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A B S T R A C T

Glutarimide-containing polyketides (GPs) are an important class of natural products with antifungal, antibacte-
rial, antitumor and other biological activities. Generally, the structures have a six-membered ring of glutarimide
(also known as 2,6-piperidinedione) and a polyketide side chain or a ring of varying lengths attached at C4 such as
cycloheximide, 9-methylstreptimidone and migrastatin. Currently, at least 65 natural glutarimide antibiotics have
been isolated and identified. The novel biosynthetic mechanism of the trans-AT PKS and multifaceted modes of
action have promoted the progressive exploration of glutarimide-containing products. However, the related in-
formation on the aspects of new structure discovery, biological activity and biosynthesis of GPs is still not
available. This review summarizes the current research from the aspects of new structure discovery, biological
activity and biosynthesis, aiming to provide a reference for in-depth products mining and structure-activity
relationship research. Special emphasis is placed on their potential as drug leads, particularly in cancer ther-
apy, and the role of modern analytical techniques in their discovery and characterization.
1. Introduction

Glutarimide-containing polyketides (GPs) represent a fascinating
class of natural products with significant antifungal, antiviral, anti-
tumor and anti-inflammatory effects. Cycloheximide (CHX, originally
called actidione) was the first discovered GPs, which was isolated from
Streptomyces griseus in 1947 [1]. To date, at least 65 natural GPs have
been discovered, and the main producer was Streptomycetes [2–5]. In
recent years, GPs have been obtained from various microorganisms
including Burkholderia gladioli [6,7], Magnetospirillum gryphiswaldense
[8], Micromonospora coerulea [9], marine bacteria Agrobacterium aggre-
gatum PH-103, Agrobacterium meteori PH-A034C [10], alphaproteobac-
teria Stappia indica PHM037 and Labrenzia aggregata PHM038 [11]. The
common structural feature of GPs is that they all possess a bipartate
structure composed of a six membered glutarimide-ring (2,6-piper-
idinedione), and a polyketide side chain or macrolide ring of varying
lengths attached to position C4, which contribute to the structural di-
versity of GPs. CHX, streptimidone [9], 9-methylstreptimidone [12] and
migrastatin (MGS) [13] are representative members of this family.
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Different from the classical type I polyketide synthase (PKS), the
biosynthesis of GPs is encoded by a trans-AT PKS (AT-less PKS) [14].
Due to the significant biological activities, GPs have attracted many
scientists to carry out studies on structure elucidation, biological ac-
tivity, and biosynthesis. Recent studies have identified new derivatives,
such as non-hydroxylated analogues and ring-opening compounds,
further expanding the structural repertoire of this family. This review
aims to discuss the structures, their bioactivities, the mechanism of
action and the biosynthetic pathways of GPs.

2. Structures of GPs

2.1. Cycloheximide and imide phenols

Cycloheximide (CHX, 1) (Fig. 1) is the first representative of GPs. It
was isolated in 1947 [1], and identified in 1949. The presence of a 3,
5-dimethyl-2-oxocyclohexyl group is the distinctive feature of CHX
[15]. There are four chiral centers in its structure, and the
stereo-configuration has been determined based on optical rotation and
nuclear magnetic data in 1965 [16]. So far, more than 20 natural
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List of abbreviations

CHX cycloheximide
MGS migrastatin
LTM lactimidomycin
PKS polyketide synthase
MT methyltransferase
B Branching domain
GPs Glutarimide-containing polyketides
SAR Structure-activity relationship
ACP Acyl carrier protein
TE Thioesterase
KS Keto synthase
AT Acyl transferase
DH Dehydratase
KR Keto reductase
ER Enoyl reductase
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cycloheximide and imide phenol analogues have been discovered
including inactone (2) with an unsaturated six-membered ketone ring,
actiphenol (3) with an aromatic ring [3,17,18], glycoside derivatives
(4¡5) [19], 2-aminobenzamide-actiphenol (11) [20,21], actiketal with a
benzofuranone unit (6) [3], structural analogues with different oxidative
modifications (7¡18) [22–24] and epiderstatin (19) with a piperidone
ring [25–27]. Meanwhile, several ring-opening analogues have been
identified including phenatic acids A (20) and B (21) [28], and
Nong-kang 101F (22) [22].

