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INTRODUCTION

Cellular ubiquitination is a complex posttranslational protein modification. It 
involves the attachment of the highly conserved 76-amino acid polypeptide 
ubiquitin to lysine residues of a substrate protein. This attachment is performed 
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through formation of an isopeptide bond between the C-terminus of ubiquitin 
and the ε-amino group of the lysine side chain. The most well-known function 
of protein ubiquitination is the intracellular degradation of poly-ubiquitinated 
proteins, in which a chain of ubiquitin molecules is attached to the substrate, by 
the 26S proteasome. In addition to that ubiquitination is also intimately involved 
in DNA damage response, protein trafficking, NF-κB signaling, and many other 
cellular processes. The inhibition of proteasomal degradation by natural prod-
ucts and synthetic inhibitors has been extensively described and reviewed pre-
viously [1–6]. Our understanding of the molecular mechanisms determining 
proteasomal degradation of cellular proteins has advanced significantly. To a 
large extent this was enabled by extensive biochemical, mechanistic, and struc-
tural studies of natural product inhibitors of the proteasome, such as epoxomicin 
[7]. These developments culminated in the successful development of bortezo-
mib as an FDA-approved proteasome inhibitor, which is used clinically in the 
treatment of multiple myeloma, a malignancy of antibody-producing plasma  
cells. It is hoped that similar investigations into the many facets of the ubiquitin– 
proteasome system (UPS) will allow further successful translation into clinically 
useful compounds.

In comparison to proteasomal degradation, inhibitors of the enzyme sys-
tems responsible for ubiquitin conjugation and deconjugation have attracted 
less attention. Attachment of ubiquitin to substrate proteins is mediated by an 
enzyme cascade of the ubiquitin-activating enzyme E1, a ubiquitin-conjugating 
enzyme E2, and a ubiquitin ligase E3 (Fig. 6.1). The activation of ubiquitin  
involves C-terminal adenylation of ubiquitin and formation of a covalent thioester- 
linked intermediate with the E1 enzyme. A transfer of ubiquitin then occurs 
from E1 to the E2 conjugating enzyme, resulting in another thioester-linked 
conjugate. The ubiquitin ligase E3 brings together the E2-ubiquitin conjugate 

FIGURE 6.1 Schematic overview of the ubiquitin–proteasome system (UPS).
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with the substrate protein destined for ubiquitination. Selectivity for ubiquitina-
tion of specific substrate proteins is conferred through the E3 enzymes in this 
process and to date several hundred members are known in this protein family.

Ubiquitin deconjugation is regulated by a family of proteases termed deu-
biquitinating enzymes or deubiquitinases (DUBs) [8–10]. This enzyme family 
consists mainly of cysteine proteases and a smaller subfamily of metalloprote-
ases. DUBs form an integral part of the ubiquitin system and in addition to their 
role of counteracting the function of the ubiquitin conjugation cascade, they 
are involved in the generation of free monoubiquitin from linear poly-ubiquitin 
precursors, the remodeling of different types of ubiquitin linkages on modified 
substrate proteins and the removal of ubiquitin from substrates of proteasomal 
degradation directly prior to proteolysis.

The ubiquitin conjugation system and the DUB family of proteases comprise 
a large number of structurally and functionally complex proteins. In this system 
there are several hundred recognized E3 ubiquitin ligases and almost 100 DUB 
proteases [11]. This complexity is further increased when taking into account 
the multitude of protein subunits, which form part of ubiquitin E3 ligase com-
plexes and the regulation of many of these proteins by posttranslational modifi-
cations [12,13]. This degree of complexity and molecular diversity may at least 
in part explain the relative lack of detailed structural and mechanistic charac-
terization when compared to the more conserved proteasome. There is also a 
significant number of protein–protein interaction (PPI) inhibitors in the group 
of natural products targeting ubiquitin conjugation by inhibition of E3 ligase 
complexes. These usually act through binding to protein surfaces involved in 
PPIs rather than through binding to an enzyme active site.

In addition to the cellular ubiquitin system several related modification 
systems of ubiquitin-like (Ubl) proteins have been characterized [14]. These 
proteins share many features including isopeptide bond formation between the 
C-terminus of the Ubl modifier and lysine residues on the substrate, conjugation 
by E1, E2, and E3 enzyme systems, and deconjugation by specialized prote-
ases. The biological functions of Ubl modifiers differ from those of ubiquitin 
itself and include immune signaling and interferon response (ISG15), transcrip-
tional regulation and nuclear-cytosolic transport (SUMO) and regulation of cul-
lin components of E3 ligase complexes and thereby of cell cycle progression 
(NEDD8).

The most well-characterized Ubl modifier is the small ubiquitin-related 
modifier (SUMO) and a large number of targets of protein SUMOylation have 
been identified to date [15,16]. SUMO is involved in various cellular processes, 
including cell cycle regulation, transcription, nuclear-cytoplasmic transport, 
DNA replication and repair, chromosome dynamics, apoptosis, and ribosome 
biogenesis [17].

After protein translation the SUMO precursor is cleaved by Ubl protein-
specific proteases (Ulp) in yeast or sentrin-specific proteases (SENP) in 
mammalian cells to obtain a C-terminal diglycine motif (Fig. 6.2). Then the 
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E1 heterodimer, consisting of activator of SUMO 1 (Aos1) and Ubl modifier-
activating enzyme 2 (Uba2), forms a thioester bond with the SUMO protein in 
an ATP-dependent process. The modifier is subsequently transferred to the E2 
enzyme Ubc9. Finally, SUMO is transferred with the help of specific E3 ligases 
onto lysine residues on the target protein. Ligase-independent SUMOylation 
has also been observed with Ubc9 alone [17]. The process is reversible by the 
action of SUMO-specific proteases [18,19], which cleave SUMO from modi-
fied target protein (deSUMOylases) [20].

NEDD8, the product of the neural precursor cell-expressed, developmentally 
downregulated gene 8, shows the greatest sequence similarity with ubiquitin 
(58%) among the Ubl proteins. NEDDylation has been demonstrated predomi-
nantly for members of the cullin protein family, which are important scaffold 
proteins for the assembly of multicomponent RING E3 ligase complexes in the 
ubiquitin pathway [21].

Full-length NEDD8 protein is hydrolyzed by the proteases UCHL3 and 
SENP8 to reveal the free C-terminal diglycine motif (Fig. 6.3). The E1 enzyme 
complex is assembled, consisting of a dimer of the regulatory amyloid precur-
sor protein-binding protein 1 (APPBP1) and Ubl modifier-activating enzyme 3 
(Uba3) in order to activate NEDD8 by formation of a thioester bond in an ATP-
dependent process [22]. Therefore the activation of NEDD8 occurs, similarly 
to SUMO, through the action of a heterodimeric E1 enzyme system. This is in 
contrast to the activation of ubiquitin and other Ubl proteins, which are gen-
erally activated by monomeric E1 enzymes. Subsequently the thioester-linked 
NEDD8 is transferred onto the cognate E2 enzyme, Ubc12. In collaboration 
with specific E3 ligases Ubc12 then transfers NEDD8 onto lysine residues of 
target proteins. Analogous to ubiquitin and SUMO, NEDDylation is a revers-
ible process through the action of DUBs with cross-reactivity for cleavage of 
NEDD8 conjugates.

