TLR4/MyD88/NF-«kB signaling, inhibits macrophage
infiltration, and down-regulates IL-13, iNOS, as well as COX-2 expressions in the colon.
It also inhibits LPS-induced inflammation markers and MAPK activation in RAW264.7,
HT-29, and NCM460 cells [115]. On the other hand, Ganoderma polysaccharide activates the
immune responses by binding to dectin-1, TLRs, MR, or CR3 on immune cells including
monocytes, macrophages, dendritic cells (DCs), granulocytes, neutrophils, and natural
killing (NK) cells. It also can directly activate lymphocytes and neutrophils [116].

3.7. Glycosides

Glycosides can be found in many TCMs such as Paeonia lactiflora Pallas, Radix Ginseng,
Radix Scutellariae, Radix Bupleuri, etc. As with polysaccharides, the immunomodulatory
effects of glycosides are complicated, encompassing both promotive and inhibitory effects.

Paeoniflorin (Figure 1) is a monoterpene glucoside that is the major active component
of Paeonia lactiflora Pallas. Paeoniflorin has protective effects on many autoimmune diseases
in animal models, including arthritis, liver injuries, allergic contact dermatitis, Sjogren
syndrome, psoriasis, multiple sclerosis, and asthma [117]. Paeoniflorin regulates the activa-
tion of T lymphocytes, B lymphocytes, and macrophages. It also inhibits DC maturation
and pro-inflammatory mediator production. As for pathways, paeoniflorin inhibits the
MAPK signaling pathway, the JAK2/STAT3 pathway, and the PI3K/Akt/mTOR pathway
in immune cells [117].

Ginsenoside Rgl (Figure 1) is one of the glycosides in Radix Ginseng. It has various
immune-modulating activities, for example, enhancing the immune activity of Th cells.
Ginsenoside Rgl can help mice fight against disseminated candidiasis. Ginsenoside Rg1
has no antifungal activity against C. albicans in vitro. However, it can promote CD4*T
cell immune response mediated by Thl1 cells in infected mice and consequently induces
cytokine release including IFN-y, IL-2, IL-4, and IL-10, exhibiting protective effects in
mice [118].

Saikosaponin d (Figure 1) can be found in Radix Bupleuri and is one of the major
bioactive components of medicine. Saikosaponin d helps generate functional mature
neutrophils in cancer chemotherapy-induced neutropenia. The generated neutrophils are
capable of resisting infection both in vitro and in vivo. This immune enhancing effect is
mediated by the CBL-ERK1/2 pathway, resulting in neutrophil differentiation [119].

4. Discussion

Fungal infections can disrupt homeostasis in a number of ways. On the one hand, the
invasive growth of fungi destroys mucous membranes and destroys the structure of tissues
and organs. On the other hand, it can induce inflammation and trigger dysfunction in the
body, making it harder to recover.

In the theory of TCM, the philosophy of treating fungal diseases does not just focus
on antifungal, but on both antifungal and immune regulation. Herbal preparations are
commonly used to treat fungal diseases, and these often contain a variety of ingredients
that have complex regulatory effects on both the fungus and the host. Some ingredients
kill the fungus, and others balance the host’s immune response. TCM regulates the host
immune response in two directions. Some herbs suppress the immune response by reducing
inflammation, while others boost the immune system'’s ability to clear fungi. This overall
regulation of the fungus and the host is very helpful in the treatment of fungal infections.

However, TCM has two drawbacks in treating fungal infections. First, the effective
ingredients of TCM are not clear. Second, the mechanism of TCM treatment of fungal infec-
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tion is still unclear. In recent years, efforts have been made to explore the active ingredients
of TCM and elucidate its mechanism of action. The material basis and mechanism of TCM
treatment of fungal infection were discussed in this paper.

4.1. Material Basis of TCM for Treating Fungal Infection Diseases

Overall, there are two strategies for TCM to treat fungal infections, antifungal and
immunomodulation. There are many chemicals from TCM exhibiting antifungal activities,
and most of them can be divided into terpenoids, volatile oils, flavonoids, alkaloids,
quinones, coumarin, etc. The terpenoid family of antifungal compounds varies greatly
in structure, from thymol, with a molecular weight of less than two hundred, to dioscin,
with a molecular weight of more than eight hundred. Interestingly, it seems that the
larger the molecular weight of the terpenoid, the better its antifungal activity. Dioscin
has the most complex molecular structure in this group, and it has the best antifungal
activity against Candida spp., with MIC values of 2—4 pg/mL. Volatile oils have their own
advantages and disadvantages. Most volatile oils have a pleasant aromatic scent and can be
used for environmental sterilization or topical medications. However, their volatile nature
makes them difficult to store and transport and are therefore not an ideal antifungal drug
preparation. The flavonoids mentioned in this review share a moderate activity against
C. albicans.

The chemicals with the strongest antifungal activity are from the alkaloid and quinone
families, such as chelerythrine and shikonin. They both exhibit broad and potent activities
against common Candida spp., with MICs ranging from 2 to 16 ug/mL. One potential
problem with alkaloids and quinones is their toxicity [120]. Quaternary ammonium alka-
loids, such as chelerythrine, bearing a quaternary nitrogen atom, have oxidative effects
and are thus usually toxic to cells. An evaluation of the acute hepatotoxicity effect of
chelerythrine at a dose of 10mg/kg/day (i.p.) showed that chelerythrine caused marked
parenchymal damage in the liver [121]. Meanwhile, ECs5 of shikonin against V79 cell lines
was 0.4 ug/mL by an MTT assay [122]. Through structural modification, chemicals of these
two families are promising antifungal lead compounds.

The single use of Chinese medicine has a significant antifungal effect, and the combi-
nation of Chinese medicine and existing antifungal drugs can produce synergistic effects,
such as the combination of berberine and fluconazole. Using this synergy, we can enhance
the effect of the drug and reduce drug dosage. Therefore, we can reduce the side effects of
drugs. In addition, the combination of two or more drugs can also reduce the development
of resistance.

Unlike TCM ingredients with antifungal effects, ingredients with immunomodulatory
effects have their own unique chemical structure characteristics. Major TCM ingredients
with immunomodulatory activity can generally be classified into the categories of phenolic
acids, flavonoids, volatile oils, lignans, polysaccharides, glycosides, and alkaloids. There
are two types of immunomodulatory effects of these TCM ingredients. Most of the phenolic
acids, flavonoids, volatile oils, lignans, and alkaloids show anti-inflammatory effects in the
immune response of the host, while polysaccharides and glycosides usually have immune-
promoting properties. For example, Ganoderma lucidum polysaccharide activates immune
response by binding to receptors on immune cells, ginsenoside Rgl enhance the immune
activity of Th cells, and saikosaponin d helps generate functional mature neutrophils in
neutropenia hosts.

Panax ginseng is a traditional Chinese valuable herb with a history of application for
more than 2000 years. Ginseng is used in Chinese medicine to prolong the life of critically
ill patients and is used in folklore as a tonic for strengthening the body. Modern pharmaco-
logical studies have shown that it has immune-enhancing and antioxidant properties [123].
Polysaccharides and glycosides are two major active components in ginseng, both of which
are very promising immunomodulatory drug candidates [124]. They are relatively safe
in vivo [125]. Polysaccharides are a relatively complex mixture of components and are
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therefore difficult to synthesize in vitro, and biosynthesis may be a good way to develop
such drugs.

4.2. Mechanism of Chinese Medicine in Treating Fungal Infectious Diseases

The mechanism of antifungal action of TCM ingredients has been insufficiently studied
(Figure 2). Most of the currently reported chemicals do not have a clear target. For the
TCM ingredients that act on fungi, the main mechanisms involve inhibiting the virulence
factors of fungi (hyphal growth, cell adhesion, production of phospholipase), disturbing
fungal cell wall synthesis, damaging the fungal cell membrane, inhibiting the mitosis
process, altering the glycerophospholipid metabolism, influencing the drug efflux function,
increasing intracellular ROS levels, and inducing apoptosis. Two related pathways in
fungal cells are the HOG-MAPK pathway and the Ras-cAMP pathway. Among those
chemicals, shikonin is reported to promote histone H3 on lysine 56 residue acetylation
via HST3 in C. albicans [83]. Again, shikonin exhibits strong antifungal activities with a
broad spectrum and a clear binding target, making it a good candidate to become a lead
compound in antifungal drug development.
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Figure 2. Antifungal mechanisms of some TCM ingredients.

As for immunomodulatory TCM ingredients, the mechanisms involve two aspects:
anti-inflammation and immune enhancement. The pathways that anti-inflammatory ingre-
dients related with are the NF-«xB pathway, MAPK signaling pathways, and the JAK/STAT
pathway. The NF-«kB pathway is one of the most important pathways that regulates inflam-
mation responses in hosts. NF-kB remains inactive in the cytoplasm when binding to its
inhibitor IkB. When the cell is stimulated, IKK promotes the phosphorylation of IkB and
leads to the dissociation of NF-kB. Then, NF-«B is translocated into the nucleus and binds to
DNA, resulting in gene transcription and protein synthesis, which are related to inflamma-
tion response [126,127]. Nearly all the anti-inflammatory functions of TCMs listed here are
related to the NF-kB pathway (Figure 3). MAPK cascades mediate the signal transduction
from extracellular signals to intracellular reactions [126]. There are at least three MAPK
cascade signal transduction pathways that are involved in the anti-inflammation effects of
TCM ingredients: ERK, JNK, and p38. Rosmarinic acid, rutin, and arctiin down-regulate
protein expressions in the MAPK pathway. This reduces inflammatory responses. The
JAK/STAT pathway is another type of cascade that translates extracellular chemical signals
into the permission of JAK phosphorylation and STAT activation. The pathway is related
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to many cellular processes, including cell proliferation, differentiation, apoptosis, and
immune regulation [128]. Chlorogenic acid and paeoniflorin can inhibit the JAK/STAT
pathway and alleviate the inflammation response. However, both the MAPK pathway
and the JAK/STAT pathway are involved in many essential biological processes, and this
prevents the two pathways from being good anti-inflammatory targets. Inhibiting targets
in these pathways may cause many adverse effects.
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Figure 3. Inmunomodulatory mechanisms of some TCM ingredients. When cytokines, hormones,
growth factors, or LPS bind to the receptors on the cell membrane, down-stream pathways are
stimulated. Transcription factors that are regulated by these pathways enter the nucleus and promote
the expression of inflammatory factors or immunomodulatory factors. TCM ingredients affect these
pathways and thereby regulate inflammatory processes as well as the immune system.

The immune-enhancing effects are usually induced by stimulating immune cells. For
example, Ganoderma polysaccharide boosts immune response by binding to dectin-1, TLRs,
MR, or CR3 on immune cells. Ginsenoside Rgl promotes the CD4*T cell immune response
mediated by Th1 cells, and saikosaponin d helps produce mature neutrophils mediated by
the CBL-ERK1/2 pathway.

In addition, there are some interesting molecules, such as chlorogenic acid, that possess
both antifungal and anti-inflammatory effects via different mechanisms. On one hand,
it possibly binds to CYP51 as well as ALS3 and induces apoptosis in Candida spp. On
the other hand, it inhibits the JAK/STAT and NF-«kB pathways by suppressing p-STAT3,
JAK1, p50, and IKK in host cells. This kind of molecule with multiple targets is also a good
candidate for drug discovery.

4.3. Exploitation of TCM and Development of New Antifungal Drugs

If antifungal ingredients are combined with immunomodulatory components of TCM,
more ideal antifungal therapeutic effects may be obtained. However, there are still some
problems in the development of TCM. Many TCM candidates have shown good antifungal
activity in vitro, but few have shown consistent efficacy in animal models or clinical trials.
This problem makes the application of TCM in antifungal therapy a great challenge.

There may be some reasons for this. First, the content of active ingredients in TCM
is relatively low. We can use the technology of synthetic biology to genetically modify
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medicinal plants or use engineering yeast to increase the yield of effective components.
Synthetic biology was applied to improve the production of natural products in many cases.
For example, by introducing the Artemisia annua Linn. genes that encode the enzymes of
the artemisinin biosynthetic pathway into yeast cells, we can improve the artemisinic acid
yields from 1% to 25 g/L [129,130], although artemisinin production costs may increase as a
result. The application of modern technology to improve the yield and economic benefits of
the effective components can effectively solve some difficulties in the application of TCM.

Another possible reason is the relatively low efficacy and poor ADME properties of
the active ingredient. We can modify the structure of the active small molecules of TCM by
semi-synthesis or total synthesis, explore the structure-activity relationship, and select the
molecules with better medicinal properties from the derivatives. TCM is a rich reservoir of
biologically active natural products. It can provide us with many implications for the study
of novel chemical structures with antifungal or immunomodulatory activities. We can
screen for new lead compounds in this different TCM chemical pool. A variety of series of
derivatives can be developed based on lead compounds to improve their efficacy, toxicity,
and pharmacokinetic properties. By evaluating these derivatives, we can find antifungal
candidates with high efficacy, low toxicity, and good ADME properties.

Currently, the development of TCM antifungal drugs is still in the stage of drug
screening, and the mechanism of action of these bioactive molecules or mixtures is not clear.
Future research should focus on the development of natural drugs with clear ingredients, a
clear mechanism of action, and an optimized structure of active ingredients. It is hoped
that new antifungal drugs with high efficiency and low toxicity can be developed.
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Abstract: Antibiotics can inhibit or kill microorganisms, while microorganisms have evolved antibi-
otic resistance strategies to survive antibiotics. Zymomonas mobilis is an ideal industrial microbial chas-
sis and can tolerate multiple antibiotics. However, the mechanisms of antibiotic resistance and genes
associated with antibiotic resistance have not been fully analyzed and characterized. In this study, we
investigated genes associated with antibiotic resistance using bioinformatic approaches and examined
genes associated with ampicillin resistance using CRISPR/Cas12a—based genome—editing technol-
ogy. Six ampicillin—resistant genes (ZMO0103, ZMO0893, ZMO1094, ZMO1650, ZMO1866, and
ZMO1967) were identified, and five mutant strains ZM4A0103, ZM4A0893, ZM4A1094, ZM4A1650,
and ZM4A1866 were constructed. Additionally, a four—gene mutant ZM4AARs was constructed by
knocking out ZMO0103, ZMO0893, ZM 01094, and ZMO1650 continuously. Cell growth, morphol-
ogy, and transformation efficiency of mutant strains were examined. Our results show that the cell
growth of ZM4A0103 and ZM4AARs was significantly inhibited with 150 ug/mL ampicillin, and cells
changed to a long filament shape from a short rod shape. Moreover, the transformation efficiencies of
ZM4A0103 and ZM4AARs were decreased. Our results indicate that ZMOO0103 is the key to ampicillin
resistance in Z. mobilis, and other ampicillin—resistant genes may have a synergetic effect with it. In
summary, this study identified and characterized genes related to ampicillin resistance in Z. mobilis
and laid a foundation for further study of other antibiotic resistance mechanisms.

Keywords: Zymomonas mobilis; antibiotic resistance; ampicillin; genome editing; CRISPR—Cas12a;
resistance selection markers

1. Introduction

Antibiotics are natural secondary metabolites or artificially synthesized analogs pro-
duced by organisms, such as bacteria, animals, and plants during the metabolic process
to kill pathogens [1]. They are commonly used during plasmid and strain construction in
genetic engineering and are usually used as the feed additive for the growth and disease
resistance of plants and animals [2]. In the environment, competition exists among mi-
croorganisms for living space and nutrients. Some microorganisms compete with others by
producing antibiotics that are sensitive to antibiotics. For example, streptomyces can produce
80% of the antibiotics currently known [3]. At the same time, various microorganisms
naturally have certain resistance to different antibiotics, which brings challenges to the
genetic engineering of strains [4].

At present, four classes of antibiotics are mainly classified according to their inhi-
bition pathway: (i) inhibition of cell wall synthesis, such as #—lactam antibiotics and
glycopeptides; (ii) inhibition of protein synthesis including macrolides, oxazolidinones,
amphenicols, lincosamides, tetracyclines, and aminoglycosides [5]; (iii) inhibition of DNA
synthesis by targeting gyrase or DNA, such as fluoroquinolones and nitroimidazoles [6,7];
and (iv) inhibition of membrane integrity, such as lipopeptides (e.g., daptomycin) [8] and
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polymyxins (e.g., colistin) [9]. 3—Lactams are the most widely used antibiotics with the
potential to interrupt bacterial cell wall formation as a result of covalent binding to essential
penicillin—binding protein (PBP) enzymes that are involved in the terminal steps of peptido-
glycan cross—linking in both Gram—negative and Gram—positive bacteria [10]. Ampicillin
is the representative § —lactam antibiotic and commonly used in genetic engineering to
screen colonies with ampicillin resistance.

To survive in an environment containing antibiotics, microorganisms have developed
a variety of antibiotic resistance (AR) mechanisms during evolution. Based on the bio-
chemical route involved in resistance, the mechanisms of antibiotic resistance currently
are classified into four types. The first one is to modify the antimicrobial molecule. Some
enzymes are capable of chemical alterations to inactivate the antibiotics with acetylation,
phosphorylation, and adenylation of the antibiotics, such as aminoglycosides, chloram-
phenicol, and streptogramins [11]. Some enzymes can destroy the antibiotic molecule,
such as 3 —lactamases, rendering the antibiotic unable to interact with the target sites [11].
The second is to prevent antibiotics from reaching their target by decreasing penetration
or actively extruding the antimicrobial compound. A reduced number or differential ex-
pression of porins, such as the OprD porin protein in some microorganisms, prevented
the entry of carbapenems [12]. Extruding the toxic compound out of the cell through
an efflux pump [13,14] and the formation of biofilm [15] are also effective to prevent the
entrance of antibiotics. The third one is to change or bypass target sites by avoiding the
antibiotic to reach its binding site or to modify the target sites that results in decreased
affinity for the antibiotic molecule. The last type is a global cell adaptive response to the
antibacterial attack.

Z. mobilis is a facultative anaerobic Gram —negative bacterium with a unique Entner—
Doudoroff (ED) pathway and many excellent physiological characteristics for industrial
bioethanol production, such as the highly efficient utilization of sugar and high ethanol
yield and ethanol tolerance [16,17]. Currently, the available antibiotics used for genetic
engineering in Z. mobilis include ampicillin, kanamycin, spectinomycin, chloramphenicol,
tetracycline, streptomycin, and gentamicin [18,19]. Among them, some antibiotics are
naturally resisted by Z. mobilis at low concentrations, such as ampicillin < 300 ng/mL,
kanamycin < 350 pg/mL, streptomycin < 300 pug/mL, gentamicin < 100 pug/mL, and
tetracycline and chloramphenicol < 25 ug/mlL [18,19]. In addition, different subspecies of
Z. mobilis have variable susceptibility to different antibiotics. For example, the working
concentrations of ampicillin, chloramphenicol, tetracycline, and kanamycin that are used
for genetics studies were 300 vs. 500, 100 vs. 100, 25 vs. 25, and 350 vs. 250 ug/mL in Z.
mobilis ZM4 and CP4, respectively [19].

Although Z. mobilis is tolerant to ampicillin, only one work reported that ZMO0103
probably is an ampicillin—resistant gene, which reported the results of a heterologous
protein expression and an enzymatic kinetic analysis [20]. The genome sequence of Z.
mobilis ZM4 was published, and the genome annotation was further improved [21-23].
Moreover, the genome—editing tools including the native type I-F CRISPR—Cas system
and the CRISPR—Cas12 system as well as the platform to identify and characterize biologi-
cal parts have been established in Z. mobilis [24-26]. Therefore, we attempted to explore
the ampicillin tolerance mechanism of Z. mobilis by identifying potential resistance genes
using bioinformatics approaches and constructing ampicillin—sensitive mutant strains by
genome engineering to verify its function.

2. Results
2.1. In Silico Analysis of the AR Genes of Z. mobilis ZM4

A total of 100 candidate AR genes in Z. mobilis ZM4 were predicted using the databases
of CARD and MEGARes. The results demonstrate that Z. mobilis ZM4 contains 9 puta-
tive lactamase—related genes (ZMO0103, ZMOO0108, ZMO0598, ZMO0675, ZMOO0781,
ZMO1336, ZMO1574, ZMO1914, and ZMO1967), 7 putative transferase—related genes
(ZzMO0111, ZMO0183, ZMO1143, ZMO1306, ZMO1355, ZMO1452, and ZMO1577), 8
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putative porin—related genes (ZMO0079, ZMOO0257, ZMO0478, ZMO1124, ZMO1164,
ZMO1177, ZMO1322, and ZMO1387), and 76 putative efflux pump—related genes (See
Supplementary Materials Table S1). In addition, 68 3 —lactamase genes were predicted in
ZM4 by BLASTP with the gene sequences of the 3 —lactam class in the UniProt database
(See Supplementary Materials Table S52). Among them, six genes were annotated as
3 —lactamase—encoding genes (ZMO0103, ZMO0893, ZM0O1094, ZMO1650, ZMO1866,
ZMO1967), two candidate genes in list 1 (ZMO0103, ZM0O1967), and five genes in list 2
(ZMO0103, ZMO0893, ZMO1650, ZMO1866, and ZMO1967).

Five putative ampicillin—resistant (AR) candidate genes of ZMO0103, ZMO0893,
ZMO1650, ZMO1866, and ZMO1967 were predicted as the p—lactamase genes, and
ZMO1094 was annotated as metallo—beta—lactamase—like protein—encoding gene in
ZM4. Multiple sequence alignment revealed that ZMO0103, ZMO0893, and ZMO1650
belong to the AmpC superfamily (Supplementary Materials Figure S1); ZMO1967 and
ZMO1094 belong to the PenP superfamily (3 —lactamase class A), while ZMO1866 belongs
to the RnjA superfamily (Supplementary Materials Figure S1) according to the conserved
domain search [27]. Moreover, ZMO0103, ZMO0893, and ZMO1650 have similar conserved
structures based on the multisequence alignment results (Supplementary Materials Figure S2).

2.2. Ampicillin Resistance—Related Gene Knockout in Z. mobilis ZM4

Subsequently, six ampicillin—resistant (AR) candidate genes based on the above bioin-
formatics study were selected for knockout using the CRISPR—Cas12a genome—editing
system. Except for ZMO1967, which may be an essential gene and cannot be knocked
out, five other genes of ZMO0103, ZMO0893, ZM0O1094, ZM 01650, and ZMO1866 were
successfully knocked out with the CRISPR—Cas12a system. As demonstrated in Figure 1,
the expected sizes of the amplicon of ZMO0103, ZMO0893, ZM0O1094, ZMO1650, and
ZMO1866 in the wild type (WT) strain were obtained, which were ~4021, 3314, 3122, 3746,
and 3768 bp, respectively. As a contrast, the corresponding amplified fragments in the
knockout strains were ~2247, 2232, 2361, 2221, and 2080 bp, respectively (Figure 1). The
inactivation of the AR genes was further confirmed by Sanger sequencing of the PCR prod-
ucts. Then, the knockout strains harboring the editing plasmids were cultured in RMG5
for several passages to obtain the final strains with the editing plasmid cured. Except for
ZMO1866, ZMO0103, ZMO0893, ZM(O1094, and ZMO1650, the knockout strains lost the
editing plasmid successfully, which can only grow in RMGS5 after 24 h cultivation, but not
in the medium with chloramphenicol (Supplementary Materials Figure S2).

A B C
0103 WT M 0893 WT M 1094 WT M
[ —_— - 5 kb - 5K
- 3 kb [—] - 3 kb
— - 2 kb -2k
D
1650 WT

- 5 kb

- 3 kb

- 2 kb

ZMO0103  ZMOO0893  ZMO1094  ZMO1650

M AAR WT AAR WT AAR WT AAR WT

Figure 1. Confirmation of ampicillin—resistant (AR) knockout strains in Z. mobilis ZM4 by PCR.
The mutants of ZM4A0103 (A), ZM4A0893 (B), ZM4A1650 (C), ZM4A1094 (D), ZM4A1866 (E), and
ZM4AARs (F) were confirmed by colony PCR using their corresponding primers. The sizes of PCR
products (bp) of WT and knockout strains were 4021, 2247 (ZM4A0103); 3314, 2232 (ZM4A0893); 3122,
2361 (ZM4A1650); 3746, 2221 (ZM4A1094); 3768, 2080 (ZM4A1866).
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To obtain the strain with all the ampicillin—resistant (AR) candidate genes knocked out,
we further conducted six rounds of genome editing continuously with the CRISPR—Cas12a
system. Consistent with the above single—gene deletion experiments, we only obtained a
mutant strain, ZM4AArs, with four ampicillin—resistant (AR) genes of ZM 00103, ZM0O0893,
ZMO1094, and ZMO1650 knocked out continuously, while ZMO1967 and ZMO1866 were
not able to be deleted. The ZM4AARs was further identified by colony PCR using the
primers for each gene. The results of the correct PCR products of four genes indicate that
these four ampicillin—resistant (AR) genes were knocked out successfully in ZM4AARs
(Figure 1F).

2.3. Antibiotic Tolerance of Ampicillin—Resistant (AR) Gene Knockout Strains

Previous studies reported that the concentration of ampicillin required for plate screen-
ing and liquid culture of the transformants in genetic engineering manipulation of Z. mobilis
ZM4 was 300 pg/mL [19]. In this study, we set three ampicillin concentration gradients of
0, 150, and 300 pg/mL to cultivate the ampicillin—resistant (AR) gene knockout strains.
As demonstrated in the Supplementary Materials Figure 5S4, the deletion of ZM 01094 and
ZMO1650 individually did not decrease the ampicillin resistance. Specifically, the growth
of ZM4A1094 and ZM4A1650 under different ampicillin concentrations was not inhibited
compared with ZM4, whereas the deletion of ZM00893 and ZMO1866 individually were
effective. The growth of ZM4A0893 and ZM4A1866 was inhibited under 150 pg/mL ampi-
cillin with a slower growth rate of 0.15 + 0.03 h~! and 0.05 & 0.01 h~! compared with the
value of 0.24 4 0.02 h~! for wild—type ZM4 (Figure 2). The growth of the ZMO0103 mutant
ZM4A0103 was the slowest among all strains with the lowest growth rate of 0.21 + 0.01 h~!
under 0 pug/mL ampicillin, and ZM4A0103 was inhibited by all concentrations of ampicillin,
such as 150 pg/mL (Figure 2, Supplementary Materials Figure 54).
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Figure 2. The specific growth rate of ampicillin—resistant (AR) gene knockout strains cultured under
0 and 150 pg/mL of ampicillin. Three replicates were performed for the experiment. When the
mutant could not grow under the condition, the sample is marked “ND” (not detected). * represents
a significant difference with p—value < 0.05. ** represents a significant difference with p—value < 0.01.
*** represents a significant difference with p—value < 0.001. ns represents no significant difference.

The same experiment was also carried out for ZM4AARs, a mutant strain with four
ampicillin—resistant (AR) genes deleted. Under 0 pg/mL ampicillin, a long lag phase
was observed with a lower growth rate of 0.15 £ 0.01 h~! in ZM4AARs compared to
ZM4A0103 (Figure 2, Supplementary Materials Figure S4), and ZM4AARs also cannot grow
at 150 pg/mL ampicillin. Combined with the growth of single—gene knockout strains
under RMG5, we speculated that the deletion of ZMO0103 is one of the major reasons
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for the poor growth of ZM4AARs, and other ampicillin—resistant (AR) genes may have
a synergetic effect on ampicillin resistance. However, as previously reported, when the
ampicillin concentration increased to 300 pg/mL, nearly all the strains could not grow.
These results also demonstrate that the mutants ZM4A0103 and ZM4AARs had a lower
ampicillin tolerance concentration—150 pg/mL.

2.4. Cell Morphology of Mutants Treated with Ampicillin

Previous studies demonstrated that cell cultures in the presence of antibiotics resulted
in abnormal cellular morphology in various degrees, such as elongated or distorted cell
shapes [28,29]. To evaluate the morphological changes of ampicillin—resistant (AR) gene
knockout strains during the ampicillin treatment, cell morphologies of three Z. mobilis
strains (ZM4, ZM4A0103, and ZM4AArs) were observed under light microscopy. The
results show that ZM4A0103 and ZM4AARs had longer rod shapes with various cell
lengths and widths. The lengths of ZM4A0103 and ZM4AARs were around 10.6 £ 7.2 um
and 11.3 & 5.9 pm compared to that of wild —type ZM4 (3.2 £ 0.9 um) in RMG5 without
ampicillin (Figure 3). However, when strains were cultured in RMG5 with 100 pg/mL
ampicillin (RMA100), the cellular morphology of ZM4A0103 (16.1 & 9.3 um) and ZM4AARs
(16.0 £ 7.8 um) changed and was longer with a filament shape, while the length of ZM4
did not change much (4.1 £ 1.0 um). This demonstrated that ampicillin was more stressful
to ZM4A0103 and ZM4AARs during cell growth, and ZM4A0103 and ZM4AARs were
more sensitive to ampicillin than ZM4. Similar morphological changes of Z. mobilis have
been previously described when the cells were exposed to different stresses, such as
high temperature [30], lignocellulosic hydrolysate inhibitory [31], high concentration of
xylose [32], and salt conditions [33].

ZM4 ZM4A0103 ZM4AARs

RMA100

Figure 3. Cell morphology of strains ZM4, ZM4A0103, and ZM4AARs cultured in RM and RMA100
was observed by light microscopy. The numbers with error value in each image represent the average
cell size (um) analyzed with Image] software. Numbers in the lower right corner of each represent
the scale. RM and RMA100 represent the different RMG5 media with 0 and 100 pg/mL of ampicillin.

2.5. Effects of Ampicillin—Resistant (AR) Gene Mutagenesis on Genetic Transformation Efficiency

The transformation efficiencies of both ZM4A0103 and ZM4AARs were significantly
reduced using the plasmids of pEZ15A (~3 kb) and pE39—MVA (~10 kb). The electropo-
ration efficiency of plasmid pEZ15A in ZM4 was (1.50 & 0.08) x 10° CFU/ug DNA, which
was decreased to (1.66 + 1.98) x 10* and (2.66 + 1.11) x 10° CFU/ug DNA in ZM4A0103 and
ZMA4AAREs, respectively (Figure 4, Supplementary Materials Figure S5), with the transformation
efficiencies reduced ca 10~100 fold. Few colonies grew on the plate after the electroporation of
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pE39—MVA to ZM4A0103 and ZM4AARs, while the efficiency of (1.35 + 0.01) x 10* CFU/ g
DNA in ZM4 was observed (Figure 4, Supplementary Materials Figure S6). The transformation
efficiency of ZM4A0103 and ZM4AARs cannot be calculated when the pE39—MVA plasmid
with a large size was used. These results suggest that the predicted 3 —lactamase genes in-
fluenced the genetic transformation efficiency and significantly reduced the electroporation
efficiency especially with the larger plasmid.
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Figure 4. Electroporation efficiency of ZM4, ZM4A0103, and ZM4AARs using plasmids of pEZ15A
(~3 kb) and pE39—MVA (~10 kb). Three replicates were performed for the experiment. The error
bar represents standard deviation (SD). When transformation of a plasmid was below the limit of
detection (0.00001), the sample is marked “ND” (not detected). *** represents a very significant
difference (p—value < 0.001).

