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Abstract

Bioactive natural products often possess uniquely functionalized structures with unusual modes of
action; however, the natural product itself is not always the active species. We discuss molecules
that draw on protecting group chemistry or else require activation to unmask reactive centers,
illustrating that nature is not only a source of complex structures but also a guide for elegant
chemical transformations which provides ingenious chemical solutions for drug delivery.
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Introduction

Natural products (NPs) are small molecules produced by living organisms. The term
“secondary metabolite” is often used to differentiate NPs from other molecules that are
synthesized in the course of primary metabolism,[X for example amino acids, nucleotides,
neurotransmitters, etc. Secondary metabolites are not essential to the life of the producing
organism, but thought to confer survival advantages.['] A common strategy is to produce
toxic compounds, in order to kill competing organisms or to deter predators. Clinically, such
NPs have been used as antibiotics and as anticancer agents. In fact, the majority (65%) of
anticancer drugs are either NPs or derived from an NP pharmacophore.[?]

NPs are products of natural selection over vast timescales and therefore are expected to be
exquisitely optimized for their target. However, in the case of toxic compounds, some
method of self-resistance must also co-evolve in order for the producing organism to
survive. For NPs that operate through DNA alkylation or other types of damaging chemistry,
an added consideration is that the compound should not be so reactive that its lifetime is too
short to ever enter cells of the target organism(s). This concept is neatly illustrated by the
parabolic relationship between reactivity and potency exhibited in a series of synthetic and
natural duocarmycins.[3]
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In nature these two problems are solved in a variety of ways, including the expression of
efflux pumpsll or use of carrier proteins (for example the apoproteins that bind 9-membered
enediynes).[%] This article focuses on cytotoxic or antibacterial NPs that are effectively
“prodrugs”, rendered inactive by protecting groups or otherwise requiring conversion before
they can exert their effect. Through these examples it can be appreciated that nature can
provide ingenious chemical solutions for drug delivery.

Protecting Groups in Self-Resistance — Macrolides and Bleomycin

In medicinal chemistry, protecting groups are often added to a critical part of a molecule to
create an inactive species (a prodrug), which is then activated by metabolism or non-
enzymatically in vivo.l8] The objective is either to alter the drug’s physical properties (for
example to make it more lipophilic), or else to alter its pharmacokinetics. Very often,
prodrugs are made by simple addition of groups such as acetyl or alkyl chains to the drug
through amide or ester formation. Similarly, in nature there are examples where protecting
groups are added to an NP, as a strategy for self-resistance. The macrolide antibiotics are an
example of this. They are macrocyclic lactones which have a pendant desosamine sugar and
inhibit bacterial protein synthesis through interaction with 23S rRNA.["] The desosamine is
essential for activity, because it forms crucial hydrogen bonds with the ribosome exit tunnel.
[7] As one strategy for self-resistance, Streptomyces antibioticus glycosylates oleandomycin
(1, Figure 1) at the 2”-OH of desosamine to give an inactive species.[8] Two proteins, Olel
and OleN2 act as glycosyltransferases.[8] Upon glycosylation, 1 is transported out of the
cell, the extracellular enzyme OleR deprotects it.[8] A similar process is seen in S.
venezuelae, which produces methymycin (2, Figure 1) and neomethymycin (3). These
compounds are glycosylated in the same position as for 1, and are deprotected by DesR, a
protein that is likely excreted into the extracellular milieu.[®] It is worth noting, however, that
antibiotic-producing organisms typically utilize multiple resistance strategies, for example S.
venezuelae expresses two putative rRNA methyltransferases, that may confer resistance in a
similar manner to the producers of carbomycin[19] and tylosin.[11]

Another example is bleomycin A, (4, Figure 2), an antibiotic produced by Streptomyces
verticillus that forms metal complexes and subsequently cleaves DNA strands in an O,
dependent manner.[12] The proposed structure of the complex of bleomycin A, and Fe(ll) is
shown in Figure 2 (4, for a more comprehensive discussion on the structure of metal-
bleomycin complexes, see the recent review by Pitié and Pratviel).[13] The producing
organism expresses an N-acetyltransferase, BAT, that acts on the f-aminoalanine moiety of
bleomycin, reducing its ability to bind Fe(ll) (see Figure 2).[24] The crystal structure of this
enzyme in complex with bleomycin and CoA was recently solved.[2®] In addition to BAT, S.
verticillus is known to produce another bleomycin resistance protein, BLMA. This protein
binds tightly to metal-containing bleomycin, thus preventing it from damaging DNA.[16]