Among them, actiphenol (3) was isolated from Streptomyces pulveraceus
[3], and cycloheximide 7-O-β-D-glucoside (5) is the glycation product of
CHX. α-L-rhamnosyl-actiphenol (4), obtained from millipede-associated
Fig. 1. Structures of cycloheximide a
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Streptomyces sp. ML6, is the first discovered cycloheximide glycoside
[19]. 13 and 14, isolated from Streptomyces griseus, are oxidation products
of 1, and 15 is an acetylation product of 13, which is isolated from strain
Streptomyce albulu [29], Compounds 13 and 16¡18were separated from a
marine-derived Streptomyces sp. ZZ741 [24].

2.2. Glutarimides with linear side chain and related analogues

Streptimidone (23, S632A1) and 9(Z)-methylstreptimidone (24,
S632A2), isolated in 1959 [30] and 1974 [31,32], are representatives of
this subclass (Fig. 2). Successively, two stereoisomers S632B1 (27) and
B2 (28) with epoxy groups at the end of the unsaturated polyketide chain
[33,34], the isomer of 24 (S632A3, 25), 9(E)-methylstreptimidone [35]
and the glutarimide ring-opening product S632C (29) were isolated from
Streptomyces hygroscopicus S632 [36]. Recently, 5-hydroxy-9-methyl-
streptimidone (26) from soil-derived Streptomyces sp. HILY-9065403
[37], hydroxyiso-9-methylstreptimidone (30), 9-methylstreptimidone
2-α-D-glucopyranoside (31) from soil samples [5], and three new struc-
tural analogues 12-amidestreptimidone (32), 12-carboxylstreptimidone
(33) and 3-(5S,8R)-(2-amino-2-oxoethyl-20-methoxy-20-oxoethyl)-8,
10-dimethyl-7-oxododeca-5-hydroxy-9E,11-diolefin (35) from Strepto-
myces sp. JCM 4793 [38] have also been identified. Compared with 24,
the amide bonds at positions 1 and 2 of the glutarimide rings in 29 and 35
are broken, and the carboxyl group forms a lactone ring with C5-OH in
29, or methyl ester in 35. By the way, 26, 30�33 are derivatives of
9-methylstreptimidone. Through Mosher's reaction and NMR data anal-
ysis, 30 was found to be a mixture of a pair of C9-OH heteroisomers, 31
was identified as 9-methylstreptimidone 2-α-D-glucopyranoside [5].

Besides, metagenomic analysis found that the beetle (Lagria villosa)
symbiotic strain Burkholderia gladioli may produce glutarimide metabo-
lites. Through targeted gene inactivation, metabolic profiling and
activity-directed isolation, novel glutarimide-containing natural prod-
ucts gladiofungins A (34) and B (36) were obtained from B. gladioli
HKI0739 and B. gladioli BCC0238 respectively in 2020 [6,39]. By
nd glutariminophenols (1¡22).



Fig. 2. Structures of GPs with linear side chain (23¡42).
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promoter insertion, the silent glutarimide gene cluster in B. gladioli ATCC
10248 was activated and gladiofungins D¡H (37¡41) together with
gladiofungins A (34) and C (42) were identified, and the structural di-
versity may be due to the degradation of the terminal butenolides [6].

2.3. Glutarimides with macrolide in side chain and related analogues

Migrastatin (43, MGS) (Fig. 3), obtained from the culture broth of
Streptomyces sp. MK929-43F1 [40] in 2000 and Streptomyces platensis
[41] in 2002, is a representative of this subclass, which has a polyketide
side chain containing a 14-membered lactone ring at C4. Subsequently,
trace amounts of congeners dorrigocins A (44), B (46) and
iso-migrastatin (45, iso-MGS) [2] were isolated from the fermentation
broth of S. platensis. Structurally, 44 is a 14-membered macrocycle
ring-opening product of MGS, 45 contains a 12-membered macrocycle
lactone unit, and 46 is a 12-membered macrocycle ring-opening product
of 45. Biosynthesis studies have shown that 45 is a direct metabolite
produced by S. platensis, and migrastatins and dorrigocins are its degra-
dation products [42,43].