3. Discussion

In this study, we first predicted six functional 3 —lactamase genes that may cause
ampicillin antibiotic resistance in Z. mobilis ZM4 by bioinformatics analysis. ZM00103,
ZMO0893, and ZMO1650 belong to the AmpC superfamily containing similar conserved
structures, indicating that they may have similar functions in cellular processes. ZMO1967
belongs to the PenP superfamily, which is associated with 3 —lactamase class A. ZM01094
and ZMO1866 are not closely related to the function of 3 —lactams. We attempted to knock
out all six of them in ZM4; unfortunately, only 5 of them were deleted individually using
the CRISPR—Cas12a genome—editing system. The ZMO1967 protein has a transmembrane
domain at the N—terminus with a probability of 0.98 by TMHMM—2.0 (https:/ /dtu.biolib.
com/DeepTMHMM, accessed on 24 August 2022). In addition, ZMO1967 is probably an
essential gene according to the results of the genome—wide CRISPRi (unpublished data),
which may be the reason that it failed to be knocked out in this study. We successfully
deleted five 3 —lactamase genes individually in ZM4, but the editing plasmid for ZMO1866
deletion was not able to be eliminated.

Our study demonstrated that in addition to ampicillin resistance, these genes anno-
tated as ampicillin—resistant (AR) genes had other effects on cell morphology, cell growth,
and transformation efficiency. The knockouts ZMO0893, ZMO1094, and ZMO1866 slightly
inhibited the growth under the addition of 150 pug/mL. Especially, when ZMO0103 was
deleted, the growth of the strain was inhibited mostly with different concentrations of
ampicillin. The biomass of ZM4A0103 hardly increased under ampicillin > 150 ug/mL. In
addition, similar growth inhibition was also observed in four ampicillin—resistant (AR)
genes of ZMOO0103, ZMO0893, ZMO1094 and the ZMO1650 knockout strain ZM4AARs.
The previous study reported that ZMO0103 was a 3 —lactamase gene, which contains a 55%
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amino acid sequence identity with class C 3 —lactamase genes [20]. A higher expression
level [30,34-36] of ZMOO0103 in ZM4 may be ascribed to the absence of the AmpR that
can inhibit the expression of ZMO0103. The result of multiple sequence alignment shows
that the homologous protein of 3 —lactamase ZMO0103 was only found in Sphingomonas
(Supplementary Materials Figures S7 and S8). Combining the result of the improved
sensitivity of ZM4A0103 to ampicillin in this study, we speculated that ZMO0103 is a
unique protein and the most important $ —lactamase in Z. mobilis ZM4, resulting in the
high resistance of ZM4 to 3 —lactam antibiotics, such as ampicillin [17].

In addition, we also found that the growth of ZM4A0103 and ZM4AARs was inhibited
even without the addition of ampicillin. Considering the existence of transmembrane
helices and signal peptides at the N—terminus (https:/ /services.healthtech.dtu.dk/service.
php?SignalP, accessed on 28 August 2022) of ZMO0103, ZMO0103 located on the cell
membrane may directly hydrolyze ampicillin in the periplasmic space, and the integrity
of the membrane could be disrupted by knocking out ZMO0103 leading to the defective
growth of ZM4A0103 and ZM4AARs. Furthermore, cell sizes of ZM4A0103 and ZM4AARs
became longer and further lengthened with the addition of ampicillin indicating that
the AmpC family lactamase protein ZMO0103 is related to cell wall biosynthesis and
deconstruction and crucial for cell morphology and growth. Microscopic observations
under RMG5 showed that the longest cells in ZM4A0103 and ZM4AARs increased in length
by 13.7 um and 13.1 um, respectively, compared to the longest cells in the wild—type
ZM4. In addition, when 100 pg/mL of ampicillin (RMA100) was added, the cell lengths
of the longest cells in ZM4A0103 and ZM4AARs could increase by 7.6 um and 6.6 um,
respectively, compared to the lengths of ZM4A0103 and ZM4AARs under RM. These results
suggest that the deletion of ZMO0103 affected the cell wall structure and the cell membrane
and therefore led to changes in the intracellular osmotic pressure, thus enlarging the cells
similar to the result of the previous study [37].

Based on our speculation that the deletion of ZMO0103 may affect cell membrane
and cell wall structures, we expected that the exogenous DNA could be more easily
transferred into the cells. So, we further tested the transform efficiency of ZM4A0103 and
ZM4AARs using two plasmids of pEZ15A and pE39—-MVA with different sizes. However,
lower transformation efficiencies were observed when pEZ15A and pE39—-MVA were
electroporated into ZM4A0103 and ZM4AARs compared with ZM4. Particularly, in the
case of pE39—MVA, almost no transformants were obtained, which suggested that the
transformation efficiency of the knockout strains was affected by plasmids sizes. However,
the mechanisms of how ZMO0103 influences the transformation efficiency remain to be
investigated including the constructing a truncated mutant of ZMOO0103 by deleting the
catalytic domain (amino acids from position 52 to 405) or the C—terminal domain (amino
acids from position 406 to 520) that may influence the transformation of exogenous DNA.
In addition, the restriction—-modification (R-M) system genes (ZMO0028, ZM0O1933, and
ZMOp32x025_028) could be knocked out in ampicillin—resistant gene knockout strains to
further improve the transformation efficiency [38—40].

4. Materials and Methods
4.1. Strains and Cultural Conditions

E. coli DH5x was stored in our laboratory and used for plasmid maintenance and
construction. During culturing, 50 ng/mL of chloramphenicol was added to Luria—Bertani
(LB) medium (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl, pH 7.0) for E. coli
and cultured at 37 °C. Z. mobilis ZM4 was used as the parental strain for the construction of
derived mutants and cultured with Rich Medium (RMGS5) (50 g/L glucose, 10 g/L yeast
extract, and 2 g/L KH,POy) at 30 °C. When required, 50 ng/mL of chloramphenicol and
100 pg/mL of spectinomycin were added to the LB and RMG5. All E. coli, Z. mobilis, and
their derivative strains used in this study are listed in the Supplementary Materials Table S3.
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4.2. In Silico Analysis of the AR Genes of Z. mobilis ZM4

A BLASTP analysis of the Z. mobilis ZM4 proteome was performed using two databases
for resistance genes: CARD (Comprehensive antibiotic resistance database) and MEGARes
database. In addition to using BLASTP to investigate the relatedness of the sequences to
those contained within the CARD and MEGARes databases, we further aligned with the
gene sequences of the 3 —lactamase class in the UniProt database with the Z. mobilis ZM4
protein sequences. We chose the common genes of candidate 3 —lactamase genes after
BLASTP with CARD and MEGARes databases and genes annotated as 3 —lactamase as
candidate gene list 1. Then, we chose the common genes of candidate 3 —lactamase genes
after BLASTP with the UniProt database and genes annotated as (3 —lactamase as candidate
gene list 2. The common genes within both candidate gene list 1 and list 2 were the final
candidate 3 —lactamase genes used for investigation in this work. The 3 —lactamase genes
with a significant E—value of 2 x 107! were selected.

4.3. Construction of Editing Plasmids of Ampicillin—Resistant (AR) Genes in Z. mobilis ZM4

The spacers were designed to bear the entire 23 bp sequences containing a 5’ ~NTTN—3’
PAM for six genes of ZMO0103, ZMO0893, ZM01094, ZM0O1358, ZMO1866, and ZMO1967.
The oligonucleotides of spacers were ordered from TsingKe Biotechnology Co., Ltd. (Bei-
jing, China). CRISPR—Cas12a—editing plasmids were constructed following the previ-
ous description [25]. The Casl2a—targeting gRNA sequence was annealed using two
single—stranded oligonucleotides by first heating the reaction mixture to 95 °C for 5 min
and subsequently cooling down gradually to room temperature. Then, the annealed spacer
was ligated into Bsa I-linearized pEZ—sgr by T4 ligase at 22 °C for 3 h. The resulting plas-
mids were named as pEZ—sgr—0103, pEZ—sgr—0893, pEZ—sgr—1094, pEZ—sgr—1385,
pEZ—sgr—1866, and pEZ—sgr—1967.

Gibson assembly method was utilized for donor construction. Donor sequences
including extra ~800 bp upstream and downstream flank sequences of the candidate gene
were amplified using Primer STAR polymerase (Takara, Japan) from the genomic DNA
of Z. mobilis ZM4 and then cloned into pEZ—sgr vector by T5 exonuclease (NEB, WA,
USA). The resulting plasmids were named as pEZ—sgr—0103—D, pEZ—sgr—0893—D,
pEZ—sgr—1094—D, pEZ—sgr—1385—D, pEZ—sgr—1866—D, and pEZ—sgr—1967—D. All
plasmids used in this work are provided in the Supplementary Materials Table S4. The
sequences of primers used in this study are shown in the Supplementary Materials Table S5.

4.4. Curing of Editing Plasmids

Transformants harboring editing plasmids were cultured in RMG5 broth without
the supplement of antibiotics. After 6 consecutive passages in the nonresistant RMG5
liquid medium, 100 uL cultures were diluted and plated on nonresistant RMG5 plates.
Then, single colonies were picked to conduct colony PCR using primers pEZ15A—F/R for
amplifying the editing plasmid. Editing plasmids were lost if no PCR product was amplified
compared with the control. Single colonies with correct PCR results were then inoculated
on RMGS5 with or without chloramphenicol for further verification. The knockout strains
losing the editing plasmids can only grow in RMGS5, but not in the medium with the
supplementation of chloramphenicol.

4.5. Electroporation of Editing Plasmids to Z. mobilis ZM4

Transformation of Z. mobilis ZM4 with the editing plasmid was achieved by prepar-
ing electrocompetent cells using a modified protocol as previously described. Z. mo-
bilis ZM4 was inoculated with 40 mL RMGS5 in a 100 mL flask and was grown to an
OD600 nm = 0.4~0.6. Cells were harvested by centrifugation at 4000 g for 10 min at room
temperature. The supernatant was discarded, and the cell pellet was washed with Milli—Q®
ultrapure water and 10% (v/v) glycerol before being resuspended in a final volume of
400 pL of 10% (v/v) glycerol. Cells were stored as 50 pL aliquots on ice for immediate use
in electroporation experiments. Then, 500 ng plasmid DNAs was used for electroporation
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(Bio—Rad, CA, USA). After pulsing at 16 kV/cm, 25 pF and 200 (), 1 mL of RMG5 was
added to the electroporated solutions and then incubated at 30 °C for 4~6 h. Finally, the
cells were plated and selected on RM plates supplemented with chloramphenicol until
colonies were visible (<2 d).

4.6. Construction of ZM4AARs by Continuous Gene Editing

We constructed ZM4AARs with four genes of ZMO0103, ZM0O0893, ZM 01094, and
ZMO1650 knocked out following these steps:

Step 1. A CRISPR—Casl12a—editing plasmid pEZ—sgr—0103—D was transformed
into ZM4—Cas12a. Colony PCR was then performed with the primers 0103—out—F and
0103—out—R.

Step 2. The positive single clone with the correct PCR size was cultured in RMG5, and
the editing plasmid was then cured following Section 4.4.

Step 3. After curing the editing plasmid, the electrocompetent cells of knockout strain
ZM4A0103 were then prepared for the next—round knockout.

Knockout of ZMO0893, ZM0O1094, ZMO1650, ZMO1866, and ZMO1967 followed the
above steps 1 to 3. After each gene was edited and the corresponding editing plasmid was
lost, the competent cells of the corresponding mutant were prepared for transferring to the
next editing plasmid.

4.7. Genetic Transformation Efficiency of p—lactamase Mutants

To calculate the electroporation efficiencies of the 3—lactamase mutants, a 3—kb
shuttle plasmid pEZ15A and a 10—kb shuttle plasmid pE39—MVA were prepared from E.
coli DH5¢ and introduced into ZM4, ZM4A0103, and ZM4AArs. Electroporation efficiency
was presented by the colony forming units (CFUs) on selective plates when 50 ng plasmid
DNA was introduced and 100 pL recovery culture was plated. The calculating formula is
described below:

CFU/ug ! DNA = (Cp/Tp) x (Vt/Vp);

where Cp is the colony number counted on selective plates; Tp is the total amount of
plasmid DNA (ng) used here; Vt is the total transformation volume (uL); Vp is the volume
(uL) plated.

4.8. Confirmation of Ampicillin—Resistant Gene Deletion in Z. mobilis ZM4

A pair of primers was used to confirm the disruption of each AR gene in Z. mobilis
transformants: the primers were used to amplify the region including upstream of the
corresponding gene, targeting gene, and downstream of the corresponding gene (see primer
pairs in the Supplementary Materials Table S5, e.g., 0103—out—F and 0103—out—R).

4.9. Growth Studies and Analysis of Ampicillin—Resistant Gene Mutants

Cell growth was monitored by measuring the cell optical density (OD) values us-
ing a Bioscreen C high—throughput growth measurement instrument (Bioscreen C MBR,
Helsinki, Finland). The single colony was inoculated in 1 mL of RMGS5 at 30 °C overnight
as the seed culture. Then, the seed culture of Z. mobilis was transferred to RMG5 until
reaching the exponential phase. Subsequently, the cultures were inoculated to the well
of the Bioscreen C plate containing 300 pL bacterium suspension with an initial ODgpo nm
value of 0.05. Three technical replicates were used for each condition.

4.10. Cell Morphology Observation

Z. mobilis strains were cultured in RMG5 or RMG5 with 150 pg/mL ampicillin
overnight at 30 °C. Bacterial pellets were collected at the exponential phase, washed twice
with 1x phosphate buffer saline (1x PBS), resuspended in the same buffer, and observed
under a light microscope (Leica Dmi8, Buffalo Grove, IL, USA) at 400 magnifications. Each
image was taken using the image—based autofocus system LAS X software of the Leica
Dmi8 system, and the cell size was measured using Image] software [41].
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5. Conclusions

In summary, genes associated with antibiotic resistance in Z. mobilis were systemati-
cally investigated, and six ampicillin—resistant genes in Z. mobilis were identified. Five of
them were knocked out individually, and four ampicillin—resistant gene deletion mutant
ZM4AArs was also constructed to verify their functions. The strains of ZM4A0103 and
ZM4AArs were sensitive to ampicillin at a lower concentration of 150 pg/mL with a long
and filament shape. The putative membrane protein ZMO0103 is probably the essential
3—lactamase, and other ampicillin—resistant genes may have a synergetic effect with it.
This study not only identified the ampicillin—resistant genes in Z. mobilis ZM4, but also ver-
ified their functions on cell growth, morphology, and transformation efficiency. In addition,
ampicillin—sensitive mutants can serve as the parental strains for metabolic engineering
practices in Z. mobilis enabling the usage of antibiotics, such as ampicillin, that are routinely
used for genetic engineering.
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Abstract: Streptomyces can produce a wealth of pharmaceutically valuable antibiotics and other
bioactive compounds. Production of most antibiotics is generally low due to the rigorously controlled
regulatory networks, in which global/pleiotropic and cluster-situated regulatory proteins coordinate
with various intra- and extracellular signals. Thus, mining new antibiotic regulatory proteins,
particularly the ones that are widespread, is essential for understanding the regulation of antibiotic
biosynthesis. Here, in the biopesticide milbemycin producing strain Streptomyces bingchenggensis,
a novel global/pleiotropic regulatory protein, SspH, a single domain protein containing only the
HATPase domain, was identified as being involved in controlling antibiotic biosynthesis. The
sspH overexpression inhibited milbemycin production by repressing the expression of milbemycin
biosynthetic genes. The sspH overexpression also differentially influenced the expression of various
antibiotic biosynthetic core genes. Site-directed mutagenesis revealed that the HATPase domain was
essential for SspH’s function, and mutation of the conserved amino acid residues N54A and D84A
led to the loss of SspH function. Moreover, cross-overexpression experiments showed that SspH and
its orthologs, SCO1241 from Streptomyces coelicolor and SAVERM_07097 from Streptomyces avermitilis,
shared identical functionality, and all exerted a positive effect on actinorhodin production but a
negative effect on avermectin production, indicating that SspH-mediated differential control of
antibiotic biosynthesis may be widespread in Streptomyces. This study extended our understanding of
the regulatory network of antibiotic biosynthesis and provided effective targets for future antibiotic
discovery and overproduction.

Keywords: global regulator; milbemycins; Streptonyces bingchenggensis; SspH; actinorhodin; avermectin

1. Introduction

Streptomyces can produce numerous pharmaceutically valuable antibiotics, many of
which have been widely used in veterinary, agricultural and medical areas. On the other
hand, sequencing of Streptomyces genomes also revealed the existence of a large number
of cryptic and uncharacterized antibiotic biosynthetic gene clusters (BGCs) other than the
known antibiotic BGCs [1]. The expression of antibiotic BGCs is rigorously controlled
by pyramidal regulatory cascades, in which global/pleiotropic and cluster-situated tran-
scriptional regulatory proteins from different families coordinate with environmental and
physiological cues [2—-4]. Meanwhile, this rigorous control plays a key role in determining
the production level of antibiotics under specific fermentation conditions. To date, many
different families of regulatory proteins have been identified and their role in the biosyn-
thesis of antibiotics have been characterized in depth, thus generating regulator-based
strategies—such as activator overexpression, repressor deletion, promoter replacement,
BGC refactoring and duplication—to achieve antibiotic overproduction and activation [5,6].
However, there still exist a large number of transcriptional regulatory factors with unknown
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functions in the genome of Streptomyces, and our understanding of the antibiotic produc-
tion regulatory network is very poor; discovering new regulators, particularly the highly
conserved ones, is necessary, and will enrich our knowledge of the antibiotic regulatory
network and provide new strategies for antibiotic overproduction and activation.

In the natural world, bacteria live in diverse environments and are frequently exposed
to nutrient scarcity and challenging environmental conditions. To survive in such unfa-
vorable conditions, they have evolved complex adaptive response systems including the
two-component system (TCS). Streptomyces possesses a large number of TCSs to cope with
complicated, changing and competitive environments, and many TCSs have been shown to
impact morphological development and (or) antibiotic production under laboratory culture
conditions [7,8]. A typical TCS consists of a membrane-bound histidine kinase (HK) and a
cytoplasmic response regulator (RR). In response to a specific signal, the HK autophospho-
rylates at a conserved His residue, and the phosphoryl group is subsequently transferred
to an Asp residue of the RR; the RR is then activated and interacts with target promoter
regions to switch on the downstream cell responses [9]. Generally, a typical HK is mainly
composed of the periplasmic sensing domain, the dimerization domain (also known as the
HK acceptor [HisKA] domain) and the HK-like ATPase (HATPase) domain. The HisKA
domain possesses the conserved histidine residue that can be phosphorylated by the HK
itself, and the HATPase domain is characterized by five conserved amino acid motifs (N,
G1, F, G2 and G3 boxes) [10,11]. Due to the presence of the HATPase domain, the HK also
belongs to the GHKL (Gyrase, Hsp90, HK and MutL) ATPase/Kinase superfamily, and the
conserved F Motif is unique to HK, distinguishing the HK from the other members of the
GHKL family. Interestingly, bioinformatics analysis of the Streptomyces genomes revealed
the existence of a unique class of one-component signal transduction systems, which shared
high similarity with the HK, but contained only the HATPase domain and did not contain
the HisKA autophosphorylation site (here, these single domain proteins with only the
HATPase are named HATPase-ol proteins). For example, there are at least 26 HATPase-ol
proteins in the model strain Streptomyces coelicolor, 24 in the avermectin producing strain
Streptomyces avermitilis and 21 in the milbemycin producing strain Streptomyces bingchenggen-
sis (Supplementary Table S1), indicating that HATPase-ol proteins may be widespread in
Streptomyces; however, little is known about their biological functions.

Polyketide milbemycins are a group of 16-membered macrolide chemicals. The main
active components, milbemycin A3/A4 and the derivatives of milbemycin A3/A4 (lep-
imectin, latidectin and milbemycin oxime), have been commercialized as biopesticides
and veterinary drugs [12]. S. bingchenggensis is an important industrial producer of milbe-
mycins. Its genome contains hundreds of regulatory genes, but the functions of only a
few of them are known, including the milbemycin cluster-situated regulators MilR and
MilR2 [12,13], the quorum-sensing system SbbR/SbbA [14], the pleiotropic SARP family
regulator KelR [15], and the four-component system SbrH1-R [16]. Thus, our knowledge
of the regulatory network of milbemycin biosynthesis is still limited; mining novel tran-
scriptional regulators affecting milbemycin production is necessary to improve the overall
understanding of the milbemycin biosynthesis regulatory network and will contribute to
the full exploitation of potential targets influencing milbemycin production.

In this report, we discovered a novel regulator of milbemycin biosynthesis, SBI_08867
(also named S. bingchenggensis small protein containing only the HATPase domain [SspH]).
SspH consists of 142 amino acid residues and contains only the HATPase domain, thus it
belongs to the HATPase-ol subfamily. We demonstrated that SspH may control milbemycin
production by repressing the expression of milbemycin BGC. SspH also played differential
roles in the control of multiple other antibiotic BGCs present in the S. bingchenggensis
genome. SspH and its orthologs (SCO1241 and SAVERM_07097) shared the same function;
both were positive regulators of actinorhodin biosynthesis in S. coelicolor and negative regu-
lators of avermectin production in S. avermitilis. These results enriched our understanding
of the antibiotic regulatory network and provided a useful method for antibiotic activation
and overproduction.
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2. Results
2.1. Identification of the Novel HATPase-ol Family Regulator SspH in S. bingchenggensis

In our recent work, the two hypothetical proteins (SbrH1H?2) and the typical TCS
(SbrKR) that together comprise the four-component system SbrH1-R (also known as
SbrH1/H2/K/R) have been identified to be negative regulators of milbemycin biosyn-
thesis. SbrH1H2 and SbrKR act synergistically to repress milbemycin biosynthesis [16].
Remarkably, of all the detected genes, the FPKM values of sbrH1 and sbrH2 were the
highest during the entire milbemycin production period, suggesting that regulatory factors
with relatively high expression may play a role in milbemycin biosynthesis. Based on
this speculation, we extracted regulatory genes with FPKM values higher than 2000 from
the transcriptomic data of S. bingchenggensis BC04 collected on day 3 (when milbemycin
production begins) to mine new regulators influencing milbemycin production. A total
of eleven candidate transcriptional regulatory genes were obtained (Figure 1a), of which
two (keIR and sbrK) have been shown to be involved in milbemycin biosynthesis [15,16],
eight (e.g., sbi_05734, sbi_03959, sbi_05953, sbi_03799, sbi_06268, sbi_08867, sbi_05811 and
sbi_04164) may be widespread in Streptomyces and even actinobacteria (KEGG homolog
analysis), and one (sbi_05271) encodes a MarR family regulator whose homologs are only
found in several Streptomyces species (Table 1 and Table S2). Among the eight widespread
regulatory genes, orthologs of seven genes have been reported in other Streptomyces species
to be involved in developmental differentiation and/or antibiotic biosynthesis [17-23],
but nothing is known about the function of sbi_08867 and its orthologs. The sbi_08867
gene encodes a 15.2-kDa polypeptide containing only the HATPase domain (amino acids
39-139) (SMART No. SM000387) (Figure 1b), which is present in several functionally di-
verse proteins including the gyrase class of DNA topoisomerases, the heat shock protein
HSP90, HK and MutL-like DNA mismatch repair proteins (collectively known as GHKL
superfamily proteins) [10]. The HATPase domain contains four conserved amino acid
motifs, namely, N, G1, G2 and G3 boxes, which form the nucleotide binding site [11]. As
for SBI_08867 and its orthologs, the corresponding assumed conserved motifs are shown in
Figure 1c. Furthermore, PSI-BLAST was used to search the nonredundant protein sequence
(nr) database for SBI_08867 homologs (query coverage 90% to 100% and percent identity
60% to 100%). A total of 1395 hits were obtained, and almost 99% of the hits were from
Streptomyces, indicating that SBI_08867 and its homologs were mainly present in Strepto-
myces species (Table S3). Thus, determining the roles of SBI_08867 (hereafter named SspH)
and its homologs is necessary, strengthening our knowledge about Streptomyces genetics.

2.2. 5spH Negatively Influences Milbemycin Production

To determine whether SspH affected the biosynthesis of milbemycins, an sspH overex-
pression strain (BC04/OsspH) and repression strain (BC04/RsspH) were constructed using
pSET152::Pyqp (with this plasmid, target gene overexpression is controlled by the hrdB
promoter) and the ddCpfl-based CRISPRi system pSETddCpfl, respectively (Figure 2a).
Moreover, pSET152::Py,,qp and pSETddCpfl were also introduced into BC04 to obtain con-
trol strains BC04-C1 and BC04-C2, respectively. Then the four strains and the parental strain
BCO04 were cultured and tested for milbemycin A3/A4 production. Compared with BC04
and the control strains (BC04-C1 and BC04-C2), BC04/OsspH showed an obvious decrease
in milbemycin production while BC04/RsspH showed a slight increase in milbemycin titer
(Figure 2b), indicating that SspH played a negative role in milbemycin production.
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Figure 1. Identification of SBI_08867 in S. bingchenggensis. (a) Transcript abundances of genes with
FPKM values higher than 2000 measured by RNA-seq on day 3. (b) Predicted domain structure of
SBI_08867. HATPase, histidine kinase-like ATPase. (¢) Amino acid sequence alignment of SBI_08867
and its orthologs. Identical or similar residues in all sequences are highlighted in blue and orange,
respectively. The corresponding assumed conserved motifs are marked in red. SCO1241, SBI_08867 or-
tholog from S. coelicolor; SAVERM_7097, SBI_08867 ortholog from S. avermitilis; SGR_6286, SBI_08867
ortholog from S. griseus.

Table 1. 11 candidate transcriptional regulatory genes with high FPKM values (FPKM > 2000) on

day 3.
Gene ID Type of Product Reported Homolog Predicted Function Reference(s)
. BldC Widespread; a repressor to maintain vegetative growth
sbi_05734 MerR (SCO4091) and to delay entry into development. [17]
sbi 06842 SARP ) A cluster—srcua?ed actlvgtor of type 1I PKS.cluster, also [15]
essential for milbemycin production.
. WDbIE Widespread; an important regulator of morphological
sbi_03959 Wbl (SAVERM._3016) differentiation. [18]
Widespread; a nucleoid-associated protein that
) Lsr2 influences chromosome segregation, DNA
sbi_05953 Ler2 (SVEN_3225) replication, transcription and secondary [19]
metabolism.
sbi 03799 TCS (RR) SCO5351 Widespread; a plelOtI‘(?plC regulator involved in [20]
secondary metabolism and development.
. BldM Widespread; an essential regulator for aerial
sbi_06268 TCS (RR) (SCO4768) hyphae formation. [21]
shi_08867 HATPase-ol - Widespread; function unknown. This work
sbi_03479 TCS (HK) SbrK A repressor of milbemycin biosynthesis. [16]
. WbIA Widespread; a global regulator involved in
sbi_05811 Wbl (SC0O3579) differentiation and secondary metabolism. 22]
sbi_05271 MarR - Function unknown. -
. WhlI Widespread; a positive impact on antibiotic
sbi_04164 Wbl (5CO5046) production. [23]
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Figure 2. Effects of sspH overexpression and repression on milbemycin production. (a) Schematic
diagrams of sspH overexpression and repression plasmids. The hrdB promoter Py, ;5 was used to drive
the expression of sspH. Two strong promoters, P,,,r+ and Py,50+, were used to drive the expression of
ddcpfl and crRNA, respectively. (b) Titer of milbemycin A3/ A4 in strains BC04, BC04-C1, BC04-C2,
BC04/OsspH and BC04/RsspH. The milbemycin titer was determined after fermentation for 9 days.
BCO04, the parental strain; BC04-C1, BC04 with pSET152::Py,,q5; BC04-C2, BC04 with pSETddCpf1;
BC04/0sspH, sspH overexpression strain; BC04/RsspH, sspH repression strain. Data are presented
as the averages of three independent experiments conducted in triplicate. Error bars show standard
deviations from three replicates. p-values were determined by Student’s ¢-test. *** p < 0.001.

2.3. SspH Represses the Transcription of milR, milF and milAl

To determine the effects of SspH on the expression of milbemycin BGC genes, qRT-PCR
analysis was carried out to assess the transcriptional levels of milR (the milbemycin cluster-
situated activator gene) [12], milF (the tailoring enzyme gene controlled by MilR) [24] and
milAl (type I polyketide synthase gene) [25] (Table S4). Total RNAs were extracted from
the mycelia of BC04, BC04/OsspH and BC04/RsspH cultivated for various days (2, 3, 4, 6
and 8 days). Transcription of sspH in BC04 peaked on day 3 (when milbemycin production
began) and decreased (but remained relatively high) thereafter. This transcriptional profile
was similar to that of milR. As expected, the transcript level of sspH was significantly higher
in BC04/OsspH than in BC04 at most time points, suggesting the successful overexpression
of sspH (Figure 3). In contrast, transcription of milR was obviously lower in BC04/OsspH
compared with BC04 at most time points. Similar results were also observed for milF and
milAl (Figure 3), suggesting that SspH may control milbemycin production by repressing
milbemycin biosynthetic genes. In BC04/RsspH, the expression level of sspH decreased
obviously and was only 30—40% of that in BC04, indicating a partial inhibition by the
CRISPRi system. However, no significant change was observed for milR and milA1, and
only milF showed a little increase in BC04/RsspH at the middle and late fermentation
stages (6 to 8 days) (Figure 3). Perhaps it is not surprising that the titer of milbemycins and
the expression of milbemycin BGC showed no significant change, because although the
transcript level of sspH was significantly downregulated, the resultant transcript level was
still very high and could effectively inhibit the production of milbemycins.
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Figure 3. The qRT-PCR analysis of sspH, milR, milF and milAl in BC04, BC04/OsspH and
BC04/RsspH. The transcriptional levels of related genes are presented relative to that of BC04
on day 2. 16S rRNA was used as the internal control. Data are presented as the averages of three
triplicates. Error bars show standard deviations. * p < 0.05, ** p < 0.01, ** p < 0.001.

2.4. The sspH Owverexpression in BC04 Differentially Affects Expression of Multiple
PKS/NRPS/PKS-NRPS Genes

PKS, NRPS and PKS-NRPS genes are the three main types of antibiotic BGCs within
the genome of Streptomyces. In S. bingchenggensis, there are about 31 such gene clusters. To
determine whether sspH overexpression affected the expression of PKS/NRPS/PKS-NRPS
genes, the transcriptional levels of 31 biosynthetic core genes from these PKS/NRPS/PKS-
NRPS clusters were detected by qRT-PCR in strains BC04 and BC04/OsspH (Table S5).
Transcription of most biosynthetic core genes was downregulated, and only one gene
(sbi_09249) showed about 2-fold upregulation in BC04/OsspH on day 3 (Figure 4a). In
BC04/0OsspH on day 6, eight genes (sbi_00522, sbi_00625, sbi_01029, sbi_02988, sbi_06052,
sbi_09195, sbi_09057 and sbi_09652) showed 2- to 6-fold upregulation (Figure 4b), while
the other genes exhibited similar or lower expression levels than in BC04. These results
suggested that SspH may be a pleiotropic regulator differentially influencing the expression
of multiple antibiotic BGCs, and sspH overexpression was effective in upregulating some
cryptic and uncharacterized antibiotic BGCs.

