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Chapter 2

Fumitremorgin-type
Indole Alkaloids

Abstract

Indole alkaloids of the fumitremorgin/verruculogen/(cyclo)tryprostatin class have
been isolated from various fungal sources, mainly Aspergillus and Penicillium strains. The
(bio)synthesis of these, as well as other prenylated indolyl diketopiperazine alkaloids, has
attracted a lot of interest. This is not only due to their often intriguing chemical structure, but
also as a result of the interesting biological activities that frequently provoked their isolation.

The basis for the discovery of fumitremorgin-type indolyl diketopiperazines in the
1970’s was their ability to induce tremors in vertebrates, due to interference with
neurotransmitter release in the CNS. In 1995, members of this compound class were shown to
inhibit cell cycle progression at the G2/M phase; interference in the process of microtubule
assembly proved to be the main mechanism of action. In 1998, fumitremorgin C was found to
be a potent and selective inhibitor of the newly discovered ABC transporter BCRP: a drug
efflux pump part of an organism’s natural defense mechanism against xenobiotics, that is
overexpressed in certain multidrug resistant cancer cells.
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Chapter 2

2.1 Introduction

2.1.1 Indole alkaloids

Due to their often intriguing chemical structure and interesting biological activity,
natural products —in particular secondary metabolites— have always been a source of
inspiration for synthetic and medicinal chemists. Many of these biologically active
compounds are alkaloids isolated from marine, fungal and botanical organisms. They are
frequently believed to play a role in the survival strategy of the species, for instance as
‘chemical’ defense mechanism against other organisms, which may explain the wide variety
of biological activities found among alkaloids originating from different species.

Among the bioactive alkaloids, those containing an indole moiety form a major class.
Because of their structural relationship to the essential amino acid tryptophan, and its
corresponding metabolites such as the neurotransmitter serotonine (5-hydroxytryptamine, 5-
HT), indole alkaloids have acquired a prominent position in natural product chemistry.
Frequently, the indole structural element is part of a tricyclic (tetra- or dihydro-) B-carboline
unit, or in the form of a pyrrolo-indole. Many indole alkaloids can be biosynthetically
dissected to an indole component formally derived from L-tryptophan, and other building
blocks derived from different amino acids (non-terpenoid indole alkaloids) or the branched
isoprene skeleton (terpene derived indole alkaloids). The use of these natural building blocks
or metabolites thereof, and the potential of different biogenetical transformations and
oxidation or reduction steps during biosynthesis, provides a wide variety of structurally
different indole alkaloids.

2.1.2 Discovery of fumitremorgin-type indoly! diketopiperazines

A class of indole alkaloids that combines a tryptophan-derived dipeptide moiety and
one or more isoprene-derived units is that of the fumitremorgins, verruculogens and
tryprostatins. Their common skeleton is derived from an L-tryptophan-L-proline
diketopiperazine condensed to a tetrahydro-f-carboline system with an isoprene unit. They
form intriguing systems since both tetrahydro-f-carbolines and diketopiperazines are
frequently seen as pharmacophoric core structures. In this light, it is not surprising that the
compounds of this class were often discovered in screening programs for isolation and
identification of biologically active secondary metabolites from natural sources.

In 1964, screening fungus cultures growing on foodstuffs, including various strains
of Aspergillus, revealed the existence of a previously unknown secondary metabolite in
Aspergillus flavus capable of inducing sustained tremors (a compound property rarely
observed") in mice, guinea pigs and rats, sometimes followed by convulsions, depending
upon the dosage."” Though the response to this new compound was somewhat similar to that
elicited by tremorine (1,4-dipyrrolidino-2-butyne), this compound differed in several
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significant respects. Four years later, in an investigation on the cause of outbreaks of disease
among farm animals, a composite of an isolate from Penicillium cyclopium showed similar
neurotoxic properties.”’ An identically behaving mycotoxin was obtained from Penicillium
palitans, a mold closely related to Penicillium cyclopium.”™ These same and also new, similar
biologically active compounds were obtained from other Penicillium strains,"M9 all
containing an indole moiety providing the sole nitrogen atom in the molecule.

In 1971, two compounds having strong tremorgenic action in mice were isolated
from Aspergillus fumigatus, and named fumitremorgin A (1) and B (2) (Figure 2.2).”? UV and
NMR spectra of both compounds suggested the presence of a 2,3-disubstituted 6-
methoxyindole system. The presence of an indole moiety was supported by culture
experiments in the absence and presence of L-tryptophan in the medium, and incorporation of
radioactivity from '‘C-labeled tryptophan. One year later, a new tremorgenic mycotoxin
named verruculogen (also known as TR-1) (5) was obtained from a strain of Penicillium
verruculosum."® UV analysis revealed the presence of an indole system, whereas the IR
spectrum suggested amide functionality and possibly a gem-dimethyl group. In a further
structure elucidation study,”” verruculogen TR-1 (5) proved to be closely related to the
fumitremorgins in having a 6-methoxy substituent on the indole unit (which is absent in the
other Penicillium tremorgens) and in containing three nitrogen atoms per molecule. In
addition, proof for the presence of a B-methylcrotonyl moiety was presented.

The first structure to be established, though not to detailed stereochemical extent,
was that of fumitremorgin B (2),"” soon to be followed by that of verruculogen TR-1 (5)!'!
and the still tremorgenic hydrogenation product of the latter, verruculogen TR-2 (7).l'%
Verruculogen TR-2 (7) was later also isolated from Aspergillus fumigatus and shown to be
an intermediate in the biosynthesis of verruculogen TR-1 (5) and fumitremorgin B (2)." In
1975, the crystal structure and thus the absolute configuration of fumitremorgin B (2) were
published,"” and the structure determination”® was extensively discussed in a following
article."” In the same year the structure of fumitremorgin A (1), previously isolated but not
characterized,"” was reported independently by two groups.!"™' Both fumitremorgin A (1)
and verruculogen TR-1 (5) possess an unusual peroxide link between two isoprene units.
Though this peroxide functionality plausibly arises from the hydroperoxide, this intermediate
has not been detected. A detailed study of the biosynthesis of verruculogen TR-1 (7), with a
focus on the origin of the oxygen atoms and the stereochemical course of the peroxide ring
formation, has been published.”™ Ironically, the structure of the most simple member of the
compound class, fumitremorgin C (3), was only reported in 1981, though its isolation as a
compound called SM-Q was already mentioned in 1977.0'"

All these compounds were shown to be based on an L-tryptophan-L-proline
diketopiperazine skeleton ring fused with an isoprenyl-derived unit evolving from mevalonate
to form a tetrahydro-$-carboline type pentacyclic structure. Other isoprenyl units as well as a
6-methoxy substituent on the indole that is originating from methionine may be present in
compounds of this class (Figure 2.1).%%
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Figure 2.1: Bioprecursors of the regions of the fumitremorgin framework.