FIGURE 6.2 Schematic overview of the SUMOylation pathway.
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The identification and development of compounds capable of interfering 
with the complex systems of ubiquitin and Ubl protein conjugation and decon-
jugation in a selective manner represents a significant challenge. Natural prod-
ucts allow us to address this challenge due to a number of attractive features: 
There is precedence of a number of identified natural product inhibitors and 
presumably much larger numbers of to date unknown compounds exist. Natu-
ral products have previously developed our understanding of complex cellular 
systems and have been a source of highly active and sometimes selective com-
pounds. Many natural products are structurally very complex and access to such 
structures when extracted from natural sources is not limited by ease of prepara-
tion using synthetic organic chemistry techniques. Finally, the wide distribution 
of the ubiquitin system in eukaryotic organisms, including plants, animals, and 
fungi, suggests that secondary metabolites could have evolved, which are spe-
cialized at interfering with particular steps in this system.

In the following sections, natural product inhibitors and their semisynthetic 
derivatives and structurally related compounds are discussed. We begin with 
compounds acting on proteins involved in the ubiquitin conjugation machinery, 
followed by inhibitors of DUBs responsible for disassembly of Ub conjugates. 
This is followed by a treatment of inhibitors of enzymes involved in Ubl protein 
conjugation and deconjugation, which includes discussions of the Ubl modifiers 
SUMO, NEDD8, and ISG15.

UBIQUITIN-ACTIVATING ENZYME E1 INHIBITORS

The first natural product with activity against the ubiquitin-activating enzyme 
(E1) was described in 2002. (+)-Panepophenanthrin (1) was isolated from the 
fermentation broth of the basidiomycete mushroom Panus rudis Fr. IFO 8994 
(Fig. 6.4) [23]. It represents a highly functionalized natural product with a 

FIGURE 6.3 Schematic overview of the NEDDylation pathway.
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tetracyclic core, the biosynthesis of which occurs by a Diels–Alder dimeriza-
tion of epoxyquinol monomers. 1 has been shown to inhibit the formation of the 
E1-ubiquitin complex in a dose-dependent manner. The IC50 value was deter-
mined in immunoblotting experiments as 17.0 μg/mL. Interestingly, no sig-
nificant inhibitory effect was observed in intact cells up to a concentration of  
50 μg/mL, which was attributed to poor membrane permeability. 1 possesses a 
rather complex structure making it a challenging synthetic target. Despite these 
challenges, several successful syntheses have been published in the years following 
its initial discovery, including the preparation of some modified derivatives [24–29]. 
The introduction of hydrophobic side chains into the structure allowed the genera-
tion of cell-permeable E1 inhibitors, such as RKTS-80, -81, and -82 (2–4). The IC50 
values of 2–4 were determined by immunoblotting experiments as 9.4, 3.5, and 
90 μM, respectively. These natural product derivatives also blocked cell growth in a 
dose-dependent manner with IC50 values of 5.4, 1.0, and 3.6 μM, respectively [30].

The second natural product, which was shown to have inhibitory activity 
toward ubiquitin-activating enzyme (E1), was himeic acid A (5) (Fig. 6.5). This 
compound was isolated in 2005 from the culture of a marine-derived fungus, 
Aspergillus sp. isolated from the mussel, Mytilus edulis, collected in Toyama 
Bay [31]. 5 inhibits the formation of the E1-ubiquitin intermediate by 65% at 
a concentration of 50 μM as determined by immunoblotting analysis. On the 
other hand, the two related compounds, himeic acids B and C (7 and 6), showed 
no significant E1 inhibitory activity.

Largazole (8) was isolated from marine cyanobacteria of the Symploca 
genus and its structure was characterized and reported in 2008 (Fig. 6.6) [32]. 
It showed significant cytotoxicity against cancer cells and antiproliferative 
activity in transformed mammary epithelial cells. Its ability to preferentially 
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target tumor cells over nonmalignant cells spurred further interest into more  
detailed investigations of this compound. Largazole (8) consists of a 16-membered  
macrocycle containing a substituted 4-methylthiazoline linearly fused to  
a thiazole and an unusual octanoic thioester side chain. A total synthesis of 8 and 
a series of derivatives in a rapid and convergent eight-step synthesis was published 
in 2008 [33] This study confirmed the original finding of selective growth inhibi-
tion of cancer cells versus a nontransformed epithelial cell line. Furthermore, it 
demonstrated the requirement for the thioester functional group and supported the 
notion that histone deacetylase (HDAC) inhibition is the basis of its antiprolifera-
tive (chemopreventing) activity [33]. Numerous analogs of 8 have been generated 
in efforts to understand the structure–activity relationship toward inhibition of 
HDACs [33–43]. Largazole (8) and its oxoester analog (9) inhibit E1 with IC50 
values of approximately 29 and 25 μM. The ketone derivative 10 was also found 
to be active, but the free thiol form of 8 failed to inhibit the E1 activating enzyme, 
suggesting that the carbonyl group is important for inhibition [44]. Largazole 
(8) and its derivatives (9 and 10) inhibit the ubiquitin adenylation step of the E1 
enzyme reaction while having no effect on subsequent thioester formation. The 
inhibition shows selectivity toward ubiquitin-activating enzyme E1 and does not 
significantly inhibit the Ubl SUMO E1 activating enzyme.

Hyrtioreticulins A and B (11 and 12), which are tetrahydro-β-carboline alka-
loids, were isolated from the marine sponge Hyrtios reticulates (Fig. 6.7).

They inhibited E1 enzyme activity with IC50 values of 0.75 and 11 μg/mL 
(2.4 and 35 μM), respectively, as determined by an immunoblotting-based assay 
[45]. The results indicate that hyrtioreticulins A and B are unable to inhibit the 
binding of ubiquitin to E1, in contrast to himeic acid A (5), which suggests a 
different mode of action.

Ginsenosides or panaxosides are steroid glycosides, which are found in the 
plant genus Panax (ginseng). Six different ginsenosides Rb1, Rb2, Rc, Rd, Re, 
and Rg1 (13a-f) were found to alter E1-activating enzyme activity and were 
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investigated in quantitative inhibition assays (Fig. 6.8). It was shown in immu-
noblotting experiments that ginsenosides Re (13e) and Rg1 (13f) inhibited E1 
activity with IC50 values of 62.8 and 3.5 μM. In contrast, ginsenosides Rb1, 
Rb2, Rc, and Rd (13a-d) increased E1 enzymatic activity by a factor of 1.74–
2.2 at 50 μM [46]. Additionally, ginsenoside Rg1 (13f) was found to inhibit the 
chymotrypsin-like activity of the 26S proteasome.