2.5. The Conserved HATPase Domain Is Essential for SspH Function

SspH is a single domain protein containing only the HATPase domain. To verify the
importance of the HATPase domain, we intended to perform site-directed mutation of
certain conserved amino acid residues. Among the four conserved binding motifs, the
Asn residue (essential for chelating Mg?*) from the N box and the Asp residue (which
interacts directly with ATP and forms a hydrogen bond with an adenine base) from the
G1 box are absolutely conserved in HATPase domain containing proteins [10,26], so we
decided to perform point mutations of these two key residues. First we identified the two
conserved amino acids from the SspH amino acid sequence. As for SspH, the conserved
Asn residue of the N box should be Asn54. This is easy to determine because SspH’s N
box shares the core sequence “NA” with the N box of the HK HATPase domain. However,
the G1 box of the HATPase domain of SspH seemed to have a unique characteristic that
distinguished it from the HK and most other members of the GHKL family. Secondary and
three-dimensional (3D) structure analysis of SspH showed that the Asp84 residue at the
C-terminal end of sheet 33 might be the conserved Asp residue of the G1 motif that could
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directly interact with ATP, but its downstream flanking sequence (the loop region between
sheet 33 and helix «3) did not contain Gly (Figure S1), which was different from the G1
motif core sequence (core sequence: DxGxG) of most GHKL family members; instead,
a Gly81 upstream of Asp84 was found within the 33 sheet (Figure S1). We speculate
that this arrangement of Gly81 and Asp84 might be a unique feature of the G1 motif of
SspH-like proteins. To determine whether this arrangement of Asp and Gly in the G1 motif
was conserved among SspH-like proteins, the G1 motifs of nine orthologs of SspH were
analyzed. As expected, the relative positions of the conserved Asp and Gly in the G1 motifs
of these proteins were the same as in the G1 motif of SspH (Figure S2).
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Figure 4. The qRT-PCR analysis of 31 PKS, NRPS and PKS-NRPS biosynthetic core genes in BC04 and
BC04/OsspH (a) on day 3 and (b) on day 6. RNA samples were isolated from 3- and 6-day cultures.
The expression level of each biosynthetic core gene in BC04 was assigned a value of 1 (represented by
the dotted line). 16S rRNA was used as the internal control. Data are presented as the averages of
three triplicates. Error bars show standard deviations. * p < 0.05, ** p < 0.01, *** p < 0.001.

Next, after the conserved Asn54 and Asp84 in SspH were identified, the two sites
were mutated to alanine to verify their importance (Figure 5a). Two mutagenized sspH
plasmids pSET152::N54A and pSET152::D84A were constructed and further introduced
into BC04 to generate strains BC04/N54A and BC04/D84A. The two strains, together with
BC04 and BC04/OsspH, were compared for milbemycin production. The results showed
that the titers of milbemycin A3/A4 in the two sspH mutant overexpression strains were
similar to that in BC04 (Figure 5b). To determine the influence of the mutant sspHs on the
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expression of the milbemycin BGC, gRT-PCR was performed again to detect expression
changes of milR, milF and milAl. As expected, the expression levels of the three genes
in BC04/N54A and BC04/D84A were comparable to those in BC04 (Figure 5c). These
results strongly suggested that Asn54 and Asp84 were the key active residues and that the
HATPase domain was essential for the function of SspH.
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Figure 5. Effects of site-directed mutagenesis in the HATPase domain of SspH on its function.
(a) Diagrams of site-directed mutation in the HATPase domain. A54, Asn54 was mutated to Ala;
AB84, Asp84 was changed to Ala. (b) Titers of milbemycin A3/A4 in strains BC04, BC04/OsspH,
BC04/N54A and BC04/D84A. (c) gqRT-PCR analysis of the transcriptional levels of milR, milF and
milAl in BC04, BC04/N54A and BC04/D84A. The expression of each gene in BC04 on day 2 was
assigned a value of 1. The p-values were determined by Student’s t-test. *** p < 0.001.

2.6. SspH Is Commonly Involved in the Control of Antibiotic Production in Streptomyces

As mentioned above, SspH homologs are widely distributed in Streptomyces. To assess
whether SspH and its homologs were involved in modulating antibiotic production in
other Streptomyces species, gene overexpression tests were also performed in the model
strain S. coelicolor M145 and in the avermectin industrial producer S. avermitilis NEAU12
(Figure 6a). First, we introduced the sspH overexpression plasmid pSET152::Py,qp::sspH
into M145 and NEAU12 to obtain strains M145/OsspH and NEAU12/OsspH, respectively.
After flask fermentation, M145/OsspH exhibited a marked increase in actinorhodin pro-
duction compared with the parental strain M145, while NEAU12/OsspH greatly reduced
avermectin Bla production compared with NEAU12, indicating that SspH is a positive
regulator of actinorhodin production in S. coelicolor but a repressor of avermectin biosyn-
thesis in S. avermitilis. Second, genes encoding the orthologs of SspH, sco1241 (protein
product shares 72.5% sequence identity with SspH) from S. coelicolor and saverm_07097
(protein product shares 74.1% sequence identity with SspH) from S. avermitilis, were both
cloned into the integrative plasmid pSET152::Py, 45, generating the overexpression plasmids
pSET152::Py,qp::1241 and pSET152::Py,45::7097. The two plasmids were then introduced
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into S. bingchenggensis BC04, S. coelicolor M145 and S. avermitilis NEAU12 to obtain an-
other six overexpression strains BC04/01241, BC04/07097, M145/01241, M145/07097,
NEAU12/01241 and NEAU12/07097 (Figure 6a). As expected, overexpression of sco1241
or saverm_07097 in BC04 resulted in a significant decrease of milbemycin production; over-
expression of sco1241 or saverm_07097 in M145 increased the titer of actinorhodin; and
overexpression of sco1241 or saverm_07097 in NEAU12 led to marked reduction of aver-
mectin production (Figure 6b). These results suggested that SspH and its orthologs were
important regulators of antibiotic biosynthesis, sharing the same function; their effects on
antibiotic production may be different from species to species.
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Figure 6. SspH and its orthologs are involved in modulating antibiotic production in three Strep-
tomyces species. (a) Schematic diagrams of cross-overexpression of sspH, sco1241 and saverm_07097 in
BC04, M145 and NEAU12. (b) Effects of overexpression of sspH, sco1241 and saverm_07097 on the
titers of milbemycin A3/A4, actinorhodin and avermectin Bla in BC04, M145 and NEAU12. p-values
were determined by Student’s t-test. *** p < 0.001.

3. Discussion

In recent years, with the growing emergence of drug-resistant pathogens, the occur-
rence of new diseases, and the demands for energy conservation, pollution reduction
and high yield, the creation of new drugs and green biomanufacturing have become ex-
tremely urgent. Streptomyces is one of the prominent sources of natural antibiotics for
drug discovery and development [27]. However, the production of most antibiotics under
laboratory culture conditions is usually very low or non-existent due to tightly controlled
regulatory networks, in which both global/pleiotropic and cluster-situated regulatory
proteins are involved. Thus, mining new regulators and understanding their functions
and molecular mechanisms in antibiotic biosynthesis is of great importance for developing
regulation-based methods to increase or activate antibiotic production. In this study, a
novel and highly conserved HATPase domain containing regulator, SspH, was identified
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to be involved in antibiotic biosynthesis in Streptomyces. The sspH overexpression could
not only significantly repress milbemycin production, but also differentially influence the
expression of many other potential antibiotic biosynthetic core genes. Moreover, SspH
and its orthologs could also promote the high yield of actinorhodin in S. coelicolor and
inhibit avermectin production in S. avermitilis, indicating that SspH and its orthologs play a
universal role in controlling antibiotic production in Streptomyces.

Many reports have shown that global/pleiotropic regulatory protein-mediated dif-
ferential control of antibiotic biosynthesis was widespread in Streptomyces. We took the
well-studied global/pleiotropic regulators AdpA and AtrA and the quorum-sensing sys-
tem as the examples. In most Streptomyces species, the absence of adpA leads to the loss of
antibiotic biosynthesis, but in Streptomyces ansochromogenes, although adpA disruption led
to the failure of nikkomycin production, a cryptic oviedomycin BGC was activated, leading
to the detectable production of oviedomycin [28]. The regulator AtrA and its ortholog
Avel have the identical functionality; they play a positive role in actinorhodin production
in S. coelicolor and a negative role in avermectin production in S. gvermitilis, reflecting
species-differential regulation by the same regulator [29]. The quorum-sensing signal
receptor ArpA mostly acts as a repressor of antibiotic production; however, some ArpA
homologs also exhibit positive effects on antibiotic biosynthesis, such as S. bingchenggensis
SbbR (positive effect on milbemycin production) [14] and S. venezuelae JadR3 (positive
effect on jadomycin production) [30]. Therefore, the manipulation of global/pleiotropic
regulatory genes has become one of the major strategies for antibiotic overproduction and
activation. Here, we identified a novel and highly conserved HATPase-ol family regulator,
SspH. In S. bingchenggensis, SspH could not only inhibit the production of milbemycins,
but also promote the expression of several cryptic biosynthetic core genes. SspH and its
orthologs (5CO1241 and SAVERM_07097) shared the same function; both could promote
the production of actinorhodin in S. coelicolor but inhibited the production of avermectin in
S. avermitilis. Thus, genetic manipulation of sspH and its orthologs could be applied as an
effective method for future antibiotic discovery and overproduction in Streptomyces.

SspH has been verified to be an important regulator of antibiotic production. However,
the molecular mechanism for SspH-mediated control of antibiotic biosynthesis is still not
known. Luckily, detailed studies of RsbW in Bacillus cereus and SpollAB of Bacillus subtilis
may provide some clues. Similar to SspH, RsbW and SpollAB are small proteins with only
an HATPase domain. RsbW, an anti-o factor possessing kinase activity, is involved in the
oP-mediated stress response in Bacillus cereus. When there was no stress, RsbW formed
complexes with o® to make o® unable to interact with RNA polymerase; meanwhile, RsbW
could phosphorylate a ser residue of RsbV (an anti-o factor antagonist of RsbW), making
RsbV unable to bind RsbW. Under stress, RsbV is dephosphorylated by the phosphatase
so that it can form complexes with RsbW, leading to the release of oB [31]. Like RsbW,
SpollAB from Bacillus subtilis is also an anti-o factor that possesses kinase activity. SpollAB
negatively modulates the activity of the sporulation factor of and can phosphorylate the
anti-anti-o factor SpolIAA. The molecular mechanism of SpollAB-SpollAA modulating
the activity of of is basically similar to that of RsbW-RsbV in the control of oP activity [32].
Here, although SspH displayed very low overall sequence similarity with RsbW and
SpolIAB, the 3D structure of SspH is highly similar to those of RsbW and SpolIAB, thus
SspH may also function by interacting with unknown proteins and by phosphorylation
of certain proteins. The search for putative proteins interacting with SspH is currently
under way in our laboratory, which may provide clues to improve our understanding of
the HATPase-ol protein regulatory cascade in Streptomyces.

4. Materials and Methods
4.1. Strains, Plasmids and Culture Conditions

All strains used in this work were listed in Table S6. S. bingchenggensis BC04 is an
industrial milbemycin producer generated from S. bingchenggensis CGMCC 1734 after
random mutagenesis (GenBank Accession No. CP002047.1) [12]. S. coelicolor M145 is
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a prototrophic derivative of strain S. coelicolor A3(2) lacking the endogenous plasmid
SCP1 and SCP2 (GenBank Accession No. AL645882.2) [33]. S. avermitilis NEAU12 is an
avermectin Bla producing strain, and its genome shares high similarity with the genome
sequence of S. avermitilis MA-4680 (GenBank Accession No. NC_003155.5) [34]. All E. coli
strains were grown on Luria-Bertani (LB) medium supplemented with antibiotics as
required at 37 °C [35]. For conjugation, E. coli ET12567 (pUZ8002) was used for transferring
plasmids from E. coli to Streptomyces, and Streptomyces strains were grown on MS agar
at 28 °C [36]. For spore collection, S. bingchenggensis, S. coelicolor, S. avermitilis and their
derivatives were grown at 28 °C on SKYM agar plates [12] and MS agar plates [36,37],
respectively. Flask fermentation for the production of milbemycins, actinorhodin and
avermectins were the same as previously reported [12,36,37].

All plasmids and primers used in this work were listed in Tables S7 and S8, respectively.
A quantity of pSET152, which can integrate into the Streptomyces chromosome by site-
specific recombination at the phage ®C31, was used to create recombinant plasmids
for overexpressed mutant strains [38]. Meanwhile, pSETddCpf1 was used to construct
plasmids for CRISPRi gene suppression mutant strains [39]. Additionally, pBluescript KS
(+) was used for site-directed mutagenesis as previously reported [12].

4.2. Gene Overexpression and Repression

For gene overexpression, three fragments containing the coding region of sspH, sco1241
and saverm_7097 were individually amplified from the genomic DNAs of S. bingchenggensis
BCO04, S. coelicolor M145 and S. avermitilis NEAU12 using primers SspH-F/R, sco1241-
F/R and saverm_7097-F/R. The three fragments were then cloned into the EcoRI/Xbal
sites of pSET152::Py,qp to generate gene overexpression plasmids pSET152::Py,4p::sspH,
PSET152::Py,4p::1241 and pSET152::Py,4p::7097, respectively. The three plasmids were
separately introduced into three strains including S. bingchenggensis BC04, S. coelicolor M145
and S. avermitilis NEAU12, and nine overexpression strains BC04/OsspH, BC04/01241,
BC04/07097, M145/OsspH, M145/01241, M145/07097, NEAU12/OsspH, NEAU12 /01241
and NEAU12/07097 were obtained (Table S7).

The sspH repression strain was constructed based on pSETddCpf1 [39]. Meanwhile,
sspH specific crRNA expression cassette was amplified using pSETddCpf1 as the template,
and ddCpfl-sspH-F and the ddCpf1-R (crRNA-rev) as the primer pair. Additionally, sspH
specific crRNA cassette was digested with Ndel/Spel and ligated into the Ndel/Spel sites
of pSETddCpfl, generating sspH repression plasmid pSETddCpfl::sspH. Next, pSETdd-
Cpfl:sspH was introduced into S. bingchenggensis BC04 to obtain the repression strain
BC04/RsspH.

4.3. Site-Directed Mutagenesis of sspHpH

In order to construct the sspH mutant plasmids, the fragment containing the constitu-
tive promoter Py,sp and sspH coding region was amplified using pSET152::Py,qp::sspH as
the template. This fragment was then cloned into the EcoRI/BamHI sites of pBluescriptKS
(+) to obtain pBluescriptKS (+)::Pn.qp::sspH, which was used as the template to conduct
subsequent site-directed mutation experiments. The primers for site-directed mutagenesis
were phosphorylated at the 5" end with T4 polynucleotide kinase, respectively, and were
further used for amplification of mutant sspH. The PCR products were purified by gel
extraction and ligated by self-ligation to generate mutagenized sspH plasmids. The SspH
mutants were N54A (AAC to GCC) and D84A (GAC to GCC). Finally, the DNA fragments
containing mutant sspH were cut from pBluescriptKS (+) and ligated into the EcoRI/BamHI
sites of pSET152, generating pSET152::P},,qp::N54A and pSET152::Py,qp::D84A, respectively.
Subsequently, the two plasmids were integrated into BC04 to obtain the sspH mutant
overexpression strains BC04/N54A and BC04/D84A.
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4.4. Detection Methods of Milbemycins, Actinorhodin and Avermectins

For milbemycin A3/A4 and avermectin Bla analysis, 0.5 mL fermented cell cultures
of S. bingchenggensis was mixed with three volumes of ethanol to extract milbemycin
A3/A4, and 0.5 mL fermentation cultures of S. avermitilis was mixed with three volumes
of methanol. HPLC analysis was carried out by Agilent 1260 II system with an SB-C18
column (Zorbax, 4.6 mm X 260 mm, 5 mm) at a flow rate of 1.0 mL/min. For milbemycin
A3/A4, a linear gradient of solvent B was applied from 0 to 100% in 15 min (Solvent A:
CH3CN:H,O:CH30H = 350:50:100, v/v/v; Solvent B: CH30OH), and samples were detected
at 242 nm. For avermectin Bla, samples were detected at 246 nm with 90% methyl alcohol.
For the detection of actinorhodin, 0.5 mL of fermented cell cultures was treated with 0.5 mL
NaOH (1 M NaOH), centrifuged, and the ODgognm of the supernatant was determined [40].

4.5. RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) Assay

RNAs were isolated from the fermentation cultures of S. bingchenggensis grown at 28 °C
at different time points (2, 3, 4, 6 and 8 days). The detailed steps for RNA extraction were
described as previously [12]. Each RNA sample was treated with RQ1 RNase-free DNase
I (Promega) to exclude the possibility of genomic DNA contamination. UV spectroscopy
and agarose gel electrophoresis were used to detect the RNA quality and quantity. For
qRT-PCR, 1 ug of total RN As was used for first-strand cDNA synthesis, and primers were
designed to amplify fragments of 100-200 bp (Table S8). The PCR procedures were the
same as previously reported [12]. After PCR amplification, the data were analyzed using
LightCycler®-96 Series Software (v1.4.1, Roche Diagnostics, Rotkreuz, Switzerland) and
the 27A4CT Method [41].

4.6. Sequence Analysis

Protein sequence alignment and domain architectures were analyzed by publicly
available databases and their application tools, including BLAST (http://www.blast.ncbi.
nlm.nih.gov /Blast.cgi, accessed on 18 June 2021) and SMART (http:/ /www.smart.embl-
heidelberg.de/, accessed on 18 June 2021), KEGG (http:/ /www.genome.jp/kegg/, accessed
on 18 June 2021).

4.7. Statistical Analysis

All experiments were run in three biological triplicates independently. Data were
presented as averages of three triplicates. Significance was analyzed by Student’s t-test
(GraphPad Prism 6), and the significance were presented as follows, * p < 0.05, ** p < 0.01,
** p < 0.001, and no marked means no significant.

4.8. Data Availability

The transcriptomic data of S. bingchenggensis BC04 collected on day 3 can be found in
GEO database (GSE147644).

5. Conclusions

In this work, we identified a new and highly conserved regulator of antibiotic biosyn-
thesis, SspH, in Streptomyces. SspH is a small and single domain protein with only the
HATPase domain. Overexpression of sspH repressed the transcription of milbemycin
biosynthetic genes and consequently decreased milbemycin production. The sspH overex-
pression also differentially influenced the expression of many other antibiotic biosynthetic
core genes present in the genome of S. bingchenggensis. Moreover, SspH and its orthologs
from S. coelicolor and S. avermitilis shared the same function, and all could promote the pro-
duction of actinorhodin and inhibit the production of avermectin. These results extended
our understanding of the regulatory network of antibiotic biosynthesis, provided effective
targets for antibiotic discovery and overproduction, and also provided a useful method to
mine new antibiotic regulators.

104



Antibiotics 2022, 11, 538

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11050538/s1, Figure S1: Secondary and three-dimensional
(8D) structure of SspH, Figure S2: Amino acid sequence alignment of SspH and its orthologs, Table S1:
Genes whose products contain only the HATPase domain in several Streptomyces species, Table S2:
Amino acid sequences alignment of homologous proteins from S. bingchenggensis and other Strep-
tomyces species, Table S3: Number of hits of SspH homologous sequence in different bacteria after
PSI-BLAST search, Table S4: Three milbemycin biosynthetic genes (milR, milF and milAl) and their
functions, Table S5: 31 antibiotic biosynthetic core genes and their putative functions, Table S6: Strains
used in this work, Table S7: Plasmids used in this work, Table S8: Primers used in this work.
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Abstract: The anti-coccidiosis agent salinomycin is a polyether antibiotic produced by Streptomyces
albus BK3-25 with a remarkable titer of 18 g/L at flask scale, suggesting a highly efficient export
system. It is worth identifying the involved exporter genes for further titer improvement. In this study,
a titer gradient was achieved by varying soybean oil concentrations in a fermentation medium, and
the corresponding transcriptomes were studied. Comparative transcriptomic analysis identified eight
putative transporter genes, whose transcription increased when the oil content was increased and
ranked top among up-regulated genes at higher oil concentrations. All eight genes were proved to be
positively involved in salinomycin export through gene deletion and trans-complementation in the
mutants, and they showed constitutive expression in the early growth stage, whose overexpression in
BK3-25 led to a 7.20-69.75% titer increase in salinomycin. Furthermore, the heterologous expression
of SLNHY_0929 or SLNHY_1893 rendered the host Streptomyces lividans with improved resistance to
salinomycin. Interestingly, SLNHY_0929 was found to be a polyether-specific transporter because
the titers of monensin, lasalocid, and nigericin were also increased by 124.6%, 60.4%, and 77.5%,
respectively, through its overexpression in the corresponding producing strains. In conclusion, a
transcriptome-based strategy was developed to mine genes involved in salinomycin export, which
may pave the way for further salinomyecin titer improvement and the identification of transporter
genes involved in the biosynthesis of other antibiotics.

Keywords: Streptomyces; comparative transcriptome; polyether antibiotics; salinomycin; exporter genes

1. Introduction

Polyether antibiotics, also called polyether ionophores, are a broad class of natural
compounds produced by actinomycetes, with the vast majority being derived from the
genera Streptomyces and Actinomadura [1]. In recent years, with the discovery of over
120 novel molecules, these chemicals have received more and more attention. Typical
polyether antibiotics, including salinomycin, nigericin, lasalocid, and monesin (Figure 1),
feature 2-5 ether oxygen atoms and a carboxyl group [2]. This structure enables them to
chelate with metal cations, such as Na* and K*, and protons to form neutral coordination
compounds, which cross the cell membrane and subsequently change ion gradients and
osmotic pressures, thus resulting in cell death [1]. Salinomycin, a polyether antibiotic
produced by Streptomyces albus DSM41398 and its derived strains [3], is widely applied
in husbandry because it has properties that kill Gram-positive bacteria and coccidia [4].
Recent studies have found that salinomycin also inhibits the growth of leukemia stem
cells [5] and epithelial cancer stem cells [6], indicating that it is a potential anti-tumor
drug [6].
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Figure 1. Structures of polyether antibiotics.

The high-titer Streptomyces albus strain BK3-25 produces 18 g/L salinomycin under
lab conditions [7], but the intracellular accumulation of salinomycin poses a threat to cell
growth, which can be released by the strain’s resistance ability [8-10]. However, the mecha-
nism underlying this antibiotic resistance remains elusive. According to our previous work,
SLNHY_261 (sIinTII) and SLNHY_262 (sInTI) in a salinomycin biosynthetic gene cluster
(BGC), encoding the ATP-binding subunit and transmembrane subunit, respectively [11],
were thought to form an ATP-binding cassette (ABC) complex participating in salinomycin
export. When sinTI and sinTII were deleted in Streptomyces albus XM 211, the salinomycin
titers of the corresponding mutants declined by only 27.2% and 45.4%, respectively [12],
indicating that there are additional genes involved in salinomycin export, which may be
located beyond the salinomycin BGC regions.

Actinomycetes have large-capacity transporter protein systems, which participate in
cell metabolism, intercellular communication, biosynthesis, and proliferation [13]. The ABC
superfamily [14] and major facilitator superfamily (MFS) [15] are two well-studied classes of
transporters. Whole-genome sequencing has illustrated that there are numerous ABC and
MEFS transporter genes in an actinomycetal genome both inside and outside of secondary
metabolite BGCs [13,16]. Wang et al. analyzed transcriptome expression differences with ex-
pression profile chips and discovered 13 candidate transporter genes outside the natamycin
BGC from Streptomyces chattanoogensis L10 [17]. Chu et al. built a step-by-step workflow
based on the TCDB database BLAST, and they included substrate analysis, transporter
classification analysis, and phylogenetic analysis to mine BGC-independent exporters.
Together with a tunable plug-and-play exporter module with replaceable promoters and
ribosome-binding sites, they realized the titer improvement of macrolide biopesticides
in different Streptomyces producers [18]. Nevertheless, the current commonly used ap-
proaches are mainly sequence-dependent or based on known exporters, and the methods
of BGC-independent exporter mining still need development.

Soybean oil serves as the main carbon source in salinomycin fermentation, supplying
energy through primary metabolism and precursors, such as malonyl-CoA, methylmalonyl-
CoA, and ethylmalonyl-CoA, for salinomycin biosynthesis. Usually, 15% (w/v) of soybean
oil is added to the fermentation medium, which is extremely high compared with other
antibiotic fermentations. Our previous work revealed that increased soybean oil addition
resulted in higher salinomycin production [19], and, thus, we hypothesized that higher
concentrations of soybean oil cause a higher transcription of exporter genes.

Herein, a strategy based on comparative transcriptomic analysis under different
concentrations of soybean oil supplementation was developed to identify salinomycin
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exporter genes (Figure S1, Supporting Information). Our work provided universal exporters
for the titer improvement of polyether antibiotics in Streptomyces. Furthermore, our method
might broaden transporter engineering toolkits for the titer improvement of other valuable
products in Streptomyces.

2. Materials and Methods
2.1. Strains, Plasmids, and Culture Conditions

The bacterial strains and plasmids used in this study are listed in Table SI,
Supporting Information.

S. albus BK3-25 (from Zhejiang Shenghua Biok Biology Co., Ltd., Deqing, China)
and its mutants were grown on ISP4 medium (10 g/L soluble starch, 2 g/L (NH4)2SOy4,
1g/LKyHPOy, 2 g/L CaCO;3,1 g/L NaCl, 1 g/L MgSOy, 100 uL of trace element solution
(1% ZnSOy4, 1% MnCly, 1% FeSOy4 (w/v)), 20 g/L agar) for 7 days for sporulation. The con-
jugation of Streptomyces with Escherichia coli was carried out on ISP4 plates supplemented
with 20 mM MgCl,. The fermentation procedure was as follows: S. albus BK3-25 and its
mutants were grown in 30 mL of TSBY medium [20] (30 g/L tryptone soya broth, 5 g/L
yeast extract, 103 g/L sucrose) at 30 °C and 220 r.p.m. for 48 h. Then, 1 mL of the culture
was transferred into 30 mL of the seed medium (30 g/L soybean meal, 10 g/L yeast extract,
2 g/L CaCOgz, 80 mL/L 50% glucose) and cultivated at 33 °C and 220 r.p.m. for 16 h. Finally,
5 mL of the seed culture was transferred into 50 mL of the fermentation medium (8 g/L
germ powder, 5 g/L soybean meal, 2.2 g/L KCl, 1 g/L NaCl, 1.6 g/L urea, 2 g/L tartaric
acid, 0.1 g/L MgSQOy, 0.1 g/L K;HPOy, 5 g/L CaCOs, pH 6.6-6.9, supplemented with
7.5 g/50 mL soybean oil) and cultured at 33 °C and 220 r.p.m. for 9 days [11].

S. lividans TK24, S. cinnamonensis ATCC 15413, S. lasaliensis ATCC 31180, S. hygroscop-
icus XM201-ga32 and their mutants were grown on SFM medium (20 g/L soybean meal,
20 g/L mannitol, 20 g/L agar) for 7 days for sporulation. The conjugation of Streptomyces
with E. coli was carried out on SFM plates supplemented with 20 mM MgCl,.

For fermentation, S. cinnamonensis ATCC 15413 and its mutants were grown in 25 mL
of the seed medium (20 g/L dextrin, 15 g/L soybean meal, 2.5 g/L yeast extract, 5 g/L
glucose, 1 g/L CaCOs, pH 6.7-6.8), and then 2.5 mL of the seed culture was transferred into
25 mL of the fermentation medium (20 g/L soybean oil, 45 g/L glucose, 40 g/L soybean meal,
2.2 g/L NaNOs3,2.2 g/L NaySOy, 0.07 g/L Aly(SO4)3, 0.1 g/L FeSO4, 0.33 g/L MnCl,, 0.075 g/L
KyHPOy, 2.5 g/L CaCOs, pH 6.7-6.8) and cultured at 32 °C and 250 r.p.m. for 10 days.

S. lasaliensis ATCC 31180 and its mutants were grown in 25 mL of the seed medium
(20 g/L sucrose, 20 g/L soybean meal, 5 g/L tryptone, 5 g/L malt extract, 2 g/L NaCl,
4 g/L CaCO;3, pH 7.0), and then 2.5 mL of the seed culture was transferred into 25 mL of
the fermentation medium (5 g/L glucose, 40 g/L dextrin, 35 g/L soybean meal, 7.5 g/L
corn starch, 3 g/L NaCl, 4 g/L KH;POy, 2 g/L MgSO,-7H,0, pH 7.0) and cultured at 28 °C
and 200 r.p.m. for 6 days [21].

S. hygroscopicus XM201-ga32 and its mutants were grown in 50 mL of the seed medium
(10 g/L glucose, 10 g/L tryptone, 5 g/L yeast extract), and then 7.5 mL of the seed culture
was transferred into 50 mL of the fermentation medium (30 g/L corn starch, 70 g/L glucose,
40 g/L soybean meal, 3 g/L (NH4)»S04, 0.01 g/L CoCl,, 10 g/L CaCOs3, 1 g/L soybean oil,
pH 6.8-7.0) and cultured at 30 °C and 220 r.p.m. for 7 days [22].

E. coli ET12567 (pUZ8002) was used for conjugation. The E. coli cells were cultured in
Luria-Bertani (LB) broth at 37 °C.

2.2. Transcriptome Sequencing of BK3-25

For transcriptome sequencing, mycelia were harvested on the third day of fermenta-
tion. The total RNA was extracted using Redzol according to the manufacturer’s instruc-
tions. Transcriptome sequencing was performed by the Shanghai Biotechnology Corpo-
ration, and the expression level of each gene was calculated as fragments per kilobase of
exon per megabase of library size (FPKM).
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2.3. Construction of Plasmids for Deletion and Over-Expression of Eight Candidate Genes

For gene deletion through homologous recombination, left and right flanking regions
of each gene were obtained using PCR amplification, ligated to EcoRV-digested pBluescript
SK, and sequenced (Figure S2A). Then, these plasmids were digested with Xbal/EcoRI or
EcoR1/HindlIll and ligated to Xbal/HindlIIl-digested plasmid p]JTU1278. The primers used
for gene deletion are listed in Table S2.

For gene overexpression, eight candidate genes were obtained using PCR amplification, lig-
ated to EcoRV-digested pBluescript SK, and sequenced. Then, these plasmids were digested with
Xbal/NotI (Ndel / EcoRl), and the fragments containing genes were ligated with the Xbal/NotI-
digested plasmid pIB139 or Ndel/EcoRI-digested plasmid pLQ646 (Figure S2B,C). The primers
used for gene over-expression are listed in Table S2.

2.4. Conjugation between Streptomyces and E. coli

All the plasmids were successively introduced into the non-methylating E. coli strain
ET12567 (pUZ8002) and S. albus strains. Spores (~10° CFU) were heat-shocked at 50 °C
for 10 min, pregerminated for 2.5 h, and then mixed with E. coli cells. The suspensions
were spread onto non-selective plates containing ISP4 medium supplemented with 20 mM
MgCl,. Apramycin was overlaid on the plates after 17 h of incubation at 30 °C, and
exconjugants typically appeared after 3 days.

For gene deletion, the exconjugants were assessed as single-crossover mutants us-
ing PCR amplification with primers SLNHY_X-YZ-F/R (Table S2). After two rounds of
sporulation without antibiotic selection, double-crossover mutants were verified using PCR
with primers SLNHY_X-YZ-F/R (Table S2 and Figure S2A). For gene over-expression, the
exconjugants were verified using PCR with primers pIB139-over-YZ-F (pLQ648-over-YZ-F)
and SLNHY_X-over-YZ-R (Table S2).