A 1982 report revealed the natural existence of acetoxy-verruculogen (6) possessing
an acetylated 4-hydroxyproline moiety.” The first synthesis of 6-demethoxy-fumitremorgin
C (4) was published in 1987,% whereas in 1996 it was also isolated from natural sources."
Another secondary metabolite was isolated in 1990 and was structurally designated as 12,13-
dihydroxyfumitremorgin C (8)* (Figure 2.2).

In 1995, two new members of the fumitremorgin-type compound class were isolated
from a marine fungal strain BM939, identified as Aspergillus fumigatus. in which the central
ring of the system is in its open form and the isoprenyl unit is connected to the indole 2-
position.” They were isolated in the course of a screening for new mammalian cell cycle
inhibitors from microbial origin, in which fumitremorgin C (3) and demethoxy-fumitremorgin
C (4) later also proved to be active.”” The ring-opened analog of fumitremorgin C (3) was
named tryprostatin A (9), whereas the ring-opened demethoxy-fumitremorgin C (4) analog
was called tryprostatin B (10). The cyclotryprostatins A (11), B (12), C (13) and D (14), novel
cell cycle inhibitors reported in 1997,%” again are pentacyclic fumitremorgin analogs.

2.1.3 Other indolyl diketopiperazine based alkaloids

Besides the discovery of secondary metabolites of the fumitremorgin-type, many other
alkaloids have been discovered uniting an indole and a diketopiperazine moiety, and often one
or more isoprenyl units. In 1973, five diketopiperazines were isolated from strains of
Aspergillus Ustus and found to cause acute toxicosis in day-old ducklings.®" Two of the
components showed to be the previously reported”®” austamide (18) and its dihydro-derivative
(19) (Figure 2.3). Both compounds are y-indoxyl alkaloids in which a ‘reverse prenyl’ (1,1-
dimethyl-2-propenyl) unit connects the indoxyl 2-position to a diketopiperazine nitrogen. The
corresponding indole derivative of (18), alkaloid (20), was isolated as well, together with two
other indole alkaloids with a reversed prenyl substituent on the indole 2-position:
deoxybrevianamide E (16) and its didehydro analog (17). Formally, the trivial name of (16),
deoxybrevianamide E, is incorrect, as it does not involve the mere loss of one oxygen atom
from brevianamide E (15), a pyrrolo-indole (hexahydropyrrolo-[2.3-b]-indole) alkaloid
described earlier."” The same type of reversed linkage of the isoprenoid unit to the indole 2-
position is found in echinulin (23),"" which possesses an L-trvptophan-L-alanine
diketopiperazine framework, instead of the L-tryptophan-L-proline skeleton in the alkaloids

22



Fumitremorgin-type Indole Alkaloids
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Figure 2.2: Members of the fumitremorgin / verruculogen / tryprostatin class.

described above. The rather unusual isoprenoid orientation presumably arises from ‘normal’
alkylation of the indole nitrogen (N-1) and a subsequent cyclic rearrangement (Scheme 2.1,
pathway A). P Although initial C-3 alkylation could theoretically give the same result
(Scheme 2.1, pathway B), investigations have revealed that this is a less likely process."””
Amauromine (31) is a C,-symmetrical di-pyrrolo-indolyl diketopiperazine possessing
two reversed prenyl substituents on de former indole 3-positions.”™ This alkaloid was isolated
from Amauroascus sp. and shows potent vasodilating activity™ originating from calcium
antagonism.™” Its full structure elucidation was described in 1985."" Structurally closely
related is roquefortine C (32),” and its dihydro derivative roquefortine D, isolated from
the cultures of Penicillium roqueforti. In these molecules, a histidine unit is one of the
incorporated bioprecursors.* These C-3 reverse prenyl indole alkaloids conceivably
originate biosynthetically from S 2’-type alkylation via a prenylated cysteine of a prenyl
transferase, which in turn may be generated via the action of prenyl pyrophosphate on a
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\

Roquefortine C 32

Figure 2.3: Other indolyl diketopiperazine alkaloids.
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Scheme 2.1: Putative genesis of reverse prenyl substituents.

cysteine residue.™ A thio-Claisen type rearrangement of intermediate (III) is the key step in
the formation of indolenine structure (VI). The pyrrolo-indole construction (VII) then would
be completed by 5-exo cyclization of the tryptophyl o-amino group onto the intermediate
indolenine (VI) (Scheme 2.2). The latter compound may also account for the formation of
other frameworks. A Plancher-type rearrangement™” of (VI) would afford C-2 reverse prenyl
substituted indoles (VIII), whereas further cyclic rearrangement to (IX) may lead to a known
precursor (X) of the ergot alkaloids."®

Though in most diketopiperazine alkaloids the amino acid building blocks are in the
natural S-configuration, as is also the case for roquefortine D, examples are known in which
the sidechains of the non-tryptophan part of the diketopiperazine have the unnatural D-amino
acid configuration. For instance two plant growth regulators produced by Penicillium
brevicompactum, brevicompanines A (25) and B (26),"” have incorporated an allo-isoleucine |
or a leucine unit in the R-configuration, respectively. The framework corresponding to |
brevicompanine B (26), but with the all-natural amino acid configuration, is found in \
fructigenine B (leucine residue) and fructigenine A (phenylalanine residue).” ‘