Lactimidomycin (47, LTM) and NK30424 A/B (51/52) are the other
three representatives with 12-membered macrolide ring obtained from
Streptomyces amphibiosporus R310-104 (ATCC53964) [44] and Strepto-
myces sp. NK30424, respectively [45]. By changing the fermentation
conditions, the yield of 47 was increased to 80 mg/L, and three LTM
3

analogues 48¡50 are identified, which provided support for the analysis
of the biosynthetic pathway of LTM [46,47].

2.4. Glutarimides with furan and pyran rings in the side chain

Cycloheximides are glutarimide derivatives with 15 carbon atoms
and a side chain containing a 3,5-dimethyl-2-oxocyclohexyl substituent
as shown in Fig. 1 [15]. Besides, streptoglutarimides H�J (16¡18) with
3,5-dimethyl-2-oxocyclohexy ring, streptoglutarimides A�G (53¡58)
(Fig. 4) with furan ring in the side chain and streptoglutarimide F (59)
with pyran ring in the side chain were also obtained frommarine-derived
Streptomyces sp. ZZ741 in 2019 [48].

2.5. Glutarimides from plants or animal/plant symbiotic microorganisms

Sesbanimide A (60) was isolated from the seeds of leguminous plants
Sesbania vesicaria [49], S. drummondii [50] and S. puniceai [51]. Its
structure was identified by X-ray crystal and NMR techniques (Fig. 5).
Since 60 has a structure similar to glutarimides from microorganisms
such as CHX (1), streptovitacin A (13) and streptimidone (23), it is
speculated that 60 may be produced by plant symbiotic microorganisms
rather than by the plant itself [10]. Subsequently, 60 from a marine
tunicate (Ecteinascidia turbinate) -derived Agrobacterium PH-103, sesba-
nimide C (61) from Agrobacterium PH-A034C [10], sesbanimide D (62)



Fig. 3. Structures of GPs with macrolide in the side chain (43¡52).

Fig. 4. Structures of GPs with furan and pyran rings in the side chain (53¡59).
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from Labrenzia aggregate PHM038 and sesbanimides E (63) and F (64)
from Stappia indica PHM037 were obtained [52]. Recently, sesbanimide
R (65), with an additional arginine unit at the terminal carboxyl group
compared to sesbanimide F (64), was identified from the magnetotactic
bacteria alphaproteobacterium Magnetospirillum gryphiswaldense through
genome analysis and large scale fermentation by Awal et al. [53].

3. Bioactivities of GPs

Generally, the structures of GPs have a six-membered glutarimide-
ring moiety, which is highly similar to uracil derivatives, thus is
considered to be a carrier molecule to interact with the uracil and
thymidine nucleoside transporter receptors to make it pass through the
cell membrane, even blood-brain barrier more easily [54]. Here we
critically discussed the bioactivities of these different kinds of GPs and
summarized the main biological activities in Table 1.
4

3.1. Bioactivities of cycloheximide and imide phenols

CHX (1) and related analogues have multiple biological activities [18,
55]. 1 displays strong inhibitory activities against plant fungi. The anti-
fungal mechanism indicated that CHX blocked the extension of protein
translation by targeting the 60S subunit of eukaryotic ribosomes to
prevent tRNA leaving from the E-site [56]. Therefore, 1 is applied as an
important molecular and cellular biology reagent to study the starting
position of transcription in eukaryotic cells [57]. Besides, 1 also exhibits
strong inhibitory activities against various RNA and DNA viruses such as
HIV-1, influenza virus and HSV, and the 6-OH and 8-C¼O are antiviral
active groups [58,59]. Antifungal and cytotoxic studies have found that
compared to 1 and 3, the activity of glycation products 4 and 5 is
significantly reduced. 13 shows moderate inhibitory activity against
Saccharomyces cerevisiae and lettuce seed germination [29]. 13 and 16
exhibit good anti-proliferative activity against human glioma U87MG



Fig. 5. Structures of sesbanimides from plants or symbiotic microbes (60¡65).

Table 1
The bioactivities of GPs.