2.5. HPLC Analysis of Antibiotics

For the detection of total salinomycin, 1 mL of fermentation broth was mixed with
9 mL of methanol, followed by sonication at 40 kHz for 30 min. Then, 1 mL of the mixture
was taken and centrifuged at 12,000 r.p.m. for 1 min, and the supernatant was filtrated
and subjected to HPLC analysis. For the detection of intracellular salinomycin, 1 mL of
the fermentation broth was centrifuged at 12,000 r.p.m. for 5 min, and the supernatant
was discarded. The mycelia were washed twice with water and mixed with 1 mL of
methanol, followed by sonication at 40 kHz for 30 min. Then, the mixture was centrifuged
at 12,000 r.p.m. for 5 min, and the supernatant was filtrated and subjected to HPLC analysis.
HPLC was performed on Agilent series 1260 (Agilent Technologies, Santa Clara, CA, USA)
with an Agilent TC-18 column (2.1 x 150 mm, 5 pum). In this process, 8% A (water, 2%
acetic acid) and 92% B (acetonitrile) were used as the mobile phase with a flow rate of
1 mL/min, and the detection time was 20 min using UV spectroscopy at 210 nm [11].
The concentrations of salinomycin were calculated according to the standard curve of
salinomycin (Figure S3).

For the detection of lasalocid, 1 mL of fermentation broth was mixed with 1 mL of
methanol, followed by sonication at 40 kHz for 30 min. Then, the mixture was centrifuged
at 12,000 r.p.m. for 1 min, and the supernatant was filtrated and subjected to HPLC analysis.
HPLC was performed on Agilent series 1260 (Agilent Technologies, USA) with an Agilent
TC-18 column (2.1 x 150 mm, 5 um) at 40 °C. In this process, 15% A (water, 0.125 mol/L
ammonium acetate, pH 4.8) and 85% B (acetonitrile) were used as the mobile phase with
a flow rate of 1 mL/min, and the detection time was 20 min using UV spectroscopy
at 305 nm [21]. The concentrations of lasalocid were calculated according to the standard
curve of lasalocid (Figure S4).

For the detection of monensin, 1 mL of fermentation broth was centrifuged at
12,000 r.p.m. for 5 min, and the supernatant was discarded. The mycelia were washed
twice with water and mixed with 1 mL of ethanol, followed by sonication at 40 kHz for 30 min.
Then, the mixture was centrifuged at 12,000 r.p.m. for 5 min, and the supernatant was filtrated
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and subjected to HPLC analysis. HPLC was performed on Agilent series 1260 (Agilent Tech-
nologies, Santa Clara, CA, USA) with an Agilent TC-18 column (2.1 x 150 mm, 5 pm). In this
process, 20 mM ammonium acetate and methanol were used as the mobile phase with a flow
rate of 1 mL/min. For 0-25 min, the ratio of methanol increased from 80% to 100%, and for
25-30 min, it decreased from 100% to 80%. Evaporative light-scattering detection (ELSD) was
conducted for 30 min at 85 °C [23]. The concentrations of monensin were calculated according
to the standard curve of monensin (Figure S5).

For the detection of nigericin, 1 mL of fermentation broth was mixed with 9 mL of
methanol, followed by sonication at 40 kHz for 30 min. Then, 1 mL of the mixture was taken
and centrifuged at 12,000 r.p.m. for 1 min, and the supernatant was filtrated and subjected
to HPLC analysis. HPLC was performed on Agilent series 1260 (Agilent Technologies,
USA) with an Agilent TC-18 column (2.1 x 150 mm, 5 um). A gradient elution (1 mL/min
flow rate) was performed using A (methanol/water, 9:1 ratio, 0.1% TFA from 0 to 25 min)
and B (methanol, 100%, 0.1% TFA, from 25 to 50 min). ELSD detection was conducted
for 50 min at 85 °C [24]. The concentrations of nigericin were calculated according to the
standard curve of nigericin (Figure S6).

2.6. RNA Extraction and RT-gPCR Analysis

Mycelia of S. albus BK3-25 were harvested, and the total RNA was extracted using
Redzol according to the manufacturer’s instructions (SBS Genetech, Shanghai, China) [25].
The quality of the RNA was determined using a NanoDrop 2000 spectrophotometer. For RT-
qPCR experiments, total RNA was reversely transcribed into cDNA using RevertAid™ H
Minus First Strand cDNA Synthesis Kit (Thermo Fisher, Waltham, MA USA). The RT-qPCR
experiments were carried out on a 7500 Fast Real-time RCR system (Applied Biosystems,
Waltham, MA USA) using Maxima™ SYBR Green/ROX qPCR Maxter Mix (Thermo Fisher,
Waltham, MA USA) according to the manufacturer’s procedure. The expression values of
the target genes were calculated using 2~*2¢T methods with the housekeeping gene hrdB
as internal control [26].

2.7. Biomass Determination under Fermentation Condition

Due to the insoluble residues in the liquid medium, total intracellular nucleic acid
rather than dry cell weight was determined to represent the growth of Streptomyces. The
concentration of intracellular nucleic acid was detected as follows: 1 mL fermentation broth
was centrifuged and washed twice to eliminate the interference of the medium. Then, 1 mL
of Solution A (1.5 g diphenylamine, 100 mL acetic acid, 1.5 mL concentrated sulfuric acid,
1 mL 1.6% acetaldehyde) was mixed with the mycelia and put in water bath at 60 °C for 1 h.
Then, the mixture was centrifuged, and 150 uL of supernatant was transferred into 96-well
plates and detected at 595 nm (Infinite M200 PRO, TECAN, Ménnedorf, Switzerland).

3. Results
3.1. Transcriptome-Based Identification of Candidate Exporter Genes

We initially assumed that the higher the salinomycin titer, the higher the transcription
of the involved exporter genes. In order to establish a titer gradient, different concentrations
of soybean oil (5%, 10%, and 15%) were supplemented to the fermentation broth, and the
corresponding salinomycin titers were 5.30 g/L, 12.50 g/L, and 17.40 g/L, respectively. Using
these three samples, transcriptomic data were collected using RNA-seq technology. According
to the hypothetic concurrent relationship between salinomycin titers and the transcription of
exporter genes, eight exporter genes with increasing expression patterns and that topped the
fold-change of transcription at a higher salinomycin titer were selected from 248 ABC trans-
porter genes and 23 MFS genes in the BK3-25 genome. These eight genes include seven ABC
transporter genes, SLNHY_3363, SLNHY_4037, SLNHY_6316, SLNHY_6652, SLNHY_0818,
SLNHY_0199, and SLNHY_1893, and one MFS gene, SLNHY_0929 (Figure 2 and Table S3).
Although the transcriptions of SLNHY_3363 and SLNHY_0199 at 15% oil supplementation
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were lower than those at 10%, both of their transcriptions dramatically rose when the oil
contents were shifted from 5% to 10%.
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Figure 2. (A) Salinomycin titers under 0, 5, 10, and 15% soybean oil supplementation. (B) Transcription
profiles of eight candidate transporter genes under 5, 10, and 15% (w/v) soybean oil supplementation.

In order to verify the transcriptomic data, the transcription levels of the eight candidate
genes were measured using RT-qPCR with cultures collected on the third day of fermenta-
tion supplemented with 5% or 15% soybean oil, and all genes showed higher expressions
with 15% oil supplementation, which was consistent with the transcriptomic data. Among
them, SLNHY_929 demonstrated the highest expression, followed by SLNHY_3363 and
SLNHY_1893 (Table S4).

3.2. All Eight Candidate Genes Were Positively Involved in Salinomycin Export

To investigate whether these eight genes are involved in salinomycin production, they
were knocked out through homologous recombination. As shown in Figure 3A,B, the
total salinomycin titers of all mutants decreased to 11.62-27.36% of that of BK3-25, and the
intracellular concentrations of salinomycin increased to 143.61-237.89% of that of BK3-25,
indicating that these genes were positively related to salinomycin biosynthesis. Moreover,
the deletion of ASLNHY_0199 was the most pronounced, with a dramatic decrease in the
salinomycin titer from 13.34 g/L to 1.55 g/L.

Further verification of the above conclusion was conducted through trans-complementation
of each mutant with the corresponding gene cloned under the control of PermE*. All individually
complemented strains returned to 78.77-88.77% of the original titer of salinomycin (Figure 3C),
and the intracellular accumulations of salinomycin synchronically returned to 62.36-105.19% of
the level of BK3-25 (Figure 3D), providing more proof of the involvement of these eight genes in
salinomycin biosynthesis and, most likely, in its export.

In addition, these eight genes were individually over-expressed in BK3-25 to see
whether they played vital roles in salinomycin titer improvement. As expected, compared
with the control strain bearing the empty vector pIB139, the excessive expression of these
genes all increased salinomycin titers by 7.20-69.75%, especially BK3-25:SLNHY_3363 and
BK3-25:SLNHY_0929, which had improved titers of 24.60 g/L and 22.85 g/L, respectively
(Figure 3E). Accordingly, the intracellular salinomycin accumulations of all mutants showed
a marked fall to 24.35-46.23% of the same level of BK3-25 (Figure 3F).

3.3. These Eight Exporter Genes Were Constitutively Expressed

In order to determine whether the expressions of these eight genes were constitutive
or induced by salinomycin, the transcription profiles of each gene were obtained using
RT-qPCR with samples collected each day during the whole fermentation period (Figure 4).
Compared with the house-keeping gene hrdB, these exporter genes were actively tran-
scribed at the very beginning and then gradually decreased along with the fermentation
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process. Since salinomycin obviously accumulated after the first day, as shown in Figure
S7, we can safely draw the conclusion that these genes were constitutively expressed rather
than being induced by salinomycin.
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Figure 3. Salinomycin production of exporter gene mutants. (A) Total salinomycin titers of
gene deletion mutants of BK3-25. (B) Intracellular salinomycin concentrations of gene deletion
mutants. (C) Total salinomycin titers of gene complement mutants. (D) Intracellular salino-
mycin concentrations of gene complement mutants. (E) Total salinomycin titers of gene over-
expression mutants. (F) Intracellular salinomycin concentrations of gene over-expression mutants.
The total salinomycin titers were calculated based on the fermentation broth volume (A,C,E),
and the intracellular salinomycin concentrations were calculated based on the dry cell weight
(B,D,F). LX01, BK3-25ASLNHY_0929; LX02, BK3-25ASLNHY_1893; 1LX03, BK3-25ASLNHY _3363;
LX04, BK3-25ASLNHY_4037; LX05, BK3-25ASLNHY_0199; LX06, BK3-25ASLNHY_0818; LX07, BK3-
25ASLNHY_6316; LX08, BK3-25ASLNHY_6652.
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Figure 4. Transcription profiles of eight exporter genes. Line with black circle, hrdB; orange square,
SLNHY_0929; green equilateral solid triangle, SLNHY_1893; blue circle, SLNHY_3363; red equilateral
hollow triangle, SLNHY_4037; earthy yellow hollow square, SLNHY_0199; brown inverted solid tri-
angle, SLNHY_0818; pink inverted hollow triangle, SLNHY_6316; dark green rhombus, SLNHY_6652.
Logarithm of transcription data were taken as ordinate; if not, it would be difficult to show their wide
fluctuation scales.

3.4. SLNHY_0929 and SLNHY _1893 Improved Resistance to Salinomycin in Streptomyces lividans

Even though these eight exporter genes were proved to be involved in salinomycin
export, we still needed to determine why they functioned in this way. Streptomyces lividans
TK24 was found to be susceptible to high concentrations of salinomycin, and the minimal
inhibition concentration (MIC) was 0.5 mmol/L for the control strain TK24::pIB139. These
eight genes were individually introduced into S. lividans TK24. Although most mutants
carrying the introduced exporter genes maintained similar susceptibility to salinomycin,
TK24::SLNHY_0929 and TK24::SLNHY_1893 rendered the host with an improved resistance
as high as 1.0 mmol/L (Figure 5A,B). These data strongly suggest the salinomycin export
ability of SLNHY_0929 and SLNHY_1893, which exported the assimilated exogenous
salinomycin out of S. lividans TK24.
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Figure 5. Biomass profiles of S. lividans TK24 mutants under different concentrations of salinomycin.
Total intracellular nucleic acid was determined to represent the growth of S. lividans. (A) Green column,
TK24::pIB139; orange column, TK24::SLNHY_3363; gray column, TK24::SLNHY_4037; yellow column,
TK24:SLNHY_0929; blue column, TK24:SLNHY_1893. (B) Green column, TK24::pIB139; orange
column, TK24::SLNHY_0199; gray column, TK24::SLNHY_0818; yellow column, TK24::SLNHY_6316;
blue column, TK24::SLNHY_6652.
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3.5. SLNHY_0929 Was a Universal Exporter for Polyether Antibiotics with Similar Structure
with Salinomycin

Since most polyether antibiotics shared similar hydrophobic structures, we wondered
whether the exporter genes were universal in pumping them out and whether the genes
played roles in improving their titers. Therefore, the three exporter genes with the most
substantial effects on salinomycin titers when over-expressed in BK3-25, i.e., SLNHY_0929,
SLNHY_3363 and, SLNHY_4037, were heterologously expressed in Streptomyces lasaliensis
ATCC 31180 (a lasalocid producer), Streptomyces cinnamonensis ATCC 15413 (a monensin
producer), and Streptomyces hygroscopicus XM201-ga32 (a nigericin producer). Herein, the
previously used PermE* promoter was replaced by a stronger promoter kasOp*, since the
latter was reported to work better in XM201 [22,27].

Interestingly, the heterologous expression of SLNHY_0929 resulted in a significant im-
provement in all three antibiotics, with lasalocid titers from 163.60 mg/L to 262.50 mg/L in
S. lasaliensis (Figure 6A), monensin titers from 572.40 mg/L to 1,286.00 mg/L in S. cinnamo-
nensis (Figure 6B), and nigericin titers from 116.77 mg/L to 207.27 mg/L in S. hygroscopicus
(Figure 6C). Surprisingly, the heterologous expressions of SLNHY_3363 and SLNHY_4037
had no positive effects on the production of these three polyether antibiotics, even with
unexpected, dropped titers, and the reason needed further exploration. Overall, these
results clearly show that SLNHY_0929 is a universal exporter for salinomycin, lasalocid,
monensin, and nigericin, which shared similar molecular structures.
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Figure 6. Production of polyether antibiotics with heterologous expressions of exporters in other
Streptomyces hosts. (A) Lasalocid production of S. lasaliensis mutants. (B) Monensin production of S.
cinnamonensis mutants. (C) Nigericin production of S. hygroscopicus mutants. pLQ646, integrative
vector with kasOp* promoter.

Transporter engineering has been considered as a promising strategy to maximize
secondary metabolite production in bacterial hosts, such as Streptomyces spp. and Aspergillus
spp. [28,29]. Except for the exporters located in BGCs, BGC-independent exporters caused
by horizontal gene transfer may also contribute to metabolite export [30,31]. To discover
transporter genes located far from BGCs, expression profiling, genome-wide knockout
studies, stress-based selection, and the inhibitor strategy have often been used [32].

Herein, due to Streptomyces albus” highly efficient utilization of soybean oil, we found
that salinomycin production rose as oil addition rose, and the transcription levels of
the genes involved in salinomycin PKS, -oxidation, and precursor biosynthesis also
increased [7]. Since transporters are the essential channels of both precursor import and
salinomycin export, they are more necessary with the rise in ionophore product synthesis,
so we decided to focus on the study of transporters. Next, we managed to mine eight
transporter genes outside salinomycin BGC based on comparative transcriptome data
under different salinomycin titers. Furthermore, all eight selected genes proved to be
correlated with salinomycin synthesis by gene deletion and over-expression. Among
the eight genes, only SLNHY_0929 and SLNHY_1893 encoded proteins that could pump
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salinomycin out of the cell and, thus, provide self-resistance to the host, according to the
heterologous expression in the model strain S. lividans and the salinomycin supplement
experiments. Our work constructed a novel method for antibiotic transporter gene mining.
The fermentation characteristics of Streptomyces albus with a soybean oil preference were
focused and combined with transcriptome sequencing technology, which showed a very
successful titer improvement of salinomycin through exporter engineering and might
apply to other antibiotics with oil-derived precursors. Therefore, this study also provides
an application with great potential in promoting the more cost-effective production of
salinomycin and other chemicals.

MFS-type transporters are channels of multiple substrates, such as monose, polysaccha-
rides, amino acids, polypeptides, vitamins, cofactors, secondary metabolites, chromophores,
and bases. They can either function independently or cooperate with ABC transporters in
metabolite efflux [17]. In our work, the MFS family gene, SLNHY_0929, was heterologously
expressed in the producers of other polyether antibiotics, and it showed a broad spectrum
of substrate identification, whose protein pumped out intracellular salinomycin, lasalocid,
monensin, and nigericin, as well as increasing the titers of each. As a matter of fact, S.
cinnamonensis ATCC 15413 possesses a homolog of the exporter gene SLNHY_0929, namely,
orf6552, with 93% coverage and 75.81% identity, while none of the homolog is present in
S. lasaliensis ATCC 31180 or S. hygroscopicus XM201-ga32. Thus, ORF6552 is considered to
be an endogenous MFS transporter, which exports monensin from the host. Whether or
not it served as another universal ionophore pump remains to be explored. Compared
to specific exporters sInTI and sInTII in the gene cluster, SLNHY_0929 contributed more
to salinomycin biosynthesis [12]. Meanwhile, endogenous exporters in lasalocid, mon-
ensin, and nigericin BGCs, which provide self-resistance to producing strains, have been
reported. Lsd5 in S. lasaliensis showed 53% identity with MonT in S. cinnamonensis, and in
S. hygroscopicus, R14/R15 formed an ABC transporter with 71% and 49% identities with
the TMD and NBD of the transporter in S. avermitilis’s BGC, respectively [33-36]. Until
now, there have been no data about these self-exporters’ functions on antibiotic production,
so we could not compare them with the non-specific exporter SLNHY_0929. However,
introducing this MFS transporter improved the polyether antibiotics’ titers by over 60%
and almost doubled monensin’s titer, which demonstrates the efficacy of our method for
transporter mining. Due to the constitutive expression of these exporter genes, we can
safely draw the conclusion that SLNHY_0929 served as a universal and stable pump by
flexibly identifying polyether compounds. Whether or not it could recognize other types of
chemicals remains unknown. SLNHY_1893, SLNHY_3363, SLNHY_4037, SLNHY_0199,
SLNHY_0818, SLNHY_6316, and SLNHY_6652 all belong to ABC transporters; however,
they cannot export salinomycin according to the MIC results implemented in Streptomyces
lividans. Their functions were speculated to be importers of soybean oil or other small
nutrient molecules, or exporters of other secondary metabolites, such as actinopyranone
and elaiophylin, whose BGCs were detected in the S. albus genome. Hence, on the one
hand, in a future study, intracellular acyl-CoA concentrations will be detected to study
whether these proteins pump fatty acids and glycerol derived from soybean oil [37]. On
the other hand, we would like to strengthen or weaken the expression of these pumps and
observe the production of possible metabolites to identify the pumps’ function.

Additionally, since each transporter exported salinomycin and improved its biosynthe-
sis, it would be interesting to examine whether these pumps are competitive or cooperative.
Thus, tandem over-expression of two or more genes will be employed to study their rela-
tionship, which may push the salinomycin titer to a higher level. By means of electronic
microscope observation and molecular dynamics simulation, the conformation change of
transporters during the pumping of salinomycin will be analyzed. Besides export, other
resistance strategies, including the inactivation of antibiotics and the modification of func-
tion targets, are worthy of study with regard to salinomycin. Further bioinformatic and
functional analyses are likely to provide answers to these questions.
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4. Conclusions

In summary, we constructed a novel method for salinomycin exporter mining by
combining soybean oil preference and transcriptome analysis. We identified eight BGC-
independent transporters and verified their functions. Finally, one of them was proved
to be efficient in multiple polyether antibiotic-producing hosts. Our work contributes
new strategies to further the improvement of salinomyecin titers, and it paves the way for
increasing the titers of other antibiotics through transporter engineering.
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Abstract: L-Kynurenine (Kyn) is an intermediate in the kynurenine pathway and is also found to be a
building block or biosynthetic precursor to bioactive natural products. Recent studies revealed that L-
Kyn can be incorporated via nonribosomal peptide synthetase (NRPS) biosynthetic routes to generate
1-benzazepine-containing compounds, while 1-benzazepine is a pharmaceutically important scaffold
that is rarely found in natural products. Using a core biosynthetic enzyme-guided genome-mining
approach, we discovered a biosynthetic gene cluster from Neosartorya pseudofischeri and identified
that it encodes for the biosynthesis of pseudofisnins, novel 1-benzazepine-containing compounds.
The biosynthetic pathway of pseudofisnins was elucidated through in vivo and in vitro experiments.
The methyltransferase PseC from the pathway was biochemically characterized to be an iterative
methyltransferase that catalyzes off-NRPS line di-methylation on an amine group.

Keywords: 1-benzazepine; L-kynurenine; genome mining; biosynthesis; iterative methyltransferase

1. Introduction

L-Kynurenine (Kyn) (Figure 1A) is a metabolite of the L-tryptophan (Trp) metabolism
and is known as the biosynthetic precursor to synthesize nicotinamide adenine dinucleotide
in the well-known kynurenine pathway [1]. The conversion of L-Trp to N-formyl-L-Kyn,
which is rapidly hydrolyzed to L-Kyn, is catalyzed by indoleamine-2,3-dioxygenase (IDO)
or tryptophan-2,3-dioxygenase (TDO) [2,3]. L-Kyn is present in milk proteins, lens crys-
tallins, and human Cu?*/Zn?* superoxide dismutase in vivo [1]. In addition, L-Kyn is
a non-proteinogenic amino acid with roles in a number of biochemical signaling path-
ways [4,5]. However, L-Kyn is rarely found as a building block or biosynthetic precursor
to bioactive natural products. In the past few decades, a limited number of examples
have been reported. For example, L-Kyn is a building block of daptomycin, which is
a lipodepsipeptide isolated from Streptomyces roseoporus that is used in the treatment of
Gram-positive pathogen skin infections [6]. Recently, several research groups reported
the genome mining discovery of novel natural products, such as nanangelenin A and
aspcandine, from fungi with new chemical scaffolds derived from L-Kyn, which is incorpo-
rated by nonribosomal peptide synthetase (NRPS) [7-9]. An interesting finding in these
studies is that all the identified gene clusters contain genes encoding for NRPS and IDO.
Considering the accumulation of fungal genome sequence data, the discovery of novel
L-Kyn-derived bioactive compounds could be achieved through the mining of the available
fungal genomes.

Benzazepines are a class of nitrogenous heterocyclic compounds with diverse chemical
structures and broad bioactivities, exemplified by the heart-rate-lowering agent ivabradine
and the angiotensin-converting enzyme inhibitor, benazepril [10,11]. Natural products
containing a benzazepine structural unit are found to be widespread in nature, especially
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the 2- and 3-benzazepines, such as communesin [12] and rhoeadine [13]. However, 1-
benzazepine-containing natural products are relatively rare. In recent studies, novel 1-
benzazepine-containing compounds have been discovered from different fungal species via
genome mining [7-9]. Biosynthetic studies have revealed that the 1-benzazepine unit within
these compounds was directly derived from L-Kyn by NRPS pathways (Figure 1B). Since
there are many cryptic NRPS biosynthetic gene clusters that exist in the fungal genomes, we
reasoned that other novel 1-benzazepine-containing natural products could be discovered
through genome mining.
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Figure 1. The structures of L-kynurenine (L-Kyn)-derived natural products (A) and the representative
biosynthetic route to generating 1-benzazepine-containing compounds from L-Kyn (B).

Here, we reported the discovery of pseudofisnins, 1-benzazepine-containing com-
pounds from the marine fungus Neosartorya pseudofischeri F27-1, via a core biosynthetic
enzyme-guided genome mining approach. A biosynthetic pathway to generate these com-
pounds was established by both in vivo and in vitro experiments. In addition, a methyl-
transferase PseC from the pathway was characterized to be an iterative methyltransferase
catalyzing off-NRPS line methylation modification.

2. Results and Discussion
2.1. Identification of the Pse Cluster through Core Biosynthetic Enzyme-Guided Genome Mining

As reported in the biosynthesis of nanangelenins, the core biosynthetic enzymes
involved in the nanangelenin scaffold assembly are the NRPS NanA and the IDO NanC [7].
A number of cryptic biosynthetic gene clusters (BGCs) can also be found in the sequenced
fungal genomes, using NanA and NanC as the search query [7]. Therefore, we reasoned that
the combination of NanA and NanC homolog pairs with different tailoring enzymes could
lead to the generation of novel compounds belonging to the benzazepine alkaloid family.

Using the core biosynthetic enzymes, NanA and NanC, as the search query, we identi-
fied a compact BGC pse cluster from the genome of the marine fungus, N. pseudofischeri F27-1
(Figure 2A). Apart from the genes encoding NanA and NanC homologs, pseA and pseB,
respectively, the pse cluster also encodes a methyltransferase (pseC), a flavine-dependent
monooxygenase (pseD), a hypothetical protein (pseE), a deaminase (pseF), and a UbiH type
hydroxylase (pseG). Since the other genes (pseC-G) of the pse cluster are different from the

124



Antibiotics 2022, 11, 1444

tailoring genes in the nanangelenin biosynthetic pathway, we hypothesized that the pse
cluster might encode for novel benzazepine-containing natural products.
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Figure 2. The pse cluster is responsible for the biosynthesis of pseudofisnins. (A) The pse cluster
identified from Neosartorya pseudofischeri. pseA encodes NRPS, pseB encodes IDO, pseC encodes
methyltransferase, pseD encodes flavine-dependent monooxygenase, pseE encodes a hypothetical
protein, pseF encodes deaminase, and pseG encodes UbiH type hydroxylase. (B) Product profiles
of A. nidulans, transformed with combinations of pse genes. The traces are HPLC with A = 312 nm.
(C) The structures of the characterized compounds.

2.2. Heterologous Expression of the Pse Cluster and Characterization of the Products

To explore the natural product encoded by the pse cluster, all seven putative biosyn-
thetic genes (pseA-G) were introduced into an engineered Aspergillus nidulans expression
host on three episomal vectors (Tables S2 and S3 in the Supplementary Materials) [14].
Compared to the negative control, two new metabolites, 1 (with a molecular weight of
337) and 2 (with a molecular weight of 323), were identified from the extract of A. nidulans
expressing pseA-G (Figure 2B, trace (ii), and Figure S3 in the Supplementary Materials). For
the purposes of structural elucidation, these two compounds were isolated and purified.
Based on 1D and 2D Nuclear Magnetic Resonance (NMR) spectroscopy data (Tables S5 and
56 and Figures S7-518 in the Supplementary Materials), 1 (named pseudofisnin A) and
2 (named pseudofisnin B) were characterized to be 1-benzazepine-containing compounds
(the structures of which are shown in Figure 2C). The only difference between 1 and 2 is that
the amine group attached to the benzene ring is di-methylated in 1 but mono-methylated
in2.

The characterization of 1 and 2 validated our hypothesis that the pse cluster encodes
the enzymes for the biosynthesis of natural products belonging to the benzazepine alkaloid
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family. In the previously reported studies of nanangelelins, nanangelenin B (3, the structure
shown in Figure 2C) was identified to be the product of the NRPS assembly line and the
biosynthetic intermediate to other nanangelelin compounds [7]. As 1 and 2 are structural
analogs to 3, we reasoned that 3 could also be the biosynthetic precursor to 1 and 2.
Combined with the bioinformatics analysis results, we proposed that the biosynthesis of
pseudofisnins would involve the IDO encoding gene, pseB, the NRPS encoding gene, pseA,
and one or two methyltransferase encoding genes, such as pseC.

2.3. Functional Identification of the Genes Involved in the Biosynthesis of Pseudofisnins

To test our hypothesis for the biosynthesis of pseudofisnins, different combinations of
other genes from the pse cluster were co-expressed together with pseA and pseB in A. nidulans.
Interestingly, when the putative methyltransferase PseC was co-expressed with PseA and
PseB, the production of 1 and 2 was detected (Figure 2B, trace (iii)). When pseC was
removed from the co-expression strain, the production of 1 and 2 was abolished (Figure 2B,
trace (iv)). Instead, another new metabolite (3) with an MW of 309 emerged, which is
identical to the MW of nanangelenin B. Structural elucidation of this new metabolite, based
on NMR data (Table S4 and Figures 54-56 in the Supplementary Materials), confirmed it to
be nanangelenin B.

These results confirmed that only three genes, encoding for the NRPS PseA, the IDO
PseB, and the methyltransferase PseC, are required for the biosynthesis of pseudofisnins,
which is consistent with our hypothesis. Similar to the biosynthesis of nanangelenins, PseA
and PseB are responsible for the biosynthesis of nanangelenin B. In addition, the results
from the heterologous expression studies suggested that the methyltransferase PseC might
catalyze the methylation of 3 to afford 1 and 2, acting as an iterative methyltransferase.

2.4. In Vitro Characterization of PseC as an Iterative Methyltransferase

To further validate the function of PseC, the intron-free pseC gene was cloned from
the extracted cDNA of A. nidulans, expressing the pse cluster and being overexpressed in
Escherichia coli BL21 (DE3) as an N-terminal Hisg-tagged fusion protein. In the presence of
PseC and the cofactor, S-adenosyl methionine (SAM), in PIPES (1,4-piperazinediethanesulfonic
acid) buffer (pH 7.4), the conversion of 3 to 1 and 2 was clearly detected after 1 h of incu-
bation (Figure 3, trace (iv)). To further investigate, 2 was tested as the substrate under the
same reaction conditions. As shown in Figure 3, 2 could be totally converted into 1 by PseC
(Figure 3, trace (ii)). These results confirmed that PseC is an iterative methyltransferase
catalyzing di-methylation on the amine group of 3 to 1 by a stepwise mechanism.

(iv) k PseC + 3
(iii) /\ Boiled PseC + 3

A PseC +2

(ii)

(i)

9.5 10.0

3 12

I\ Boiled PseC + 2

—_

Time (min)

Figure 3. Biochemical characterization of the methyltransferase PseC in vitro. The traces are of HPLC
with A =312 nm.

To explore the catalytic efficiency of PseC in the first methylation step and the second
methylation step, kinetic studies of PseC on different substrates were carried out under
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optimized reaction conditions. When 3 was tested as the substrate, to minimize the forma-
tion of 1 and accumulate 2 as the major product, the enzymatic reaction mixtures were only
incubated for 10 min at 30 °C. As shown in Figure S2 in the Supplementary Materials, the
kinetic measurements showed PseC to have a Ky of 72 + 16 uM and ke of 9.8 & 0.8 min !
toward 3 for the first methylation step, and a Ky of 14 £ 5 uM and k.4 of 0.29 £ 0.04 min~1
toward 2 for the second methylation step. The results indicated that PseC has a stronger
binding affinity toward 2 over 3, which could suggest that PseC will efficiently catalyze the
second methylation step to complete the biosynthesis, to form 1.