FIGURE 6.8 Structures of various ginsenosides.
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UBIQUITIN-CONJUGATING ENZYME E2 INHIBITORS

Leucettamol A (14) is an antimicrobial compound, which was originally isolated 
in 1993 from the marine sponge Leucetta microrhaphis collected in Bermuda 
(Fig. 6.9) [47]. 14 was the first Ubc13-Uev1A interaction inhibitor, which was 
established in an ELISA test, revealing an IC50 value of 50 μg/mL (106 μM). 
The fully hydrogenated derivative of leucettamol A (15) was also investigated 
and was a more potent inhibitor with an IC50 value of 4 μg/mL (8 μM), while 
its tetraacetate derivative was inactive, indicating that the hydroxy and/or amino 
groups are required for inhibition [48].

In 2012 the same group reported the isolation of two new dimeric sterols, 
manadosterols A (16) and B (17), from the marine sponge Lissodendryx fibrosa 
collected in Indonesia (Fig. 6.10). Both compounds contain two sulfonated ste-
rol cores, which are linked via their side chains. Manadosterols A (16) and B 
(17) inhibited the Ubc13–Uev1A interaction measured by an ELISA assay with 
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IC50 values of 0.09 and 0.13 μM, respectively making them significantly more 
potent than leucettamol A (14) [49].

Recently, Tsukamoto and coworkers reported the isolation of two new 
β-carboline alkaloids, variabines A (18) and B (19), from the Indonesian 
marine sponge Luffariella variabilis (Fig. 6.11). Structure elucidation revealed 
that 18 was the sulfonated derivative of 19. The latter inhibited the chymo-
trypsin-like activity of the proteasome and the Ubc13–Uev1A interaction as 
determined by ELISA with IC50 values of 4 and 5 μg/mL (16 and 20 μM) but 
showed no inhibition of E1 activity or the p53–HDM2 (E3) interaction at 
5 μg/mL (20 μM) [50]. Additionally the sulfonated compound 18 showed no 
detectable inhibitory effect.

UBIQUITIN LIGASE E3 INHIBITORS

Inhibition of E3 ligases is an attractive prospect for the development of 
novel therapeutic strategies. Their role of targeting specific protein sub-
strates for ubiquitination and potentially proteasomal degradation means 
that it may be possible to selectively stabilize selected protein substrates. 
The challenge lies in the identification of sufficiently potent and selective 
inhibitors of E3 ligases. A number of natural products have been identified 
which possess some of the desired characteristics and many of these were 
shown to be PPI inhibitors. The most closely studied interaction between an 
E3 ligase and its substrate protein is that of mouse double minute 2 (MDM2) 
homologue or its respective human form (HDM2) with its substrate p53. 
The central importance of the p53 pathway in many cancers and its promise 
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as a molecular target explain the effort, which has gone into the investiga-
tion of inhibitors of this interaction.

p53–HDM2 (MDM2) Interaction Inhibitors

Chlorofusin (20) was first isolated from the fermentation broth of Microdo-
chium caespitosum, a plant pathogenic fungus, in 2001 and was characterized as 
the first natural product p53–HDM2 (MDM2) interaction inhibitor (Fig. 6.12) 
[51,52]. 20 consists of a densely functionalized chromophore linked through the 
terminal amine of an ornithine residue to a 27-membered cyclic peptide.

Subsequently, 20 was also isolated from the filamentous fungus Fusarium 
sp. 22026. Chlorofusin (20) was found to be the most abundant inhibitory com-
pound in the fermentation extract with an IC50 value of 4.6 μM measured by 
DELFIA-modified ELISA [51]. The compound antagonizes p53–HDM2 inter-
actions by binding to the N-terminal domain of HDM2 [53]. The unfunctional-
ized cyclic peptide was synthesized in 2004 but showed no inhibitory activity 
[54,55]. This unusual disruption of a PPI makes chlorofusin (20) an attractive 
lead structure for anticancer drug development. The compound does not show 
any cytotoxic effect at 4 μM against Hep G2 cells or antimicrobial activity 
against various test strains. The proposed structure of chlorofusin (20) was later 
revised and a total synthesis was published [56].

(R)-(−)-3-Hexylitaconic acid (21a) was isolated from a culture of Arthrin-
ium sp., a marine-derived fungus (Fig. 6.13). 21a inhibits the p53–HDM2 
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interaction with an IC50 value of 50 μg/mL [57]. The enantiomer (+)-hexyli-
taconic acid (21b), which was first isolated as a plant growth regulator from 
Aspergillus niger cultivated from field soil, shows an equal inhibition of the 
p53–HDM2 interaction [58].

Hoiamide D (22) was isolated via bioassay-guided fractionation from the 
cyanobacterium Symploca sp. collected near Cape Point, Papua New Guinea in 
2006 (Fig. 6.14). Compound 22 is a polyketide synthase (PKS)/nonribosomal 
peptide synthetase (NRPS)-derived natural product that features two consecutive 
thiazolines and a thiazole, as well as a modified isoleucine residue. Hoiamide D 
(22) displayed interesting inhibitory activity against the p53–MDM2 interaction 
(EC50 = 4.5 μM), which was measured in a high-throughput Förster resonance 
energy transfer (FRET)-based competition assay [59].

The marine natural products siladenoserinol A-L (23a-l) were isolated from 
a tunicate and were characterized as inhibitors of the p53–HDM2 interaction 
(Fig. 6.15). These compounds are sulfonated serinol derivatives, which con-
tain a 6,8-dioxabicyclo[3.2.1]octane unit and either a glycerophosphocholine or 
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glycerophosphoethanolamine unit [60]. They exhibit IC50 values in the range of 
2.0–55 μM with siladenoserinol A and B (23a, b) being the most potent inhibi-
tors with IC50 values of 2.0 μM.
α-Mangostin (24) and gambogic acid (25) are prenylated xanthones, which 

can be obtained from the mangosteen fruit of Garcinia mangostana L. (Clusia-
ceae) and from the resin of Garcinia hanburyi Hook.f. (Fig. 6.16). Both com-
pounds show cytotoxic activity toward human tumor cell lines and in animal 
models [61–64]. Drug-like molecules with a xanthone scaffold were previously 
shown to be inhibitors of the p53−MDM2 interaction [65]. Using a yeast-
based assay it was established that pyranoxanthone (3,4-dihydro-12-hydroxy-
2,2-dimethyl-2H,6H-pyrano- [3,2-b]xanthen-6-one) (26) is an inhibitor of 
p53–MDM2 interaction after virtual screening of a library of xanthones. Com-
putational studies indicated that 26 binds to the p53-binding site of MDM2. 
Therefore, it was envisaged that α-mangostin (24) and gambogic acid (25) 
could also be inhibitors. The same yeast-based assay was used to establish that 
both xanthones are potential inhibitors of the p53−MDM2 interaction. This was 
confirmed by a gene reporter assay in a human tumor cell line as well as com-
putational docking studies [66]. A concentration of 10 μM was the lowest con-
centration at which a significant effect on MDM2 was observed. α-Mangostin 
has also been made by total synthesis and some derivatives were prepared and 
their anticancer properties were investigated [67–69].