Bioactivities GPs

Antifungal 1: against plant fungi
13, 23, 24, 29: against S. cerevisiae
27/28: antifungal except for filamentous fungi
32: anti-yeast
24: against C. albicans indirectly
3, 19, 20: synergistic against C. albicans with miconazole
53–59: against C. albicans
23: against plant pathogens and could be developed as an
agricultural fungicide

Antitumor 1, 13, 16, 47: anti-proliferation
43–46: inhibit tumor cell migration
19: epidermal growth factor-induced mitosis inhibitor
27/28: cytotoxic to KB cells
30, 31: cytotoxic to tumor cell lines K562, MCF-7, and KCT-116
32: cytotoxic to HL-60, A549, SMMC-7721, and MDA-MB-31 cell
lines
41: cytotoxic to HCT-116 cells
42: cytotoxic to BT-20 cells
60–65: cytotoxic to tumor cell lines

Anti-
inflammatory

29: anti-inflammatory and inhibited the expression levels of LPS-
induced pre-inflammatory factors
37, 39: anti-inflammatory in Raw264.7 cells
51/52: anti-inflammatory and inhibit LPS-induced TNF-α
production

Antiviral 1: against RNA and DNA viruses such as HIV-1, influenza virus
and HSV
24: against influenza virus by production of interferon
47: broad-spectrum antiviral by inhibiting protein translation

Antibacterial 53–59: against MRSA and Escherichia coli
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and U251 cells with IC50 of 0.05–0.22 μM and 1.5–3.8 μM, respectively
[24], and 16 blocks the cell cycle in the G0/G1 phase, inhibits glycolysis,
and down-regulates the levels of the deubiquitinating enzyme USP28 and
the cancer transcription factor c-Myc in PC9 cells. Therefore, 16 can serve
as an inhibitor of USP28 to exert anti-tumor effects [60]. 19 is an
epidermal growth factor-induced mitosis inhibitor restraining the
incorporation of [3H] thymidine into resting cells and acted on the
G0/G1 phase of cells [26,61]. Compounds 3, 20 and 21 show no anti-
fungal activity against Candida albicans (KF-1) at 50 μg/disk. However, in
a plate containing 0.06 μM miconazole, the three compounds play a
synergistic role in the miconazole-potentiating activity, indicating that
1-hydroxy 2,4-dimethylaromatic ring acted in the activity enhancement,
5

and the lactone ring on the side chain have better activity than the
ring-opening side chain. 21 exhibits weak antibacterial activity, while 3
and 19 show no antibacterial activity at a concentration of 10 μg/disk
[28]. To sum up, the aromatization, unsaturation, glycosylation and
glutarimide ring-opening lead to a decrease in biological activities [62].
3.2. Bioactivities of glutarimides with linear side chain

Sreptimidone and its derivatives exhibit excellent antifungal, anti-
viral and cytotoxic properties. 23 shows strong activities against plant
pathogens including Phytophthora capsici, Magnaporthe grisea, Didymella
bryoniae, and Botrytis cinerea, under the concentration of 341 μM.
Meanwhile, it does not cause any toxic reactions in plants, thus has the
potential to be developed as an agricultural fungicide. The anti-yeast
activity of 23 against S. cerevisiae is outstanding with MIC of 1 μM, and
170 μM still shows no inhibitory effect on C. albicans [9]. In the antiviral
experiment, both single and continuous administration of 24 could
protect mice from virus infection. When administered after infection, no
antiviral activity was shown, while after single intraperitoneal injection
of 24 to uninfected mice, it was found that 24 significantly stimulates the
production of interferon to protect the mice from viral infection [12], and
inhibits infection of influenza A virus H2N2 in mice. Antifungal experi-
ments showed that interferon inducer 24 exhibits no activity against
C. albicans in vitro and under cultural conditions containing interferon.
However, in vivo prophylactic administration reduced the amount of
C. albicans in kidney and brain at the initial stage of infection, indicating
that 24manifests antifungal activity by excluding host-mediated activity
of interferon induction [63]. 24 and 29 showed selective inhibitory ac-
tivity against S. cerevisiae, and the activity of 29 (MIC 81 μM) is signifi-
cantly decreased compared with that of 24 (MIC 5 μM) [36], while 35
exhibits no antifungal activity [38]. Compounds 27/28 are a pair of
stereoisomers with difference in the absolute configuration of C2 or
epoxide rings. They exhibit similar antifungal profiles and are cytotoxic
to KB cells, but show no activity against bacteria and filamentous fungi
[33,34]. 29 shows good anti-inflammatory activity and inhibits the
expression levels of LPS-induced pre-inflammatory factors such as iNOS,
COX-2, TNF-α and IL-6 by inhibiting GSK-3β and related ASK1-p38
signaling pathway in Raw264.7 cells [64]. Both 23 and 26 exhibit her-
bicidal activity, but the activity of 23 is significantly better than that of
26, and they show no antibacterial activity [37]. 30 and 31 show mod-
erate cytotoxicity to tumor cell lines K562, MCF-7, and KCT-116 (IC50:



Fig. 6. Representative biosynthetic gene clusters of GPs. (A) Biosynthesis of glutarimide unit; (B) Representative biosynthetic gene clusters of GPs
Note: (A) Circles represent domains in the biosynthetic gene cluster; corresponding ACP, AMT, KS, DH, KR and B domains have been stated in the List of abbreviations.
(B) Solid arrows represent genes in the biosynthetic gene cluster. chx: gene cluster of cycloheximide; smd: gene cluster of streptimidone; gla: gene cluster of gladi-
ostatin; mgs: gene cluster of iso-migrastatin; ltm: gene cluster of lactimidomycin; sbn: gene cluster of sesbanimide.
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88–114 μM). 32 shows good cytotoxicity to HL-60, A549, SMMC-7721,
and MDA-MB-31 cell lines (IC50: 10.3, 19.8, 8.3, 6.7, and 7.6 μM,
respectively), but 33 shows weak cytotoxicity at 40 μM. In the anti-yeast
experiments, 32 shows better activity than 33 [38]. 37 and 39 show
anti-inflammatory activity in Raw264.7 cells, and 41�42 exhibit me-
dium cytotoxicity for HCT-116 and BT-20 cells with IC50 values of 18.2
μM and 11.3 μM, respectively [65]. All these bioactivity data further
underscoring their therapeutic versatility.
3.3. Bioactivities of glutarimides with macrolide in the side chain

MGS (43) and LTM (47) are the representatives of this class of glu-
tarimides with polyketide side chain. In scratch wound healing (SWH),
trans-well migration and invasion assays, they both inhibit cell migration
in the low nM range [66,67], highlighting their potential as anti-
metastatic agents. The activity studies of these synthetic analogues have
shown that the existence of the lactone ring is the basis for their activity,
and are expected to be developed as drugs to inhibit tumor cell migration
[66,68–71]. Mechanically, 43 and its macrocyclic unit target the cyto-
skeletal protein fascin, interfering the binding of actin to fascin and
thereof inhibit migration [72–74]. NK30424A/B (51/52) are recently
discovered novel GPs containing a 12-membered lactone ring and
L-cysteine substituent group. They do not inhibit cell migration, but can
inhibit LPS-induced TNF-α production and show anti-inflammatory ac-
tivity [45,75]. LTM exhibits an anti-proliferation mechanism similar to
CHX, targeting the 60S subunit of the ribosome of eukaryotic cells to
block the extension of the peptide chain during protein translation [56,
76], but LTM can only act at the initial stage of protein synthesis. LTM
6

can also inhibit the rapid replication of dengue and other RNA viruses by
inhibiting protein translation, and has broad-spectrum antiviral activity
[77]. The 12-membered macrolide analogues, especially iso-MGS and
LTM, showed greater ability to inhibit tumor cell migration than MGS
with 14-membered macrolide ring.
3.4. Bioactivities of glutarimides with furan and pyran rings in the side
chain

Streptoglutarimides A�G (53¡58) with furan ring and streptoglu-
tarimide F (59) with pyran ring in the side chain were obtained from
marine-derived Streptomyces sp. ZZ741. Unlike other glutarimides with
antiviral, antitumor and anti-inflammatory activities, they only showed
antimicrobial activity against MRSA (MIC 29–33 μM) Escherichia coli
(MIC 27–40 μM) and C. albicans (MIC 27–68 μM) [24].
3.5. Bioactivities of glutarimides from plants or animal/plant symbiotic
microorganisms