Sulfur Chemistry — HDAC Inhibitors

Several natural compounds have been described that inhibit eukaryotic histone deacetylase
(HDAC) enzymes, containing disulfide bonds or a thioester (5-8, Figure 3). HDACs remove
acetyl groups from histones leaving positively charged lysine residues that tightly bind to
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DNA, making it less accessible to the transcriptional machinery. In human cancers, HDACs
are often overexpressed and are recruited to reduce the transcription of tumor suppressor
genes and other cell growth regulators.l!”l HDAC inhibitors are therefore thought to increase
the expression of tumor supressor genes, and they are an emerging compound class in the
treatment of cancers, with several agents either approved or in development.[18]

Most HDACs are zinc metalloenzymes, and all respective NP HDAC inhibitors possess
functional groups which can complex Zn?*. In several sulfur-containing HDAC inhibitors,
however, this group is “masked” as either a disulfide bond or thioester (see Figure 3), which
must be reduced to a thiol before binding to zinc. This group of compounds all liberate a
(35,4E)-3-hydroxy-7-mercapto-4-heptenoic acid side chain, which is involved in zinc
binding, and possess a depsipeptide core.

FK228 (5) is a disulfide-containing member of this series, isolated from a culture of
Chromobacterium violaceum (Figure 3).[2% This compound has also been referred to as
FR901228, “depsipeptide”, NSC 630176 and romidepsin.[20] Furumai et al.[2] demonstrated
that the reduced form of FK228 more potently inhibits HDACL in vitro (ICgq of 1.0 nM
versus 36 nM for the parent compound), but that this form is less stable in growth medium
and serum. FK228 therefore acts as a stable prodrug for the thiol form. It was additionally
shown that cellular extracts are able to reduce FK228, and that this conversion is partly
dependent on glutathione. Spiruchostatins A (6, also referred to as YM753[22]) and B (7) are
also members of this class (Figure 3), originally isolated from Pseudomonas sp.[23! Similar
to FK228, reduced spiruchostatin A is more potent than the unreduced form (ICsg 0.62 nM),
with the disulfide being essentially inactive against HDAC1 /i vitro.[24]

Largazole (8), isolated from the marine cyanobacterium Symploca sp.[2! is another sulfur-
containing HDAC inhibitor, but instead of a disulfide it possesses a thioester (Figure 3). It
was demonstrated that largazole thiol is ~10 fold more potent against HDAC1, compared
with the parent compound, and that therefore hydrolysis is probably required for inhibition.
[26] Some workers have reported similar potency for largazole (8) and the free thiol in
cellular systems,[26-271 while others have found the thiol to be less potent than the parent
compound against other cell lines.[28] This perhaps indicates differences in cellular uptake of
the thiol versus the protected compound in different cell lines, or else could reflect different
extents of extracellular deprotection of 8 under different assay conditions.

Rearrangement — Leinamycin and 3-0xo-C,-HSL

Rather than possessing cleavable groups that protect a reactive center, some NPs undergo
rearrangement in order to yield the active species. Such rearrangements can be spontaneous
or precipitated under specific circumstances. Leinamycin (9, Scheme 1), isolated from
Streptomyces sp.[2%] is an example of a sulfur-containing compound that rearranges to a
reactive species in the presence of thiols. It contains an unusual 1,3-dioxo-1,2-dithiolane
moiety and has been found to have significant antitumor activity in mice.[29°] DNA adduct
formation is thought to proceed through an episulfonium ion (10) as shown in Scheme 1.13]
Attack of the thiolate at the S2” position is depicted, as suggested by recent theoretical
calculations.[32] The episulfonium 10 would be able to react with guanine N7, followed by
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excision of guanine to produce the adduct 11 detected by Asai et al.[32] Additional evidence
for the presence of 10 was found by the characterization of epoxide 12 in reaction mixtures.
This epoxide is itself able to alkylate DNA through the episulfonium ion to give 11.[32]
There is additional evidence that 9 could also generate reactive oxygen species (ROS)
through the production of polysulfides,[33] as supported by the residual activity of the S
deoxy analog of leinamycin.[34]

The acylhomoserine lactone 3-0x0-Cq,-HSL (13, Scheme 2) is known to undergo
spontaneous rearrangement to the tetramic acid form (15) under basic conditions (see
Scheme 2).135] Acylhomoserine lactones (AHLS), such as 13, are used by some gram
negative bacteria to coordinate gene expression based on their own population (termed
quorum sensing).[38] As extracellular AHL concentration and cell density increase, target
genes (for example virulence factors) are upregulated. AHLs induce their own synthesis
pathways, and therefore they are sometimes known as “autoinducers”.