HDM2 inhibitors stabilize p53 to subsequently inhibit cell proliferation and 
induce apoptosis, which is a promising approach in the development of anticancer 
therapies. The identification of HDM2 inhibitors by high-throughput screening was 
used to discover three new alkaloids, isolissoclinotoxin B (27), diplamine B (30), 
and lissoclinidine B (31) from the marine invertebrate Lissoclinum cf. badium (Fig. 
6.17) [70]. Diplamine B (30) and lissoclinidine B (31) stabilize HDM2 and p53 in 
cells. Compound 31 selectively kills transformed cells expressing wild-type p53. 
All three compounds show HDM2 inhibitory activity in the range of 58–101 μM in 
a cell-free assay with 30 and 31 displaying enhanced activity in cells (10 μM). Vara-
cin (28) and N,N-dimethyl-5-methylvaracin (29), which have similar structures, 
were also isolated but were found to have very little activity.

In 2008 O’Keefe and coworkers presented a new electrochemiluminescence 
assay system for the screening of natural product extracts for MDM2 inhibition 
activity. By screening more than 144,000 natural product extracts, sempervirine 
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(32) was identified, which inhibits MDM2 autoubiquitination (IC50 value of 
8 μg/mL), MDM2-mediated p53 degradation, and led to accumulation of p53 
in cells (Fig. 6.18) [71]. Sempervirine (32) preferentially induced apoptosis in 
transformed cells expressing wild-type p53, suggesting that it could be a potential 
lead for anticancer therapeutics. Over several decades, multiple synthetic routes to 
sempervirine (32) have been established and published in the literature [72–76].

MDM4–p53 Interaction Inhibitors

In silico screening for inhibitors of the E3-ligase MDM4 led to the generation 
of a compound library from which lithocholic acid (33) was identified as an 
endogenous inhibitor of both MDM4 and MDM2 (Fig. 6.19). 33 was identified 

entry Compound Name IC50 (μM) HDM2

1 27 isolissoclinotoxin B 58.6 ± 4

2 28 varacin >295

3 29 N,N-dimethyl-5-methylvaracin 120.8 ± 9
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e B 101.3 ± 4

5 31 lissoclinidine B 98.1 ± 6
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after screening of 295 carefully selected candidate compounds in a fluorescence 
anisotropy-based assay measuring the displacement of a labeled p53 peptide 
from the N-terminus of MDM4 [77].

33 is a secondary bile acid generated by bacteria in the gut from chenodeoxy-
cholic acid (CDCA) and is variously reported in the literature to have carcinogenic 
or apoptotic properties [78,79]. The dissociation constants of 33 were determined 
in a competition assay to be 15.4 ± 0.6 μM and 66.0 ± 3.3 μM for the MDM4 and 
MDM2 complexes, respectively [77]. 33 is a dual inhibitor of MDM4/MDM2 with 
a moderate preference for MDM4. More than 50 derivatives and related steroid 
compounds were tested with 33 showing the highest affinity, leading to the hypoth-
esis that 33 might be a natural ligand for MDM2/MDM4 and that the MDM family 
of proteins may be able to act as sensors for specific steroids.

β-TrCP1-Pdcd4 Interaction Inhibitors

A luciferase reporter system for the assay of proteasomal degradation of the tumor 
suppressor Pdcd4 was used in a high-throughput screen format to identify active 
components from natural product extracts. The protein is a substrate of an SCF 
ubiquitin ligase complex, which contains the F-box protein β-TrCP1 as the sub-
strate recognition subunit [80,81]. Ubiquitination and proteasomal degradation 
of Pdcd4 is induced by mitogenic stimuli after p70S6K1-dependent protein phos-
phorylation. This high-throughput assay revealed that an extract from the wooly 
sunflower Eriophyllum lanatum led to stabilization of Pdcd4 from 12-O-tetra-
decanoylphorbol-1,3-acetate (TPA)-induced degradation. As a result, erioflorin 
(34) was isolated and characterized as the active component, which was effec-
tive at low micromolar concentrations (Fig. 6.20) [82]. It was also shown that 
this compound selectively inhibited the β-TrCP1-Pdcd4 interaction in vitro and 
in cell culture but did not disrupt other known E3 ligase–substrate interactions. 
This inhibition leads to decreased ubiquitination of Pdcd4 and in turn results in 
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FIGURE 6.21 Structure of bavachinin.

its stabilization from proteasomal degradation. Erioflorin (34) is a sesquiterpene 
lactone possessing a tricyclic germacranolide skeleton. The natural product was 
first isolated in 1981 from another sunflower species, Helianthus tuberosus [83].

von Hippel–Lindau–Hypoxia-Inducible Factor-1α Interaction 
Inhibitors

Bavachinin (35) is a flavonate from the seeds of the medicinal plant Psoralea 
corylifolia L., native to eastern Asia, and has been traditionally used in the treat-
ment of various diseases (Fig. 6.21) [84].

In 2012 Soh and coworkers studied the anti-angiogenic activity of bavachinin 
(35) via hypoxia-inducible factor-1 (HIF-1) in vitro and in vivo and reported that the 
natural product binds HIF-1, which consists of two subunits, HIF-1α and HIF-1β, the 
former interacting with von Hippel–Lindau (VHL) protein, the substrate recognition 
subunit of a cullin E3 ubiquitin ligase complex. Treatment of KB cells with 1 μM of 
bavachinin increased VHL binding to endogenous HIF-1α by 2.5-fold showing that 
this natural product is one of the rare cases of an activator of binding of a E3 ligase– 
substrate protein pair [85].

DEUBIQUITINASE INHIBITORS

The deconjugation of ubiquitin from substrate proteins by ubiquitin isopepti-
dases, which have become known as deubiquitinating enzymes (DUBs), is an 
important feature of the UPS. This group of approximately 100 enzymes in the 
human genome consists predominantly of cysteine proteases. The functions of 
DUBs are wide ranging and include negative regulation of the ubiquitin conju-
gation machinery, remodeling of ubiquitinated protein substrates, and decon-
jugation of linear ubiquitin polyproteins to monoubiquitin. Studies of natural 
products as inhibitors of the DUB family of enzymes will be discussed later.

Fitzpatrick and coworkers have published several studies on natural product 
inhibitors of DUBs. The first one appeared in 2001 regarding prostaglandins of 
the J series [86]. It was reported that Δ12-PGJ2 (36), which contains a doubly 
unsaturated ketone with one exocyclic alkene (Fig. 6.22) is able to inactivate 
wild-type tumor suppressor p53 in a manner analogous to prostaglandins of the 
A series [87]. The compound also induces apoptosis despite p53 inactivation 
and p21 stabilization by inhibiting ubiquitin isopeptidase activity in the range 
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of 100 μM, which was measured by the Z-LRGG-AMC cleavage assay. This 
fluorogenic peptide was used as a general substrate of ubiquitin isopeptidase 
activity, but the identity of the specific DUBs involved was not elucidated at 
the time [86]. Based on these results, a pharmacophore model for inhibitors of 
ubiquitin isopeptidases was envisaged, containing a double unsaturated ketone 
in which both electrophilic β-carbons are easily accessible.