Sesbanimides have a structure similar to CHX, and exhibits better
cytotoxicity. 60 shows significant cytotoxicity against mouse leukemia
cells with an IC50 of 2.4 nM in vitro [78,79]. The cytotoxicity assay
showed that 62 was the most toxic and 61 was the weakest one to many
cell lines [11]. 65 shows strong toxicity to tumor cell lines HepG2, A549,
KB3.1 and HCT-116 with IC50 values of 20–39 nM, which is comparable
to that of 64, indicating that the arginine unit had little effect on the
activity.



Fig. 7. Biosynthetic pathway of CHX and actiphenol
Note: Circles represent domains in the biosynthetic gene cluster of chx; A in ChxJ refer to adenylation domain that recognizes and activates substrate; R in ChxJ refer to
reductase domain that reduces the thioester to an aldehyde; other ACP, AMT, KS, DH, KR, MT, B and TE domains have been stated in the List of abbreviations.
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4. Biosynthesis of GPs

GPs are composed of the core glutarimide unit and the polyketide side
chain or ring with varying lengths connected to the β position of gluta-
rimide. In 2009, Lim et al. [2] identified the first glutarimide biosynthetic
gene cluster mgs from S. platensis NRRL18993. In vivo gene knockout,
gene complementation, and in vitro enzymatic experiments demonstrated
that iso-MGS (45) is produced by AT-Less Type I PKS, in which the
indispensable AT domain of each module is missing, and the acyl sub-
strate is provided by the discrete AT domain outside the PKS [80]. The
glutarimide unit is synthesized by a discrete type II ACP gene mgsC, an
aminotransferase gene mgsD, and a specific B domain in module 3, in
which the B domain promotes the KS domain to catalyze the Michael
addition to form the δ-lactone (Fig. 6A) [2,81]. Since then, more and
more GPs and their corresponding biosynthetic gene clusters have been
identified, and the representative biosynthetic gene clusters of GPs were
shown in Fig. 6B.
4.1. Biosynthesis of cycloheximide and imide phenols

In 2014, Yin et al. [82] isolated and identified the biosynthetic gene
cluster chx of cycloheximides from Streptomyces sp. YIM56141, demon-
strating that cycloheximide CHX (1) and actiphenol (3) share the same
biosynthetic pathway (Fig. 7). A loading domain composed of a discrete
7

type II ACP gene chxC and an aminotransferase gene chxD, an AT-less PKS
gene chxE consisting of 5 modules combined with a discrete AT domain
chxB outside the PKS are responsible for the biosynthesis of polyketide
side chain. However, the specific formation mechanism of aromatic
phenolic rings has not been elucidated. Recently, Tang et al. [83] high-
lighted that three tailoring redox enzymes are responsible for the
biosynthesis of the six-membered carbocyclic ring systems. Specially,
after the polyketide intermediate was released from the PKS catalyzed by
the TE domain of ChxE, two redox enzymes (ChxJ and ChxI) catalyze the
active intermediate to undergo a cascade of non-enzymatic trans-
formations to create actiphenol (3), while a reductive enzyme (ChxG)
acts as a gatekeeper, followed by a NADPH dependent ketoreductase
(ChxH), directing the same intermediate down a different pathway to-
ward CHX (1). Other compounds may be the post-PKS derivatives of 1 or
3 through glycosylation, acetylation, oxidization, or ring-opening
reaction.
4.2. Biosynthesis of glutarimides with linear side chain

The biosynthetic gene cluster of 9-methylstreptimidones (24/25) was
identified as smd by Wang et al., in 2013 (Fig. 8). It includes one loading
module and five extension modules as those of chx, but does not contain
the TE domain in module 6. Particularly, module 6 can be used iteratively
and hydrolyzed by the type II thioesterase SmdE to form a carboxylic acid



Fig. 8. Biosynthetic pathway of streptimidone
Note: Circles represent domains in the biosynthetic gene cluster of streptimi-
dones; other ACP, AMT, KS, DH, KR, MT, B and TE domains have been stated in
the List of abbreviations.
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product, which is terminally decarboxylated to obtain 9-methylstreptimi-
dones (24/25) under the action of the decarboxylase SmdK. The gener-
ation of streptimidone (23) may be due to the fact that the
methyltransferase domain in module 6 of iterative action does not play a
role [84].