The opportunistic pathogen Pseudomonas aeruginosa has several quorum sensing pathways,
one of which responds to 13.1371 It is known that AHLs are degraded into the ring-opened
forms (for example, 14, Scheme 2)[38] spontaneously at high pH.[391 In addition 2
aeruginosa produces two enzymes, PvdQ[40] and QuiP,*! that cleave the amide bond of
AHLs, allowing for their catabolism and acting as a mechanism for quorum sensing
downregulation.

Tetramic acid 15 (Scheme 2) appears to have distinct effects to 13.13%] Typically for a
tetramic acid, 15 binds to iron, potentially acting as a siderophore for the 2 aeruginosa, and
it also possesses antibacterial activity against gram positive bacteria that may compete for
the same resources.[42] Interestingly, although AHLs such as 13 have various immunological
effects in mammals!43! and have been shown to be toxic to bone-marrow derived
macrophages, 15 was not toxic to this cell line and did not stimulate macrophages.[4]

Conformational Activation — Duocarmycins

The duocarmycins are a group of NPs containing a cyclopropane ring that can alkylate
DNA. Examples of this class include duocarmycin A (16),144] yatakemycin (17)[4%] and
CC-1065 (18)[46] (Figure 4, all from species of Streptomyces). These compounds are very
stable in solution, and yet they are able to effectively alkylate adenine N3 through attack of
the cyclopropane (Scheme 3a).[47] It was suggested that the duocarmycins are activated by
virtue of a conformational change upon binding to DNA in the minor groove.[4] This theory
was supported by results that indicated the amide functionality had a significant stabilizing
effect[48] and elegant X-ray crystallography studies of several model compounds (Scheme
3b, Table 1),[4%1 which showed that twisting of the bond adjacent to the amide linkage (bond
c in Scheme 3b) reduced its double bond character, and concomitantly one of the
cyclopropane bonds (bond b) became increasingly conjugated with the cyclohexenone (19—
21). This also correlated with their respective half lives in aqueous buffer (see Table 1).
Therefore it would seem that the duocarmycins are selectively activated upon binding to
their target (DNA), and that activation does not require any chemical transformation.
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In situ Activation — Salinosporamide A

Salinosporamide A (22, Scheme 4) is a potent inhibitor of the 20S proteasome that was
isolated from the marine actinomycete Salinaspora tropica.>° After binding in the active
site of the 20S proteasome, the B-lactone is attacked by Thr-1 to form an adduct, similar to
natural substrates (see Scheme 4).[511 Under normal circumstances, the free amine of Thr-1
would recruit a water molecule to achieve the release of the substrate. With salinosporamide
A, however, this water molecule is replaced by the free OH from lactone cleavage. Attack of
this hydroxyl by the Thr-1 amine results in a tetrahydrofuran ring by elimination of the
chlorine atom. It is thought that the resulting species effectively excludes water from the
vicinity of the Thr-1 amine, which in any case is already positively charged, preventing
cleavage of the adduct.[®1] Essentially salinosporamide A (22) is a prodrug that is activated
by its target protein. An analog of this compound that lacks a leaving group was less
cytotoxic,[52] demonstrating this moiety’s contribution to activity.

Iminium Synthons — Ecteinascidin 743 and Bioxalomycins

Ecteinascidin 743 (23, Figure 5) is an alkaloid isolated from the marine tunicate
Ecteinascidia turbinata >3 that is now an approved anti-cancer drug in Europe under the
generic name trabectedin (and brand name Yondelis). This compound selectively alkylates
N2 of guanine in the minor groove of the sequences 5"-PuGC or 5’-PyGG.[54] The hydroxyl
at position 21 is essential for DNA binding,[®°] and it is thought that in the minor groove,
dehydration produces an iminium ion that is easily attacked by the N2 of guanine (see
Scheme 5).[56] In the parent drug, N2 is most likely “protected” from protonation due to
steric hindrance.[®8] The other basic nitrogen (N12) is most likely protonated. Upon binding
to target triplets, it is believed that the N12 proton is in close proximity to both 21-OH and a
hydrogen bond acceptor from the opposite DNA strand (Scheme 5).156-57] This
configuration serves to weaken the 12N-H and 21C-O bonds and facilitate the loss of water
to produce the iminium ion, which can subsequently be attacked by guanine N2.[56] The
sequence selectivity of 23 is thought to be controlled by the network of hydrogen bonds
possible in favored versus non-favored triplets,[°81 and potentially through increased
reversibility of adduct formation in non-favored sequences.[>4!

