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ARTICLE INFO ABSTRACT

Keywords: Natural products (NPs), especially antibiotics, exhibit diverse bioactivities and often play critically important roles
Natural products in dictating and/or driving medical, health, agricultural, animal husbandry, and cosmetic industry initiatives. An
Self-resistance important realization in the field of NP applications is that both targeted pathogens and the antibiotic-producing
Chemical modifications hosts themselves have usually evolved a host of resistance strategies by which to protect themselves. Although the
former class of microbes (pathogens) has come to be associated with the global antibiotic resistance crisis,
mechanisms by which producing organisms become resistant or tolerant to the ill effects of their bioactive me-
tabolites have begun to attract a great deal of attention. Studies aimed at understanding antibiotic resistance have
shown that producer-bourne mechanisms of self-resistance are possible prototypes by which to understand cor-
responding resistance elements in antibiotic-resistant bacteria. Historically speaking, the most efficient and potent
chemistries employed by pathogens to evade harm from antimicrobial NPs have evoked enzymatically-driven
transformations. We summarize herein the primary chemical modifications known to impart upon bioactive
NP-producing microbes a means of self-defense against their own antimicrobial secondary metabolites; in un-
derstanding these chemistries we expect to gain new insights into how antibiotic resistance mechanisms in tar-
geted pathogens might be circumvented or prevented. Such a translation of knowledge has a high likelihood of
advancing humanity's ability to counter drug-resistant pathogens.
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1. Introduction

Nature presents us with a gorgeous warehouse of NPs, in which all
plants, animals, and microorganisms are the laborers and artisans taking
advantage of simple materials to yield abundantly diverse products
resulting from enzymatic machineries [1-4]. Since the golden era of NP
discovery in the 1950s, these NPs have been successively characterized
revealing a vast array of chemo-diversity and various bioactivities, such
as those responsible for eliciting antibacterial, antifungal, anticancer, and
anti-inflammatory effects benefitting mankind [5-7]. These defining
traits make NPs prominent lead compounds and continual resources for
the discovery and development of new therapeutics, agricultural pesti-
cides, and versatile cosmetics [8,9]. Statistically speaking, more than
40% of small-molecule drugs and agrochemicals currently in use are
either derived from or inspired by NPs originally found in nature [10,11].

Yet it is worth mentioning that, given NP mechanisms that hinder or
kill the growth of pathogenic organisms through inhibition or inactiva-
tion of essential housekeeping enzymes or in other ways, many NPs are
often toxic to their producers by virtue of common targets contained
within both NP producers and the pathogenic organisms they target [12].
Intriguingly, these poisonous substances are tolerated by their produ-
cers/hosts, suggesting that bioactive NP producers have evolved
self-protective countermeasures that endow them with resistance to the
NPs they produce.

Recent efforts to understand such microbial self-defense systems have
revealed that the most protective measures employed by NP producers
involve enzymatic modifications of mature NPs or their intermediates.
Such modifications inactivate or dramatically lessen the toxicity of the
NPs. Such inactivation may rely upon efflux pumps that transfer nascent
products to extracellular locations. In addition, NPs may become asso-
ciated with assorted proteins that serve to sequester the toxic NPs from
target proteins, and they may be decorated with assorted functional
groups that attenuate their activity or the producers may themselves
upregulate the production of what become sacrificial protein targets
[13-16]. This collection of mechanisms is not exhaustive but clearly
demonstrates that NP producers have evolved a wide assortment of
self-defensive countermeasures with which to blunt the harmful effects of
their bioactive secondary metabolites. Among these diverse strategies,
chemical modification is arguably the most well documented and has
been shown to be widely observed in biosynthetic pathways employed by
antibiotic-producing microorganisms to avoid auto-toxicity [17].

Analogously, pathogenic organisms have been shown to evade the
toxic effects of bioactive NPs often using mechanisms similar to those of
NP producers. Enzymatic inactivation, efflux, target modification, and
antibiotic (or target) interference are major types of antibiotic resistance
mechanisms [18]. Of these resistance mechanisms, it has been postulated
that the most efficient one entails the direct chemical inactivation by
means of enzyme-driven covalent NP modification [19,20]. For instance,
the hydrolysis of beta-lactams by beta-lactamases and the phosphoryla-
tion, acylation, and glycosylation of aminoglycoside antibiotics consti-
tute two extremely efficient classes of resistance endowing mechanisms
that are known to be widely employed and well documented [21-23].

Significantly, the similarities between chemical modification systems
of NP activity attenuation in both pathogenic microbes and NP producers
suggest a common origin. In particular, the similarities between self-
defensive roles and pathogen resistance roles for NP transformations
suggest that horizontal gene transfer between the two types of microbes
as well as vertically stable inheritance mechanisms suggests a common
origin [24].