In 2020, novel GPs gladiostatin/gladiofungin were identified back-to-
back [85,86]. Take gladiofungin for example, the biosynthetic gene
cluster gla contains a loading module glaB/C and an AT-less PKS gene
glaD and glaE, but lacks a thioesterase encoding gene, which is
substituted by an A factor synthase gene (afsA) (Fig. 9). Through the
extension of PKS and discrete enzymes GlaA and GlaG, the polyketide
attached to the ACP domain in module 11 is attacked by the dihy-
droxyacetone phosphate (DHAP), catalyzed by AfsA, to dissociate from
the PKS. Then, the intermediate undergoes intra-molecular aldol
condensation and dehydration to form butenolide unit, which is followed
by the catalyzation of dephosphorylase GlaP and hydroxyl translocation
to afford the final products gladiofungins A (34) and B (36). The differ-
ence between 34 and 36 is the absence of double bond in C11/12 in 34
(Fig. 2), which may be catalyzed by the discrete enoyl reductase GlaG.
4.3. Biosynthesis of glutarimides with macrolide in side chain

As the first identified biosynthetic gene cluster, mgs gene cluster has
been clearly elucidated by Lim et al. [2] in 2009 (Fig. 10). Besides the
PKS encoded by mgsC/D and mgsE-G, a discrete AT (msgH) outside the
PKS and a gene encoding type II TE and AT double-domain gene mgsB
have also been identified for the biosynthesis of the polyketide chain.
Through in vivo gene knockout and intermediate separation, Ma et al.
[87] determined the function of the post-PKS modification genes
8

including mgsI, mgsJ and mgsK. Specially, after the polyketide chain is
released from mgs PKS, the double bond in C16/17 is reduced by MgsI,
followed by hydroxylation of C8 catalyzed by MgsK and methylation of
C8-OH byMgsI to afford iso-MGS (45). In aqueous solution, 45 is rapidly
attacked by water to form the ring-expanded product 43 or the
ring-opening products 44 and 46 [88]. Co-incubation of cysteine and 45
results in a non-enzymatic Michael addition reaction to generate 51/52.

The biosynthetic gene cluster of ltm is highly homologous to mgs,
except that the module 8 in ltm gene cluster lacks an ACP domain, which
may apply the double ACP in module 9 (Fig. 10) [89]. Bioinformatics
analysis revealed that the mgs and ltm gene clusters contain two trans--
ATs, respectively, MgsB and MgsH, and LtmB and LtmH. Proteins MgsH
and LtmH have AT-ER domains, and proteins MgsB and LtmB have AT-TE
domains, but only MgsH and LtmH show trans-AT activity, while MgsB
and LtmB are type II thioesterases [90]. The structure difference between
45 and 47 is that C17 of 47 has a hydroxyl substitution. This may due to
that the HxxxGxxxxP conservative motif of the DH domain in module 10
of the mgs gene cluster is separated by a special loop formed by 22 amino
acids, which is responsible for the dehydration reaction of C17, while
Ltm-DH10 does not contain these 22 amino acids. The C17 hydroxylation
is the active group of LTMs, and the presence of hydroxyl groups in-
creases the IC50 value of the biological activity from μM level to nM level.
These studies lay the foundation for future research on the biosynthesis
mechanism of AT-less PKS and the engineering of new glutaramide
antibiotics.

4.4. Biosynthesis of glutarimides with furan and pyran rings in the side
chain

The subclass GPs such as 53¡58 and 59 were discovered in small
quantities from the same strain as that of streptoglutarimides H¡J
(16¡18) and streptovitacin A (13), which have 3,5-dimethyl-2-oxocy-
clohexyl substituents and whose biosynthesis might be similar to CHX.
Further research is needed to determine whether they share the same
biosynthetic pathway, and whether it is spontaneous cyclization or
enzyme catalyzed reactions.