In N-acetylardeemin (24), a fungal metabolite from Aspergillus fischerii capable of |
reversing drug insensitivity in certain tumor cells,”"! a D-alanine building block is part of the
architecture.®™” Another structural aspect of (24) is that the diketopiperazine unit is fused,
through a benzopyrazinone motif, to an anthranilic acid moiety. Though on the opposite side
of the diketopiperazine ring, this substructure comes back in the depicted compounds of the
glyantrypine/fiscalin/fumiquinazoline (27-30) class of alkaloids. Glyantrypine (27),
containing a glycine residue, was isolated from Aspergillus clavatus.®™ Fiscalin B (28), a
substance P antagonist produced by Neosartorya fischeri and Corynascus setosus,"™ has a L-
valine incorporated, whereas the fumiquinazolines F (29) and G (30), compounds isolated
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Scheme 2.2: Hypothetical biosynthetic pathways to (reverse) prenylated indoles.
from Aspergillus fumigatus™ that are cytotoxic against certain leukemia cell lines contain L-

and D-alanine building blocks, respectively.
In the course of a screening for inhibitors of the mammalian cell cycle,

spirotryprostatins A (21) and B (22) were isolated from Aspergillus fumigatus. These
compounds were of a novel construct with a unique spiro ring system."*®*” They are formally
derivable from tetrahydro-B-carbolines via oxidation of the indole 2-position followed by
rearrangement (Scheme 2.3), and spirotryprostatin A (21) is actually an oxidized form of
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fumitremorgin C (3). Elegant total syntheses towards compounds of this spiro-oxindole class
have been described.***)

Scheme 2.3: Formation of the spiro-oxindole framework of the spirotryprostatins.

In the light of this route, which might have biosynthetic relevance, the frameworks of other
classes can be explained as well (Scheme 2.4). A suggested biosynthetic pathway of the
spirotryprostatins follows that of the fumitremorgins prior to the oxidation and rearrangement
steps, i.e. a normal Pictet-Spengler-like sequence (pathway a) involving a common o.,f-
unsaturated imine intermediate. The natural occurrence of verruculogen TR-2 (7), possessing
a hydrated isoprenyl (hydroxyisobutyl) sidechain, however suggests the possibility of Michael
addition of water to the o,B-unsaturated imine prior to Pictet-Spengler type cyclization.
Alternatively, an unprecedented conjugate cyclization of the o,B-unsaturated imine (pathway
b) could be a key step in the formation of natural product (20).*’ Oxidation of (20), similar to
the spirotryprostatin case but with the positions of the oxygen and the leaving group
interchanged, and subsequent rearrangement then could lead to the austamide class of
alkaloids (Scheme 2.5).

Scheme 2.4: Mode of cyclization determines the compound class.

We thought that combination of the two biosynthetic modes described above could
hypothetically lead to two other classes of alkaloids (Scheme 2.6). Nonetheless, to the best of
our knowledge, both of them have not been reported in literature to date.



Chapter 2

Scheme 2.6: Fictive alkaloids that could be formed via identical mechanisms.

The examples shown above, which by no means form a complete overview, are all cyclic core
structures that can be viewed as natural scaffolds for displaying amino acid sidechains in
spatially different positions. Not only the natural products themselves, but likewise analogs
based on these templates might show interesting biological activity and thus are prevalent
targets for total synthesis.

2.2 Biological activities of fumitremorgin-type compounds

2.2.1 Tremorgenic activity
2.2.1.1 Physiological effects

The outbreak of diseases among farm animals that had consumed molded food was
the initiation of the research that led to the discovery of the interesting class of
fumitremorgin-type indole alkaloids. Fungus cultures present on foodstuffs that had been
consumed prior to manifestation of tremors were examined in order to reveal the secondary
metabolites responsible for the neurotoxic properties. Mycotoxin-induced intoxication leads
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to typical symptoms like diminished activity and immobility, followed by hyperexcitability,
convulsions, muscle tremor, ataxia and tetanic seizures. In non-lethal cases, these symptoms
are reversible if the affected animal is removed from the toxic feed source. Since the
tremorgenic mycotoxins are relatively lipophilic molecules, they may cross the blood-brain
barrier and enter the central nervous system (CNS) to trigger a reaction.

The first compounds of the previously unknown class of indolyl diketopiperazine
alkaloids that exhibited trembling-inducing activities were fumitremorgins A (1) and B (2).
Intraperitoneal (IP) injection of 1 mg of these compounds in mice caused, after five minutes,
sustained trembling with intermittent convulsion that lasted for several hours. Fumitremorgin
B (2) was found to cause more severe convulsion than fumitremorgin A (1). Though no
lethality was observed with a dose of 1 mg, administration of 5 mg per mouse caused 70% of
the observed animals to die within 96 hours.” The structurally simpler fumitremorgin C (3)
has been reported to induce tremors in cockerel after oral administration of 25 mg/kg.®"
Verruculogen TR-1 (5), the most potent of all tremorgenic mycotoxins known, exhibited
similar properties, and tremor persistence showed to be dose-dependent. Other clinical signs
observed were hypersensitivity to sound, tetanic spasms and ataxia, and all signs were
exaggerated by enforced movement or fright. The threshold response to the toxin after IP
administration was similar for mice and cockerels; the EDy, was determined to be 0.39 mg/kg
IP in mice and 0.33 mg/kg IP in cockerels.'” Oral administration required 40 or 75 fold
dosages, respectively, to sort the same effect. The compound showed an LDy, of 2.4 mg/kg in
mice and 15.2 mg/kg in cockerels after IP injection, whereas oral administration gave LD,
values of 126.7 and 365.5 mg/kg, respectively. Mice receiving lethal doses of verruculogen
TR-1 (5) usually died during a tetanic convulsion within 43 minutes after treatment. Gross
examination at autopsy revealed no apparent mode of action. Animals receiving sub-lethal
doses appeared to be fully recovered between 24 to 48 hours after treatment.™ Verruculogen
TR-2 (7), the hydrogenation product of verruculogen TR-1 (5),””! produced perceptible
tremors in cockerels dosed orally via crop intubation at dosage levels down to 12.5 mg/kg,!'?
which makes it at least equipotent to its parental structure (5). This suggests that the
substitution pattern on the south side of the molecule is not of vital importance to the
tremorgenic activity.