Herein, we summarize known chemical modifications associated with
self-resistance mechanisms displayed by active NPs (especially antibi-
otics) producers with specific examples, thus providing not only the
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reservoir of enzymatic modifications responsible for self-resistance but
also the inspiration for more potential mechanisms of drug resistance in
this troublesome “post-antibiotic” era.

2. Phosphorylation

Phosphorylation catalyzed by phosphotransferases or kinases is
widespread in the disciplines of physiology and biochemistry as well as in
many of the known biosynthetic machineries accounting for secondary
metabolites. Phosphorylation chemistries form a foundation for common
strategies by which NP producers can circumvent suicidal processes.
Particularly well known is the enzyme-driven phosphorylation of NP
hydroxyl groups. The resulting changed moiety bears dramatically
different spatial, charge, and polarity properties relative to the OH
starting material.

In the 1960s, spectinomycin was discovered as an aminocyclitol
aminoglycoside antibiotic with broad spectrum antibacterial activity
[25]. Its predominant clinical application is for the treatment of Neisseria
gonorrhoeae infections through potently inhibiting bacterial protein
synthesis [26,27]. The biosynthetic gene cluster (BGC) of spectinomycin
and related self-resistance mechanism of the host strains have been
carefully studied [27,28]. Notably, SpcN encoded within the spectino-
mycin cluster from Streptomyces flavopersicus has been annotated as an
ATP-dependent aminoglycoside phosphotransferase and has been shown
to phosphorylate the hydroxyl groups at the 2 or 6 position of specti-
nomycin, thus ablating spectinomycin toxicity in its microbial producers
[28] (Fig. 1).

Another typical example of aminoglycoside antibiotics containing a 2-
deoxystreptamine is gentamicin, predominantly isolated from Micro-
monospora and displaying potent activity against gram-positive bacilli
and gram-negative bacteria [29,30]. Based on initial studies of the
gentamicin BGC, the gene gtmJ showed high homology to other genes
encoding 3'-phosphotransferases in S. ribosidificus, S. fradiae, and
M. chalchea [31-33]. Subsequent heterologous expression experiments
validated that GtmJ, specifically, was responsible for catalyzing protec-
tive 3/-OH phosphorylation, thus enabling self-protection of the host
strains [30] (Fig. 1).

A201A, a potential aminonucleoside antibiotic with excellent anti-
bacterial activity, was isolated from Streptomyces capreoolus NRRL 3817
and structurally elucidated in 1985 [34,35]. Subsequently, Barrasa et al.
confirmed that the same producing strain utilized phosphorylation as a
self-resistance mechanism [35]. The resistance determinant was a
phosphotransferase Ard2 encoded within the A201A BGC that catalyzed
2-OH phosphorylation of the A201A unsaturated hexofuranose moiety,
abolishing antibiotic activity [35] (Fig. 1). In addition to the Barrasa
work, our group later revealed an unusual UDP- -galactose mutase MtdL
and proposed the sugar biosynthetic pathway and tailoring steps
involved in the A201A assembly [36].

In addition to Vph (viomycin phosphotransferase), Cph is another
known phosphotransferase able to inactivate polypeptide antibiotics and
endow the producer with resistance via a phosphorylation reaction [37,
38] (Fig. 1). Cph can nonspecifically transfer the y-phosphate of ATP or
GTP to the targeted hydroxyl group in contrast to other ATP-dependent
phosphotransferases [38]. Notably, the gene encoding Cph phospho-
transferase is embedded within the BGC of capreomycin, an important
clinical antibiotic for tuberculosis. Capreomycin was initially isolated
from Saccharothrix mutabilis subspecies capreolus in the golden era of NP
discovery [39,40].

Resistance endowing phosphotransferases has played an important
defensive role for many antibiotic-producing microbes and often func-
tions mechanistically in a fashion similar to kinases, such as acarbose
kinase GacK from Streptomyces glaucescens GLA.O, and P-loop NTPase
kinase NikN/PolQ2 encoded in the BGC of nucleoside antibiotic nikko-
mycin/polyoxin [41,42]. Furthermore, the producers of streptomycin,
fosfomycin, hygromycin, and capuramycin likewise utilize this strategy
to defend against their secondary metabolites [43-46].