4.5. Biosynthesis of glutarimides from plants or animal/plant symbiotic
microorganisms

Genome sequencing and analysis shows that a trans-AT PKS gene
cluster sbn is responsible for the biosynthesis of sesbanimides, and reveals
that the biosynthetic gene clusters are widely distributed in distant mi-
croorganisms and different niches in phylogeny [89]. Through bioin-
formatics analysis, the biosynthetic pathway for sesbanimides was
speculated (Fig. 11). Firstly, glutarimide unit is formed like other GPs,
followed by the β-polyketide side chain formation catalyzed by module 6
and SbnF-I. Secondly, the flavin-dependent Bayer-Villiger oxidase SbnP
catalyzes the oxygen insertion reaction of the polyketide chain after one
more extension in module 7. Through subsequent polyketide extension,
the last NRPSmodule (module 12) catalyzes the condensation of arginine
and the polyketide chain. After then, the polyketide precursor is released
from the PKS to afford the final product 65 viamodified by P450 oxidase
SbnE and methyltransferase SbnD. Other sesbanimides (60¡64) are the
degradation products of spontaneous or enzymatic hydrolysis/oxidation
reactions.

5. Future perspectives

GPs share the same six-membered ring and a substitution at the β
position of the ring. They show excellent biological activities (Table 1)
and have been developed as molecular probes [91–93]. Advances in
analytical techniques and biosynthetic studies have greatly enhanced our
ability to discover and characterize new derivatives. Meanwhile, the
glutarimides themselves have come to be considered as privileged scaf-
folds for synthesizing bioactive derivatives [94,95]. Trans-AT PKS gene



Fig. 9. Biosynthetic pathway of gladiostatin/gladiofungin
Note: Circles represent domains in the biosynthetic gene cluster of gla; other ACP, AMT, KS, DH, KR, MT, B and TE domains have been stated in the List of abbreviations.

Fig. 10. Biosynthetic pathway of MGS and LTM
Note: Circles represent domains in the biosynthetic gene cluster of mgs and ltm; other ACP, AMT, KS, DH, KR, MT, B and TE domains have been stated in the List of
abbreviations.
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Fig. 11. Biosynthetic pathway of sesbanimides
Note: Note: Circles represent domains in the biosynthetic gene cluster of sbn; ECH: enoyl-CoA hydratase; HMGS: hydroxymethylglutaryl-CoA synthase; BVMO: Baeyer-
Villiger monooxygenase; other ACP, AMT, KS, DH, KR, MT, B and TE domains have been stated in the List of abbreviations.
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cluster is responsible for their biosynthesis, and different from the clas-
sical type I PKS, AT-less PKS gene cluster lacks an essential AT domain,
but uses discrete AT to provide acyl groups. Biosynthetic gene cluster of
peredin is the first fully explained AT-less gene cluster, which hypothe-
sized that AT outside PKS may provide substrate for the whole gene
cluster [96]. Shen's group verified this hypothesis in the gene cluster of
LNM through in vitro enzymatic experiments [97,98]. Since then, LNM
PKS has become a model for discovering many other AT-less PKSs, and
many polyketides derived from AT-less PKS gene clusters, such as
bryostatin A [99] and sorangican [100], have been found successively.
Discovering the diverse and novel AT-less PKS gene clusters through
bioinformatics analysis of public gene pool, as well as excavating un-
natural products with diverse structures through reasonable design and
combinatorial biosynthesis, will lay the foundation for activity-structure
relationship (SAR) studies [90,101,102]. All these insights have paved
the way for metabolic engineering and combinatorial biosynthesis ap-
proaches to produce novel analogues with enhanced bioactivities. With
continued efforts, GPs may soon transition from laboratory curiosities to
clinically valuable drugs.
10
6. Conclusion

This review mainly summarizes the current understanding of GPs,
focusing on their structural diversity, biological activities and biosyn-
thetic mechanisms. It emphasizes the unique trans-AT PKS machinery,
which enables structural complexity and functional versatility, a topic
less explored in earlier reviews. The comparison of biosynthetic gene
clusters across diverse microbial and symbiotic sources adds depth to
understanding pathway evolution. In all, the recent advancements in
structural discovery, bioactivity profiling, and biosynthesis studies can
guide future exploration of these natural products for drug development
and SAR studies.
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