2.2.1.2 Mechanism of action

Efforts have been made to determine the mode of action of these fungal tremorgens.
It is perceived to involve inhibition of the presynaptic release of y-aminobutyric acid (GABA)
at a certain neuromuscular junction in the CNS.®" Though fumitremorgin-type compounds
have proven to be valuable tools in CNS function research,®H&HSUST particular molecular
features accounting for tremorgenic activity have not been completely identified. However,
there are indications that the conformation and the configuration of the diketopiperazine
moiety affects the activity. In this light, the proline residue on the east side of the molecule
may play an important role in maintaining the diketopiperazine in the right conformation.
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Intravenous injection of fumitremorgin A (1) not only causes tremor and generalized
tonic-clonic convulsion,"® also the autonomic nervous system is affected.® These effects
may all be the result of abnormal excitation of the CNS. However, an
electroencephalographic (EEG) seizure pattern such as present in a grand mal type of epilepsy
is not observed. Since the convulsions also manifest in decorticated or decerebrated rabbits, it
has been suggested that the main site of action may be in some restricted areas in the lower
part of the CNS, such as the spinal cord or the brain stem.™ In 1989, a CNS study in rabbits
focussing on the effects of fumitremorgin A (1) on the spinal cord was reported.™ It was
concluded that the remarkable motor effect has its origin in the supraspinal CNS, some
regions in the brain stem from the mesencephalon to the medulla, rather than in a direct
facilitatory action on spinal motoneurons. This view is supported by the fact that drugs known
to have potent inhibitory activity on the brain stem, such as pentobarbital, chlorpromazine and
diazepam, could antagonize the tremorgenic effect of fumitremorgin A (1). Additional
support can be found in the increase in verruculogen TR-1 (§) induced spontaneous release of
aspartate and glutamate from rat cerebrocortical synaptosomes but not from spinal
cord/medullary synaptosomes.’® Assuming that these excitatory amino acids play a key role
in the motor effects, these results suggest the main site of action to be in a certain part of the
higher CNS rather than in the spinal cord. The effect of fumitremorgin A (1) on the brain stem
was described in 1990.7" A facilitatory effect on some neurons in the midbrain reticular
formation was observed at intravenous (IV) doses of 20-50 ng/kg; abnormal activation of
these neurons, brought about by IV injection of 200 pg/kg fumitremorgin A (1), results in
convulsive burst discharges in peripheral motor nerves. A role of the medullary reticular
formation could not be excluded. There is no precise explanation about the mechanism by
which the excitability of the reticular formation is increased. Since diazepam and
pentobarbital —having binding sites known to be closely related to the GABA receptor— are
able to inhibit fumitremorgin A (1) induced convulsions, a central GABAergic neuronal
mechanism may be involved. Support for this hypothesis comes from the report that
verruculogen TR-1 (5) decreases the GABA level in the CNS, which may be an important
pathophysiological process in the convulsions.™ It has also been postulated that these agents
could act as GABA mimics, since a rigid GABA-like conformation can be recognized within
the structure of the fungal tremorgens.”™ On the other hand, the excitatory amino acids
aspartate and glutamate are also suggested to play a role,*™ and the real involvement of
various neurotransmitters in convulsions induced by fumitremorgin-type compounds thus
remains to be investigated further. On a peripheral level, the indole alkaloid tremorgens also
appear to have an effect on neurotransmitter release mechanisms. For instance, verruculogen
TR-1 (5) causes an increase in electrical field stimulated contractile responses in guinea pig
ileum preparations. This effect was attributed to an enhanced acetylcholine release from
presynaptic nerve terminals.”™

All together, the fumitremorgin-type alkaloids seem to have multiple effects on
receptors and on neurotransmitter release mechanisms, both central and peripheral. This
raised the question whether effects on ion channels might, in part, be involved in the effect of
these tremorgenic mycotoxins on neurotransmitter release. A 1994 report™ describes the
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investigation on the role in this process of so-called maxi-K channelis, high-conductance Ca*-
activated K* channels that in some neuronal preparations have been shown to regulate
neurotransmitter release by controlling the duration of action potentials. Tremorgenic
mycotoxins were shown to modulate ligand binding to receptors that are part of the maxi-K
channel complex from aortic smooth muscie on a previously unknown interaction site, by
either positive or negative allosteric mechanisms. Nanomolar concentrations of verruculogen
TR-1 (5) markedly enhanced ligand binding in a concentration-dependent fashion. Studies
with solubilized and partially purified receptor preparations suggest that this phenomenon is
not due to physical perturbation of the membrane environment in which the receptor is
located. Furthermore, the specificity of this interaction is illustrated by the fact that no effect
was observed on other, voltage-dependent potassium channels located in the brain up to 100
UM concentrations. Both positively and negatively allosteric modulators, having opposite
effects on ligand binding, are inhibitors of maxi-K channels, although the latter class seems to
consist of the most potent blockers. Complete block occurs at concentrations around 10 nM.
The fact that both tremorgenic and non-tremorgenic alkaloids have shown to be potent maxi-
K channel blockers however makes it unlikely that block of maxi-K channels is related to the
tremorgenic effect, unless maxi-K channels in neural tissue exist with a pharmacological
profile distinct from those in smooth muscle tissue. Notwithstanding, some of the
pharmacological properties of these compounds could be related to their ability of efficiently
blocking maxi-K channels. Broadening of action potentials at nerve terminals by preventing

repolarization, which leads to an increase in neurotransmitter release, may be an example of
this.