After searching the National Cancer Institute’s Developmental Therapeu-
tics Database with a cross-conjugated unsaturated dienone as a pharmacophore, 
three compounds were identified: shikoccin (NSC-302,979, 37), dibenzylidene-
acetone (DBA, 38), and curcumin (39) (Fig. 6.22) [88]. The ability of 37, 38, 
and 39 to inhibit DUBs was verified by cell-based assays using either Z-LRGG-
AMC or a ubiquitin substrate with a 18-amino acid C-terminal extension  
(Ub-PEST) as isopeptidase substrates. In 2004, Figueiredo-Pereira and cowork-
ers investigated the mechanism of action of Δ12-PGJ2 (36). The ubiquitin 
hydrolases, UCH-L1 (Ki ∼ 3.5 μM) and UCH-L3 (Ki ∼ 8.1 μM), were identified 
as targets of 36 with no direct inhibition of the cellular 26S proteasome [89].

In the same year, Fitzpatrick and Ireland identified punaglandins (40a-e), 
chlorinated prostaglandin derivatives, which contain a halogenated enone motif 
as inhibitors of DUBs (Fig. 6.23). The punaglandins were isolated from the soft 
coral Telesto riisei collected in Hawaii [90].

In vitro isopeptidase activity assays showed that these marine natural prod-
ucts were stronger DUB inhibitors than the previously investigated A and J series 
prostaglandins. The cross-conjugated punaglandins (40b-d) showed the most 
potent-inhibiting isopeptidase activity at concentrations of around 20–60 μM 
[90]. The proposed mechanism for the DUB inhibition is the nucleophilic trap-
ping of a thiol at the enzyme active site to the electrophilic exo-alkene moiety.

In 2006, Ireland and coworkers prepared halogenated prostaglandin-A2 deriv-
atives (42–44) by semisynthesis from (15S)-prostaglandin-A2 (41) isolated from 
the sea whip Plexaura homomalla (Fig. 6.24). These derivatives were investigated 
as inhibitors of ubiquitin-specific isopeptidase activity [91]. Potency in this series 
was reported to decrease in the order I > Br ≥ Cl with the iodo compound being 
more active than Δ12-PGJ2 (36) but less potent than the punaglandins.
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A natural product library composed of marine invertebrate extracts led to the 
first USP7 inhibitor isolated from the marine sponge Stylissa massa [92]. The 
screen was performed with recombinant full-length USP7 in combination with 
ubiquitin-Rh110 as a quenched, fluorescent substrate in in vitro deubiquitina-
tion assays [93]. Three potent compounds spongiacidin C (45) debromohyme-
nialdisine (46), and hymenialdisine (47) were isolated and characterized (Fig. 
6.25). 45 was the most potent inhibitor with an IC50 value of 3.8 μM and the 
other two derivatives (46 and 47) exhibited 20% inhibition at 20 μM. This sug-
gests that the hydantoin motif is crucial for potent inhibitory activity. Spongi-
acidin C (45) possesses some selectivity for USP7 showing moderate inhibition 
of USP21 but is inactive against USP2, USP8, or SENP1.

Vialinin A (48), isolated from the Chinese mushroom Thelephora vialis 
was identified as an inhibitor of ubiquitin-specific peptidase 5/isopeptidase T 
(USP5/IsoT) by a beads-probe method (Fig. 6.26) [94].

The IC50 of vialinin A (48) was found to be 5.9 μM, measured by the in vitro 
ubiquitin-7-amido-4-methylcoumarin (Ub-AMC) hydrolysis assay. 48 shows 
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some selectivity, but USP4 (IC50 = 1.5 μM) and UCH-L1 (IC50 = 22.3 μM) 
are also inhibited while no inhibition was observed for UCH-L3, USP2, and 
USP8. A simplified synthetic analog of vialinin A, DMT (49) was also investi-
gated showing less inhibitory activity with IC50 values of approximately 20 μM 
against USP4, USP5, and UCH-L1. Vialinin A (48) was also shown to be an 
inhibitor of TNFα production and in another study it was demonstrated that 
USP5 siRNA knockdown in rat basophilic leukemia cells (RBL-2H3) led to 
decreased production of TNFα, which suggest that USP5 is one of the essential 
regulators of production of TNFα [95].

Betulinic acid (50) is found in several plant species, the white birch (Betula 
pubescens) being one of them (Fig. 6.27). It can increase apoptosis specifically 
in cancer but not in normal cells, making it potentially an attractive anticancer 
agent. 50 inhibited multiple DUBs in prostate cancer cells at a concentration 
of 10 μM, which results in the accumulation of poly-ubiquitinated proteins, 
decreased levels of oncoproteins, and increased apoptotic cell death [96]. The 
authors reported that deubiquitination was inhibited in transgenic adenocar-
cinoma of the mouse prostate (TRAMP) prostate cancer cells but not normal 
murine fibroblasts. Their data suggest that degradation of multiple cell cycle 
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and prosurvival proteins is involved. It was suggested that 50 specifically inhib-
its USP7, 9x, and 10 in PC3 cells, but the corresponding primary data to support 
this hypothesis were not shown.

Chen and coworkers identified 15-oxospiramilactone (51), a semisynthetic 
diterpenoid derivative of spiramilactone C (52) from Spiraea japonica (Rosa-
ceae), as an inducer of mitochondrial fusion through inhibition of the mitochon-
drion-localized DUB USP30 (Fig. 6.28) [98].

It was shown that 51 is an irreversible inhibitor with the enone reacting with 
the cysteine residue in the active site of the enzyme. The study thereby identi-
fied ubiquitination of mitofusins-1 and -2 (Mfn1 and Mfn2) as a regulatory 
modification, which promotes mitochondrial fusion.

In a 2013 study, a 4-arylidene curcumin analog, AC17 (53), was investigated 
as an inhibitor of the DUB activity of the 19S regulatory subunit of the protea-
some (Fig. 6.29) [99].

AC17 (53) is an irreversible inhibitor with an IC50 value of 4.23 ± 0.010 μM, 
measured in an Ub-AMC protease assay, resulting in inhibition of the NF-κB 
pathway and reactivation of the proapoptotic protein p53. AC17 (53) shows 
improved oral bioavailability, metabolic stability, and moderately potent anti-
cancer activities against several different cancer cell lines. It was not demon-
strated by the authors whether the inhibition targets USP14, UCH37, Rpn11 
(POH1), or a combination of these proteasome-associated DUBs. Addition of a 
thiol to one of the enones was proposed as the inhibitory mechanism, which is in 
agreement with the observed irreversibility of inhibition and the loss of inhibi-
tory activity after treatment with glutathione.