X. Li, J. Ju Pharmaceutical Science Advances 2 (2024) 100032

cloes GnnJ
Q
/ RQ/A% w
—_— H
Spectmomycm Gentamicins
\N/ [Phosphorylation]
OH =— Cph

NN

o N7 N\ HZNQKH Hfﬁ _B-Lys

; kl \kl
i’@ PN

A201A Ard2 N~ "NH capreomycin I1A

Fig. 1. Examples of NPs whose producers employ phosphorylation as a self-resistance strategy. The positions for phosphorylation in each compound are indicated by
arrows and shown in red color, and the responsible enzymes are presented in blue font with a gray background color.
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Fig. 2. Examples of NPs whose producers adopt acylation as a self-defense strategy. Except blasticidin S, the positions for acetylation in other compounds are indicated
by arrows and shown in red color, and the responsible enzymes are presented in blue font with a gray background color. Demethylblasticidin S, the biosynthetic
intermediate of blasticidin S, is first specifically leucylated by aminoacyltransferase BlsK and then deleucylated at the last biosynthetic step.
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3. Acylation

In addition to phosphorylation chemistries, acylation constitutes
another significant self-defense strategy. It is worth noting that almost all
sites of acylation involve amino groups; consequently, where acylation is
involved as the “inactivating modification” one generates an amide from
the amino group of a bioactive species.

Bleomycin, tallysomycin, phleomycin and zorbamycin are four
members of the bleomycin family isolated from Streptomyces or Strep-
toalloteichus [47-50]. All of these species are glycopeptide-derived NPs
possessing a highly conserved metal-binding domain that is pivotal for
antitumor activity. Metal binding by these species affords highly local-
ized oxidative DNA strand scission to which the majority of beneficial
antitumor activities are attributed [51]. In the bleomycin family, two
resistance enzymes, BlmB and TlmB, have been identified from the
respective producing organisms (bleomycin and tallysomycin, respec-
tively) and are annotated as N-acetyltransferases. Both species utilize
acetyl-CoA as an acetyl donor to cap an amine moiety [52] (Fig. 2).
Following acetylation, the coordination and/or redox chemistries
involving molecular oxygen and metal-binding bleomycins are dramati-
cally impaired thus rendering each NP non-toxic to their respective
producers [52,53].

Blasticidin S, an example of a peptidyl nucleoside antibiotic that also
employs acylation to achieve self-defense, was originally discovered from
Streptomyces griseochromogenes and showed a broad-spectrum bioactivity,
especially potent as an antifungal agent against the crop pathogen Mag-
naporthe grisea (rice blast) [54-56]. Compared to its acetylated counter-
part, blasticidin S undergoes an unusual leucylation catalyzed by a
[3Fe-4S] cluster component and tRNA-dependent aminoacyltransferase
BlsK, which has been validated by genetic and in vitro biochemical ex-
periments [57]. The catalysis process involves the installation of a leucyl
group at the arginine #-amino group of demethylblasticidin S, an inter-
mediate in the blasticidin S biosynthesis, and the expelling of the leucyl
group at the last synthetic step [57] (Fig. 2). With the addition and
elimination of a leucyl group, blasticidin S producers succeed in cir-
cumventing compound toxicity.

Similarly, Lanois-Nouri et al. reported another N-acetyltransferase,
OatA, encoded in the odilorhabdin biosynthetic gene cluster and gave
rise to odilorhabdin resistance [58]. Odilorhabdin is a linear
non-ribosomal peptide antibiotic produced by the entomopathogenic
bacterial symbiont Xenorhabdus nematophila [59]. Following modifica-
tion by OatA at one of its rare amino acids, acetylated odilorhabdin
rapidly loses the ability to impair translation and thus displays dramat-
ically reduced antibacterial activity [58] (Fig. 2). Intriguingly, the gene
encoding OatA has only been found in X. nematophila and a specific clade
of Photorhabdus through phylogenetic analyses [58]. Beyond OatA, Dang
and co-workers also revealed an N-acetyltransferase PamZ that is
responsible for endowing resistance to paenilamicin in Paenibacillus
larvae [60] (Fig. 2).

Like OatA and PamZ, similar self-resistance elements are known in
the biosynthesis of microcin C7, kanamycin, edeine, and nourseothricin
[61-64]. Furthermore, the producers of mycotoxins also use enzymatic
acylation as a major detoxification mechanism to protect themselves
[65]. All of these discoveries further support the notion that acylation as
a self-defense strategy is widespread in antibiotic producers.

4. Deglycosylation and glycosylation

Glycosyltransferases, a class of representative and important tailoring
enzymes, install saccharides at O, N, S, and C positions during the
biosynthetic pathways for many NPs, affecting the activities and/or
properties of these compounds [66,67]. Conversely, eliminating vital
sugar residues can also sometimes be beneficial for NP producers in their
efforts to resist NP self-toxicity.