2.5. The Proposed Biosynthetic Pathway of 1

By combining the results from both in vivo and in vitro experiments, a plausible
biosynthetic pathway to 1 was proposed. As shown in Figure 4, the IDO homolog PseB
could catalyze the ring-opening oxidation of L-Trp to form N-formyl-L-Kyn, which is
then hydrolyzed to form L-Kyn, either spontaneously or via the unknown endogenous
kynurenine formamidase. Then, the NRPS PseA incorporates one molecule of anthranilic
acid and one molecule of L-Kyn to assemble the dipeptide scaffold, which is further released
by the Ct domain through regioselective lactamization to form 3, with a benzazepine core
structure. Finally, the iterative methyltransferase PseC catalyzes the stepwise methylation
of 3, to complete the biosynthesis of 1.
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Figure 4. The proposed biosynthetic pathway of pseudofisnins.

3. Conclusions

In summary, by combining genome mining and heterologous expression, a biosyn-
thetic gene cluster, including IDO and NRPS encoding genes, was mined from the genome
of the marine fungus N. pseudofischeri and was characterized as being responsible for the
biosynthesis of the novel benzazepine alkaloid, pseudofisnin A. The biosynthetic pathway
of pseudofisnin A was proposed and established based on in vivo and in vitro studies.
An iterative methyltransferase was biochemically characterized to catalyze the off-line
post-di-methylation on the amine group of nanangelenin B, to complete the biosynthesis of
pseudofisnin A. Our results provide a successful example of the discovery of novel natural
products through core biosynthetic enzyme-guided genome mining.
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4. Materials and Methods
4.1. Strains and Culture Conditions

The Neosartorya pseudofischeri strain F27-1 was grown at 28 °C over 4 days on PDA
medium (Potato Dextrose Water, 2% agar) for genome extraction. The Saccharomyces cere-
visiae strain BJ5464-NpgA (MATwx ura3-52 his3-A200 leu2-A1 trpl pep4::HIS3 prbl Al.6R
canl GAL) was used for in vivo homologous recombination and was cultured in YPD
(yeast extract 1%, peptone 2%, glucose 2%) media or SDCt (uracil dropout) medium at
28 °C. Aspergillus nidulans A1145 AEMAST [15] was used as the host for heterologous
expression, cultured at 37 °C on CD medium (1% glucose, 50 mL/L of 20 x nitrate salts,
1 mL/L of trace elements, pH 6.5) for 3 days for sporulation, or fermented at 28 °C in
CD-ST (starch 2%, tryptone 2%, 50 mL/L of 20 x nitrate salts, 1 mL/L of trace elements, pH
6.5). The 20 x nitrate salts solution was prepared by dissolving 120 g NaNO3, 10.4 g KCl,
10.4 g MgSO4-7Hy0, and 30.4 g KHyPOy in 1 L double-distilled water. The trace ele-
ment solution (100 mL) consisted of 2.20 g of ZnSO4-7H,0, 1.10 g of H3BO3, 0.50 g of
MnCl,-4H,0, 0.16 g of FeSO4-H,O, 0.16 g of CoCl,-5H,0, 0.16 g of CuSO4-5H,0, and
0.11 g of (NH4)sMo070,4-4H,0, and the pH was adjusted to 6.5. All Escherichia coli were
cultured in LB medium at 37 °C. E. coli BL21 (DE3) (Tsingke, Beijing, China) was used for
protein expression.

4.2. General DNA Manipulation Techniques

The genomic DNA of N. pseudofischeri F27-1 was extracted using the CTAB method [16].
E. coli HB101 and DH5x were used for cloning, following the standard recombinant DNA
techniques. DNA restriction enzymes were used as recommended by the manufacturer
(New England Biolabs, NEB, Ipswich, MA, USA). PCR reactions were performed using
Phanta® Max Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China). The gene-specific
primers are listed in Table S2 in the Supplementary Materials. The plasmids (Table S3 in
the Supplementary Materials) that are used for heterologous expression in A. nidulans were
constructed by yeast homologous recombination using the Frozen-EZ Yeast Transformation
II Kit™ (Zymo Research, Irvine, CA, USA). The yeast plasmid extraction was performed
with Zymoprep™ Yeast Plasmid Miniprep I (Zymo Inc., Irvine, CA, USA).

4.3. Plasmids Construction

The vectors pYTP, pYTU, and pYTR, with auxotrophic markers for pyridoxine (pyroA),
uracil (pyrG), and riboflavin (riboB), respectively, were used for insertion into target genes.
All three plasmids were digested with Pacl and Swal. The target genes were amplified from
the genomic DNA of N. pseudofischeri F27-1, with their native terminators added to the
ends, and the amplified fragments were flanked by homologous arms for recombination.
The prepared fragments and vectors were co-transformed into S. cerevisiae B]5464-NpgA
yeast-competent cells to yield the plasmids for gene expression in A. nidulans, which were
verified by sequencing.

To construct the protein expression plasmid of PseC for E. coli BL21 (DE3), the intron-
free pseC gene was amplified from the cDNA of the A. nidulans strain expressing the pse gene
cluster, using the primers listed in Table S2 in the Supplementary Materials. The expression
vector pET28a was digested with Ndel and BamH 1. The digested vector and the target
fragment with homologous arms were recombined using the ClonExpress® II One-Step
Cloning Kit (Vazyme). The resulting plasmid pXXX1-7 (Table S3 in the Supplementary
Materials) was verified by enzyme digestion and sequencing.

4.4. Protoplast Preparation and Transformation of A. nidulans

The spores of A. nidulans A1145 AEMAST were inoculated into 50 mL of liquid CD,
containing 10 mM uridine, 5 mM uracil, 0.5 pg/mL pyridoxine and 0.125 pg/mL riboflavin,
and then germinated at 37 °C at 220 rpm for approximately 9 h. The mycelia were harvested
by centrifugation at 5000 rpm for 5 min at 4 °C and washed with 15 mL osmotic buffer
(1.2 mol/L MgSO4-7H,0, 10 mM sodium phosphate, pH 5.8). The mycelium was then
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transferred to 10 mL osmotic buffer containing 30 mg lysing enzymes and 20 mg Yatalase
and was then shaken at 28 °C and 80 rpm for 14 h. After the protoplasts were observed
under the microscope, the liquid was poured into a sterile 50 mL centrifuge tube and gently
covered with an equal volume of trapping buffer (0.6 M sorbitol, 0.1 M Tris-HCI, pH 7.0).
Centrifugation at 3750 rpm for 15 min at 4 °C layered the protoplasts at the interface of the
two buffers. Then the protoplasts were washed and resuspended with STC buffer (1.2 M
sorbitol, 10 mM CaCl,, 10 mM Tris-HCI, pH 7.5).

For transformation, recombinant plasmids were added to the protoplasts of A. nidulans
and placed on ice for 30 min. First, 60% PEG buffer (60% PEG 4000, 0.56% CaCl,, 50 mM
Tris, pH 7.5) was added to the mixture and then induced at room temperature for 1 h. The
mixture was grown on the regeneration dropout solid medium (CD medium with 1.2 mM
sorbitol and appropriate supplements) at 37 °C for about 2 days. The transformants were
inoculated on fresh dropout solid medium at 37 °C for about 2 days.

4.5. Chemical Analysis and Compound Isolation and Characterization

In order to perform small-scale metabolite analysis in A. nidulans, different transfor-
mants were grown on liquid CD-ST media at 28 °C for 3-5 days, then extracted with ethyl
acetate (EtOAc). UPLC-MS analysis was carried out for 15 min on a Shimadzu LC-30A
system connected to a single quadrupole mass spectrometer MS2020 (ESI) (Shimadzu,
Kyoto, Japan), using a C18 reverse-phase column (shim pack XR-ODS III, 2.0 mm x 75 mm,
1.6 um) with a linear gradient of 5—95% MeCN-H,O and a flow rate of 0.2 mL/min.

For the isolation of nanangelenin B (1), pseudofisnin A (2), and pseudofisnin B (3),
the corresponding transformants of A. nidulans strains were grown on 4 L of liquid CD
media for 4 days at 28 °C and then extracted with EtOAc. After concentration, the crude
extract was chromatographed on a silica gel column using EtOAc and n-hexane as elu-
ent. The fractions containing the target compounds were combined and further puri-
fied by semi-preparative HPLC, using a Pntulips C18 reverse-phase column (C18, 5 um,
250 x 10 mm) (Puningtech, Shanghai, China).

The 1D and 2D NMR spectra were recorded in CDCl; or DMSO-d; using Bruker
600 MHz spectrometers and tetramethylsilane (TMS) as an internal standard. HR-ESIMS
(high-resolution electrospray ionization mass) data were measured on an Acquity 2D-
UPLC/ Acquity UPC2/Xevo G2-XS QTOF (Waters, Milford, MA, USA).

4.6. Protein Expression and Purification of PseC

The correct plasmid was transformed into BL21 (DE3) to express the N-terminal
Hisg-tagged fusion protein. The protein purification of PseC was performed as follows.
The transformed strains were first cultured overnight in 5 mL LB containing 50 ug/mL
kanamycin and were then transferred to 2 L LB medium containing antibiotics at a ratio
of 1:100. The culture was shaken at 37 °C until the optical density at 600 nm (ODggp)
reached 0.6~0.8, and then 0.2 mM isopropylthio-3-D-galactoside (IPTG) was added for
induction. After induction at 16 °C for 22 h, the cells were collected via centrifugation at
5000 rpm. The collected cells were resuspended in lysis buffer (20 mM Tris-HCI, 300 mM
NaCl, 5 mM p-mercaptoethanol, 10 mM imidazole, 1 mM PMSE, 10% glycerol, pH 8.0)
and sonicated on ice. After centrifugation (12,000 rpm, 30 min, 4 °C), the supernatant was
collected and added to Ni-NTA agarose resin (Smart-Lifesciences, Changzhou, China).
Then, the resin was loaded into a gravity flow column and eluted in a gradient with elution
buffer (20 mM Tris-HCI, 300 mM NaCl, 10% glycerol, pH 8.0) containing progressively
increasing concentrations of imidazole (20 mM to 300 mM). After analysis by 12.5% (w/v)
acrylamide sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure
S1 in the Supplementary Materials), the protein fractions containing PseC were combined
and concentrated using Amicon-Ultra Centrifugal Filters (Millipore, Burlington, MA, USA).
The protein solution was concentrated to 2.5 mL and further desalted using a PD-10 column
(GE Healthcare, Chicago, IL, USA) with elution buffer (50 mM HEPES, 100 mM NaCl,
10% glycerol, pH 7.5). The concentration of the protein was measured with a Bradford
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protein assay (Bio-Rad, Hercules, CA, USA). Finally, the proteins were flash-frozen in liquid
nitrogen and stored at —80 °C.

4.7. Enzymatic Assays of PseC In Vitro

To verify the function of PseC in vitro, 10 uM PseC was incubated with 120 pM
nanangelenin B (1) or 30 uM pseudofisnin A (2), with 2 mM SAM in 50 mM PIPES (pH
7.4) buffer. The reaction mixture was incubated at 30 °C for 1 h and then quenched
with 2 times the volume of acetonitrile. Boiled PseC was used in the negative control
assays. After centrifugation, the supernatant was analyzed via LC-MS, using the method
mentioned above.

Kinetic studies of the protein were performed using the following conditions: 1 pM
PseC was incubated with 4480 uM nanangelenin B (1) or 2.5-115 uM pseudofisnin A (2),
with 2 mM SAM in 50 mM PIPES (pH 7.4) buffer for 10 min at 30 °C. After quenching
with acetonitrile, the reaction mixtures were analyzed by LC-MS to determine the product
formation. Each data point represents a minimum of three replicate endpoint assays;
kinetic constants were obtained by non-linear regression analysis using GraphPad Prism
9 (GraphPad Software, Inc., San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/antibiotics11101444/s1, Figure S1: SDS-PAGE analysis of purified
PseC; Figure S2: Kinetic analysis of the methylation reaction catalyzed by PseC; Figure S3: HR-ESIMS
of (a) pseudofisnin B and (b) pseudofisnin A; Figure S4: 'H NMR spectrum of nanangelenin B (3) in
DMSO-dg. Figure S5: 13C NMR spectrum of nanangelenin B (3) in DMSO-dg; Figure S6: DEPT 135
spectrum of nanangelenin B (3) in DMSO-dg; Figure S7: 1H NMR spectrum of pseudofisnin B (2) in
CDCls; Figure S8: 13C NMR spectrum of pseudofisnin B (2) in CDCl3; Figure S9: DEPT 135 spectrum
of pseudofisnin B (2) in CDCl3; Figure S10: COSY spectrum of pseudofisnin B (2) in CDClj3; Figure
S11: HSQC spectrum of pseudofisnin B (2) in CDCl3; Figure S12: HMBC spectrum of pseudofisnin B
(2) in CDCl3; Figure S13: 'H NMR spectrum of pseudofisnin A (1) in CDCl3; Figure S14: 13C NMR
spectrum of pseudofisnin A (1) in CDCl3; Figure S15: DEPT 135 spectrum of pseudofisnin A (1) in
CDCl3; Figure S16: COSY spectrum of pseudofisnin A (1) in CDCl3; Figure S17: HSQC spectrum
of pseudofisnin A (1) in CDCl3; Figure S18: HMBC spectrum of pseudofisnin A (1) in CDCl3; Table
S1: Bioinformatics analysis of the pse gene cluster; Table S2: Primers used in this study; Table S3:
Plasmids used in this study; Table S4: NMR data of nanangelenin B (3) in DMSO-dg; Table S5: NMR
data of pseudofisnin B (2) in CDCl3; Table S6: NMR data of pseudofisnin A (1) in CDCl3.
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Abstract: Two new cyclodipeptide (CDP) derivatives (1-2) and another seven known cyclodipeptides
(3-9) were isolated from Streptomyces 26D9-414 by the genome mining approach combined with
genetic dereplication and the “one strain many compounds” (OSMAC) strategy. The structures
of the new CDPs were established on the basis of 1D- and 2D-NMR and comparative electronic
circular dichroism (ECD) spectra analysis. The biosynthetic gene clusters (BGCs) for these CDPs were
identified through antiSMASH analysis. The relevance between this cdp cluster and the identified
nine CDPs was established by genetic interruption manipulation. The newly discovered natural
compound 2 displayed comparable cytotoxicity against MDA-MB-231 and SW480 with that of
cisplatin, a widely used chemotherapeutic agent for the treatment of various cancers.

Keywords: genome mining; genetic dereplication; cyclodipeptide; OSMAGC; cytotoxicity; Streptomyces

1. Introduction

Actinomyces provide a rich source of natural products (NPs) with potential therapeutic
applications, and modern “omics”-based technologies have revealed their potent potential
for encoding diverse natural products [1]. Genome-guided discovery of clostrubin A [2],
closthioamide [3] and cytotoxic benzolactones [4] has reinvigorated NP research, making it
a more targeted and systematic research endeavor. To avoid the re-isolation of known NPs,
the “genetic dereplication” strategy [5] and the “one strain many compounds” (OSMAC)
approach [6] have been successfully used during large-scale culture for discovering NPs
with novel skeletons (such as alterbrassinoids A-D [7] and waikikiamides [8]) and novel
NPs derived from post-modifications (such as the branched cyclic peptide lyciumin [9] and
highly modified polytheonamide-like peptides [10]).

Cyclodipeptides (CDPs), also called 2,5-diketopiperazines (DKPs), are the smallest
cyclic peptides formed via the condensation of two x-amino acids. CDPs are mainly
produced by Streptomyces [11]. CDPs exhibit important and diverse biological proper-
ties, such as antibacterial, antifungal, antiviral, antitumor, immunosuppressive and anti-
inflammatory activities [12]. Owing to the great potential for activation of specific binding
sites in enzymes or proteins, CDPs have become important pharmacophores in pharmaceu-
tical chemistry [13]. Natural CDPs can be biosynthesized through two different machineries;
one is catalyzed by the large multi-modular nonribosomal peptide synthetases (NRPSs),
and the other is mediated by cyclodipeptide synthases (CDPSs) [14]. The former uti-
lizes free amino acids, and the latter hijacks aminoacyl-tRNAs (AA-tRNAs) from primary
metabolism [15]. Generally, CDPSs catalyze the production of representative 2,5-DKDPs,
which then will be modified by cyclodipeptide-tailoring enzymes (such as methyltrans-
ferases, prenyltransferases, oxidoreductases and cytochrome P450 enzymes) to form their
intriguing molecular character [14,15].
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Aiming at mining more natural products with structural diversity and bioactivity,
the OSMAC strategy was carried out using Streptomyces hygrospinosus var. beijingensis,
which is rich in secondary metabolites including tetramycin [16], anisomycin [17], nystatin
and toyocamycin [18]. Among them, tetramycin, anisomycin and structurally related
derivatives were high-yield products in the wild-type strain. To avoid the rediscovery
of already characterized compounds and to reduce the interference effect of tetramycin
and anisomycin, the BGCs of those compounds were genetically deleted and the resultant
mutant strain (named S. hygrospinosus 26D9-414) was used as the starting strain in this study.
When S. hygrospinosus 26D9-414 was incubated in a new medium different from the one
used for tetramycin and anisomycin production, nine CDPs of two types, diketopiperazines
with phenylalanine (1 and 4-9) and pyrazinones with arginine (2 and 3), were successfully
identified. Among the identified CDPs, compounds 1 and 2 (argilein) were new compounds,
and compound 4 was reported as a natural product for the first time here. Compound 4 has
been used as an important substrate for antitumor spirotryprostatin B synthesis [19]. The
other six CDPs have been reported before and were known as argvalin (3) [20], albonoursin
(5) [21], 3,6-Dibenzylidene-2,5-dioxopiperazine (6) [22], 3-benzylidenepiperazine-2,5-dione
(7) [23], 3-benzylidene-6-methylpiperazine-2,5-dione (8) [24] and 3-Benzyl-6-benzylidene-
2,5-dioxopiperazine (9) [25], respectively. antiSMASH analysis of the genome sequence
revealed a possible cdp cluster for the nine CDPs, and genetic deletion of cdpA-C confirmed
the correlation of genes with compounds. Finally, the antibacterial and cytotoxic properties
of 1-5 were evaluated.

2. Results and Discussion

The “genetic dereplication” strain Streptomyces 26D9-414 [18], in which BGCs of
tetramycin and anisomycin were deleted, was selected for OSMAC screening of new
natural products. The original medium for anisomycin production and the other ten liquid
media PYJ1-J10 were selected for the mining of new compounds. Comparative HPLC
analysis of the secondary metabolites was conducted, and the metabolic profile of the
PYJ1 medium gave many new peaks characteristic of absorption at 224 nm and 296 nm
(Figure S1). Repeat rounds of fractionation alternating between silica gel chromatography
and Sephadex LH-20 column chromatography followed by semi-preparative reversed-
phase HPLC afforded compounds 1-9 (Figure 1). Their structures were elucidated by
spectroscopic methods and HR-ESI-MS data.
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Figure 1. Structures of compounds 1-9.

Compound 1 was isolated as a white amorphous powder. The UV characteristic
absorptions (224 nm and 296 nm) were similar to those of the already-known compound 4.
The similarity suggested a diketopiperazine moiety within 1. Based on HR-ESI-MS ions at
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m/z 259.1079 [M + H]*, the molecular formula of 1 was determined as C14,H14N>O3. Ac-
cording to the NMR data, it contained nine degrees of unsaturation. The diketopiperazine
nature of 1 was confirmed through the 'H and '3C spectroscopic data analysis (Table 1),
in which two amidic carbonyls (C-1 and C-4) were observed (Figure 1). The 'H NMR
combined with H-H COSY spectrum showed characteristic 4-hydroxyproline residues at
oy 3.71 (1H, dd, ] = 12.7, 4.7 Hz), 3.32 (1H, d, ] = 12.7 Hz), 4.34 (1H, m), 2.12 (1H, dd,
J=12.6, 6.4 Hz),2.01 (1H, td, | = 12.6, 4.4 Hz), 4.58 (1H, dd, | = 12.6, 6.4 Hz), 5.17 (1H, d,
] = 2.9 Hz). Meanwhile, the 3C and 2D NMR spectrum of 1 revealed an «,3-unsaturated
phenylalanine residue (d¢ 158.7, 133.5, 129.3, 128.6, 127.9, 114.7) (Table 1). Finally, according
to the HMBC correlations of H-2/C-9 and H-6/C-4, two fragments concatenated to form
diketopiperazine (Figure 2). Therefore, the planar structure of compound 1 was a new
pyrrolidine-containing and hydroxylated analog of compound 4.

Table 1. 'H (600 MHz) and 13C (150 MHz) NMR data for 1 and 2.

1 2
No. Oy, Mult (J in Hz) dc, Type Sy, Mult (J in Hz) dc, Type
1 167.5, C 158.8, C
2 10.03, s 12.10, s
3 128.6, C 137.5,C
4 158.7, C 7.84,s 120.1, C
5
3.71,dd (127, 4.7)
6 332, (12.) 54,5, CH, 156.0, C
7 434, m 66.6, CH 3.08, m 35.7,CH
2.12,dd (12.6, 6.4) 1.68, m
8 201, td (12.6, 4.4) 37.3,CH, 141, m 27.1,CH,
9 458, dd (12.6, 6.4) 56.8, CH 0.79, t (7.4) 11.9, CH,
10 1.07,d (6.9) 17.8, CH;
v 6.67,5 114.8, CH 2.43,t(7.5) 26.7, CH,
2/ 133.6, C 1.78, m 27.2, CHp
3 7.54,d (7.6) 129.4, CH 3.10, t (6.4) 40.1, CH,
4 7.40,  (7.6) 128.6, CH 156.9, C
5 7.30, t (7.6) 128.0, CH
7-OH 5.17,d (2.9)

See Supplementary Materials for NMR spectra. Spectra were recorded in DMSO-ds.
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Figure 2. COSY and key HMBC correlations of compounds 1 and 2.

The relative configuration of compound 1 was determined based on the NOESY
spectrum (Figure 3A). The correlations between H-9 and 7-OH instead of H-9 and H-7
indicated that H-7 is located on the opposite side of H-9. Based on the NOE cross-peaks
between H-2 and H-3/, the configurations of the 3, y-unsaturated bond in 1 were assigned
as (Z). The absolute configuration was established by electronic circular dichroism (ECD),
and the experimental ECD spectra matched well with the calculated ECD curves of 7R, 95
(Figure 3B). Considering the biosynthetic origins, the S configuration at C-9 was consistent
with natural L-proline. Taken together, compound 1 was identified as (7R,95)-3-((Z)-
benzylidene)-7-hydroxy-hexahydropyrrolo [1,2-a] pyrazine-1,4-dione.
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Figure 3. Key NOESY correlations and ECD curves of compound 1.

Compound 2 was detected as an intracellular product with different UV spectra
from compound 1. The UV characteristic absorptions of 2 (228 nm and 322 nm) were
more consistent with the known argvalin (3) [20]. Its molecular formula C;,H;1N5O was
established on the basis of HR-ESI-MS data m/z 252.1823 [M + H]* (Cal. 252.1819), which
increased by 14 Da compared to 3. The 1D NMR data of 2 were similar to those of 3 except
for the two methyl groups with different chemical shifts and the presence of an extra
methylene at 5¢c 27.1 (Table 1). These data suggest that isoleucine, rather than valine,
was condensed with arginine, leading to the formation of compound 2 as a new pyrazine
derivative. Considering the arginine origin, compound 2 was named argilein. This is the
third arginine-containing pyrazine derivative found in natural products. Similarly, the
absolute configuration of 2 was 7S, which was consistent with the L-isoleucine (Figure 4).

10 ——— ExptlECD of 2
——— Cacld ECD of (7S)-2
— — = Cacld ECD of (7R)-2

Wavelength (nm)

Figure 4. Experimental and calculated ECD curves of compound 2.

The compounds 1-5 were evaluated for cytotoxicity against human lung carcinoma
(A549), human leukemia (HL60), human hepatocellular carcinoma (SMMC-7721), human
colon cancer (SW480) and human breast carcinoma (MDA-MB-231) cell lines by MTS
assay. Among the five compounds, only compound 2 exhibited selective inhibitory activity
against MDA-MB-231 and SW480, the ICs values of which were 18.26 uM and 13.42 pM,
respectively (Table S3). The cytotoxicity of compound 2 was comparable with that of
cisplatin, which has been widely used as a chemotherapeutic agent for the treatment
of various cancers [26]. As to the antibiotic activity, all compounds showed no obvious
inhibitory activity against all tested bacteria and fungi, except for compound 2, which
exhibited weak activity against Xanthomonas albilineans, Candida albicans and Candida sake
with MIC values of 0.25 mg/mL, 1.0 mg/mL and 1.0 mg/mL, respectively (Table S4). This
finding was consistent with the reported weak antibacterial activities of CDPs (MICs of
0.5-10 mg/mL) [27,28].

To correlate BGCs with the isolated nine diketopiperazines, antiSMASH analysis of the
genome sequence of S. hygrospinosus var. beijingensis was conducted. The arrangement and
sequence of genes within the cdp cluster showed high similarity with those of the alb cluster,
which was reported to be responsible for albonoursin (5) production (Figure S2) [21]. albC
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encodes cyclodipeptide synthase (CDPS), which catalyzes the cyclic dipeptide precursor for-
mation. The heterologous expression of albC led to the synthesis of various cyclodipeptides,
including cyclo(Phe-Pro) [29,30], the possible precursor of compounds 1 and 4. The deletion
of cdpA-cdpC abolished the production of nine cyclodipeptides (Figures 5 and 54). To the
best of our knowledge, this is the first finding of a cyclodipeptide synthesized by CDPS
using arginine and also the first report of a proline-derived cyclodipeptide (compounds
1 and 4) from the original producing strain.

A B

UV at 296 nm UV at 322 nm
Compound 1 ! Compound 3

L
Compound 5 h Compound 2

H
J_/\ ‘ L | S:liygrospinostis'dcap 1 M P A S. Hygrospinosus Acdp

L

10 20 30 40 min 10 20 30 40 min

Figure 5. HPLC analysis of metabolites in S. hygrospinosus 26D9-414 and in mutant S. hygrospinosus
Aalb. (A) The UV detection of piperazines were performed at 296 nm; (B) The UV detection of
pyrazinones at 322 nm.

Cyclodipeptide oxidases (CDOs) AlIbA and AlbB usually catalyze the dehydrogenation
of cyclodipeptides to form dehydrogenated cyclodipeptide derivatives [31]. Whether the
hydroxyl group in 1 and pyrazinone in 2 are catalyzed by CDO candidates CdpA and CdpB
still awaits discovery. CDPSs and CDOs both possess broad substrate selectivity and can
be used to synthesize various dehydrogenated cyclodipeptide derivatives, which serve as
important precursors for the development of pharmaceutical intermediates [30,32]. Gene
c-blast analysis revealed that cdp gene analogs were mainly distributed in Streptomyces
and Nocardiopsis, and a few were also found in Nonomuraea, Goodfellowiella, Bailinhaonella,
Saccharopolyspora and Actinomadura (Figure S5).

3. Conclusions

Modern “omics”-based technologies have revealed the potent potential of Actinobacte-
ria for encoding natural products with diverse structures and biologically active compounds.
To reveal the diversity of NPs encoded by Streptomyces hygrospinosus var. beijingensis, the
“genetic dereplication” strategy and OSMAC approach were used in this study. Nine
CDP derivatives of two types were identified from S. hygrospinosus 26D9-414 through the
genome mining strategy. The relevance between the cdp cluster and all the isolated CDPs
was confirmed by genetic manipulation. These findings increase the repertoire of natural
DKPs and reveal a CDPS with a broad range of substrates that could be developed as a
biocatalyst for the future development of therapeutic agents.

4. Material and Methods
4.1. General Experimental Procedures

Optical rotations were recorded with a JASCO P-2000 digital polarimeter. UV spectra
were recorded on a Thermofisher Evolution 300 UV-vis spectrophotometer. The 1D-NMR
and 2D-NMR spectra were obtained on a Bruker AVANCE III 600 MHz spectrometer with
TMS as an internal standard. HR-ESI-MS spectra were recorded on an Agilent 1290 HPLC
system coupled to a 6230 TOF system mass spectrometer. ECD spectra were recorded using
a JASCO J-1500-150ST. HPLC analysis and semi-preparative HPLC were performed with
Agilent 1260 HPLC system using an Agilent ZORBAX SB-C18 column (5 pm, 4.6 x 250 mm)
and an Agilent ZORBAX SB-C18 column (5 um, 9.4 x 250 mm), respectively. All compara-
tive studies of crude extracts obtained based on the OSMAC strategy were based on HPLC
analysis, the mobile phases were CH30OH-H,O and 1%o formic acid or trifluoroacetic acid in
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the water. The gradient was chosen as CH3OH-H,O: 5% 0-5 min, 5-50% 5-30 min, 50-95%
30-45 min, 95% 45-50 min, 95-5% 50-51 min, 5% 51-60 min, 0.5 mL/min. The HPLC
methods used for the separation of compounds 1-9 are described in detail in Section 4.5.
Silica gel (100-200, 200-300 mesh, Qingdao Haiyang Chemical Co., Ltd., Qingdao, China)
and Sephadex LH-20 gel (Uppsala, Sweden) were used for column chromatography (CC).
Precoated silica gel GF254 plates (Qingdao Marine Chemical Ltd., Qingdao, China) were
used for TLC monitoring combined with UV light and 10% H;SO, in EtOH. Tag DNA poly-
merase and KOD-plus high-fidelity polymerase were obtained from Takara. All restriction
enzymes were purchased from Thermo Scientific or Vazyme Biotech Co., Ltd. E.Z.N.A. Gel
Extraction Kit and Plasmid Mini Kit were purchased from OMEGA. PCR primers were
synthesized by GENEWIZ. All solvents used for CC were of analytical grade (Shanghai
Chemical Reagents Co., Ltd., Shanghai, China), and solvents used for HPLC were of HPLC
grade (Sigma-Aldrich, St. Louis, MO, USA).

4.2. Bacterial Strains, Plasmids, Primers and Culture Conditions

The strains, plasmids and primers used in this study were listed in Tables S1 and S2.
Streptomyces and its derivatives were grown at 30 °C on solid SFM medium (2% mannitol,
2% soya flour and 1.5% agar) for sporulation and conjugation, and in TSBY liquid medium
(3% tryptone soy broth, 10.3% sucrose and 0.5% yeast extract) for the isolation of chromo-
somal DNA [33]. All E. coli strains including DH10B and ET12567 /pUZ8002 were grown
in liquid Luria-Bertani (LB) medium or on LB agar at 37 °C. Apramycin (50 ug/mL) and
trimethoprim (50 pg/mL) were used when necessary. All plasmid subcloning experiments
were performed in E. coli DH10B following standard protocols. General procedures for E. coli
or Streptomyces manipulation were carried out according to the published procedures [34].

4.3. Construction of S. hygrospinosus Acdp Mutant

To construct the cdpA-cdpC deletion mutant, the 1624 bp DNA fragment covering total
cdpA-cdpC was substituted by aac(3)IV + oriT cassette (AprR gene), amplified from pIJ773
primers cdp-apr-P1/P2 and cdp-apr-P1/P2 (Table S2). Two homologous arms of 2004 bp
and 1964 bp containing the upstream and downstream regions flanking cdpA-cdpC were
amplified by PCR with primers cdp-L-P1/P2 and cdp-R-P1/P2, respectively (Table S2).
The entire PCR product was cloned into the BamHI/EcoRI-digested pJTU1278, generating
the recombinant plasmid vector pZDS-1, using the Vazyme one-step cloning kit (Vazyme
Biotech Co., Ltd., Nanjing, China). The resultant plasmid was firstly transferred into
E. coli ET12567 /pUZ8002 and then introduced into S. hygrospinosus 26D9-414 strain for the
construction of cdpA-C-deleted strain S. hygrospinosus Acdp. According to the previously de-
scribed procedure [35], the double-crossover strains were obtained through antibiotic selection
and confirmed by PCR verification using primers cdp1-P1/P2 and apr-P1/P2 (Table S2).