Curcusone D (54), a diterpene isolated from Jatropha curcas (barbados nut), 
was identified to be a UPS inhibitor using the ubiquitin G76V yellow fluorescent 
protein fusion, Ub-G76V-YFP reporter assay (Fig. 6.30) [100]. Tumor inhibition 
and chemotoxicity of a leaf extract of J. curcas were reported previously [101].
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Investigation of the mechanism of UPS inhibition revealed that curcusone D 
(54) did not inhibit the proteasome’s chymotrypsin-like, trypsin-like, or caspase-
like activities, but it reduced the activity of cellular DUBs. It was suggested that 
curcusone D (54) induces reactive oxygen species (ROS), which may correlate 
with its inhibition of DUBs and the UPS to induce cellular growth inhibition 
and apoptosis [100]. In a covalent-labeling assay with the activity-based probe 
HAUbVS [102], a significant reduction in the labeling of the DUBs, USP5, 
USP7, USP8, USP15, USP14, and USP22 was observed in cells treated with 
curcusone D (54) at 10 μM for 24 h, suggesting that this compound possesses 
some degree of selectivity.

INHIBITORS OF THE UPS WITH UNKNOWN MOLECULAR 
TARGETS

Girolline (55), a 2-aminoimidazole derivative, was originally isolated in 1988 from 
the marine sponge Peudaxinyssa cantharella collected in New Caledonia [103] and 
later from the marine sponge Axinella brevistyla (Fig. 6.31) [104]. The compound 
was prepared synthetically in enantiomerically pure form in 1991 [105].
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Girolline (55) induces G2/M cell cycle arrest in several tumor cell lines. It 
has been suggested that this can be explained by the lack of recruitment of poly-
ubiquitinated p53 to the proteasome [106]. Nevertheless, the precise molecular 
targets explaining this effect have not been identified. Toxicological studies in 
animals showed little toxic effect. However, in a phase I clinical study, severe 
side effects with no antitumor activity were observed [107]. More recently there 
have been conflicting reports regarding the ability of 55 to inhibit cellular pro-
tein translation [108,109].

Piperlongumine (56) was originally isolated from the fruit of the long pep-
per (Piper longum), which is found in Southeast Asia (Fig. 6.32) [110].

Piperlongumine (56) inhibits platelet aggregation [111] and it was shown to 
possess selective cytotoxicity toward tumor cells and has antitumor effects in 
animal models [112]. The cellular action of 56 was investigated in cell-based 
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assays and by mass spectrometry-based proteomics identifying increases in lev-
els of ROS as well as inhibition of the UPS. Nevertheless the compound dis-
plays no inhibition of the 20S proteolytic activity or the 19S deubiquitinating 
activity of the proteasome at concentrations inducing cytotoxicity. Additionally, 
no inhibition of cellular DUBs in cell lysates was observed indicating that 56 
inhibits the UPS at another preproteasomal step [113]. No specific molecular 
target of piperlongumine (56) in the UPS has been unambiguously identified 
yet. Despite this it was proposed that UPS inhibition is the primary effect of 
56, which correlates with a strong activation of ROS consistent with previous 
reports [112].

In 2007 Ausseil et al. developed a cell-based bioluminescent assay using a 
linear tetraubiquitin–luciferase (4Ub-Luc) reporter protein to screen for UPS 
inhibitors [114]. In this study, 21 molecules and 66 plant extracts from a total 
of 15,744 natural extracts and fractions inhibited the UPS. One plant extract hit, 
Physalis angulata L. (Solanaceae), was investigated further due to its previously 
reported immunomodulatory, antimicrobial, and antitumor biological activities.

Using a bioassay-guided approach, two UPS inhibiting secosteroids, phy-
salin B (57) and C (58), were isolated from the extract of Physalis angulata 
L. (Fig. 6.33). The accumulation of poly-ubiquitinated proteins was confirmed 
by immunoblotting with EC50 values of 3.8 and 4.4 μM for physalin B (57) 
and C (58), respectively. The design of the assay only allows for the identifica-
tion of inhibitors acting on proteasomal recruitment, proteasomal deubiquitina-
tion, or proteolytic processing by the proteasome. Physalin B (57) inhibited the 
CTL and PGPH proteolytic processing of the proteasome in the range of 20 and 
40 μM, respectively, while 19-fold increase of bioluminescence in the luciferase 
assay was observed at 5 μM. This suggests that direct proteasome inhibition 
does not fully explain its (57) activity profile [115].

Ausseil and coworkers utilized the same assay for the further investiga-
tion of natural product extracts and pure compounds leading to the isolation 
of neoboutomellerones 1 (59) and 2 (60) together with 30 other cycloartane 
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derivatives from the leaves of the Neoboutonia melleri (Euphorbiaceae) (Fig. 
6.34). At 1 μM induction factors (IF, increase in luciferase signal) of 48 and 45 
were measured in the 4Ub-Luc-DLD-1 cell assay for cycloartanes 59 and 60, 
respectively.

In further investigations a small library of analogs consisting of natural 
products isolated from Neoboutonia melleri and of semisynthetic derivatives 
was investigated with the goal to improve activity and solubility [115]. The 
compounds were tested for activity in the same cell-based 4Ub-luc DLD-1 
assay (best results: IFs at 0.5 μM of 76, 66, and 23). In addition inhibition of 
the CTL or PGPH activities of the proteasome was observed but no straightfor-
ward correlation between the two was obtained. All compounds showed IC50 
values higher than 10 μM in the proteasome inhibition assays. This suggests 
that the inhibitory activity of the neoboutomellerone compounds is not or is 
only partially explained by proteasome inhibition and interference with other 
components of the UPS is more significant for its activity.
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INHIBITORS OF UBIQUITIN-LIKE PROTEIN CONJUGATION

SUMO-Activating Enzyme E1 Inhibitors

Yoshida and coworkers identified ginkgolic acid (61) and anacardic acid (62) 
as inhibitors of protein SUMOylation [116] with an in situ cell-based screening 
assay of plant extracts [117] (Fig. 6.35).

Both compounds inhibit protein SUMOylation in vitro and in vivo without 
affecting ubiquitination. IC50 values of 61 and 62 against the SUMOylation of 
RanGAP1-C2 are 3.0 μM and 2.2 μM, respectively [116]. Ginkgolic acid (61) 
binds to E1 blocking the formation of an E1-SUMO thioester complex. For both 
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Samples from microbial culture broths were screened for inhibitors of pro-
tein SUMOylation and 63 inhibited the formation of the E1-SUMO intermedi-
ate with an IC50 value of 11.7 μM against the SUMOylation of RanGAP1-C2 
[118]. Again no inhibition of ubiquitination was observed in in vitro assays. 
In vivo studies showed that kerriamycin B (63) reduced the amount of high-
molecular weight SUMO conjugates at 100 μM in 293T cells expressing  
epitope-tagged Flag-SUMO.

Recently, the same group identified another natural product by the same 
screening methodology. A leaf extract of the deciduous tree Davidia involu-
crata (Nyssaceae) inhibited in vitro SUMOylation and davidiin (64) was subse-
quently purified and characterized (Fig. 6.37) [119].

In the SUMOylation assay, dose-dependent inhibition was observed 
in vitro with an IC50 value of 0.15 μM [119]. Additionally, in vivo  
inhibition was observed reducing the level of SUMOylation of p53 in a dose-
dependent manner without influencing the cellular levels of ubiquitinated 
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compounds, in vivo activities have been reported but currently it is not clear if 
SUMOylation inhibition is responsible for these effects.