Demonstrative of this idea, the model prokaryote, Streptomyces coe-
licolor, adopts deglycosylation to resist the toxicity of kijanimicin [68].
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Kijanimicin is a spirotetronate antibiotic with broad antimicrobial and
antitumor activities [69,70]. Initially, researchers found a TetR-family
regulator, KijR, which is involved in the production of kijanimicin and
can regulate another protein (KijX) after binding the antibiotic [68]. KijX
was subsequently demonstrated to be responsible for the deglycosylation
of kijanimicin through in vivo experiments. The deglycosylation deacti-
vated the NP thus conferring host resistance [68] (Fig. 3). Recently, the
same glycosidase KijX and self-protective mechanism were discovered
during the heterologous expression of lobophorins [71] (Fig. 3). On the
basis of bioinformatics analyses, KijX homologues have been found to be
widely distributed in many microorganisms, such as bacteria, eukaryota,
and archaea [71]. This phenomenon also implies that the self-resistance
mechanism of deglycosylation is likely to be widespread.

In contrast to deglycosylation, glycosylation is also reported as a post-
translational modification involved in self-resistance. Primary examples
involve the biosynthesis of oleandomycin, spiramycin, and sublancin
[72-74]. Oleandomycin belongs to the macrolide family of antibiotics,
whose structure strongly resembles erythromycin [75]. Its producer,
Streptomyces antibioticus, encodes two glycosyltransferases involved in
oleandomycin inactivation, rendering itself resistant [72] (Fig. 3).
Interestingly, the gene encoding OleD is remote from the oleandomycin
biosynthetic gene region, whereas olel encoding another glycosyl-
transferase is located in the gene cluster [72]. This distribution also
makes OleD a more general protein in macrolide glycosylating activities
and makes Olel more specific to oleandomycin resistance [72,76].
Following glycosylation, the inactivated product is further reactivated
via deglycosylation catalyzed by the glucosidase OleR when the nontoxic
compounds are transported extracellularly [72].

Spiramycin is another example of a macrolide antibiotic and was
originally isolated from Streptomyces ambofaciens [77]. Based on the
previous discovery of srmA, a resistance gene encoding a mono-
methyltransferase targeting the ribosome, Gourmelen et al. identified
another new resistance gene downstream of srmA [73,78,79]. The gene
product was then characterized as a glycosyltransferase GimA and was
found to decrease the production of spiramycin under what would
ordinarily be overexpression condition [73] (Fig. 3).

The sublancin producer, Bacillus subtilis 168, possesses a specific S-
glycosyltransferase (SunS) capable of selectively modifying the sulfhy-
dryl group of cysteine in the presence of various nucleotide sugars [80].
Although the type of sugar employed during cysteine glycosylation and
the attachment of sugar when the cysteine is mutated are not pivotal for
antimicrobial activity, cysteine mutants devoid of glycosylation show
self-toxicity to the sublancin-producing strain [74,80]. This variation of
activity suggests that Bacillus subtilis 168 likely employs an unusual
S-glycosylation as a resistance mechanism to restrain the potentially le-
thal product [74] (Fig. 3).

Inactivation of toxic products via glycosylation is also found to be
used by Streptomyces Venezuelae during the production of methymycin
and pikromycin [81,82]. Overall, glycosylation chemistries and their
underlying enzymes have played a variety of protective roles in biolog-
ical processes and the assembly of NPs [83].

5. Redox chemistry

Redox reactions are broadly involved in the pre-assembly and post-
assembly tailoring steps involved in an array of biosynthetic processes
[84]. These redox modifications not only increase the complexity and
diversity of NP structures but also often endow NP producers with pro-
tection from their biologically active metabolites [84].

5.1. Oxidation

Among diverse oxidation reactions, the Baeyer-Villiger oxidation is
particularly important. It is responsible for establishing the linkage be-
tween a carbonyl carbon and an oxygen atom via an O-insertion, con-
verting ketones into esters [85]. One of the key enzymes responsible for
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Fig. 3. Examples of NPs whose producers adopt deglycosylation or glycosylation as a self-resistance strategy. The positions for deglycosylation or glycosylation in each
compound are indicated by arrows and shown in red color, and the responsible enzymes are presented in blue font with a gray background color.

Baeyer-Villiger chemistry is a monooxygenase of which there are several
types known to be involved in NP biosynthesis [86,87]. For instance, our
group revealed a type II Baeyer-Villiger monooxygenase pair composed
of AbmE2 and AbmZ in the neoabyssomicin assembly line [88]. The
bacterial luciferase-like monooxygenase AbmE2 and its flavin-dependent
reductase partner AbmZ were unexpectedly found to play a role in an
important inactivation mechanism during disk diffusion assays [88]
(Fig. 4). AbmE2 and AbmZ catalyzed the formation of inactive neo-
abyssomicin B from antimicrobial abyssomicin 2, enabling the producer,
Streptomyces koyangensis SCSIO 5802, to avoid suicide [88].