2.2.2 Inhibition of the mammalian cell cycle

2.2.2.1 Structure ~ activity relationships

In 1995, the first report appeared in which a novel activity of indolyl
diketopiperazine alkaloids was mentioned: tryprostatin A (9) and B (10) were isolated in the
course of a screen for new inhibitors of the mammalian cell cycle.”” In this assay, the
temperature-sensitive tsSFT210 mouse mammary carcinoma cell line was used, which grows at
32°C; the cell cycle processes throughout G1, S, G2 and M phases. Incubation at 39°C causes
the cell to be arrested at the late G2 phase, making synchronization possible.” Tryprostatin A
(9) showed complete inhibition of cell cycle progression at the G2/M phase of tsFT210 mouse
cells at a concentration of 50 pg/ml, whereas tryprostatin B (10) was more potent in this
respect with a value of 12.5 pg/ml. In a following study,” involving a series of seven
fumitremorgin-type secondary metabolites, the inhibitory effects on the cell cycle were
studied in more detail, resulting in the data depicted in Table 2.1.
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Table 2.1: Inhibitory effects of indolyl diketopiperazines on cell cycle progression.®

Compounds 9 10 4 3 8 2 S
MIC"® [uM] 16.4 44 0.45 4.1 60.8 26.1 12.2
ICy,¢ [uM] 78.7 18.8 1.78 14.0 >243 >209 >196

* To determine the DNA content and calculate the distribution within the cell cycle, cells were analyzed
by flow cytometry.

b MIC = Minimal Inhibitory Concentration.

¢ ICs = 50% inhibitory concentration, as determined from dose-response curve.

Comparing the structures, it becomes clear that substitution of the C-12 and C-13 hydrogens
for a hydroxyl group (2, 5, 8 vs. 3, 4, 9, 10) significantly reduces inhibition of cell cycle
progression in the M phase. Introduction of a methoxy group at C-18 (3 vs. 4, 9 vs. 10) also
markedly decreases the inhibitory activity, whereas closure of the central ring (3 vs. 9,4 vs.
10) is favorable. Morphological studies showed that cells treated with the four most potent
compounds (3, 4, 9, 10) were mainly arrested in the M-phase. Kinase assays in order to
investigate the cellular target excluded direct inhibition of cdc2 kinase, which is essential to
action of the maturation promoting factor (MPF) for escaping the G2/M boundary of the cell
cycle. Furthermore, protein kinase A (PKA), protein kinase C (PKC) and the epidermal
growth factor (EGF) receptor were not inhibited.” As demonstrated in a more detailed
study,™ casein kinase I (CK-I) is not inhibited by these compounds either. These results,
coupled with the morphological characteristics of the treated cell nuclei, makes the mitotic
apparatus a likely target for compounds (3), (4), (9) and (10). Antimicrobial activity of the
compounds was studied as well, but turned out to be negligible.”™

In 1996, a separation procedure of secondary metabolites from the fermentation
broth of Aspergillus fumigatus guided by cell cycle inhibitory activity led to the discovery of
spirotryprostatins A(21) and B (22). The bioassay using tsFT210 cells showed
spirotryprostatin B (22) (IC,, 14.0 uM) to be more potent than spirotryprostatin A (21) (IC,,
197.5 uM). At 34.4 uM, spirotryprostatin B (22) completely inhibited cell cycle progression,
whereas spirotryprostatin A (21) could inhibit the most portion of the cells in the G2/M phase
at a concentration of 253.2 pM.P” Again, the methoxy substituent on the aromatic ring seems
to influence cell cycle inhibition negatively, although related examples (vide supra)
underestimate the difference in activity between 21 and 22. For instance, the presence or
absence of the double bond that further distinguishes spirotryprostatins A(21) and B (22) may
be of influence as well. A 1999 report on synthesis of spirotryprostatin analogs and their
evaluation as cell cycle inhibitors™ revealed interesting structure activity relationships that
go beyond the presence or absence of a methoxy group on the aromatic ring. Though
dependent on the type of human breast cancer cells used, analogs of less complex structure
show significantly higher activity than their parental natural compound spirotryprostatin A
(21). Removal of the methoxy group from (21) only resulted in minor improvement in
activity. Substitution of the isoprenyl sidechain for the corresponding external olefin also
gave slightly lower IC,, values, whereas demethoxy-spirotryprostatin A with the isoprenyl
substituent replaced by a benzyl group shows a striking increase in activity. Most remarkably,
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a synthetic precursor of the latter compound -lacking the proline-containing diketopiperazine,
and having the remaining amino acid nitrogen Boc-protected and the carboxylic acid
protected as a methyl ester— is an equipotent cell cycle inhibitor. Thus, at least for this specific
class of spirooxindole compounds, both the nature of the sidechain and the diketopiperazine
moiety seem to be of little relevance for cell cycle inhibitory activity.

In 1997, the cyclotryprostatins A (11), B (12), C (13) and D (14) joined the series of
mammalian cell cycle inhibitors from the indolyl diketopiperazine class. Their data from the
biological assay on the tsFT210 cells are portrayed in Table 2.2.%

Table 2.2: Inhibition of mammalian cell cycle progression by cyclotryprostatins A-D.
Compounds 11 12 13 14
ICs, [UM] 5.6 19.5 234 25.3

Comparing cyclotryprostatin C (13) with dihydroxyfumitremorgin C (8), the negative effect
of the C-18 methoxy substituent again emerges. The highly potent cyclotryprostatin A (11) is
the C-12 epimer of the very weakly active dihydroxyfumitremorgin C (8). It is even a stronger
inhibitor than cyclotryprostatin C (13), differing in stereochemistry at C-12 and the C-18
methoxy substituent. These observations suggest a prominent role of the stereochemistry at C-
12, which is important for the conformation of the central and the diketopiperazine rings.