The same group isolated kerriamycin B (63) from an unidentified strain 
of Actinomycetes [118] with an in situ cell-based SUMOylation assay  
(Fig. 6.36) [117].
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proteins. Mechanistic investigations revealed the tannin derivative 64 inhib-
its protein SUMOylation by inhibiting the formation of the E1-SUMO 
intermediate.

SUMO-Conjugating Enzyme E2 Inhibitors

Yoshida and coworkers utilized a compound library in combination with an in 
situ cell-based assay to identify spectomycin B1 (65) from Streptomyces spec-
tabilis as a SUMOylation inhibitor (Fig. 6.38) [120].
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FIGURE 6.38 Structures of spectomycin B1, chaetochromin A, and viomellein.

The microbial natural product inhibits in vitro SUMOylation in a dose-
dependent manner with an IC50 value of 4.4 μM. The structurally related com-
pounds chaetochromin A (66) and viomellein (67) were also investigated and 
showed IC50 values of 3.7 μM and 10.2 μM, respectively (Fig. 6.38). Specto-
mycin B1 (65) directly binds to the SUMO-conjugating enzyme E2 (Ubc9) and 
selectively blocks the formation of the E2-SUMO intermediate without affect-
ing protein ubiquitination in cells.

Using a novel medium throughput microfluidic electrophoretic mobility shift 
assay to monitor substrate SUMOylation in vitro, Schneekloth and coworkers 
investigated 500 pure compounds as potential inhibitors [121].

Eight of the ten most active compounds identified were flavone derivatives 
including the synthetic derivative 2-D08 (68) and quercetin (69) with 68 being 
the most active with an IC50 value of 6.0 ± 1.3 μM (Fig. 6.39).

Structure–activity studies were performed and mechanistic investigations 
revealed that 2-D08 (68) inhibited SUMOylation by preventing transfer of 
SUMO from the Ubc9–SUMO thioester to the substrate and without global 
inhibition of ubiquitination. Subsequently the same group also published the 
synthesis of 2-D08 (68) [122].
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NEDD8-Activating Enzyme Inhibitors

The first natural product derivative inhibitor of NEDD8-activating enzyme 
(NAE) was identified by an in silico screening approach and then confirmed 
experimentally. 6,6″-Biapigenin (70) has not been found in nature but was 
synthesized from the hexaacetate, which in turn was obtained from succeda-
neaflavanone (6,6″-binaringenin) (71) from the plant species Rhus succedanea 
(Anacardiaceae) (Fig. 6.40) [123].

70 is a competitive and in vitro inhibitor of NAE with an IC50 value of 
∼20 μM. Activity in human epithelial colorectal adenocarcinoma cells (Caco-2 
cells) was also determined with an IC50 value of ∼20 μM [124].

Virtual screening of the ZINC database of natural products for NAE inhibi-
tors led to the identification of the dipeptide-conjugated deoxyvasicinone deriv-
ative (72) (Fig. 6.41) [125]. Molecular modeling results suggested that 72 may 
be a noncovalent competitive inhibitor of NAE by blocking the ATP-binding 
domain. 74 also shows activity in both cell-free (IC50 = 0.8 μM) and cell-based 
assays (Caco-2, IC50 = 6 μM) with selectivity over analogous ubiquitin and 
SUMO E1 enzymes. 72 also shows moderate cytotoxicity against Caco-2 cells 
(IC50 = 10 μM), which could be attributed, at least in part, to the inhibition of 
NAE activity.
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The same group used an analogous approach toward the identification of 
further NAE inhibitors and found and confirmed piperacillin (73) as an inhibitor 
of this enzyme (Fig. 6.42) [126].

Antibiotic (73) represents a semisynthetic beta-lactam, which was first 
developed in the 1970s. The compound is an FDA-approved drug and showed 
an IC50 value of 1 μM for NAE inhibition in vitro. Additionally, it also led to 
a significant reduction of Ubc12–NEDD8 conjugate levels in Caco-2 cells at 
13.5 μM. At the same time the activity of SUMO E1-activating enzyme was not 
affected at these concentrations.

MLN4924 (74) is structurally related to the natural product nucleocidin (75) 
and was reported as a potent and selective inhibitor of NAE (IC50 = 5.7 ± 1.5 nM) 
(Fig. 6.43). (75), a naturally occurring nucleoside, represents one of the few nat-
ural products to contain a fluorine atom. It was originally isolated from Strepto-
myces calvus and anti-trypanosomal antibiotic activity was reported [127,128]. 
Derivative (74) acts as an AMP analog and forms a covalent NEDD8–MLN4924 
adduct, which cannot be processed further and thereby blocks the active site of 
the enzyme [129]. The NAE inhibition leads to apoptotic death in human tumor 
cells and suppresses growth of a murine human tumor xenograft model [130].

INHIBITORS OF UBIQUITIN-LIKE PROTEIN DECONJUGATION

DeISGylase Inhibitors

The viral papain-like protease (PLpro), which is encoded by the severe acute 
respiratory syndrome coronavirus (SARS-CoV), has received a considerable 
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attention from both natural product chemists and medicinal chemists in efforts 
to develop suitable inhibitors. The protease is capable of cleaving the viral rep-
licase polyprotein as well as Ub and ISG15 conjugates with preference for the 
latter. This enzymatic activity is important for the viral infection process mak-
ing it a target of interest in the development of anti-infective therapies.

Park et al. described the isolation of nine diarylheptanoids from the bark of 
Alnus japonica, a tree in the Betulaceae family and tested the compounds as 
inhibitors of SARS-CoV PLpro [131]. Inhibitory activity of these compounds, 
together with two synthetic curcumin analogues, against PLpro was measured 
in a fluorogenic assay and hirsutenone (76) was found to be the most potent 
inhibitor with an IC50 of 4.1 ± 0.3 μM (Fig. 6.44). Structure–activity studies 
demonstrated that the enone and catechol moieties were important for success-
ful inhibition of SARS-CoV cysteine protease.

In the same year, Park et al. reported the isolation and testing of tanshinone 
compounds from Salvia miltiorrhiza, a perennial Lamiaceae, which is used in 
traditional Chinese medicine. Seven tanshinones were found to be selective 
inhibitors for the SARS-CoV 3CLpro and PLpro viral cysteine proteases with 
IC50 values from 0.8 to 30.0 μM. Inhibitory activity against PLpro was most 
potent for cryptotanshinone (77) (Fig. 6.45) [132].

Cho et al. isolated and identified 12 flavonoids from the fruits of Paulownia 
tomentosa, a deciduous tree in the Paulowniaceae family, as SARS-CoV PLpro 
inhibitors by activity-guided fractionation. Five new compounds, tomentin A (78a), 
tomentin B (78b), tomentin C (78c), tomentin D (78d), and tomentin E (78e) con-
tain an unusual 3,4-dihydro-2H-pyran moiety derived from cyclization of a geranyl 
group with a phenol functionality (Fig. 6.46). Compounds 78a–78l inhibit PLpro, 
as determined by a fluorogenic assay, with IC50 values ranging from 5.0 to 14.4 μM 
with compound 78e being the most potent. All newly identified natural products 
showed better inhibition than their noncyclized parent compounds [133].