Gliotoxin, an infamous virulence factor produced by the pathogenic
fungus Aspergillus fumigatus, represents the epipolythiodioxopiperazine

family of diketopiperazines and features a rare transannular disulfide
bridge crucial for its deleterious effects [89-91]. Gliotoxin's harmful ef-
fects can be explained in two ways; a) by forming reactive oxygen species
(ROS) due to a redox cycling, and b) by conjugating with functional
proteins, such as alcohol dehydrogenase [89,90]. Certainly, the pro-
ducing strains have evolved corresponding strategies by which to protect
themselves. A key protective strategy entails a thiol-disulfide redox sys-
tem catalyzed by the homodimeric enzyme GIiT [92]. GIiT serves as a
FAD-dependent sulfhydryl oxidase and is responsible for disulfide for-
mation during gliotoxin biosynthesis [92] (Fig. 4). This
enzyme-catalyzed chemistry precludes ROS formation caused by redox
cycling as well as protein conjugation, constituting an unprecedented
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Fig. 4. Examples of NPs whose producers adopt oxidation as a self-defense strategy. During neoabyssomicin B biosynthetic pathway, the antimicrobial intermediate
abyssomicin 2 is inactivated by a type II Baeyer-Villiger monooxygenase pair, AbmE2 and AbmZ. GliT catalyzes the disulfide bond formation and is involved in a thiol-
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tion processes.

self-resistance mechanism [92].

Compared to other modifying enzymes that carry out cellularly pro-
tective or defensive functions, PumA, a putative monooxygenase isolated
from the opportunistic pathogen Pseudomonas aeruginosa PA14, uses an
oxidative modification to defend its producer from the effects of its
bioactive phenazine metabolite [93] (Fig. 4). When the cellular pool of
phenazine becomes too reducing, a result of an efflux pump limitations
(MexGHI-OpmD), PumA begins to oxidize the endogenous phenazine
[93]. The oxidized phenazine adduct serves as a ligand for the tran-
scription factor SoxR. SoxR activation triggers the expression of both
mexGHI-opmD and pumA [93,94]. Overarchingly, the overexpression and
the subsequent functions of both protein systems ensure the redox ho-
meostasis of phenazine and confer defense upon the PA14 from its
bioactive metabolite [93].

Resembling both PumA and MexGHI-OpmD and contributing to
phenazine resistance in Pseudomonas aeruginosa PA14, LaPhzX and Lex-
ABC are also self-defense elements [93,95] (Fig. 4). LaPhzX belongs to
the antibiotic biosynthesis monooxygenase family and is integrated with
the biosynthetic process of myxin, a di-N-oxide phenazine with antimi-
crobial and antitumor activities [96,97]. LexABC acts as an efflux pump
similar to MexGHI-OpmD, but does not necessarily cooperate with
LaPhzX in myxin-producing Lysobacter antibioticus OH13 [95,98]. In
addition, LaPhzX is known to degrade myxin in the presence of NADPH
(NADH) and FMN (FAD) during in vitro biochemical assays [95].

5.2. Reduction

Superclusters play an intricate and essential role in the biosynthesis of
many different NPs [99]. They originate from some ancestral gene
clusters and encode some common core enzymes responsible for the
production of malleable and versatile intermediates, which can be
further modified by plentiful tailoring enzymes into multifunctional
products [99,100]. Monasones (Monascus naphthoquinones), compose
an outstanding example of a supercluster product family, and are pro-
duced by a subcluster of the Monascus azaphilone biosynthetic gene su-
percluster [100]. With biological activities against competing

microorganisms, the fungi host responsible for the monasones exploits a
two-tiered self-defense strategy. One protective measure involves a spe-
cific efflux pump expelling intracellular monasones, and the residual can
be detoxified through a second protective mechanism reducing the
carbonyl groups and/or enolic moieties of monasones [100] (Fig. 5). The
reductive transformations are multistep and mainly mediated by a
short-chain dehydrogenase/reductase in analogy to enol reductases
(MrPigH), a ketoreductase (MrPigC), and a similar C-11 reductase [101].