Many related structures have been reported and reviewed by Scott and Williams.[5%] Notable
amongst these are the bioxalomycins (e.g., 24, Figure 5), which were isolated from
Streptomyces viridostaticus.[8% 1t has been shown that bioxalomycin a, (24) is able to form
interstrand adducts between guanines in 5"-CG-3" duplex DNA.[81] The proposed
mechanism involved the generation of an iminium ion (as with 23, Scheme 6). The second
alkylation is thought to occur via conjugate addition after deprotection of the 13b position,
with the northern oxazolidine acting as a leaving group (see Scheme 6).[5°

Reductive Activation of Nitrogen-Containing Leaving Groups —

Diazoparaquinones and Mitomycin C

Similar to the bioxalomycins, there are many NPs whose activation involves quinones, with
the oxidation state of this moiety acting as a molecular switch to trigger conversion to the
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active species. For instance, reduction of the quinone triggers the elimination of the diazo
leaving group in the diazoparaquinones. The diazoparaquinone natural products are
exemplified by kinamycin A (25, Figure 6), isolated from Streptomyces murayamaensis,[82]
and lomaivitivins A (26) and B (27) from Micromonospora lomaivitiensis, an actinomycete
symbiont of the marine ascidian Polysyncraton lithostrotum.183] The lomaivitivins and the
kinamycins are both able to cleave DNA.[63-64] There is some evidence that under reducing
conditions (such as within solid tumors that are relatively hypoxic),[8%] one-electron
reduction of the quinone can lead to the production of a radical species(®¢! (Scheme 7a).
This radical can attack DNA, leading to nicks and strand cleavage. Recently, evidence for an
additional two-electron reduction pathway has come to light (Scheme 7b),[67] resulting in a
quinone methide that could potentially be attacked by nucleophiles, for example guanines
within DNA, leading to adducts. These studies were carried out under abiological
conditions, but it was speculated that two-electron reduction could be carried out by the
quinone reductase DT-diaphorase, while one-electron reduction could be carried out by
cytochromes.[67]

Mitomycin C (28, Figure 7) is an aziridine-containing compound that was isolated from
Streptomyces caespitosus in 1958.1681 Its structure was determined in 1962,1891 and since
then only four total syntheses of mitomycins have been published.[’%! Although largely inert
in the native form, upon reductive activation 28 can cross-link DNA strands by double-
adduct formation[”] (Scheme 8). In the quinone form, the lone pair of the 4-position
nitrogen is partially withdrawn into the delocalized system, but after reduction there is a
driving force to the indole with irreversible ejection of the methoxy group. Following this
step, a cascade of conversions can easily occur, with the addition of two nucleophiles, which
can originate from opposite strands of DNA. This mechanism, proposed in 1964711 is still
widely accepted, and the expected diadduct has been isolated and characterized.[72]
However, the nature of the initial reduction (one- or two-electron) and the oxidation state of
the quinone during each step are still subjects of debate.[”3]

FR900482 (29, Figure 7), which was isolated from Streptomyces sandaensis[" uses a
different pathway of reductive activation (Scheme 9). The compound interconverts between
two stereoisomers through tautomeric conversion to the 8-membered hydroxylamine 30. If
this species is reduced to the amine, rearrangement to a structure similar to the mitomycin C
skeleton is possible (31). It can be easily envisioned that this species could form diadducts to
DNA in an analogous manner to mitomycin C (28). Studies on the related structure
FR66979 showed evidence of conversion to a mitomycin skeletonl”®] and also the presence
of the expected DNA diadduct.[”®] Interestingly, FR900482 (29) showed lower toxicity in
mice compared to mitomycin C (28).[77] This could be due to the absence of a quinone in
the molecule, which in the case of mitomycin C (28) can give rise to reactive oxygen species
(ROS) through redox cycling.[8]

Conclusion

The preceding examples illustrate some of the ways in which protective chemistry has been
used in nature to confer self-resistance, to achieve target selectivity and to deliver reactive
species. However, a question that remains largely unanswered is how did such intricate