2.2.2.2 Mechanisms of action

The mechanism by which tryprostatin A (9) inhibits mammalian cell cycle
progression was revealed in 1998.7® Tryprostatin A (9) inhibited cell cycle progression of
asynchronously cultured rat normal fibroblast 3Y1 cells in the M-phase in a dose- and time-
dependent manner. Tryprostatin B (10), lacking the methoxy substituent of (9), in contrast,
showed cell cycle non-specific inhibition on cell growth, even though the threshold
concentration for cell growth inhibition is lower than that for (9). A more extensive study on
cell cycle progression in situ and microtubule assembly in vitro including the tryprostatins (9,
10) and the cyclotryprostatins (11, 12, 13, 14)™ confirmed that the presence of the methoxy
group reduces general cytotoxicity. The demethoxy compounds (10, 13, 14) were all highly
cytotoxic at 250 uM. To illustrate the difference, the IC,, for the methoxy bearing tryprostatin
A (9) was ~400 uM, whereas its demethoxy analog tryprostatin B (10) showed a 100-fold
lower ICs, of ~4 uM. On the other hand, the DNA distribution of the studied cells indicated
that the methoxy substituent on the aromatic part enhances the M-phase specificity.

Since it is known that many M-phase inhibitors affect the function of the spindle
apparatus via microtubule disassembly, the influence of tryprostatin A (9) on targets known to
be involved in microtubule processing by the cell was investigated. Microtubules are dynamic
structures, continuously undergoing assembly and disassembly. Their function is to determine
cell shape and assist a variety of cell movements including the separation of chromosomes
during mitosis. Microtubules are composed of a single type of globular protein, called tubulin.
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dimers polymerize to form microtubules, rigid hollow rods approximately 25 nm in diameter.
Compounds like colchicine®™ and the vinca alkaloid vinblastine® bind tubulin, thereby
inhibiting microtubule polymerization, which in turn blocks mitosis. Taxol®™@ and the
epothilones,™ in contrast, stabilize microtubules, thereby disturbing the dynamic structures
and thus blocking cell division. The dynamic behavior of microtubules is regulated by a series
of microtubule-associated proteins (MAPs), including MAP1, MAP2 and tau (). These
proteins bind to microtubules and inhibit the dissociation of tubulin subunits. In addition to
this microtubule stabilizing effect, they can mediate their association with other elements of
the cytoskeleton.

To follow the effect of tryprostatin A (9), the cytoplasmic microtubule network was
observed in situ by indirect fluorescence microscopy.”™ The compound showed reversible,
dose-dependent depolymerization of the microtubules, containing both cytoplasmic network
and spindle apparatus. At 20 pM concentration, the network was completely disrupted in 6 h.,
whereas treatment with 50 uM had the same effect within 3 h. Withdrawal of the inhibitor
resulted in microtubule reassembly within 3 h. These results suggest M-phase inhibitory
effects due to interference with spindle apparatus function via microtubule disassembly.
Microtubule assembly in vitro from a 2 mg/ml concentration of microtubule proteins was
inhibited dose-dependently (40% inhibition at 250 uM). Binding competition experiments
with [*H]colchicine and [*H]vinblastine showed no effect of tryprostatin A (9) on binding of
the two labeled compounds on their distinct $-tubulin binding sites, indicating interaction on a
different site of tubulin. The microtubule-associated proteins MAP2 and tau, that induce
tubulin assembly in vitro through binding to the C-terminal domain of tubulin, were blocked
in the presence of 250 uM tryprostatin A (9). Apparently, tryprostatin A inhibits microtubule
assembly by interfering with interactions between microtubule-associated proteins and the C-
terminal domain of tubulin. Results from the more extensive study™ showed that microtubule
assembly in vitro was reduced in the presence of 250 uM of (9): 58% of control; (10): 33%;
(11): 66%; (12): 66%; or (13): 51%. Interesting is that cyclotryprostatin D (14), which differs
from cyclotryprostatin C (13) only at the C-13 position, on the contrary promoted microtubule
assembly up to 137% of control. In the light of these results, it seems likely that tryprostatin
derivatives act as antagonists (or in the case of (14) as agonists) of MAP or tau proteins,
making them a new type of lead compounds for antimitotic and antiturnor drugs.

In 2000, the synthesis and biological evaluation of a series of prenylated derivatives
of cyclo-L-Trp-L-Pro (the diketopiperazine of L-tryptophan and L-proline, also known as
brevianamide F) as simple analogs of tryprostatin B (10) was published."™ The parent
compound cyclo-L-Trp-L-Pro was inactive in cell cycle inhibition and microtubule assembly
assays at 250 uM, whereas an isoprenyl substituent on either the indole nitrogen or the
diketopiperazine nitrogen only results in slight inhibition of cell proliferation at
concentrations above 500 puM; neither of the compounds however inhibited in vitro
microtubule assembly. In contrast, isoprenyl-substitution of both available nitrogens resulted
in high cytotoxicity down to 50 gM concentrations, and only 4.6% in virro microtubule
assembly at 50 uM.

This is a dimer of two closely related polypeptides, a-tubulin and B-tubulin. These tubulin
|
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Another report® described the synthesis and evaluation of a series of analogs,
including pentacyclic demethoxy-fumitremorgin C skeletons with different substituents on the
original isoprenyl position. The stereochemistry of these substituents was found to be of
significant importance, since for alkyl substituents (both the natural isoprenyl sidechain and
its dihydro form) the natural cis-configuration is active, whereas the trans epimers are
inactive. In the case of aryl sidechains, the situation becomes more complicated, since with
increasing substitution of the aromatic ring a preference for trans-configuration seems to
arise. The precise underlying details remain to be investigated, but it is envisaged that the
shift in stereochemical preference might reflect a change in the mechanism of action due to
closer resemblance to the synthetic podophyllotoxin-analog azatoxin.