A26771B, initially isolated from Penicillium turbatum, was character-
ized as a 16-membered macrolide antibiotic featuring an unusual y-keto-
a,p-unsaturated carboxyl moiety and a succinate moiety [102]. Within
this macrolide, the succinate group is not essential for the activity,
though it is crucial for the bioactivities of the structurally related mac-
rolactins [103]. However, the y-keto moiety plays a crucial role in anti-
microbial activity. Reduction of this same moiety provides an efficient
resistance mechanism enabling the producer strains to withstand the
production of toxic A26771B [104,105] (Fig. 5). The enzyme responsible
for catalyzing the reduction reaction is BerkC, a short-chain intracellular
reductase [105]. Following intracellular reductive inactivation, the
BerkC product is transported to the extracellular milieu and then reac-
tivated by a flavin-dependent oxidase, BerkD [105]. Additionally, the
succinate group mentioned above is involved in the expulsion process of
inactive A26771B (OH form) instead of the y-keto version and can help
accelerate the efflux process [105].

Cytorhodins, members of the anthracycline antibiotics that possess
various anticancer activities, have been previously isolated from marine-
derived Streptomyces sp. SCSIO 1666 by our group [106]. Characteriza-
tion of the cytorhodin BGC revealed three glycosyltransferases involved
in the installation of three sugars [107]. Notably, glycosylated cyto-
rhodins show stronger antimicrobial activity than their deglycosylated
counterparts, suggesting that the producing Streptomyces sp. SCSIO 1666
probably employs deglycosylation as a self-protective strategy [108]. We
subsequently shed light on the mechanism conferring resistance to
cytorhodins using a combination of in vivo and in vitro assays [108].
Relative to common deglycosylation, the reaction at play here entails a
reductive deglycosylation mediated by a reductase CytA under anaerobic
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conditions [108] (Fig. 5). Moreover, the key enzyme CytA drives a
reduction that is coincident with sugar cleavage during the production of
cytorhodins in Streptomyces sp. SCSIO 1666 [108].

Distinct from the enzymes that carry out reductive inactivations noted
above, the tetrahydroisoquinoline safracin-producing microbes adopt an
uncommon dihydrofolate reductase-like protein, SacH, as a self-defense
tool [109]. The target of SacH is the hemiaminal group, which plays a
critical role in safracin bioactivities by virtue of DNA-alkylation. The
hemiaminal moiety can also be modified by short-chain dehydrogen-
ases/reductases to help other tetrahydroisoquinoline producers to avert
intracellular toxicity [109-111] (Fig. 5).

6. Hydrolysis

NPs containing a characteristic cyclopropane ring have been discov-
ered from different species and frequently exhibit great bioactivities
[112]. For instance, yatakemycin and CC-1065, two attractive members
of the cyclopropanoid family, behave as outstanding DNA alkylating
agents [113,114]. Clearly, the microbial producers of these agents must
adopt efficient self-protection strategies in order to circumvent suicidal
intracellular insults. YtkR7 and C10R6, two Gyrl-like proteins encoded
within yatakemycin BGC and CC-1065 BGC, respectively, were authen-
ticated and defined as cyclopropanoid cyclopropyl hydrolases respon-
sible for cyclopropane hydrolysis. This event confers resistance to the
producers of these DNA alkylating agents [115] (Fig. 6). In addition, the
DNA glycosylase YtkR2 has also been shown to protect yatakemycin

producers [116]. Moreover, the similar cyclopropane hydrolase CIbS is
known to ring open the crucial cyclopropane moiety present in col-
ibactins. This chemistry endows colibactins producing commensal E. coli
strains with protection from their toxic metabolites [117] (Fig. 6).

7. Dual modifications

Enzymatic inactivation systems mentioned above mainly refer to self-
defensive chemistries driven by a single enzyme. However, it is by no
means uncommon for two types of enzymatic modifications to act in
concert as self-resistance strategies to circumvent toxicity in the pro-
ducing organism. Such dual modifications further enhance the ability of
producers to protect themselves during the production of toxic
metabolites.

7.1. Phosphorylation and acylation

Common types of modifying enzymes responsible for self-protection in
antibiotic-producing organisms include phosphotransferases and acyl-
transferases. Both classes of enzymes may act as singular modifiers but
many members of each class are established as collaborators in dual
modification systems of microbial self-defense. Take for instance, apra-
mycin is a promising aminoglycoside antibiotic with remarkable bio-
activities and especially broad antibacterial activity against drug-resistant
pathogens [118-120]. In vivo and in vitro biochemical characterization
assays have revealed that 5-O-phosphorylation and 7’-N-acetylation are
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Fig. 6. Examples of NPs whose producers adopt cyclopropyl hydrolysis as a self-resistance strategy. The cyclopropyl moieties of yatakemycin, CC-1065, and col-

ibactins are hydrolyzed by YtkR7, C10R6, and CIbS, respectively.