Chemistry. Author manuscript; available in PMC 2020 June 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kwan and Luesch

Page 7

activating mechanisms come about? The problems of drug design and drug delivery are
usually considered and tackled separately by scientists. But in a complex and competitive
natural environment, selective pressure favors NPs that solve both issues in parallel. As
products of evolution rather than human “rational drug design”, natural compounds offer a
complementary source of bioactive scaffolds. NPs often work through novel and sometimes
surprising mechanisms of action, and they therefore serve as inpiration to synthetic and
medicinal chemists, in terms of both structure and mechanism.
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Figure 1.
Structures of oleandomycin (1), methymycin (2) and neomethymycin (3), and their protected

glycosylated forms. Desosamine units are shown in blue while protecting glucose units are
shown in red.
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Figure 2.
Proposed structure of the bleomycin A,-iron(11) complex (4, iron and coordingating groups

shown in blue) and protection by bleomycin N-acetyl transferase (the added acetyl group is
shown in red).
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Figure 3.
Structures of HDAC inhibitors FK228 (5), spiruchostatins A (6) and B (7), and largazole (8).

Protecting groups or functionalities are shown in red.
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Figure 4.
Structures of duocarmycin A (16), yatakemycin (17) and CC-1065 (18). The active center

containing a semiquinone and a cyclopropane is shown in red.
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24

Figure 5.
Structures of ecteinascidin 743 (23) and bioxalomycin ay (24). Iminium synthons are shown

in red, and the second leaving group in 24 is shown in blue.

Chemistry. Author manuscript; available in PMC 2020 June 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kwan and Luesch

Page 15

Figure 6.
Structures of kinamycin A (25), lomaiviticins A (26) and B (27). The diazo leaving group is

shown in red, and the quinone that participates in activation is shown in blue.
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Figure 7.
Structures of mitomycin C (28) and FR900482 (29).

Chemistry. Author manuscript; available in PMC 2020 June 18.

Page 16



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kwan and Luesch Page 17

Scheme 1.
Structure of leinamycin (9) and activation by thiols to the episulfonium ion (10), which is

either attacked by guanine N7 followed by base excision to give adduct 11 (red arrows) or
undergoes intramolecular attack to produce the epoxide 12 (black arrows). The labile moiety
is shown in red, while the reactive species is shown in blue.
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Scheme 2.
Conversion of 3-0x0-C1»-HSL (13) to the ring-opened acid (14, red) and the tetramic acid

(15, blue) forms.
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Scheme 3.
Putative mechanism of action of the duocarmycins: a) proposed mechanism of DNA

alkylation with cyclopropane and semiquinone shown in red and DNA shown in blue; b)
model compounds from Boger and Turnbull.[4°]
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Scheme 4.

Structure of salinosporamide A (22) and mechanism of irreversible binding to the 20S
proteasome. The chlorine leaving group is shown in red and Thr-1 of the 20S proteasome is

shown in blue.
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Guanine N2 adduct

Scheme 5.
Proposed mechanism for adduct formation by ecteinascidin 743 (23) to the double stranded

triplet 5'-AGC-3" as an example. The leaving group is shown in red while DNA is shown in
purple.
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Scheme 6.
Proposed mechanism for formation of interstrand crosslink’s by bioxalomycin a, (24) in 5’-

CG-3’ duplexes. The iminium synthon is shown in red and the second leaving group is
shown in blue, while DNA is shown in purple.
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Scheme 7.
Proposed mechanisms for activation of kinamycin A (25) and related structures by a) one-

electron reduction and b) two-electron reduction. Leaving groups are shown in red while
participating quinones are shown in blue.
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Scheme 8.
Reductive activation of mitomycin C (28), followed by two DNA alkylations. Leaving

groups are shown in red, the participating quinone is shown in blue and DNA is shown in
purple.
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Scheme 9.
Reductive activation of FR900482 (29) to give a species with a mitomycin-type skeleton

(31) which can bisalkylate DNA. Leaving groups are shown in red and DNA is shown in
purple.
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Properties of duocarmycin model compounds.[49]

X-ray bond lengths, A | 19 20 21

a 1521 | 1.528 | 1.565
b 1.544 | 1.543 | 1.525
c 1.390 | 1.415 | 1.428
X-ray dihedral angle x; | 21.2° | 34.2° | 86.4°
typ (PH 3) 133h [ 21h | 0.028h
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