4.4. Strain Fermentation and Chemical Analysis

The mutant S. hygrospinosus 26D9-414 was cultivated in TSBY liquid medium at 30 °C
for 2 days to afford seed broth. The seed broth was next inoculated into a fermentation
medium (5% (v/v)) and incubated at 30 °C with shaking for a further 6 days. Ten different
fermentation liquid media (Table S4) including the original medium (containing 1% corn
starch, 2% soluble starch, 1% soya flour, 0.02% KH;POy4, 0.3% NaCl, 0.3% NH4Cl and
0.4% CaCOQOg per liter) were selected for tetramycin and anisomycin production [36]. The
EtOAc extracts of all fermentation broths were analyzed by high-performance liquid
chromatography (HPLC). For the accumulation of nine CDPs, medium PY]J1 (containing
3% soluble starch, 4% glucose, 1% glycerin, 1.5% tryptone soy broth, 1% beef extract,
1% peptone, 0.65% yeast extract, 0.05% MgSO4, 0.1% NaCl and 0.2% CaCOj3 per liter)
was used.
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4.5. Fermentation and Isolation

Large-scale fermentation for the isolation and purification of DKPs was conducted
according to the standard method described before. A total of 10 L fermentation broth was
centrifuged to afford the mycelia and the liquid phase. The liquid phase was extracted
with an equal volume of EtOAc three times at room temperature. The EtOAc crude extract
was concentrated under reduced pressure to yield dark brown matter (2.6 g). The crude
extract was separated using a column of silica gel eluted with CHCl3/MeOH (from 100:1
to 1:1, v/v) to obtain eight fractions (Fr.A-Fr.H). Then Fr.B was directly separated by semi-
preparative HPLC (CH30H-H,O: 10% 0-5 min, 10-90% 5-40 min, 1.5 mL/min, 296 nm) to
afford compounds 1 (22.4 mg, tg = 23 min) and 7 (16.8 mg, tr = 22 min); Fr.C was subjected
to Sephadex LH-20 column chromatography and elution with CHClz /MeOH (1:1, v/v) to
give four fractions (Fr.C1-C4); Fr.C3 was separated by semi-preparative HPLC (CH;0H-
H,0: 5% 0-5 min, 5-80% 5-40 min, 1.5 mL/min, 296 nm) to afford compounds 4 (16.6 mg,
tr =27 min), 5 (6.3 mg, tg = 34 min), 6 (2.6 mg, {g = 36 min), 8 (12.1 mg, fg = 26 min) and
9 (3.2 mg, tg = 30 min). The mycelia were extracted with acetone (1 L) and ultrasound
for 2 h, and the organic solvents were dried under vacuum to yield a dark brown crude
extract (1.1 g). The extract was separated into six fractions (Fr.a-Fr.f) by silica gel column
chromatography using CHCl; /MeOH mixtures of increasing polarities (100:1 to 5:1, v/v).
Fr.e was separated by semi-preparative HPLC (CH3OH-H,O: 5-50% 30 min, 1.5 mL/min,
322 nm, 1% TFA in water) to afford compounds 2 (7.4 mg, tg = 22 min) and 3 (5.5 mg,
tg =20 min).

Compound 1: white powder; [oc]zD5 +13.5 (c 0.2 MeOH); UV (MeOH) Anax (log €)
214 (3.31), 299 (3.32) nm; 'H NMR (600 MHz, DMSO-d;;) and 3C NMR (150 MHz, DMSO-
dg) data in Table 1; HR-ESI-MS m/z 259.1079 [M + H]* (calcd for C14H15N,05%, 259.1077).

Compound 2: pale-yellow powder; [oc]2D5 —12.1 (c 0.2 MeOH); UV (MeOH) Amax (log )
230 (3.12), 323 (3.17) nm; 'H NMR (600 MHz, DMSO-d;) and '3C NMR (150 MHz, DMSO-d;)
data in Table 1; HR-ESI-MS m/z 252.1823 [M + H]* (calcd for C1,H»pN5O™, 252.1819).

4.6. ECD Calculations

Conformational analyses for compounds 1-2 were performed via Spartan’14 software
using the MMFF94 molecular mechanics force field calculation. Conformers within a
10 kcal/mol energy window were generated and optimized using DFT calculations at the
B3LYP/6-31G(d) level. Conformers with a Boltzmann distribution over 1% were chosen
for the ECD calculations in MeOH at the B3LYP/6-311 + G (2d, p) level. The IEF-PCM
solvent model for MeOH was used. The calculated ECD spectra were obtained by DFT and
time-dependent DFT (TD-DFT) using Gaussian 09 and analyzed using SpecDis v1.71.

4.7. Cytotoxicity Assays

To determine the cytotoxicity of compounds 1-5, five human cancer cell lines (HL60,
A549, SMMC-7721, SW480, MDA-MB-23) were evaluated by MTS assay. Each cell line
was exposed to the tested compounds at concentrations of 40, 8, 1.6, 0.32 and 0.064 uM in
triplicate. Cell viability was determined using MTS Kit according to the manufacturer’s
instructions [37].

Supplementary Materials: The following supporting information is free of charge and can be
downloaded at: https:/ /www.mdpi.com/article/10.3390/antibiotics11111463/s1. Figure S1: HPLC
analysis of fermentation products of S. hygrospinosus 26D9-414 from eleven different mediums.
Figure S2: Biosynthetic analysis of CDPs. Figure S3: Schematic construction and PCR verification
of S. hygrospinosus Acdp mutant. Figure S4: HPLC analysis of metabolites in S. hygrospinosus
26D9-414 and in S. hygrospinosus Acdp mutant. Figure S5: Distribution statistics of putative cdp
gene analogues. Figures S6-5S12: 1D and 2D NMR, HR-ESI-MS, and UV spectra of compound 1.
Figures 513-520: 1D and 2D NMR, HR-ESI-MS, and UV spectra of compound 2. Table S1: Strains
and plasmids used in this study. Table S2: Primers used in this study. Table S3: Cytotoxicity assay of
compounds 1-5. Table S4: Antibacteria activity assay of compounds 1 and 2. Table S5: Ten mediums
in this study. References [18,21,38—46] are cited in Supplementary Materials file.
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Abstract: In this study, metal cefotaxime complexes of Ca(II), Cr(IlI), Cu(Il), Zn(II), and Se(VI) were
synthesized and characterized by elemental analysis, conductance measurements, IR, electronic
spectra, magnetic measurements, 'HNMR, and XRD, as well as by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The lower values for molar conductance refer to
the nonelectrolyte nature of the complexes. The FTIR and 'H-NMR spectra for the metal complexes of
cefotaxime proved that the free cefotaxime antibiotic ligand acted as a monoanionic tridentate ligand
through the oxygen atoms of lactam carbonyl, the carboxylate group, and the nitrogen atoms of the
amino group. From the magnetic measurements and electronic spectral data, octahedral structures
were proposed for the Cr(III) and Se(VI) complexes, while the Cu(II) complex had tetragonal geometry.
This study aimed to investigate the effects of cefotaxime and cefotaxime metal complexes on oxidative
stress using antioxidant assays including DPPH, ORAC, FARAB, and ABTS, a metal chelation assay,
as well as the inhibition of the viability of cancer cells (HepG-2). Regarding the antibacterial activity,
the cefotaxime metal complexes were highly effective against both Bacillus subtilis and Escherichia coli.
In conclusion, the cefotaxime metal complexes exhibited highly antioxidant activities. The cefotaxime
metal complexes with Zn and Se inhibited HepG-2 cellular viability. Thus, the cefotaxime metal
complexes elicited promising results as potent antioxidant and anticancer agents against HepG-2,
with potent antibacterial activities at a much lower concentration.

Keywords: metal complexes; spectroscopic studies; antioxidant capacities; hepatic functions; cancer
cells; cefotaxime

1. Introduction

Infectious diseases resulting from bacteria are considered a major health problem
worldwide, part of which can be attributed to the rapidly increasing resistance to existing
antimicrobial drugs. For treating pathogenic multidrug-resistant bacterial strains, devel-
oping new antimicrobial compounds is vital. The antibiotic drug, cefotaxime, shown in
Figure 1, is considered a third-generation cephalosporin; the resistance to it is due to the
inability of cefotaxime to reach its target sites, to alter the binding of penicillin with pro-
teins, which is the main target of the cephalosporins; in addition, 3-lactamases (bacterial
enzymes) deactivate cephalosporin [1].

The hydrolysis of third-generation cephalosporins has a higher resistance to 3-lactamases
formed by some Gram-negative bacterial strains than that of the first generation of cephalosporins.
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Cefotaxime is used in the treatment of infections of the respiratory tract, meningitis, and
septicemia [2].

_OCH,
- 5
M C—0C—N—
JU R AP R .
HN s Cff e 3
COOH

Figure 1. The structure of cefotaxime.

For the action of synthetic and natural metalloantibiotics, metal ions play an important
role, as they are involved in specific interactions with some biomolecules, such as nucleic
acids, proteins, and membranes [3].

The mode of chelation of cefotaxime occurs through the nitrogen of the NH; group, the
lactam carbonyl group, and carboxylate; thus, it acts as a tridentate ligand [4]. The reactions
of cefotaxime with some transition metal ions, such as Cr(III), Mn(II), Fe(IT), Co(II), Ni(I),
Cu(ll), and Zn(Il), have been studied [5] and elucidated using different spectroscopic
tools, including IR, electronic, magnetic susceptibility, and ESR spectra. The obtained
data confirmed that the cefotaxime may act as a mono, di, tri, and tetra-dentate via the
lactam carbonyl, carboxylic, or amide carbonyl groups and the N atom of the thiazole ring.
New cefotaxime complexes of the general formula [ML2(H,0),], where M = Co(II), Ni(II),
Cu(II), and Zn(II), while L represents the Schiff base ligand, were prepared by reaction of
cefotaxime with salicylaldehyde in an ethanolic medium.

The characterizations of the complexes’ structures were elucidated by conductance
measurements, analyses of C, H, and N, magnetic investigations, and IR and UV spec-
troscopy [6]. The low conductance values referred to nonelectrolyte types of complexes.
According to the electronic spectra and magnetic data, the Co(II), Ni(Il), and Zn(II) com-
plexes had an octahedral geometry, while the Cu(Il) complex had tetragonal geometry.
Many antibiotic drugs have modified toxicological and pharmacological properties with
the presence of these drugs in form of metal complexes. Copper(ll) is considered to be the
most common metal in this field, which plays a role in the treatment of diseases such as
gastric ulcers and rheumatoid arthritis [7-10].

These data encourage the study of the biological activity and the coordination chem-
istry of antibiotic drugs with transition metal ions to investigate the binding modes in the
solid state. In continuation of the metal interactions examined in experimental work with
derivatives of 3-lactam [11-14], we studied the preparation and spectroscopic characteri-
zation of metal cefotaxime complexes. The major goal of the present work was to assess
the antimicrobial activity of complexes of cefotaxime prepared with metal ions of calcium,
chromium, copper, zinc, and selenium.

2. Experimental Methods
2.1. Chemical Reagents

All reagents used in this work, salts of metals, chemical solvents, and the cefotaxime
antibiotic drug purchased from Sigma Aldrich were of reagent grade.

2.2. Synthesis of Cefotaxime Metal Complexes

The complexes of: [M (cefotax)Cl]-nHyO (M = Ca(Il), n = 1, Zn(Il), n = 2 and Cu(II),
n = 3), [Cr (cefotax)(H,O)Cl]-H,O, and [Se (cefotax) Cl3]-2H,O were synthesized by mixing
of (1 mmol) from cefotaxime dissolved in 25 mL. MeOH and (1 mmol) from metal chlorides
of Ca(Il), Cr(III), Zn(II), Cu(Il), and Se(IV) dissolved in 20 mL distilled H,O, then reaction
mixture was stirred at room temperature for ca. 6 h, and left to stand overnight. The
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produced precipitates were filtered, washed using mixture of (MeOH distilled H,O), and
finally dried. The analytical data for isolated solid complexes, Table 1, depict the formation
of complexes with stoichiometry of 1:1.

Table 1. Physical characterization and micro-analytical and molar conductance data of cefo-
taxime complexes.

Complexes M. Wi Elemental Analysis (%) ( Q_lcr?lglmol_l)
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2.3. Instruments

For free cefotaxime ligand and its metal complexity, IR spectra were recorded as potas-
sium bromide disks using infrared Bruker spectrophotometer ranging from 4004000 cm 1.
UV-vis. spectra were recorded using DMSO solvent within range 800-200 nm using a UV2
Unicam UV /Vis Spectrophotometer fitted with a quartz cell of 1.0 cm path length. C, H, N,
and S were performed by the microanalysis unit at Cairo University, Egypt, using a Perkin
Elmer CHN 2400 instrument. With concentration of 107> M in DMSO solvent, conductivity
measurements for cefotaxime metal complexity were measured using HACH conductiv-
ity meter model. Magnetic measurements were determined at room temperature using
“Johnson Matthey” susceptibility balance by using Hg (II) tetrathiocyanato-cobaltate(II)
as a calibrant. Spectra of 'H NMR were investigated using “Bruker AM-500 NMR spec-
trometer”, using TMS and deuterated DMSO as solvent. Scanning electron microscopy
(SEM) images were taken with Joel JSM-6390 equipment, with an accelerating voltage
of 20 KV. The X-ray diffraction patterns were recorded on X ‘Pert PRO PAN analytical
X-ray powder diffraction, target copper with secondary monochromate. The images of
transmission electron microscopy (TEM) were performed using JEOL 100 s microscopy. The
concentrations of metals in all experiments were performed using Flame atomic absorption
spectroscopy instrument (Perkin Elmer Analyst 400, Waltham, MA, USA).

2.4. Antioxidant Activity
2.4.1. ORAC Assay

For cefotaxime and its metal complexes, the antioxidant activity was assessed based
on Liang et al. [15]. For each, 10 pL of the cefotaxime and/or cefotaxime metal complexes
were incubated for about 10 min with fluorescein at 37 °C. Subsequently, 70 uL of freshly
prepared 2,2'-Azobis (2-amidinopropane) dihydrochloride (AAPH) (300 mM) were added
immediately to each well. Fluorescein measurement (485 EX, 520 EM, nm) was continued
for 1 h (40 cycles, each one 90 s). Data are represented as means (n = 3) = SD and the
antioxidant effect of the compound/extract was calculated as pM Trolox equivalents by
substitution in the linear regression equation y = 4275.8x + 262,311.

2.4.2. The Test of Metal Chelation

The test of metal chelation was performed based on Santos et al. [16]. In total, 20 pL of
freshly prepared FeSOj (0.3 mM) were mixed with about 50 uL of either cefotaxime and/or
metal complexes in well plates before adding 30 uL of ferrozine. Next, all the plates were
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incubated for about 10 min at 37 °C. Any decrease in the intensity of color was measured at
562 nm. Data are represented as means + SD according to the following equation:

percentage inhibition = ((average absorbance of blank — average absorbance of the test)/(average absorbance of blank)) x 100. (1)

2.4.3. The Test of DPPH

The antioxidant capacities of cefotaxime and its metal complexes were measured
by 100 pL of freshly prepared DPPH reagent (0.1% in methanol) (2,2-diphenyl-1-picryl-
hydrazyl-hydrate) free-radical assay carried out according to Boly et al. [17]. In total,
100 pL of the freshly prepared reagent were dissolved in methanol and then were added to
cefotaxime and its metal complexes. The chemical reactions were then incubated for about
1/2 hin dark at about 37 °C. The resulting reduction in DPPH color intensity was measured
at 540 nm. Data are represented as means & SD according to the following equation:

percentage inhibition = ((average absorbance of blank — average absorbance of the test)/(average absorbance of blank)) x 100.

2.4.4. ABTS Assay

The ABTS assay of cefotaxime and its metal complexes was carried out according to
Arnao et al. [18]. In total, 192 mg of ABTS reagent were immediately dissolved in 1 mL
dist. HyO and transferred to 50 mL volumetric flask; the volume was then completed with
distilled water. One mL of the previous solution was added to 17 puL of K»S,0g (140 mM)
and the mixture was left in the dark for 24 h. Next, 1 mL of the reaction mixture was
completed to 50 mL with methanol to obtain the final ABTS dilution used in the assay; the
chemical reaction was incubated at 37 °C for 1/2 h in dark. At the end of incubation time,
the decrease in ABTS color intensity was measured at 734 nm. Data are represented as
means £ SD according to the following:

percentage inhibition = ((average absorbance of blank — average absorbance of the test)/(average absorbance of blank)) x 100.

2.4.5. FARAB Assay

FARAB test was carried out based on Benzie et al. [19], on microplates. We used a
freshly prepared TPTZ reagent (300 mM acetate buffer (PH = 3.6), 10 mM TPTZ in 40 mM
HCL, and 20 mM FeCl3, in a ratio of 10:1:1 v/v/v, respectively. In total, 190 pL from the
freshly prepared TPTZ reagent were mixed with 10 pL of the sample on 96-well plates
(n = 3). The reaction was incubated for 1/2 h in dark at 37 °C. The resulting blue color was
measured at 593 nm. Data are presented as mean =+ SD.

2.5. Cell Culture

HepG2 was freshly obtained from Scientific Inc., Cairo, in Egypt. The cells were kept
in DMEM medium with streptomycin, penicillin, and fetal bovine serum in a 5% CO,
atmosphere at about 37 °C. The cell lines were authenticated by STR analysis using the
Gene Print 10 system (Promega corporation, Madison, WI, USA) [20].

2.5.1. Cytotoxicity Assay

HepG2 cells were maintained in a DMEM medium supplemented with streptomycin,
penicillin, and fetal bovine serum in 5% CO, atmosphere at about 37 °C. The cell viability
was assessed by SRB assay. Aliquots of about 100 puL of the cell suspension were seeded
in well plates and immediately incubated in a complete medium for 24 h. The cells were
then treated with another medium containing the drugs at various concentrations. After
3 days of exposure to the cefotaxime and cefotaxime metal complexes, the cells were fixed by
replacing the medium with 10% TCA and incubated for 1 h at about 4 °C. The TCA solution
was then removed, and the cells were washed 5 times with distilled H,O. Aliquots of the SRB
solution were added and incubated at 37 °C in the dark for about 10 min. The well plates were
then washed 3 times with acetic acid (1%) and air-dried. Next, 150 uL of TRIS were added
to dissolve the protein-bound SRB stain. The absorbance was measured at 540 nm using a
“BMGLABTECH®-FLUOstar” Omega microplate reader (Ortenberg, Germany) [21].
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2.5.2. Cytotoxic Activity (IC50 Determination)

The inhibitory concentration (IC50) of cell viability was determined by using Master-
Plex 2010 software. The percentage of viable cells was plotted as a function of concentration
to obtain the IC50 values. Three independent experiments were performed for all as-
says. The mean value from the triplicate experiments was calculated, and the results were
reported as mean (£standard deviation). Control percentage was considered as 100%.
Inhibition percentage (%) was measured using the following equation:

Inhibition percentage (%) = (OD of control) — (OD of sample)/(OD of control) x 100

where OD = optical density.
IC50 is the tested compound concentration that inhibits or kills 50% of cells and is
obtained by plotting the inhibition percentage versus the test-compound concentration.

2.6. Antibacterial Activity against Bacillus Subtilis (ATCC 6633) and Escherichia coli
(ATCC 8739)

Discs of Bacillus subtilis ATCC 6633 and Escherichia coli ATCC 8739 were inoculated into
tryptic soy-broth medium and immediately incubated at about 30 °C for (18-24 h). Using a
fresh-culture agar plate, a scoop from each broth was gently streaked into agar medium
and then incubated at 30 °C. A sterile normal physiological saline (0.9%) was freshly
prepared by inoculating about 3 to 4 colonies; the suspension was adjusted to achieve a
turbidity equivalent to a 0.5 McFarland standard of each organism using a DensiCHEK®
optical device (Anglum Road, Hazelwood, St. Louis, MO, USA). After convenient growth,
1.0 mL Muller Hinton Broth was inoculated into all testing wells (except for the first
well). Next, 2 mL from cefotaxime, cefotaxime/Se, cefotaxime/Zn, cefotaxime/Cr, and
cefotaxime/Cu were directly inoculated into the first well (without dilution); next, 1 mL
was aspirated and transferred to the next well, previously filled with 1.0 mL Muller Hinton
Broth. Subsequently, 1 mL was aspirated using a new tip and added to the next 1 mL broth.
Next, 1 mL of the prepared inoculum was added to each well (1:2 dilution). This resulted
in a final concentration of 5.0 x 10° CFU/well. A further 1 mL from the Bacillus subtilis
and Escherichia coli suspensions was cultured. The growth-control well containing broth,
without cefotaxime or its complexes, was added to each sample/plate. A negative-control
well containing only the broth without the tested cefotaxime and its novel metal complexes
and without bacteria was added to each sample plate [22]. All well plates were then
incubated at about 30 °C for 24 h. After incubation, the well plates were removed from
the incubator and placed on a dark surface to check for growth. All growth-control wells
yielded turbid growth (T), and all negative control wells were found to be clear, showing
the validity of the test [23].

2.7. Statistical Analysis

The results are presented as mean =+ SE using Statistical Package for Statistical Sciences
(SPSS) software version 27 (IBM Corp: Armonk, NY, USA, 2020) and Open Epi version
2.3.1. One-way ANOVA and post hoc power were used to analyze the data. A value of
p < 0.05 was considered significant (using three replicates).

3. Results
3.1. Microanalytical and Physical Data

The analyses of C, H, N, S, and M™ were convenient due to the stoichiometry of metal:
the ligand was 1:1 for all cefotaxime metal complexes (Table 1). All complexes are solids
stable in air, soluble in DMF and DMSQO. The values of the molar conductivity, measured at
room temperature in DMSO, were in agreement with the range of non-electrolytic charac-
ter [24], suggesting that CI™ ion was chelated with the metal ions inside the complex sphere.

147



Antibiotics 2022, 11, 967

3.2. Infrared Spectra

The infrared spectral data for the cefotaxime and its metal complexes were similar. The
main IR bands are in Table 2 and Figure 2. The obtained spectral data had the same absorption
pattern, in the range of 3500-2800 cm !, which can be attributed to the stretching vibrations
of (O-H), (N-H), aromatic (C-H), and aliphatic (C-H) (Guzler and Germlich, 2002) that were
observed in the spectra of the free cefotaxime and its metal complexes, with some shifts in
the band frequencies owing to changes in the electronic density distribution for the aromatic
rings and the main attached functional groups that occurred after the chelation of the metals.
A band appeared in the IR spectrum of the cefotaxime at 1775 cm ™!, which was characterized
as (C=0) lactam, while the (C=0) amide and ester bands overlapped at 1642 cm~!; for the
cefotaxime metal complexes, bands ranging from 1715-1740 and 16301650 cm ! appeared.
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Figure 2. Infrared spectra of (A) Cfotax, (B) cefotax/Ca, (C) cefotax/Cu, (D) cefotax/Cr, (E) cefo-
tax/Zn, and (F) cefotax/Se.

Based on these data, it can be concluded that the cefotaxime free ligand coordinated
through the oxygen atom of the (C=0) lactam group rather than that of the (C=0) amide
and ester group, since the bands of the (C=0) lactam group were shifted toward fewer
frequencies (35-60 cm 1) related to the value of the cefotaxime free ligand, while there was
no significant shift for the overlapping bands of the ester and amide carbonyl.
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Table 2. Infrared assignments of cefotaxime and its metal complexes.

. Complexes
Assignments
Cefotax Ca(II) Cr(III) Cu(ID) Zn(II) Se(IV)
v(O-H), COOH 3360 - - - - -
v(O-H), H,O - 3335 3360 3334 3345 3365
v(N-H), NH, 3330 3310 3252 3316 3208 3230
v(C-H); Aromatic 3075 3064 3070 3082 3071 3067
v(C-H); Aliphatic 2938 2945 2941 2925 2936 2929
v(C=0), lactam 1775 1720 1728 1715 1733 1740
v(C=0)ester +
¥(C=O)amide 1642 1650 1645 1630 1640 1646
Vas (COO™) 1598 1606 1607 1600 1612 1604
vs (COO7) 1380 1385 1385 1384 1390 1375
Av =v,a5 (COO™)-
V4 (COO™) 218 221 222 216 222 229
640 618 624 618 614
v (M-O) N 530 518 523 525 536
v (M-N) -- 470 476 495 480 475

The mode of chelation of the carboxylate group of cefotaxime ligand can bind as a
monodentate or a bidentate, which leads to shifts in the stretching vibrations of antisym-
metric and symmetric motions [25]. The main difference between vas (COO™) and vs
(COO™): Av = vas (COO™)—vs (COO™) produced values > 200 cm~ 1, suggesting mon-
odentate chelation for the (COO™) group. The IR spectra for the cefotaxime complexes
presented bands in the ranges of 640-614 cm ! and 536-523 cm ™!, which may have been
due to the v(M-O). These bands are not observed in the cefotaxime spectrum. The presence
of new bands in the range of 470-495 cm ™! in the spectra of the cefotaxime complexes
may be attributed to the v(M-N) (from the NH; group). These bands are absent from
the cefotaxime free ligand, suggesting cefotaxime’s coordination character as a chelating
agent with a tridentate monoanionic character [26]. The chelation of the NH; group with
metal ions was not the only explanation for these bands. When the nitrogen atom of the
C=N-OCHj3; group could not chelate with the metal ions in solid complexes due to steric
strains, the coordination of this nitrogen atom along with the carboxylate and lactamic
carbonyl groups could not occur. This can be attributed to the contribution of the -NHj
group to the coordination process. Finally, based on the above data from the IR spectra for
the cefotaxime complexes, the proposed mode of chelation of cefotaxime with metal ions
in nature through the lactam carbonyl, carboxylate group and amino group is tridentate
in nature.

3.3. UV-Vis Spectra

The UV-vis spectra and its assignments for the free-ligand cefotaxime and its metal
complexes in the DMSO solvent are presented in Table 3. By comparing the spectra for
the cefotaxime base ligand and its metal complexes we deduced that cefotaxime has three
absorption maxima, at 273, 320, and 350 nm. The band that appeared at 273 nm was
assigned to 7t — 7* transitions due to the organic moiety, while the band that appeared
at 320 nm was assigned to intraligand of the T — 7* transitions within the heterocyclic
moieties [27,28]. The band at 350 nm was assigned to transition of the intraligand of
sulphur atoms of the n — 7* type, which agreed with the literature data [27,29]. Based on
the obtained data for the cefotaxime complexes, the bands due to the S atoms did not shift,
suggesting that the S atom did not participate in the chelation process. The calcium(ll),
chromium(IlI), zinc(Il), and selenium(IV) complexes showed weak bands at (285,322 and
391 nm), (280,327 and 405 nm), (288,331 and 407 nm), and (286,330 and 410 nm), which can
be assigned to the T — n* and n — =r* transitions.
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Table 3. UV-vis spectra of cefotaxime and its metal complexes.

Compound T — ¥ n — ¥
Cefotax 273,320 350
Ca(Il) 285,322 391
Cr(II) 280,327 405
Zn(1I) 288,331 407
Se(IV) 286,340 410

3.4. H-NMR Spectra

For the cefotaxime free ligand, the spectrum of the 'H NMR (Table 4 and Figure 3)
had two single peaks due to the CHj groups that appeared at 1.12 and 1.91 ppm. There
were three double peaks for the CO-CH and N-CH on the 3-lactam ring and the NH at
4.956, 5.770, and 9.534 ppm, respectively. The S-CH; and CH,-O groups presented peaks
at 3.127 and 4.174 ppm, respectively. The 'H NMR spectra for the calcium (II), zinc(II),
and Se(IV) cefotaxime complexes changed slightly compared with the cefotaxime, where,
as expected, signals appeared downfield due to the occurrence of chelation between the
cefotaxime ligand and the metal ions, which resulted in increasing conjugation. On the
other hand, the signals of the NH; group observed at 7.459 ppm shifted to 7.249, 7.255,
and 7.229 ppm for the Ca(Il), Zn(Il), and Se(IV), which means that the NH, participated in
the coordination process. For the Se (IV) cefotaxime complexity, the band that appeared at
3.831, 3.836, and 3.808 ppm for the calcium, zinc, and selenium complexes was assigned
to water molecules, which were not present in the 'H NMR spectrum of the cefotaxime
free ligand. Upon comparison with the free-ligand cefotaxime, the signal that appeared at
12 ppm was attributed to the protons in the COOH group. This signal peak disappeared
in the spectra of the calcium, zinc, and selenium cefotaxime complexes, confirming the
chelation of the cefotaxime ligand with the calcium(II), zinc(II), and Se(IV) ions through
the deprotonated COOH group. Based on these data, we can conclude that cefotaxime
behaves as a monoanionic tridentate ligand through the carboxylic, amino, and carbonyl
beta lactam ring group.

Table 4. 'H-NMR assignments for free-ligand cefotaxime and its metal complexes.

1 . S(ppm)
H-NMR Assignments
Cefotaxime Ca(ID Zn(11) Se(VD)
1H; COOH 12 - - -

6H; 2CHj; 1.851 1.864 1.894 1.892

2H; S-CH, 3.127 3.129 3.131 3.165

2H; O-CH, 4.741 4.807 4.762 4.745

1H; CO-CH 4.956 4.989 4.975 4.964

1H; N-CH 5.770 5.617 5.575 5.589

2H; NH, 7.459 7.249 7.255 7.229

1H; NH 9.534 9.535 9.538 9.532

2H; H,O - 3.831 3.836 3.808
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Figure 3. TH-NMR spectra of (A) Cfotax, (B) cefotax/Ca, (C) cefotax/Zn, and (D) cefotax/Se.

3.5. The Magnetic Measurements

According to the magnetic susceptibility values, the corrected magnetic moments were
determined by using Pascal’s constants. For the cu (II) complex at room temperature, the
value of the magnetic moment was 2.03 B.M. which is adequate with systems of d” with
one unpaired electron. The observation that this was the highest magnetic-moment value
found for the cu(Il) complex was based on the fact that spin-orbital coupling in the ion can
mix with the ground state, confirming that there is no orbital momentum with higher levels
of identical multiplicity, leading to small orbital contribution, which was in accordance
with square planar or distorted tetrahedral geometries [30-32]. However, the presence of
impurities cannot be discarded. The magnetic moment for the chromium(III) cefotaxime
was 3.58 B.M., as calculated for system d> with three unpaired electrons, in accordance
with octahedral geometry [33]. The experimental magnetic susceptibility value for the
Se(IV) was 5.40 B.M., which was in agreement with the calculated value for octahedral
geometry [33].
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3.6. Thermogravimetric Analyses

The thermogravimetric and differential thermogravimetric analyses (TGA-DTG) for
the Ca*? and Cu?* cefotaxime complexes were carried out up to 1000 °C, as shown in
Figure 4. It was observed that the Cefotax/Ca and Cefotax/Cu metal complexes induced
losses in weight that were up to 169 °C and 144 °C, owing to the loss of water molecules
outside the chelation sphere, which suggested that H,O molecules were present outside
the sphere of chelation. The thermal analysis curves for the Ca(I) and Cu(Il) cefotaxime
complexes showed losses in weight of up to 980 °C, suggesting that the losses in weight
for the Ca(ll) and Cu(Il) cefotaxime complexes corresponded to the evaporation of the
cefotaxime ligand and chlorine atom. The thermal decomposition steps for the divalent
calcium and copper complexes were five and three, respectively. As shown on the thermo-
gram of the calcium and copper cefotaxime complexes, CaO and CuO were the most stable
final products.