two cryptic mechanisms conferring self-resistance to apramycin in Strep-
tomyces tenebrarius during apramycin biosynthesis [121] (Fig. 7). Therein,
the enzyme catalyzing 5-O-phosphorylation, AprU, is characterized as a
novel aminoglycoside phosphotransferase; but the acyltransferase is still
an unsolved mystery [121]. Additional examples of the phosphor-
ylation/acylation motif of metabolite inactivation include neomycin from
Streptomyces fradiae, paromomycin from Streptontyces rimosus forma paro-
momycinus, and ribostamycin from Streptomyces ribosidificus ATCC 21294.
All of these compounds are reported to be doubly modified by respective
phosphotransferases and acyltransferases, thus protecting their producers
from auto-toxicity [31,122-124].

7.2. Phosphorylation and adenylation

The muraymycins represent a series of peptidyl nucleoside antibiotics
that are isolated from Streptomyces spp. and have antibacterial activity
attributed to translocase I inhibition and its impact on cell wall biosyn-
thesis [125,126]. Conversely, the Streptomyces spp. producers have
evolved two covalent modification systems to avoid the deleterious ef-
fects of muraymycins [127]. One is commonplace phosphorylation
catalyzed by the phosphotransferase Mur28, whereas an uncommon
adenylation is another countermeasure accomplished by the nucleoti-
dyltransferase Mur29 [127]. Both Mur28 and Mur29 are encoded within
muraymycins BGCs. Unexpectedly, both enzymes modify the identical
hydroxyl group in a different temporal order [127,128] (Fig. 7). They are
complementary to each other and co-responsible for self-resistance
mechanisms during the biosynthesis of muraymycins [127].

7.3. Oxidation and reduction

Many tetrahydroisoquinoline (THIQ) antibiotics share a unique hex-
acyclic THIQ scaffold with an hemiaminal pharmacophore and display
excellent antimicrobial and antitumor activities, as exemplified by the
approved anticancer drug, ecteinascidin 743 (ET-743) [110,129].

Naphthyridinomycin, another attractive member of the THIQ antibiotics,
was first isolated from Streptomyces lusitanus AY B-1026 and showed
broad-spectrum bioactivity [130]. To avoid self-destruction of the pro-
ducing strains, a resistance system with two distinct enzymatic modifica-
tions is integrated within the naphthyridinomycin biosynthetic pathway
[111,131]. Intracellularly, short-chain dehydrogenases/reductases, NapW
and HomW, carry out the first inactivation through an OH group reduction
of the hemiaminal pharmacophore, the product of which is extracellularly
transported [111]. NapU, a secreted oxidoreductase, subsequently reac-
tivates the reduced product generating mature (and bioactive) naphthyr-
idinomycin via an oxidative C-H bond functionalization [131]. When
naphthyridinomycin levels exceed an extracellularly tolerable threshold,
the compound is acted upon by NapU which catalyzes an overoxidation
event, thereby disabling the otherwise toxic product of NapU [131].
Overall, the naphthyridinomycin-producing organism exerts two different
resistance mechanisms, intracellular reduction and extracellular over-
oxidation [111,131] (Fig. 7).

7.4. Oxidation and S-methylation

Holomycin is a non-ribosomal peptide originally isolated from
Streptomyces clavuligerus [132]. It possesses a bicyclic N-acylated dithio-
lopyrrolone skeleton with a disulfide bond essential for the inhibition of
bacterial RNA synthesis [133]. Discovery and identification of the hol-
omycin BGC from S. clavuligerus revealed that the protein HlmlI is a
FAD-dependent dithiol oxidase, using O5 as a co-substrate and perform-
ing a dithiol to disulfide oxidation as the last step in holomycin biosyn-
thesis [134,135] (Fig. 7). In a fashion similar to GliT, the key resistance
enzyme involved in endowing gliotoxin resistance, Himl plays a primary
self-protective role in the production of holomycin by catalyzing a
dithiol-disulfide conversion [92,135]. Moreover, bioassays have shown
that S-methylation of holomycin biosynthetic intermediates serves as a
back-up detoxification strategy for S. clavuligerus, thus ensuring the or-
ganism's effective protection from its own bioactive metabolite [136]
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Fig. 7. Examples of NPs whose producers employ tandem chemical modifications to ensure their own self-defense. Therein, phosphorylation and acylation are
adopted by the apramycin producer. AprU catalyzes 5-O-phosphorylation, but the enzyme responsible for 7’-N-acetylation is still a mystery. For the muraymycins
producer, an identical hydroxyl group is selected to be phosphorylated and adenylated by Mur28 and Mur29, respectively, in a different temporal order. NapW or
homW catalyzing the OH group reduction of the hemiaminal pharmacophore and NapU catalyzing an overoxidation reaction act together to avoid the toxicity of
naphthyridinomycin. Moreover, the oxidation and methylation of the dithiol intermediate catalyzed by HlmI and a potential SAM-dependent methyltransferase are

used as a dual self-resistant tool by the holomycin producer.