In a recent study to identify inhibitors of PLpro, six cinnamic amides (79a–f)  
and ferulic acid (80) were isolated from the fruits of the annual plant Tribulus 
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terrestris, a member of the Zygophyllaceae family, which is used in traditional 
Chinese medicine (Fig. 6.47) [97].

Compounds 79a–f and 80 are present in the native fruits in high quantities 
and displayed significant inhibitory activity (Fig. 6.47). Inhibitory activities were 
determined in in vitro assays with recombinant PLpro enzyme using the peptide 
Z-RLRGG-AMC as a fluorogenic substrate. The IC50 values were found to be in 
the range of 15.8–70.1 μM and terrestrimin 79f was the most potent inhibitor with 
an IC50 value of 15.8 μM while ferulic acid 80 showed no detectable activity [97].

Inhibitors Awaiting Experimental Confirmation

In silico methods gain increasing importance for the identification of small mol-
ecules as potential drug targets. A data set of 40 compounds previously isolated 
from fungi were virtually screened to investigate their potential as p53–MDM2 
interaction inhibitors using the docking algorithm AutoDock4 with known crys-
tal structures [134].

The steroids ganoderic acids X (81b) (predicted Ki = 44 nM), Y (81d) (pre-
dicted Ki = 47 nM) and F (81e) (predicted Ki = 59 nM) showed potential as 
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MDM2 inhibitors (Fig. 6.48). These ganoderic acids were originally isolated 
and identified from the medicinal mushroom Ganoderma lucidum and show 
cytotoxicity against tumor cell lines [135]. Another potential inhibitor was 
EMCD (5,6-epoxy-24(R)-methylcholesta-7,22-dien-3β-ol) (81a) (predicted 
Ki = 106 nM), which was originally isolated from the entomoparasitic fungus 
Cordyceps sinensis and is known to inhibit growth of several tumor cell lines 
[136]. A further compound of interest polyporenic acid C (81c) (predicted 
Ki = 158 nM) was isolated from the polyporus bracket fungi Piptoporus betu-
linus and Daedalea dickinsii. The proposed mechanism for the observed anti-
proliferative activities of the top ranked compounds was the disruption of the 
p53–MDM2 interaction and subsequent increase in active p53 levels. These 
computational results still await confirmation by experimental studies to vali-
date molecular docking of known natural products with protein crystal structure 
data as a predictive approach. We hope that follow-up studies will be conducted 
in order to confirm or discount these findings.

CONCLUSIONS

The discovery of natural product inhibitors with activities in the conjugation/
deconjugation systems of ubiquitin and Ubl proteins has been enabled by suit-
ably designed assays. This includes in vitro as well as cell-based assays and their 
design is critical toward throughput, specificity, and robustness of the method. We 
expect that the wider availability of powerful assays for the analysis of enzymatic 
activities in the ubiquitin system will lead to the identification of further natural 
product inhibitors of ubiquitination and deubiquitination. It is hoped that this will 
improve our understanding of biological function in the ubiquitin system and of 
Ubl modifiers. In order to realize this potential, it is of fundamental importance 
that the molecular mechanism and targets of the identified compounds are fully 
elucidated. We expect that collaborative research efforts and the use of modern 
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technologies in proteome analysis (such as chemical proteomics and tandem mass 
spectrometry) will enable further progress in this area.

ABBREVIATIONS

293T human embryonic kidney 293 cells
4Ub-Luc linear tetraubiquitin-luciferase
Ac acetate
AMC 7-amido-4-methylcoumarin
AMP adenosine monophosphate
APPBP1 amyloid precursor protein-binding protein 1
Aos1 activator of SUMO 1
Ara arabinose
ATP adenosine triphosphate
Caco-2 human epithelial colorectal adenocarcinoma
CDCA chenodeoxycholic acid
CTL chymotrypsin-like
DBA dibenzylideneacetone
DELFIA dissociation-enhanced lanthanide fluorescent immunoassay
DHFR dihydrofolate reductase
DLD-1 colorectal adenocarcinoma cell line (by D.L. Dexter)
DUB deubiquitinating enzyme
DMT dimethyl terphenyl
ELISA enzyme-linked immunosorbent assay
EMCD 5,6-epoxy-24(R)-methylcholesta-7,22-dien-3β-ol
FDA Food and Drug Administration
Flag polypeptide protein tag
FRET Förster resonance energy transfer
Glc glucose
HAUbVS HA-tagged ubiquitin vinyl sulfone
Hep G2 human liver carcinoma cell line
HDAC histone deacetylase
HDM2 human double minute 2 homologue
HeLa cervical cancer cell line taken from Henrietta Lacks
HIF-1 hypoxia-inducible factor-1
IC50 half maximal inhibitory concentration
IF induction factor
IsoT isopeptidase T
KB keratin-forming tumor cell line
MCF-7 breast cancer cell line
MDM mouse double minute homologue
Me methyl
MfnX mitofusin-X
NAE NEDD8-activating enzyme
NEDD8  neural precursor cell expressed developmentally downregulated  

protein 8
NF-κB nuclear factor kappa-light chain enhancer of activated B cells
NRPS nonribosomal peptide synthetase
p21 cyclin-dependent kinase inhibitor 1
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p53 tumor protein p53
PC3 human prostate cancer cell line
Pdcd4 programmed cell death protein 4
PEST  proline (P)-, glutamic acid (E)-, serine (S)-, and threonine (T)-rich 

peptide sequence
PGPH peptidylglutamyl-peptide hydrolyzing
PI3 Kinase phosphatidylinositol-4,5-bisphosphate 3-kinase
PKS polyketide synthase
PLpro papain-like protease
POH1 pad one homolog-1
PPi pyrophosphate
RanGAP1-C2 Ran GTPase-activating protein 1 C-terminal region
RBL-2H3 rat basophilic leukemia cells-2H3
Rha rhamnose
Rh110 rhodamine-110
RING really interesting new gene
ROS reactive oxygen species
Rpn11 Regulatory Particle Non-ATPase 11
SARS-CoV severe acute respiratory syndrome coronavirus
SENP1 sentrin-specific peptidase 1
siRNA small interfering RNA
SUMO small ubiquitin-like modifier
TNFα tumor necrosis factor alpha
TPA 12-O-tetradecanoylphorbol-13-acetate
TRAMP transgenic adenocarcinoma of the mouse prostate
β-TrCP1 beta-transducin repeat-containing protein 1
Ub ubiquitin
Ubl ubiquitin-like
UbcX ubiquitin-conjugating enzyme X
UCH-LX ubiquitin carboxyterminal hydrolase LX
Uev1A ubiquitin-conjugating enzyme variant
Ulp ubiquitin-like protein-specific protease
UPS ubiquitin–proteasome system
USPX ubiquitin-specific peptidase X
VHL von Hippel–Lindau
YFP yellow fluorescent protein
ZINC ZINC is not commercial database
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