2.2.3 Reversal of multidrug resistance

2.2.3.1 ABC transporters

Molecular transport across cellular membranes is of vital importance for all
organisms. Many specialized compounds in prokaryotes, eukaryotes and archae-bacteria are
actively —at the expense of ATP- transported by so-called ATP-binding cassette transporters
(ABC transporters), the protein products of the large superfamily of ABC genes.™ Such
systems are known to be involved in a wide range of biological processes, including for

example ion transport and pathways to provide essential nutrients such as sugars and amino
acids to cells. Furthermore, they can function as a pump mechanism to protect vital organs
such as the brain from a wide range of noxious compounds. Moreover, they are involved in
processes controlling uptake (for example in the intestine) and excretion (for instance in
kidney and liver) of potentially toxic foreign compounds. Mutations in ABC transporters
designed as carriers for specific endogenous compounds have been shown to underlie several
human inherited diseases.®”

ABC transporters are one of the few superfamilies abundant in all three kingdoms of
life,”®™ and are characterized by hydrophilic 200-250 amino acids nucleotide binding domains
(NBDs) that are extensively conserved throughout evolution. These harbor two short peptide
motifs involved in ATP binding (Walker A and Walker B), with in-between the unique ‘ABC
signature’ that can be used to identify members of the ABC superfamily.™ A functional ABC
transporter normally consists of two of these ATP binding cassettes (ABCs) and two sets of
transmembrane domains (TMDs). They are assumed to function co-operatively by an
alternating sites mechanism,”™ since inactivation of one catalytic site completely abolishes all
activity.” Two types of transporters can be distinguished: full transporters which have all
four domains within a single polypeptide chain (often a single, tandemly duplicated
molecule), or half transporters with a single transmembrane and a single ATP binding
segment. The latter are assumed to form homo- or heterodimers in order to obtain a functional
protein. As a general rule, full transporters are mostly located in the plasma membrane of the
host cell, while half transporters —in homo- or heterodimeric form— are targeted to the
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membranes of subcellular organelles, like the endoplasmic reticulum, peroxisome or
mitochondria.

Molecules to be transported recognize their own transporter (probably at the much
less conserved transmembrane domain), bind and switch on the ATPase, which in turn
activates or opens the transport pathway, either inwards or outwards. The ABC domains are
molecularly coupled to the transmembrane domains to ensure the transmission of the
conformational changes caused by substrate binding and by the hydrolysis of ATP to activate
transport. These pathways may either involve a classical channel, a “gateway” mechanism
through a proteinacious chamber spanning the bilayer, or conceivably via a pathway at the
protein-lipid interface of the outside of the membrane domain.™

The extraordinary range of compounds that can be transported by different members
of the family of ABC systems makes it a challenge to understand the basis of selectivity from
one system to another. However, despite numbers of specific ABC transporters known,
several systems have been identified which in contrast are remarkably a-specific. The most
extensively studied are P-glycoprotein (P-gpl or MDRI, generally described as P-gp) and the
multidrug resistance associated protein (MRPI, often described as MRP).P#*1031 ¢ g
generally accepted that these so-called multidrug transporters form an important part of an
organism’s natural defense system by preventing toxic substances from entering certain
tissues or accumulating in particular organs.

2.2.3.2 Multidrug resistance

Among the ABC transporters, especially the multidrug transporters have become a
topic of active research, since several clinically important issues can be associated with them.
For instance, among the members of the ATP-binding cassette transport protein superfamily
(ABC transporters),”™ there are several plasma membrane proteins associated with multidrug
resistance (MDR) of cancer cells when overexpressed. Multidrug resistance describes the
phenomenon of simultaneous cross-resistance to a range of structurally and/or functionally
unrelated drugs when a cell shows resistance to a single cytotoxic drug.” Drug-naive tumors
may manifest at the outset of chemotherapy (innate drug resistance),”” or may develop later
in patients who achieve an initial remission (acquired drug resistance). The latter case can be
effected by the use of a single drug (a stress condition for the cell), inducing expression of a
certain multidrug transporter. The genes for the multidrug transporters are present in each
cell, but are normally brought to significant continuous expression only at the barriers of
tissues that need to be protected. It is likely that drug-resistance mechanisms, mechanisms
routinely used by certain normal cells for defense against xenobiotics, will be enlisted by
tumor cells for their own protection. An increase in resistance often occurs after prolonged
exposure to drugs, and may involve gene amplification and/or genetic changes either in the
structural gene or in regulatory components of the MDR systems.”™ The cells with elevated
MDR transporter expression will be less sensitive to treatment due to reduced drug
accumulation, and will soon form the major population. Elevated levels of multidrug
transporters, that often recognize a broad spectrum of drugs, result in efficient excretion of the
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therapeutic agents. Clinical resistance of cells to chemotherapeutics, a major problem in the
treatment of cancer, may in part be due to enhanced activity of these broad specificity drug
efflux pumps, like P-glycoprotein (P-gp) and the multidrug resistance associated protein
(MRP}).*

2.2.3.3 The multidrug-transporter P-glycoprotein

As stated before, one of the physiological roles of these broad specificity efflux
pumps is generally thought to be elimination of toxic compounds, for instance by preventing
them from crossing tissue barriers or building up high intracellular concentrations. This is
based on the localization of P-glycoproteins in the plasma membrane, on the apical (or
luminal) surface of polarized epithelial cells. These include the brush border membrane of
intestinal cells, the biliary canalicular membrane of hepatocytes, and the luminal membrane in
proximal tubules of the kidney."™ Their presence at the pharmacological barriers of the body,
e.g. at the blood-brain barrier,"®"! the testicular and placental endothelium, and at the choroid
plexus'®, supports this view. Besides naturally occurring carcinogens such as
benzo(a)pyrene!™ and physiological substances such as certain hormonal steroids,!"®" the
spectrum of substrates transported by P-gp includes several drugs widely used in cancer
chemotherapy. Compounds known to be affected by P-gp include doxorubicin, mitoxantrone,
vincristine, vinblastine, paclitaxel and topotecan, but not drugs such as bleomycin,
methotrexate, cisplatinum and several alkylating agents."™ Lipophilicity seems to be an
important requirement for a compound to be expelled by P-gp. The precise efflux mechanism
is still an area of active research. There is mounting evidence for a model of action in which
the transmembrane segments directly interact with a broad range of hydrophobic compounds
present between the phospholipids of biological membranes, resulting in direct transport to
the exterior of the cell with aid of the ATPase unit.”” The second determinant of drug
*specificity’ is then the subsequent interaction with drug binding sites at the transporter
protein. Kinetic analysis of drug dissociation revealed the presence of two non-identical,
allosterically linked drug binding sites in P-gp."® There are indications that the transporter
contains multiple non- or partially overlapping binding sites, each having different affinities
for different (classes) of drugs.!®!