(Fig. 7).
8. Conclusion

Many NPs produced by diverse species, especially microbes, display
highly potent and useful bioactivities and constitute a critical repository
for human therapeutic agents and agrochemicals [10,137,138]. Recent
advances in omics technologies have translated into much more highly
refined and powerful approaches to understanding NP biosynthetic
pathways and, in turn, BGC encoded self-defense strategies [139,140]. It
has been recognized that NP producers have evolved multifactorial
strategies to ensure their protection from these self-made toxic

compounds [14]. Among these strategies, enzymatic modifications are
highlighted in this review.

Enzymatic NP inactivation strategies are often mediated by modifi-
cation enzymes, which are typically encoded in NP BGCs. Here, we
divided these enzymes and their respective chemistries into phosphory-
lation, acylation, deglycosylation, glycosylation, redox reactions (oxida-
tion and reduction), hydrolysis (especially for cyclopropane-bearing
NPs), and dual (or tandem) modifications. Therein, phosphorylation and
acylation are the most commonly encountered mechanisms to counteract
self-toxicity; examples of deglycosylation and glycosylation are relatively
limited; and redox reactions mainly involve a monooxygenase and
reductase. Alternatively, cyclopropyl hydrolysis is an unusual self-
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resistance mechanism employed only and specifically for cyclopropane-
containing compounds. Finally, all these transformations can give way
to dual or tandem modifications that also constitute excellent microbial
self-defense systems.

Given that the role of resistance genes responsible for enzymatic
modifications is to inactivate bioactive NPs, Andersson and Levin pro-
posed early on that self-resistance genes were generally expressed along
with antibiotic biosynthesis genes and not primarily for host growth and
survival [141]. More affirmative recent examples have shown that
self-resistance genes tend to co-localize in the genome with biosynthetic
genes and regulatory genes, participating together in NP assembly pro-
cesses [16,142]. Gene co-localization ensures the most efficient utiliza-
tion of energy, as the expression of resistance genes is usually triggered
when the BGC is activated for NP biosynthesis [143,144]. At the same
time, this genomic feature of BGCs facilitates broad studies of
self-resistance genes to identify secondary metabolites with novel
structures and excellent bioactivities [145]. More encouragingly, in
addition to mining unknown NPs, resistance-guided methods can also
help to predict the potential functions and targets of known compounds,
such as the anti-HIV activity of rumbrins [146].

Additionally, it is obvious that antibiotic resistance has been, and will
continue to be, one of the major global crises facing humanity. Studies
into antibiotic resistance and microbial self-defense reveal that enzyme-
driven inactivation in antibiotic-producing organisms often constitutes
the prototype of antibiotic resistance strategies in pathogens [147]. It
also implicates antibiotic producers with inactivating enzymes as
possible originators of antibiotic resistance [19,142]. Therefore, the
discovery and illumination of chemical modifications concerning
self-resistance are essential for reducing or resolving instances of anti-
biotic resistance. Such revelations will be a rich and important reference
for clinical drug-resistance discoveries moving forward.

Regardless of the two applications above, a myriad of examples
showcase the fact that even very mundane chemical modifications can
impart better pharmacological activities or pharmacokinetic properties
upon NPs. The methylation of lovastatin, chlorination of vancomycin,
and the glycosylation of erythromycin represent but a few examples
[148-150]. All of these transformations, though simple, play vital roles
not only in the research and development of new drugs but also in the
self-defense of NP producers and, somewhat paradoxically, drug resis-
tance pathways adapted by pathogenic bacteria. Perhaps even more
paradoxically, it is interesting to consider that, while specific function-
alities within NPs serve as specific enzyme substrates en route to path-
ogen resistance, these very same functionalities also provide handles for
the evolution of next generation antibiotics with superior qualities (po-
tency and/or ability to circumvent pathogen resistance).

A vast number of BGCs remain unknown and, consequently, we
envision that many more NP inactivating enzymes with defensive roles
will be disclosed in the future. Predicated on the premise highlighted
here, that such enzymes likely also play a role in the development of drug
resistant pathogens and we expect such discoveries to play important
roles in the continued effort to overcome drug resistance among infec-
tious diseases. Moreover, there is little to no doubt that such discoveries
will lead to new and important drugs with assorted antimicrobial
activities.
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