0 e T8 1

Figure 4. Thermogravimetric analysis of (A) cefotax/Ca and (B) cefotax/Cu.

3.7. X-ray Diffraction and Scanning and Transmission Electron Microscopy

The X-ray diffraction was carried out to confirm the structures of the cefotaxime com-
plexes. For the cefotaxime complexes, the diffractograms produced are shown in Figure 5.
The XRD diffractograms confirmed that all the cefotaxime complexes had formulating
structures. Many different peaks were well defined at 20 = 10, 17, 24, 26, 34, 35, 37, and 39
for the Cefotax, 28, 32, 45, 57, and 67 for the Cefotax/Ca (JCPDS = 9-432), 32 and 35 for the
Cefotax/Cr (JCPDS = 33-0664), 32, 46, and 71 for the Cefotax/Zn (JCPDS = 36-1451), 21, 24,
29, and 30 for the Cefotax/Cu, and 32, 46, and 57 for the Cefotax/Se. It can be observed that
the pattern for free ligand cefotaxime is different from that of its metal complexes, and this
can be used as an indication of a well-defined formation and complete crystalline structure.
The solid cefotaxime complexes were characterized by X-ray diffraction at room tempera-
ture using Cu K« radiation. The diffraction characterizations of the prepared complexes
were detected between 10° and 80°. The crystalline sizes of the synthesized complexes were
determined by using the Scherrer equation [34] D = kA/3Cos6, where k is a constant (0.94),
A is the wavelength (0.154 nm), and f3 is a full-in-width-at-half-maxima peak. The extent of
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the crystallinity of the cefotaxime complexes was calculated for the divalent cefotax/Ca,
cefotax/, Cu, cefotax/Zn, trivalent chromium, and tetravalent selenium with values of
57 nm. 14 nm, 16 nm, 10 nm, and 15 nm respectively.
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Figure 5. XRDs of (A) Cfotax, (B) cefotax/Ca, (C) cefotax/Cu, (D) cefotax/Zn, (E) cefotax/Se, and
(F) cefotax/Cr.

The SEM images offer an explanation for the morphological surfaces of the Ca (II), Cr
(II) Cu (II), Zn (II), and Se (VI) cefotaxime complexes that are shown in Figure 6, which
give an impression of the SEM images of the NPs formed by the chelation process. The
images scanned for the cefotax/Ca, cefotax/Cr, cefotax/Cu, cefotax/Zn, and cefotax/Se
by using SEM allowed a full examination of the morphological phases. The SEM images,
which were homogenous in size, show that the NPs of the prepared cefotaxime complexes
were very close to each other. This can be attributed to the aggregation shape and size.
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Figure 6. Scanning electron microscopy of (A) Cfotax, (B) cefotax/Ca, (C) cefotax/Cr, (D) cefotax/Cu,
(E) cefotax/Zn, and (F) cefotax/Se. (1 um).

The TEM images for the prepared cefotaxime complexes are presented in Figure 7.
The orderly matrices in the pictograph for the metal cefotaxime complexes were clarified.
This demonstrated that the cefotaxime complexes had phase-material homogeneity. Many
spherical black spots appeared in the cefotaxime chelates with particle sizes of 57-85,
10-15, 14-25, 16-33, and 15-25 nm for the cefotaxime complexes with Ca, Cr, Cu, Zn, and
Se respectively.
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Figure 7. TEM images of (A) Cfotax, (B) cefotax/Ca, (C) cefotax/Cr, (D) cefotax/Cu, (E) cefotax/Zn,
and (F) cefotax/Se.

3.8. Structures of Cefotaxime Complexes

The chemistry of the cefotaxime with the calcium, chromium, copper, zinc, and
selenium metal ions was studied. Cefotaxime ions contain more than one donation atom;
however, due to steric hindrance, cefotaxime can a make maximum of three donation sites
(atoms) with a metal center. It has been suggested that the chelation of cefotaxime is carried
out via carboxylate, amino, and lactamic carbonyl oxygen atoms. Calcium, copper, and
zinc (II) complexes containing two one-chloride anions inside the complex sphere were
the general formula for the [M (cefotax)Cl] complexes, where M = ca(Il), cu(Il), and zn(II),
which were tetra-coordinated with cefotaxime as one molecule and one chloride anion.
On the other hand, the chromium (III) and selenium (IV) complexes contained two and
three chloride anions inside a complex sphere with an octahedral geometry. The proposed
structure is shown in Figure 8.
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Figure 8. The structures of: (A) cefotax/M, where M = Ca (II), Cu(Il), and Zn (II), and n =1, 3, and 2,
respectively; (B) cefotax/Cr; and (C) cefotax/Se.

3.9. Antioxidant Activities of Cefotaxime Metal Complexes

The chelating activity percentages are presented in Table 5. The ORAC assay, the
metal chelation percentage, the ABTS assay, the FARAB assay, and the free-radical DPPH
scavenging activities were used. The respective capacities of the cefotaxime/Cr and ce-
fotaxime/se complexes to scavenge the free radicals were 320.02- and 303.33-fold, which
were greater than that of the cefotaxime alone. Meanwhile, the metal chelating activities of
the cefotaxime/Zn, cefotaxime/se, and cefotaxime/Cu were higher than that of cefotaxime
alone by 15.42, 13.24, and 10.41% (uM EDTA eq/mg), respectively.

Table 5. Antioxidant activity of cefotaxime and its complexes (cefotaxime/Ca, cefotaxime/Cr, cefo-
taxime/Cu, cefotaxime/Zn, cefotaxime /Mg, and cefotaxime/Se).

Test Name

ORAC Metal Chelation ABTS FARAB DPPH

Sample Name

(uM Trolox eq/mg)  (uM EDTA eq/mg) (uM Trolox eq/mg) (uM Trolox eq/mg) (uM Trolox eq/mg)

Mean SD Mean SD Mean SD Mean SD Mean SD

cefotaxime 7925.31¢  363.96 2.99¢ 0.59 288524 1226 34.04 ¢ 3.72 19.104 0.29
cefotaxime/Ca 8504244  378.36 298¢ 0.34 296.02 © 4.58 24,05 f 1.01 21.02¢ 3.25
cefotaxime/Cr ~ 8852.834  471.45 6.424 0.84 320.02 ab 3.25 106.02 4 9.58 14.25¢ 2.40
cefotaxime/Cu  9172.406¢  532.59  10.41°¢ 2.96 289.14 4 4.69 110.87¢  10.69 15.05 € 1.69
cefotaxime/Zn 15712152 354.84 15422 2.52 278.02 ¢ 5.02 179.68 2 4,58 27.02b 1.58
cefotaxime/Se  13,228.34P 73490  13.24° 0.24 303.33 P 2.64 116.32b 11.16 32.822 2.05

Results are expressed as mean £ SD. Symbols are different alphabetically (a—f) to indicate a significant comparison
compared to the control group and other treated groups (p < 0.05) (Similar letters imply partial or complete
non-significance).
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Additionally, the ferric-reducing abilities of the cefotaxime/Zn, cefotaxime/se, and

efotaxime/Cu were 179.68, 116.32, and 110.87 (uM Trolox eq/mg), respectively. These were
greater than that of the cefotaxime alone, which recorded a reducing ability of 34.04 (uM
Trolox eq/mg).

On the other hand, the scavenging abilities of both the cefotaxime/se and the ce-
fotaxime/Zn were also the highest when measuring the DPPH stability of the radical:
32.82 and 27.02% (1M Trolox eq/mg), respectively. Thus, the cefotaxime metal complexes
exhibited chelation capacities that were higher than that of cefotaxime alone (Figure 9)
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Figure 9. Antioxidant activity of cefotaxime and some of its metal complexes (DPPH and ORAC

assays). Results are expressed as mean + SE. (*) p < 0.05 vs. cefotax group. Superscript * letters show

significant differences (p < 0.05) between cefotaxime metal complexes’ activities. Trolox eq means
Trolox equivalents and SD means standard deviation
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The antioxidant capacities of the cefotaxime metal complexes evaluated by the oxygen
radical absorbance (ORAC) are presented in Table 5 and Figure 9. However, in this case,
the antioxidant activities of the cefotaxime/Zn, cefotaxime/se, and cefotaxime/Cu were
15,712.15-, 13,228.34-, and 9172.40-fold (uM Trolox eq/mg) higher, respectively, than the
antioxidant activity of cefotaxime alone; these results confirmed the greater activity of the
novel complexes (cefotaxime/se, cefotaxime/Zn, cefotaxime/Cu, and cefotaxime/Cr) for
the absorbance of free radicals than that of the cefotaxime alone.

3.10. Screening of Cytotoxic Activity of Ceftox/Se and Ceftoax/Zn Metal Complexes

The Ceftox/Se and Ceftoax/Zn complexes were tested for cytotoxic activity against
HepG2. The results showed that both complexes were active against HepG2; this activity dif-
fered at different concentrations, as shown in Figure 10, with an IC50 range of 200250 ug/mL.
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Figure 10. SRB (quick screening) curve of cefotax/Se and cefotax/Zn against HepG2 cells.

3.11. Anticancer Activity against HepG-2

The application of metal drug complexes in the medical field has been confirmed
for the treatment of various types of cancer cells. Cefotaxime metal complexes have been
evaluated against HepG2 cancer cells. In the present study, the cytotoxic effects of cefo-
taxime/Se and cefotaxime/Zn were tested on HepG-2 (human hepatocellular cancer cells);
the results showed that the biosynthesized cefotaxime/Se and cefotaxime/Zn demon-
strated cytotoxicity against the HepG-2 cells. This was also enhanced by increasing the
concentrations of the tested complexes. The inhibition of hepatocellular carcinoma growth
and the decline in cellular viability in the HepG-2 cells treated with cefotaxime/Se was
recorded at concentrations of 100, 200, 300, and 500 pg/mL, as follows: 81.07, 61.11, 48.52,
and 28.02 pg/mL, respectively. Meanwhile, the inhibition of the hepatocellular carcinoma
growth and decline in cellular viability in the HepG-2 cells treated with cefotaxime/Zn
was recorded at concentrations of 100, 200, 300, and 500 pg/mL as follows: 83.25, 65.71,
41.72, and 30.82 ug/mL, respectively. These results are shown in Table 6 and Figure 11.

Table 6. Anticancer activity of cefotaxime and its metal complexes (cefotaxime/Se, and cefotaxime/Zn).

HepG-2

Viability % Cefotaxime/Se (ug/mL) Cefotaxime/Zn (ug/mL)
Mean SD Mean SD
10 pg/mL 96.52 2.05 94.70 1.42
100 pg/mL 81.07 1.06 83.25 0.11
200 pg/mL 61.11 2.60 65.71 241
300 pg/mL 48.52 1.80 41.72 2.01
500 pg/mL 28.02 2.68 30.82 1.97
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Figure 11. Anticancer activity of cefotaxime/Zn and cefotaxime/Se.

3.12. Antibacterial Activity Evaluation

Biological evaluations of the target complexes were performed on Gram-positive
(Bacillus subtilis) and Gram-negative (Escherichia coli) bacteria. The results of the antimi-
crobial activities of the cefotaxime and/or metal complexes are presented in Table 7 and
Figure 12. The inhibition concentrations of the cefotaxime metal complexes (samples with
the same concentration) against both Gram-positive and Gram-negative bacteria (B. subtilis
and E. coli) were found to be high at very low concentrations of 0.009 and 0.03 for the
cefotaxime/Se, 0.078 and 0.039 for the cefotaxime/Cu, 1.25 and 0.625 for the cefotaxime/Zn,
and 0.625 and 1.25 for the cefotaxime/Cr, respectively. Based on the standard conditions,
(Table 7 and Figures 12 and 13), all the cefotaxime complexes were found to be sufficient,
with high antimicrobial activity.

Means are expressed as (mean £ SE) and feature different letters. They are significant
where p < 0.05 using Duncan’s range test. The highest value has (a) symbol. The declining

values are assigned alphabetically.

B Bacillus subtilis
* Bl Escherichia coli

Groups

Figure 12. Antibacterial activity of cefotaxime and cefotaxime metal complexes, Results are expressed
as mean =+ SE. (*) p < 0.05 vs. cefotax group.
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[ Escherichia coli (ATCC 8739) ]

Figure 13. Cefotaxime and cefotaxime metal complexes vs. Bacillus subtilis (ATCC 6633) and Es-
cherichia coli (ATCC 8739).

Table 7. Dilution concentration (mg/mL sample) and bacterial inhibition concentration of cefotaxime
and its metal complexes (three replicates).

Sample Dilution (mg/mL)
Bacillus subtilis Escherichia coli
(GY (G7)

Control (DMSO) 0.0 £ 0.00¢ 0.0 +0.00 f

Cefotaxime 25+0.042 20+£0312
Cefotaxime/Se 0.03 £ 0.007 4 0.009 & 0.004 ©
Cefotaxime/Zn 1.25+0.32° 0.625 = 0.001 ©

Cefotaxime/Cr 0.156 4+ 0.05 © 1.25 +0.13
Cefotaxime/Cu 0.078 £ 0.001 © 0.039 4+ 0.007 4

Means are expressed as (mean =+ SE) and feature different letters. They are significant where p < 0.05 using
Duncan’s range test. The highest value has (a) symbol. The declining values are assigned alphabetically.

4. Discussion

Cefotaxime is an antibiotic drug belonging to the third generation of cephalosporins [35];
it is an active agent against both Gram-negative and Gram-positive bacterial strains via the
inhibition of peptidoglycan-layer synthesis by different bacterial cellular walls [36]. The
infectious diseases caused by bacterial strains are still a major health problem worldwide
due to the rapid increase in bacterial resistance to existing antimicrobial drugs. Oxidative
stress is also a serious problem, and it poses a high risk to human health, especially
hepatic health problems [37]. Thus, the present study was conducted to prepare novel
metal complexes of cefotaxime with different metal ions to clarify the antioxidant potency,
antibacterial activity at lower concentrations, and hepatoprotective effects of cefotaxime
complexes against HepG-2 cancer cells.

162



Antibiotics 2022, 11, 967

Regarding the multidrug resistance of highly pathogenic bacterial strains, the discov-
ery of novel antimicrobial compounds is of high importance. Many microorganism strains,
especially Gram-positive strains, release 3-lactamase in large amounts, and they have the
ability to destroy antibiotics” 3-lactam through the hydrolysis of the 3-lactam rings; this is
the most prevalent mechanism of antibacterial resistance [38,39].

The oxidative damage to biomolecules is of major interest in diseases such as cancer,
and even serious sequences of viruses such as COVID-19. Therefore, it is urgent to exam-
ine the role of novel potent metal complexes to prevent severe oxidative injury and the
treatment of diseases that involve the risk of oxidative damage.

The findings in this study confirmed the novel antioxidant capacities of cefotaxime
complexes with either Se, Zn, Cr, Cu, or Ca by examining their antioxidant capacities
after complexation with cefotaxime; this elevated the efficacy of cefotaxime, as it became
antioxidant and antibacterial at the same time, which is very important during pandemics
such as COVID-19, of which oxidative stress appears to be a catastrophic health effect,
since it can destroy different bodily functions of infected patients. Thus, synthesizing a
novel cefotaxime as an antibiotic drug with metals will help to alleviate oxidative injury in
severe cases.

DPPH assays are used to predict the antioxidant activities through which antioxi-
dants act to inhibit lipid oxidation, scavenge DPPH radicals and, therefore, determine
the free-radical scavenging capacity [40]. The findings in this study demonstrated that
cefotaxime complexes with Se, Zn, and Cu, respectively, significantly scavenged the DPPH
radical, which means that the novel complexes had higher antioxidant capacities than
cefotaxime alone.

Another assay that is important for the evaluation of antioxidant capacities is the ABTS
assay, which measures the ability of antioxidants to scavenge the ABTS generated in the
aqueous phase, compared with a Trolox (analogue vitamin E and water-soluble) standard.
The ABTS is generated by reacting a strong oxidizing agent with ABTS salt [40]; our results
proved that the cefotaxime complexes with Cr, Se, and Ca exhibited strong antioxidant
capacities, confirming our findings.

The ORAC assay uses the ability of AAPH to form peroxyl radicals when heated in
the presence of a sufficient quantity of oxygen. These radicals quench the fluorescence
of a probe, thereby reducing it. The level of reduction depends on the antioxidant that
quenches the produced radicals. The presented results revealed that both cefotaxime/Zn
and cefotaxime/Se possessed a high capacity to reduce AAPH; thus, they possessed novel
antioxidant capacities.

The liver injuries caused by many drugs may develop into chronic liver failure and
hepatocellular carcinoma [41-43]. The majority of adverse liver responses occur due to
treatments with antibiotics [44]. Several antibiotics are considered to be a common cause of
the induction of hepatic damage. Hepatic impairment occurs due to hepatotoxicity [45]. The
current study provided detailed results of the anticancer capacities of both cefotaxime/Zn
and cefotaxime/Se in the inhibition of cancer-cell viability and a reduction to about 30
ug/mL of viable cells at a concentration of 500 (ng/mL), which is a promising sign of
cefotaxime’s prospective anticancer activities.

A previous study reported that in the synthesis of cefotaxime with gold nanoparticles,
cefotaxime acted as a reducing agent. The synthesized cefotaxime metal complexes were
highly stable. Most importantly, they demonstrated the high antibacterial activity of
cefotaxime upon loading onto the gold surfaces; at much lower concentrations, this new
formula inhibited the growth of the tested bacterial strains (Gram-negative and Gram-
positive) more than cefotaxime alone [46]. These findings are in agreement with those of
the current study, which will expand the investigation of this novel formula with high
antioxidant and antimicrobial activities.

Due to the recent increase in infectious diseases worldwide and the evolution of
many resistant strains of bacteria and viruses, providing novel antibiotics with novel
metals that may increase their efficacy, strength, and antioxidant activities and lower
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their side effects is important. The mechanism that enables bacterial strains to resist 3-
lactams is essentially the synthesis of 3-lactamase enzymes that break the 3-lactam ring;
this prevents antibiotics from binding to the peptidoglycan layer [39]. We presented the
novel metal complexes with cefotaxime and examined their biological activity against
both Bacillus s. and Escherichia c. stains; they had high antibacterial activity against them
at very low concentrations, which is a promising result. Previous studies reported the
antimicrobial activity of different cephalosporins strains after complexation with metal
complexes, confirming our findings [47-49].

5. Conclusions

The present study prepared five cefotaxime metal complexes and chemically charac-
terized the products of the reaction of cefotaxime with Ca®*, Cr*3, Cu?*, Zn?*, and Se**
ions. The cefotaxime complexes’ structures were characterized through elemental analysis,
molar conductance, FTIR, lHNMR, electronic spectra, magnetic, scanning and transmission
electron microscopy, and X-ray diffraction analyses. The Cr(Ill) and Se(VI) complexes
formed a coordination number equal to six, with distorted octahedral geometry. The ac-
quired results showed that the cefotaxime metal complexes (Cefotax/Zn and Cefotax/Se)
greatly inhibited the hepatocellular carcinoma viability percentage in HepG-2 cells and,
with other complexes of cefotax/Cr, cefotax/Cu, and cefotax/Ca, enhanced the antioxidant
activities tested with DPPH, ABTS, ORAC, FARAB, and metal chelation assays compared
with cefotaxime alone. For antibacterial activity, the cefotaxime metal complexes were
effective against bacterial strains of Bacillus subtilis and Escherichia coli. The obtained results
are very promising, since they demonstrate the provision of strong protection against
hepatocellular carcinoma (HepG-2) and a reduction in the damaging effects and the severe
oxidative stress induced by antibiotics, especially during the COVID-19 pandemic.
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Abstract: Magnesium, copper, zing, iron and selenium complexes of ceftriaxone were prepared in
a 1:1 ligand to metal ratio to investigate the ligational character of the antibiotic ceftriaxone drug
(CFX). The complexes were found to have coordinated and hydrated water molecules, except for the
Se (IV) complex, which had only hydrated water molecules. The modes of chelation were explained
depending on IR, THNMR and UV-Vis spectroscopies. The electronic absorption spectra and the
magnetic moment values indicated that Mg (II), Cu (II), Zn (II), Fe (IIT) and Se (VI) complexes form
a six-coordinate shape with a distorted octahedral geometry. Ceftriaxone has four donation sites
through nitrogen from NH; amino, oxygen from triazine, 3-lactam carbonyl and carboxylate with
the molecular formulas [Mg(CFX)(H;0),]-4H,O, [Cu(CEX)(H,0),]-3H, 0, [Fe(CFX)(H,0)(Cl)]-5H,0,
[Zn(CFX)(H20),2]-6H,O and [Se(CEX)(Cl);]-4H,0 and acts as a tetradentate ligand towards the
five metal ions. The morphological surface and particle size of ceftriaxone metal complexes were
determined using SEM, TEM and X-ray diffraction. The thermal behaviors of the complexes were
studied by the TGA(DTG) technique. This study investigated the effect of CFX and CFX metal
complexes on oxidative stress and severe tissue injury in the hepatic tissues of male rats. Fifty-six
male rats were tested: the first group received normal saline (1 mg/kg), the second group received
CFX orally at a dose of 180 mg/kg, and the other treated groups received other CFX metal complexes
at the same dose as the CFX-treated group. For antibacterial activity, CFX/Zn complex was highly
effective against Streptococcus pneumoniae, while CFX/Se was highly effective against Staphylococcus
aureus and Escherichia coli. In conclusion, successive exposure to CFX elevated hepatic reactive oxygen
species (ROS) levels and lipid peroxidation final marker (MDA) and decreased antioxidant enzyme
levels. CFX metal complex administration prevented liver injury, mainly suppressing excessive ROS
generation and enhancing antioxidant defense enzymes and in male rats.

Keywords: ceftriaxone; hepatotoxicity; metal complexes; oxidative stress

1. Introduction

The antibiotic ceftriaxone drug (CFX) (Figure 1) is the third generation of antibiotic
cephalosporin drugs. It is a parenteral cephalosporin that shows a high antibacterial activ-
ity [1]. This effect decreases urinary tract and respiratory infections, skin infections and skin
structure, infections of bones and joints, pelvic inflammatory disease, non-enlarged gonor-
rhea, intra-abdominal infections and acute otitis media due to its surgical prophylaxis [2].
The drug shows high antibacterial activity and rare side effects, a long half-life of serum

167



Antibiotics 2022, 11, 547

and is currently recommended for newborns that have Neisseria gonorrhea during child-
birth [3]. CFX can be used as a stable mediator for acyl enzyme, preventing peptidoglycan
cross-linking and thus disrupting the cell wall’s structural integrity [4].

Wg@‘ .

N— O

__..

NaO

Figure 1. Chemical structure of sodium salt from the antibiotic ceftriaxone drug.

CFX is also stable in relation to beta lactamases, which are formed using two bacte-
rial types—Gram-positive and Gram-negative—and so can be used in the treatment of
neonates [5]. Cefotaxime complexes with the general formula of MLCI (where L = cefo-
taxime drug; M = manganese (II)*, cobalt (II), nickel (II), cobber (II) and cadmium (II)) were
prepared, and the ratio of metal to cefotaxime was 1:2, where cefotaxime was chelated via
atoms of oxygen and nitrogen from groups of carboxylates, beta-lactam and aminothiazole.
The antimicrobial activity of Cu (II) complexes is greater than free cefotaxime ligand [6].

CFX is an antibiotic that is commonly used for the treatment of bacterial infections
such as abdominal and joint infection, skin and pelvic inflammatory diseases and bone and
middle ear infection [7]. CFX vials are among the most prevalent types of antibiotics [8].
However, CEX produces a great deal of side effects, such as elevated liver enzymes and
urea levels and diarrhea, and sometimes it induces thrombocytosis. Given the side effects
of using this antibiotic drug in today’s health care system, it is essential to develop new
drug complexes to elevate its wide activity and reduce any possible side effects [7].

Recently, some studies revealed that a novel nano-formula of the CEX drug had higher
antibacterial activity against E. coli Gram-negative bacteria compared to the CFX drug
alone. The greater antibacterial effect of the CFX nano-formula at a lower dose is another
important finding with regard to the reduction of the antibiotic dose and to the cost-effective
treatment of resistant microbes [9].

CFX complexes of Mn (II), Co (II), Cu (II), and Cd (II) were prepared in a molar ratio
of 1:1 (M: CFX) and acted as pentadentate chelator with metal ions [10]. The antimicro-
bial activity of cadmium (II) complexes is more than free ceftriaxone ligand, while other
complexes have almost the same effect as ceftriaxone. Ceftriaxone complexes of Fe (III),
Co (II), Ni (IT) and Cu (II) were prepared with octahedral geometry and molar ratios of 1:3
(CFX:M) [11]. Cefixime complexes with Mn (II), Co (II), Ni (II) and Cd (II) were prepared
with a 1:1 molar ratio [12,13]. In addition, Fe (III) ceftriaxone complex was prepared with
an octahedral geometry and was found to have high activity against bacterial species such
as Pseudomonas aeruginosa [14].

Recently, there has been a great correlation between SARS-CoV-2 severity and hep-
atotoxicity especially induced by antibiotics. The severity of COVID-19 may be related
with the risk of liver injury development [15]. There is increasing evidence that indicates
that hepatotoxicity has been associated with the use of some medications in the treatment
of patients infected with SARS-CoV-2 during the COVID-19 pandemic [15]. Recent epi-
demiological studies indicate different degrees of elevated liver hepatic enzymes with an
incidence of 24.4%, particularly in liver transaminases, AST and ALT in COVID-19 patients.
Liver injury associated with COVID-19 is defined as any damage that occurred in about
20-46.9% of COVID-19 patients to the liver due to either the treatment or pathogenesis of
COVID-19 [16].
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It has now been concluded that the severity of COVID-19 is correlated with the risk
of liver injury. Additionally, it has been suggested that SARS-CoV-2 is greatly associated
with liver injury and infection, which is still a matter of debate [17]. Meanwhile, in most
cases, some treatments with antibiotics can cause liver damage during infection and can
potentially cause some adverse effects, from severe bleeding to liver failure and even death.
Hence, it is essential to find out novel antibiotic drug complexes with high antioxidant
efficacy and low hepatic dysfunction to prevent such adverse effects on the hepatic tissues
in COVID-19 patients, which is of great importance to alleviate pandemic diseases and
enhance antioxidant defense systems [18].

A CFX complex of lead (II) was prepared and characterized, and the antibacterial ac-
tivity (Gram-positive and Gram-negative bacteria) was evaluated [19]. Five CFX complexes
were prepared with Ca (II), Zn (II), Fe (III), Au (III) and Pd (II) [20].

CFX metal complexes of Ca (II), Zn (II), Fe (III), Au (III) and Pd (II) metal ions were
prepared, and all chemical characterizations were performed. Calcium (I), zinc (II), and
iron (III) complexes have a distorted octahedral geometry, while Au (III) and Pd (II) are in
the four-coordinate mode. The CFX ligand acts as a tetradentate towards the five metal ions
through N (NHy) and O (triazine, -lactam carbonyl, and COO groups). The assessment of
the cytotoxicity of the Au (III) complex against HCT-116 and HepG-2, known as colon and
hepatocellular carcinoma cells, showed that the IC5y of CFX/Au against HepG-2 cell line is
8.53 ug higher than that of HCT-116 cell line, at 20.5 ng [20].

Reactions of CFX with transition metal (II) ions with the general formula of [M(CFX)]
(M =Mn, Co, Cu and Cd) and [Fe (CFX)Cl] were characterized using physicochemical and
spectroscopic methods, where ceftriaxone acted as a dianionic pentadentate chelating agent
through N,Os. The antibacterial activity was screened against several bacteria [21].

A CFX/Ca (II) complex was prepared and characterized [22] using elemental, TGA,
IR spectroscopy and density functional theory calculations. The antibacterial and lumi-
nescence of ceftriaxone and the calcium complex were studied. The Ca (II) complex has
a crystalline form. Cell parameters of the compound were determined. Ceftriaxone was
chelated with calcium ion through oxygen (triazine cycle, lactam carbonyl and carboxy-
late groups) and nitrogen from the amino group of the thiazole ring. The antibacterial
activity of the Ca (II) complex was screened against Staphylococcus aureus, Escherichia coli
and Pseudomonas aeruginosa, and the results were compared with the activity of ceftriaxone
disodium salt.

2. Experimental
2.1. Chemicals

All chemicals used were pure, and no further purifications were performed. Sodium
salt of ceftriaxone ligand (Figure 1), MgCl,, CuCl,, FeCls-6H,0O, ZnCl; and SeCly were
from Sigma-Aldrich Chemical Company, Saint Louis, MO, USA.

2.2. Synthesis

CFX complexes were prepared by adding 1.0 mmol of MgCl,, CuCl,, FeCls-6H,0,
ZnCl, and SeCly in CH30OH (40 mL solvent) with sodium salt to ceftriaxone (1.0 mmol) in
CH3OH (40 mL). Then, refluxing was performed for about 4 h until colored precipitates
were produced. After that, cooling, filtration for the solid complexity and washing using
with hot methanol were performed; finally, the complexes were dried in a desiccator using
dry CaCl,. All synthesized complexes were fully characterized as shown in (Table 1).
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Table 1. Instrumentations and experimental analyses.

Instrument Measurement
Perkin Elmer CHN 2400 (USA) Contents of C, Hand N
Jenway 4010 conductivity meter Electrolytic or non-electrolytic character
Bruker FTIR Spectrophotometer (4000-400 cm 1) IR measurements
UV2 Unicam UV/Vis Spectrophotometer Electronic spectra
varian mercury VX-300 NMR spectrometer The 'H-NMR
Sherwood scientific magnetic balance using Gouy method Magnetic measurements
Quanta FEG 250 equipment Scanning electron microscopy (SEM) images

X'Pert PRO PAN analytical X-ray powder diffraction, target copper with
secondary monochromate

X-ray diffraction patterns

JEOL 100s microscope Transmission electron microscopy images (TEM)

2.3. Experimental Animals

Fifty-six two-month-old male rats were used in this study. They were housed under
standard conditions of temperature and supplied food ad libitum, and the study was ethi-
cally approved following all the international ethics guidelines for animal care. The treated
groups were then divided into seven treated groups (eight rats in each group): Group 1
received 1 mL/kg saline solution (control group); Group 2 received CFX (180 mg/Kg) [23]
orally for 30 consecutive days; Group 3, 4, 5, 6 and 7 received 180 mg/kg of Mg (II), Fe (III),
Cu (II), Zn (II) and Se (IV) dissolved in saline solution for the same period of time.

Blood samples were collected, and serum samples were obtained after centrifugation
at 10,000 rpm for approximately 25 min for biochemical tests. The male rats were gently dis-
sected after light anesthesia by xylene/ketamine, and hepatic tissues were collected. Tissue
samples were fixed in approximately 6% of neutral buffered formalin for the examination
of histopathological sections.

2.4. Hepatic Functions and Antioxidant Assay

ALT and AST were evaluated in serum using a kit (Spinreact, Sant Esteve de Bas,
Spain). Malondialdehyde, a final lipid peroxidation marker (MDA), was assayed in the
hepatic tissues [24]. Superoxide dismutase (SOD) [25] and catalase (CAT) antioxidant
enzymes were assessed in the homogenates of the liver tissues [26].

2.5. Histopathological Study

Liver tissue pieces were fixed in 6% neutral buffered formalin for 48 h, further pro-
cessed for examination by hematoxylin and eosin (H&E) staining [27] and examined under
a microscope (Leica Microsystems, New York, NY, USA).

2.6. Antibacterial Activities of CFX and Its Metal Complexes

The antimicrobial activity of the tested samples was determined by a modification of
the Kirby—Bauer disc diffusion method. Antibacterial activity was tested in triplicate, and
then the mean was calculated. In brief, 100 pL of the best bacteria was grown in 10 mL of
fresh media until reaching an amount of approximately 108 cells/mL [28]. Then, 100 pL of
the microbial suspension was spread into agar plates corresponding to the broth in which
they were maintained. Isolated colonies of each organism that may play a pathogenic
role were selected from the primary agar plates and tested for susceptibility by the disc
diffusion method [29]. The Gram-positive bacteria Bacillus subtilis (Ehrenberg 23857™),
Streptococcus pneumonia (Klein) Chester (6303™) and Staphylococcus aureus (23235™) and
the Gram-negative bacteria Escherichia coli (BAA-2471™) and Pseudomonas aeruginosa (BAA-
1744™) were incubated at 35-37 °C for 24-48 h. Afterwards, the inhibition zones” diameters
were measured in millimeters [30]. Standard discs of tetracycline drug served as positive

170



Antibiotics 2022, 11, 547

controls for the antimicrobial activity, and a filter disc impregnated with 10 uL solvent (dist.
H,0, DMSO) was used as a negative control.

The agar used was the Mueller-Hinton agar, which was tested continuously in terms
of its pH. Furthermore, the depth of the agar in the plates was considered in the disc
diffusion method [30].

2.7. Statistical Analysis

The results were presented as mean =+ standard error. Comparisons within groups
were conducted with a one-way ANOVA followed by post hoc analysis using SPSS version
17 (IBM® SPSS®, Armonk, NY, USA).

3. Results and Discussions
3.1. Microanalytical and Conductance Measurements

Equal molar ratios for the metal ions (MgCl,, CuCl,, FeCl;-6H,0, ZnCl; and
SeCly) and ligand ceftriaxone sodium salt (NapCFX) produced colored metal com-
plexes. C, H and N analysis data, magnetic susceptibility values and molar conduc-
tance (Am =15-25 Q~!.cm?-mol~!) for ceftriaxone metal complexes are in Table 2.
White, black, brown, white and yellowish white colors of the Mg (II), Cu (II), Fe (III),
Zn (II) and Se (VI) complexes were shown, respectively. The data of the conduc-
tivity measurements prove the non-electrolytic character of Mg (II), Cu (II), Fe (III),
Zn (II) and selenium (IV) complexes. Hence, CFX metal complex structures can be
written as [Mg(CFX)(H,0O);]-4H,0, [Cu(CFX)(H,0),]-3H,0, [Fe(CFX)(H,O)(C1)]-5H,0,
[Zn(CFX)(H0);]-6H,0 and [Se(CFX)Cl;]-4H,0O. The ceftriaxone complexes are insoluble
in most organic and inorganic solvents, such as H,O, CH3;0H, C,H;OH, CHCl3, CH,Cl,
and CCly, but they are soluble in DMSO and DME. The contents of metal were measured
gravimetrically [31]. The produced complexes were elucidated using different tools of
analysis such as C, H and N, molar conductance, IR, THNMR, electronic spectra, magnetic,
SEM, TEM and XRD analyses.

Table 2. Elemental analysis and conductivity measurements for ceftriaxone complexes.

Elemental Analysis Am Magnetic
Complexes M.Wt Color C H N (Q-lem?mol-1) Moment (BM)
[Mg(CFX)(H,0),]-4H,0 . (3156)  (4.09)  (16.36) ]
CisHasNgO1353 Mg 684.30 White 3178 412 1616 15
[Cu(CFX)(H,0),]-3H,0 (30.61)  (3.68)  (15.82)
C18Ho6N5011S;Cu 705.546 black 30.58 3.94 15.59 17 231
[Fe(CEX)(HO)CDI5H0 ) oo Greenish 2872)  (372)  (14.89) ’1 507
C15H5CINgO13S;Fe ' black 28.46 3.49 14.65 :
[Zn(CEX)(H,0),]-6H,0 . (2834)  (393)  (14.96) ]
C15H30Ng011557n 762.09 White 2861 394 1432 16
[Se(CEX)Cl,]-4H,O Yellowish ~ (31.08)  (374)  (16.11)
C18H26C12N801283Se 694.96 white 31.37 384 16.57 2 5.98

3.2. FTIR Spectral Studies

Infrared spectroscopy is an essential tool for identifying the main functional groups
of organic molecules. The CFX free ligand has more than one donor atom, such as the O
atom from the thiazole cycle, N atom of the NH; group and atoms of O from carboxylate,
lactam and amide carbonyl groups. The mode of chelation for free ceftriaxone drug ligand
towards metal ions Mg (II), Cu (II), Fe (III), Zn (II) and Se (VI) was studied. The IR for
ceftriaxone and its metal complex are similar and are recorded in Table 3 and Figure 2.
Generally, the absorption frequency for carbonyl ring groups for free ceftriaxone ligands
will be shifted to lower wave numbers after complexation.
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Table 3. Infrared frequencies (cm™?) for ceftriaxone and its complexes.

Compounds
Assignments
Na, CFX Mg (ID) Cu (II) Fe (III) Zn (II) Se (VD)
v(N-H) 3410 3385 3395 3390 3380 33,385
v(O-H); H,O - 3264 3280 3270 3265 3290
. 1769 1766 1744 1766
v(C=0); lactam ring 1782 1744 1670 1657 1649 1660
Vas(C-N) + v(C=0)oco 1537 1537
¥(COO) 1604 1503 1550 1543 1503 1545
5(CHy) + 6(CH3) 1416 1408 1403 1404 1400 1409
d(CH)lactam + v,5(COO) 1374 1367 1359 1352 1366 1309
vs(C-N)triazine 1281 1286 1288 1287 1266 1242
S(CH)lactam + & (CH3) 1260 1250 1245 1232 1212 1242
5:(CH3) 1178 1171 1138 1146 1106 1135
8(CH)aminothiazol 1040 1033 1045 1040 1034 1039
921 889 898 895 890 918
v(N-O) 864 805 864 805 805 760
657 678
V(M-O) ; o 620 o 645 o
552 610
510 510 485 507 513
v(M-N) ) 492 487 461 482 475
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Figure 2. FT-IR of (A) CFX, (B) CFX/Mg, (C) CFX/Cu, (D) CEX/Fe, (E) CFX/Se and (F) CEX/Zn.

173



Antibiotics 2022, 11, 547

25

%]

o Absorbance -
=

——CFX/ Fe

After the reaction of CFX with metal ions, there are shifts in the stretching vibra-
tions of v(C=0) plactam and v(C=0) triazine to 1766-1621 cm~! and 1552-1536 cm !,
respectively [32]. These shifts can be attributed to the contribution of oxygen atoms to
the chelation with metal ions. The frequencies of symmetric stretching for the carboxylate
group vs. (COO™) shift to 1399-1309 cm~! [10,28]. Based on frequencies of the FTIR spectra
of NapCFX and its metal complexity, a shift in the band appeared at 3410 cm ! assigned
to a stretching vibration v(N-H) of the amino group to wavenumbers 3380-3395 cm ™!,
confirming the participation of N atoms of the NH, group in the coordination with metal
ions. For the monodentate coordination of the COO- group, according to the explanations
of Deacon and Phillips [31,32], a difference larger than >200 cm~! disproves this, whereas
one smaller than 200 cm ! indicates that coordination is monodentate. These shifts confirm
the involvement of the oxygen from the (COO)carboxylate group, the oxygen from the
(C=0) carbonyl group of -lactam, nitrogen from the amine group and the oxo group
of the triazine ring in the coordination. All these data are in agreement with previous
studies showing a tetradentate behavior of ceftriaxone ligand [10,31]. The spectral band,
which is broad in all ctx complexes that appear at 3264-3290 cm ™!, is due to the v(OH) of
hydrated and coordinated water molecules [33]. There are new bands that appear at the
range of 513-461 cm~! corresponding to stretching vibration bands v(M-N) for the metal
complexes (with no free ligand), confirming that the -NH; group of the thiazole moiety
is chelated with metal ions. The chelation of the group of -NH; with metal ions is not the
only explanation for these absorption bands. For CONH and C=N-OCH3; groups, nitrogen
atoms could react with metal ions in solid complexes; however, coordination through
nitrogen atoms and COO and lactam CO groups is prevented due to steric constraints. In
addition, the stretching vibration for CONH moiety and C=N of C=N-OCHj; appeared in
free ligands of ceftriaxone at 1178 and 1551 cm ™!, respectively, and did not shift for all
ceftriaxone metal chelates, confirming that these groups did not participate in coordination.
The new bands appear in the range of 541-678 cm ™! for ceftriaxone complexes and are
absent for free ceftriaxone; these are assigned to stretching vibrations of v(M-O). At the
range of 1700-1600 cm ! in ceftriaxone metal complexesm there are broad bands that have
high intensity and low resolution regarding the overlap between several vibrational modes,
such as v(C=0)-amide, v(C=0)-triazine, v,5(COO"), v(C=C) and v(C=N). This is in an
agreement with previous data for polydentate ceftriaxone ligands [34,35].

3.3. Electronic Spectra

The u.v.-vis. spectra for sodium salt of the CFX free ligand and its metal complexes
measured within 200-800 nm using DMSO as a solvent are shown in Figure 3.

350 400 450 500 550

CFX/Se CFX/Cu
Wavelength (nm)

CFX/Zn CFX/Mg

Figure 3. U.v.-vis. spectra of CFX metal complexes.
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The u.v.-vis. spectra for ceftriaxone and its complexes give an absorption maximum at
250-270 nm assigned to the m—7* transition due to orbital molecular energy levels of the
nitrogen—carbon-sulfur moiety [36] at 285-300 nm, due to transitions of the m—7* band
of intraligands in moieties of triazole and 1,3-thiazole. The appearance of bands in the
region of 350-390 nm is related to the n—7* type of transition in intraligands, and this
is in agreement with literature data for sulfur atom transitions [37]. The bands related
to sulfur atoms are not shifted, confirming that S atoms do not participate in chelation
with metal ions. The Fe(Ill) complex gives very weak absorption bands, and this may be
attributed to spin-orbit forbidden transitions. The selenium(VI) complex gives a weak band
at around 500 nm, while the Cu(Il) complex exhibits a transition of d—d, which appears
as a weak band around at 400 nm, suggesting that copper(Il) and Se(IV) complexes form
six coordinate chelates [37]. The difference in wavelength values in CFX complexes is
more than that for free ceftriaxone ligand, confirming the participation of Mg (II), Cu (II),
iron (III), Zn(II) and Se (VI) with CFX complexes [38].

3.4. Magnetic Measurements

The value of magnetic moment peff for the Fe (III) complex is 5.92 B.M., which is
consistent with d° high spin systems with five electrons unpaired. This value of effective
magnetic moments is located within the high spin octahedral geometry. The magnetic mo-
ment value for copper(ll) ceftriaxone complex at room temperature is 2.31 B.M., confirming
that Cu metal ions are present in an excess amount inside the chelation sphere. The lowered
values for magnetic moments are related to antiferromagnetic interactions between the ions,
while the higher values for magnetic moments show that ferromagnetic interactions rarely
occurred. The value of magnetic moment peff for the Se (VI) complex is 5.98 B.M.—this
value of effective magnetic moments is located within the high spin octahedral geometry.

3.5. TH-NMR Study

For free ceftriaxone Na,CFX, the 'HNMR spectrum data obtained can be summarized
as follows.

At 3.368 [CH; of thiazine, 2H] at & 3.489, [N-CHj of triazine, 3H] at 3.889, [=N-O-
CHs, 3H] at 3.960 [S-methylen, 2H], at 5.069 [B-lactam, 1H] and 6.910 [thiazol ring, 1H].
The spectra of proton nuclear magnetic resonance for [Mg(CFX)(H,0),]-4H;0, [Zn(CFX)
(H20),]-6H,0 and [Se(CFX)Cly]-4H,0O complexes in Table 4 show occurrences of upward
shifts of the field in the reading signals for NayCFX, confirming the coordination between
Mg (II), Zn (II) and Se (VI) metal ions and ceftriaxone ligand. Based on C, H and N,
molar conductance, IR, 'HNMR, electronic spectra and magnetic analyses, the suggested
structures for ceftriaxone complexes are shown in Figure 4.

Table 4. HNMR spectral assignments of ceftriaxone and its complexes.

Signals Na,CFX Ligand Mg (II) Zn (II) Se (VI)
[2H, CH, of thiazine] 3.368 3.352 3.342 3.318
[3H, N-CHj3 of triazine ring] 3.489 3.375 3.312 3.254
[3H, =N-O-CHj3] 3.889 3.879 3.785 3.547
[2H, S-CH,] 3. 960 3.864 3.687 3.758
[1H, B-lactam] 5.069 4.652 4.758 4.989
[1H, of thiazol ring] 6.910 6.897 6.874 6.987

175



Antibiotics 2022, 11, 547

N-
e}
HN =
g H ﬁ \
; 2N
oy x Yo 57 OnH
o N— 0% o R
=N
o
73’1\
H,O L
(a)
@]
N-
@]
HHN)\)/ \
s
<~ "N
S N S }
S N
N= o ML
023;_ N— O™ 0o
N \ _ - 5H20
o—
Fe
cn/\
OH,
(b)
0]

J R
Oi N— 070
—N . 4H:0

(c)
Figure 4. The structure of the prepared CFX complexes. (a) M = Mg, Cu and Zn/CFX,n=4,3 and 6
respectively. (b) Fe/CFX complex. (c) Se/CFX complex.
3.6. XRD Analysis

XRD analysis is an essential technique for identifying the nature of crystallinity in
metal complexes. The patterns of X-ray diffraction powder for [Zn(CFX)(H,0),]-6H,O,
[Cu(CFX)(H,0),]-3H,0, [Fe(CFX)(H,0);]-5H,0 and [Se(CFX)Cl;]-4H,0 complexes were
characterized at room temperature using X-ray diffraction by Cu K« radiation and are
shown in Table 5. The X-ray diffraction patterns for Zn (II), Cu (II), Fe (III) and Se (VI) CFX
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complexes were measured in the range of 26 = 10-70° and are shown in Figure 5, and they
have an amorphous behavior with a nano-form structure, as shown in Figure 5. Depending
on the Scherrer relationship, the sizes of particles were detected [39] with the help of the
full width at half maximum (FWHM) and have a 15-57 nm range.

Table 5. XRD analysis data.

Compound Pos. [2Th.] Height [cts] FWHM [2Th.]  d-Spacing [A] Rel. Int. [%]

Zn (IT) 22.7560 169.85 0.1279 3.90457 100.00
Cu (I) 31.8381 32.61 0.1092 2.80845 100.00
Fe (III) 19.767 40.99 0.1535 4.48754 100.00
Se (IV) 19.7678 40.99 0.1535 2.80542 100.00
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///

2 Theta-scale 2 Theta-scale

Counts
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o
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Figure 5. XRD for (A): [Zn(CFX)(H,0),]-6H,0; (B): [Cu(CFX)(H20),]-3H,0; (C): [Fe(CEX)(H,0)]-5H,0;
(D): [Se(CEX)CLy]-4H,0.

3.7. SEM and TEM Investigations

TEM and SEM tools are essential techniques for identifying the surface morphology of
synthesized metal complexes. Images of SEM for ceftriaxone metal complexes are shown
in Figure 6. SEM images show homogeneity and uniform aggregation of Mg (II), Cu (1),
Fe (III), Zn (II) and Se (VI) CEX complexes.
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Figure 6. SEM (A1,A2) Mg, (B1,B2) Cu, (C1,C2) Fe, (D1,D2) Se and (E1,E2) Zn CFX complexes.

Images of TEM for [Mg(CFX)(H;0),]-4H,0, [Cu(CFX)(H0),]-3H,0, [Fe(CFX)
(H20),2]-5H,0, [Zn(CFX)(H,0),]-4H,0 and [Se(CFX)Cl,]-4H,0O complexes are shown
in Figure 7 and refer to the formation of spherical black spots with nanoparticles
in the ranges of 33-57 nm, 16.18-35.91 nm, 15.03-26.87 nm, 22.83-26.87 nm and
16.09-55.63 nm, respectively. The nano-sized CFX metal complexes were observed with
TEM to have a particle size of 15.03-57 nm, which is in agreement with XRD data.
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Figure 7. TEM (A) Cu, (B) Mg, (C) Fe, (D) Zn and (E) Se CFX complexes.

3.8. Thermal Analysis

Thermal analysis is an essential tool used for the characterization of metal complexes
where, when heating a compound, its weight loss increases. In addition, DTG differential
thermogravimetric analysis (DTGA) is used to study the thermal stability of compounds
and the weight loss at different temperatures. TGA confirmed the successful chelation of
CFX with different metal ions. Thermogravimetric analysis (TGA) and differential (DTGA)
analysis for Mg (II), Cu (II), Fe (III), Zn (II) and Se (IV) CEX complexes were carried out in a
temperature range of 30-800 °C under an N; atmosphere. The first decomposition endother-
mic step occurred in a temperature range 30-130 °C and corresponded to a loss of molecules
of crystalline water. The second cracking step was carried out between 130-380 °C owing
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to a loss of ceftriaxone ligand. The third stage of decomposition occurred in temperature
ranges of 380-530 °C and 530-620 °C, representing the evolution of NH3, CO, and HNCO.
The final residual products for all ceftriaxone metal complexes are metal oxides.

3.9. Ceftriaxone Metal Complexes Alleviate Hepatic Injury in Male Rats

Excessive CFX exposure for 30 consecutive days afforded a significant increment in
serum activities of ALT and AST in male rats. However, in contrast, the supplementation
of CFX complexes induced significant improvements in liver enzymes, and the best amelio-
rations were recorded in CFX/Mg, CFX/Zn and CFX/Se, respectively, as compared to the
CFX treated group alone, as shown in Table 5.

3.10. Ceftriaxone Metal Complexes Alleviate Oxidative Injury in the Hepatic Tissues and
Structural Alterations of Male Rats Exposed to Ceftriaxone

Reactive oxygen species levels manifested a marked elevation in the hepatic tissues of
CFX-exposed male rats. Supplementation of CFX metal complexes reduced the excessive
hepatic generation of free radicals, as recorded in the CFX-treated group. Hepatic MDA
levels were significantly elevated in the CFX-treated group only. These changes were
mainly inverted in the group to which CFX metal complexes were administered, especially
CFX/Zn and CFX/Mg, respectively.

On the contrary, male rats exposed to CFX exhibited a high decline in hepatic an-
tioxidant enzyme (GSH, SOD and CAT) activities. GSH, SOD activity and CAT declined
markedly as compared with the control group. Oral supplementation of CFX metal com-
plexes elevated the hepatic antioxidant enzymes as compared to CFX alone, especially
for CEX/Mg, CEX/Zn and CFX/se, CFX/Cu and CFX/Fe, in the same order as shown in
Table 6.

Table 6. Antioxidant enzyme activities in groups treated with either ceftriaxone or ceftriaxone
metal complexes.

Group Items

Control

CFX CFX/Mg CFX/Zn CFX/Se CFX/Cu CFX/Fe

ALT (U/L) 9.68 +1.028 89.38 + 4.69 2 1298 +1.98f 15.58 +2.36 ¢ 19.36 + 2.56 4 22394+169¢  23.69 4202
AST (U/L) 2936 +£2368 20336+ 4.692  50.69 +3.69F 55.98 + 4.25 ¢ 72.25 + 3.69 4 79.58 +3.69¢ 8235+ 2.69b¢
MDA (U/g) 9.68 +1.028 123.65 £ 6.252 1852 +2.99¢ 16.52 £2.69 f 24.28 +2.69 4 2968 +3.69¢  31.02 4269
GSH (nmol/100 mg) ~ 18.69 + 1.69 2 6.98 +0.98 8 15.68 4 2.05 Pc 14.69 + 1.69 12.97 4+ 2.58 4 9.01 +1.69 f 10.39 + 1.69 ¢
SOD (U/g) 13.69 4 2.25 2P 5254 0.35¢ 12.66 4+ 1.69 © 11.36 £ 1.58°¢ 10.98 + 1.69 4 10.32 4+ 1.69 4 10.02 4 0.69 4
CAT (U/g) 15.69 + 1.69 436+098f 13.25 +1.65° 13.05 +1.69° 12.69 +2.68°¢ 10.39 +£2.69 ¢ 11.65 +1.694

Values are means + standard error. Mean values with different letters in the same row show significance at
p < 0.05, where the highest mean value has the symbol * and P~8: Decreases in value were assigned alphabetically,
with similar letters implying partial or complete non-significance and different letters implying significance.
CFX = group supplemented with ceftriaxone; CFX/Mg = group supplemented with ceftriaxone/Mg complex;
CEX/Zn = group supplemented with ceftriaxone /Zn complex; CFX/Se = group supplemented with ceftriaxone/Se
complex; CFX/Cu = group supplemented with ceftriaxone /Cu complex.

Histological sections of hepatic tissues of different treated groups as shown in (Figure 8)
which showed marked hepatic alterations and some atrophy in CFX treated group only,
while there was marked improvement recorded in hepatic tissues of other treated groups
with either CFX/Mg, CEX/Zn, CFX/Se, CEX/Cu and CFX/Fe, Meanwhile the marked
improvement was recorded in CFX/Mg, CFX/Zn and CFX/Cu treated groups respectively.
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Figure 8. Photomicrographs showing histological sections of the hepatic tissues. (A) Control group
showing normal hepatic structure and normal central vein (CV) (H&EX400). (B) CFX-treated group
showing severe toxicity in the form of the hypertrophy of hepatocytes (orange arrow) with the appearance
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of binucleated hepatocytes and increased eosinophilia, granular cytoplasm and vesicular nuclei (***);
the central vein is dilated and filled with hemorrhage and necrotic tissue (black arrow), with focal
necrosis in some hepatocytes with increased eosinophilia and nuclear disappearance and the accumu-
lation of a few mononuclear inflammatory cells in blood sinusoids (H&EX400). (C) CFX/Mg-treated
group showing an almost normal hepatic structure (green arrow) with a normal sized central vein
(CV) (H&EX400). (D) CFX/Zn-treated group showing very mild toxicity in the form of the hypertro-
phy of hepatocytes with granular eosinophilic cytoplasm and vesicular nuclei and the appearance
of some binucleated cells (orange arrow), with a mild congested central vein which contains (CV)
mild brown particles of bilirubin and single hepatocyte necrosis (H&EX400). (E) CFX/Se-treated
group showing an almost normal hepatic structure with normal hepatocytes with a moderately
enlarged central vein (CV) filled with some red blood cells (red arrow) with some mild detachment
(***) (H&EX400). (F) CEX/Cu-treated group showing an almost normal hepatic structure with bal-
looning cytoplasm (blue arrow) and a central vein (CV) filled with some red blood cells (H&EX400).
(G) CFX/Fe-treated group showing mild toxicity in the form of the hypertrophy of hepatocytes with
the. appearance of binucleated hepatocytes and increased eosinophilia, granular cytoplasm and
vesicular nuclei (red arrow); the central vein is normal in diameter with mild congestion (CV) and
ballooning degeneration in some hepatocytes (***), with increased eosinophilia around the central
vein indicating the beginning of necrosis (H&EX400).

3.11. Antibacterial Activity Evaluation

Biological evaluations were performed for CFX complexes against Gram-positive
(Bacillus subtilis, Streptococcus pneumoniae and Staphylococcus aureus) and Gram-negative
(Escherichia coli and Pseudomonas aeruginosa) bacteria. Results from the agar disc diffu-
sion tests for the antimicrobial activities are presented in Table 6 and demonstrated in
Figure 9. The diameters of the zone of inhibition (in mm) of the standard drug Amikacin
(Aminoglycoside) (C2;H43N5013) against Gram-positive bacteria B. subtilis and S.aureus
and Gram-negative bacteria E. coli and P. aeruginosa were found to be 36, 30, 31 and 35 mm,
respectively. Under identical conditions, Table 7 and Figure 9 show that all complexes were
found to be efficient, with a high antimicrobial activity that exceeded CFX itself.
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Figure 9. Antibacterial activity of CFX and Zn (II) and Se (IV) metal complexes.
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Table 7. Inhibition zone diameter (mm/mg sample) of CFX and CFX metal complexes.

Inhibition Zone Diameter (mm/mg Sample)

Sample Bacillus subtilis Streptococcus Staphylococcus Escherichia coli Pseudomonas
(GY) pneumoniae (G¥) aureus (G¥) (GD) aeruginosa (G™)
Control (DMSO) 00£00¢ 00+00d 00+00¢ 00+00d 00+0.0d
Ceftriaxone (CFX) 3.80 + 0.11° 58+ 073¢ 6+ 0.89 d 3.76 +0.31°¢ 2.89 + 0.45°¢
Zn (II)-CFX 12 +0.622 16 £0.212 12 +0.58b 10.98 £ 0.96 2 890 +0.85%
Se (IIM)-CEX 11 £0.642 9.50 +0.91b 17 £0.37¢ 1598 £ 0.852 12.76 £ 0.59 2

Means within the same column (mean =+ SE) carrying different letters are significant at p < 0.05 using Duncan’s
multiple range test, where the highest mean value has the symbol ® and ?~¢ those decreasing in value are
assigned alphabetically.

4. Discussion

A serious problem now facing humanity is oxidative damage and its dangerous
consequences for human health and hepatic vitality. The world now needs powerful
antibiotics with potent antioxidant activities and fewer side effects for the liver tissues
to reinforce the immune system and fight against resistant microbes and microorganism.
Thus, the current study was designed to synthesize novel metal complexes of ceftriaxone
(CEX) with Mg (1), Fe (III), Cu (II), Zn (II) and Se (IV) to investigate the potency of the
hepatoprotective effects and antioxidant capacities of CFX complexes and determine if they
succeed in the elevation of antioxidant capacities to investigate novel compounds with
high antioxidant capacities.

The oxidative injury of biomolecules is the major concern in the pathogenesis of a
large number of diseases such as cancer, degenerative diseases, metabolic diseases and
even dangerous instances of SARS-CoV-2. Thus, it is very important to investigate the
role of potent novel metal complexes to prevent oxidative stress and the treatment of side
effects and diseases induced by such oxidative stress.

Liver injury caused by drugs ranges from mild biochemical abnormalities to chronic
liver failure. The majority of adverse liver reactions occur in most antibiotic treatments [23].

Some antibiotics are considered to be a common cause of liver injury. The hepatotoxic-
ity that occurs is usually associated with hepatic impairment [40]. CFX is a broad-spectrum
antibiotic with potent activity against Gram-positive and Gram-negative bacteria [41].

The hepatotoxicity caused by CFX appears after an average of 9-11 days [42,43]. Previ-
ous studies have reported high aspartate aminotransferase (ALT) and alanine aminotrans-
ferase (AST) activities with the administration of CFX [44,45], and this concept coincides
with the current findings that confirmed that CFX causes hepatic damage as a result of
elevations in some biochemical parameters such as AST, ALT and low-density lipoprotein
(LDL) as well as a decline in high-density lipoprotein (HDL) concentrations [46—48].

Based on the previous background, researchers have demonstrated that CFX is widely
used as a third-generation cephalosporin antibiotic that has a broad spectrum of bactericidal
activity. However, previous evidence has indicated that CFX carries a risk of the elevation
of liver enzymes, with liver injury as an adverse effect [48].

In agreement with previous findings [23] that reported that the oxidative stress medi-
ated by oxygen free radicals (ROS) has been implicated as a common link between chronic
liver damage and hepatic fibrosis, the current study demonstrated that the administration
of CFX resulted in a significant decline in hepatic GSH. Conversely, a significant increment
in the level of hepatic MDA (a marker of lipid peroxidation) was shown. The increase in
MDA level was more pronounced in rats in CEX-treated groups.

The novel finding of our current study is the improvement effects of CFX metal
complexes, especially in groups treated with CFX with Mg, Zn, Se and Cu complexes,
respectively, as they improved hepatic function serum levels and ameliorated the hepatic
structure greatly.

Our explanation depends on the functional activity of the used metals, as previous
researchers demonstrated the importance of Se metal in enhancing the glutathione levels of
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hepatic tissues, leading to enhancements of the whole antioxidant defense system [49-52]
and a decline in the excessive generation of reactive oxygen species.

Metal ions are required to keep the human body healthy because several critical
biological functions in humans depend upon their presence, and their absence or scarcity
may lead to diseases. Magnesium (Mg) belongs to the main group of elements and is
required mainly for fat and carbohydrate metabolism. Meanwhile, zinc (Zn) belongs to
the transition metal group of elements. Zn is a vital element due to its strong binding to
proteins. Zn also is exceptionally stable with respect to oxidation and reduction, and thus it
does not participate in redox reactions. Additionally, Zn?* shows a strong preference in
enzymes for a tetrahedral coordination over an octahedral one [53], and all these previous
aspects confirm the findings of the current study and the great improvement activities of
CFX metal complexes, especially with Zn?*, in the alleviation of the hepatic side effects
induced by CFX alone.

A deficiency of Fe leads to anemia, as it is known that Fe is a part of hemoglobin;
besides this, a deficiency of Cu leads to heart diseases and anemia. The importance of all of
these metals and especially in conjugation with CEFX has been proved chemically in allevi-
ating oxidative stress and providing high hepatic protection. The Gram-negative strains
are exposed to various stress conditions during pathogenesis, of which the stress of acids
serves as a major defense mechanism in the host [54]. Such environments are encountered,
and this supports the main hypothesis of the study and proved the hepatoprotective and
antioxidant capacities of two synthesized CFX complexes with either Zn (II) or Se (IV); in
addition, the two complexes showed antibacterial activity besides their abilities to reduce
free radicals’ production.

5. Conclusions

The current study aimed to synthesize five ceftriaxone complexes by the reaction of
ceftriaxone sodium salt with (Mg2+, Zn%*, Fe3*, Cu?* and Se**) ions. The structures of the
CFX complexes have been explained using microanalytical, molar conductance, IR, IHNMR,
UV-Vis, magnetic, SEM, TEM and X-ray diffraction analyses. Mg (II), Cu (II), Zn (1),
Fe (III) and Se (VI) complexes form six-coordinate systems with a distorted octahedral
geometry. The obtained results clarified that ceftriaxone metal complexes, especially
(CEX/Mg, CFX/Zn and CFX/Se), greatly ameliorated hepatic enzyme functions and
enhanced the antioxidant activities of hepatic tissues while reducing the excessive triggering
of excessive reactive oxygen species (ROS) and the protection of hepatic structures as
compared with ceftriaxone-treated groups alone. For antibacterial activity, the CFX/Zn
complex was highly effective against Streptococcus pneumoniae, while CFX/Se was highly
effective against Staphylococcus aureus and Escherichia coli. These results are very promising
in providing protection for the hepatic tissues and reducing damaging effects and the severe
oxidative stress induced by antibiotics on liver tissues, especially during the COVID-19
pandemic; in addition, it brings the recent research that correlated the damage of hepatic
functions and severe instances of SARS-CoV-2 on the health of the body up to date.
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