Elegant studies using homologous recombination inactivation in knock-out mice
have provided insight into the function of the P-gp encoding gene families.!"™ Knockout of
the equivalent of the human mdr] gene in mice has demonstrated that this gene is involved in
the blood-brain barrier and in drug transport in the intestinal tract."® Though the knockout
mice were viable and fertile, with no obvious physiological abnormality, they were found to
be hypersensitive to xenobiotic compounds. Likewise, the mouse analog of the human mdr2/3
gene —closely related to MDR1 but probably with a minor role in multidrug resistance— was
shown to play a role in phosphatidylcholine transport in the bile canaliculi of the liver,!'™
demonstrating that different P-gp isoforms have different functions.
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2.2.3.4 The Muiltidrug Resistance associated Protein

A significant part of the non-P-gp mediated MDR might be due to MRPI
overexpression. MRP1 is suggested to play a role in detoxification by excretion of
endogenous and environmental toxicants. Apart from the taxanes and mitoxantrone, which are
not transported by MRPI, the spectrum of resistance imparted by MRP! overexpression is
very similar to that of P-gp."'” Drug substrates for MRP1 either are anionic glutathione
conjugates, or hydrophobic compounds that are thought to be co-transported with
glutathione."""! Depletion of glutathione, for instance by applying buthionine sulphoximine
(BSO), an inhibitor of y-glutamylcysteine synthase involved in glutathione biosynthesis,
sensitizes MRP1 overexpressing cells to MRP1 substrate drugs."'” MRP! is routed to the
basolateral membrane in polarized kidney and epithelial cells. A substantial fraction is not in
the plasma membrane but located in intracellular vesicles including the endoplasmatic
reticulum and Golgi apparatus,'®!'"? thereby forming an extra barrier for drugs for reaching
their cellular targets. As MRP1 is located at the basolateral side of epithelium cells, it tends to
pump substrates into the body, rather than into bile, urine or gut for disposal, as P-gp (located
at the apical side) does. MRP1 therefore especially manifests in organs that require a
basolateral transporter for protection, such as bone marrow, testis, kidney, the choroid plexus
and the oropharyngeal mucosa. Besides providing xenobiotic resistance, MRP1 —being the
major high-affinity transporter of leukotriene C,~ seems to play a key role in inflammatory
response.''") Enforced expression of two other MRP family members, MRP2 (also called
cMOAT)"* and MRP3 (also known as MOAT-D)"'* has also shown to result in resistance of
cells to multiple drugs. The clinical significance of high MRP1 levels found in some human
tumors remains to be established.!"'®

While P-gp appears to consist of similar C- and N-terminal halves each containing
six transmembrane helices,"""! as is the case for most full transporters,*® MRP1 has an
additional lipophilic N-terminal segment of about 230 amino acids. Interestingly, some other
members of the MRP family!"'® lack this region, and full deletion of this region from MRP1
indicated that it is neither required for the transport function nor for its proper routing to the
lateral plasma membrane compartment."'” Another feature of the MRPs is a deletion in the
N-terminal nucleotide binding domain of 13 amino acids in the ABC signature between the
Walker A and B motifs, in comparison to P-gp."'®!

2.2.3.5 Modulation of multidrug transporters

Because of the narrow range of efficacy for cytotoxic drugs, a two-fold increase in
cellular drug resistance could theoretically already be sufficient to develop clinica! drug
resistance. Inhibitors of these cell surface pumps thus are potential agents of clinical interest
for resensitization of certain resistant cancer cells by maintaining lethal intracellular
antineoplastic drug levels. Indeed, studies in certain types of cancers show that expression of
known MDR transporters correlates with poor response to chemotherapy, and in some cases
inclusion of reversing agents has improved clinical efficacy. On the other hand, in numerous
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cases treatment in the presence of chemosensitizing agents fails, suggesting the existence of
other MDR mechanisms.'® The challenge is to determine which of the enormous amount of
ABC transporter superfamily members present in the human genome are clinically relevant.
For those, more potent and more specific inhibitors need to be developed, in order to obtain
better clinical results than realized with “off-the-shelf” drugs that were designed for other
indications but have serendipitously shown to act as P-gp directed MDR modulators.!"?"!
These include calcium channel blockers, coronary vasodilators, indole alkaloids, quinolines,
hormones, and immunosuppressants. Interestingly, for the first-generation P-gp inhibitor
Verapamil (Figure 2.4) and other calcium channel blockers (an activity that does not correlate
with anti-MDR activity), it was shown that both enantiomers are equally active
chemosensitizers.!'*?

(R)-verapamil (S)-verapamil

Figure 2.4: The calcium channel blocker and first-generation P-gp inhibitor Verapamil.

The doses of these first-generation modulators are generally limited by their toxic

effects, which often occur below levels required to achieve effective transporter inhibition."*!

Although there are examples known in which combination of two chemosensitizers with non-
overlapping toxicities, to achieve an overall anti-MDR effect greater than possible with
individual agents, resulted in (supra)additive activity,!'* the need for compounds without
intrinsic side effects remained. Unfortunately, the lack of detailed crystallographic structural
information of membrane bound P-gp impedes a purely molecular approach to drug design
for this target. Notwithstanding, several potent second generation agents (stereoisomers or
analogs of first generation counterparts) and third generation agents (new compounds from
rational or combinatorial approaches) are currently in development for modulating P-gp,
including the non-immunosuppressive cyclosporine analog Valspodar (Amdray®) also known
as PSC833 (33)!" (Novartis), LY335979 (34)" (Eli Lilly), GF120918 (35)"*" (Glaxo-
Wellcome), and XR9051 (36)"*! and XR9576 (37)""* (Xenova) (Figure 2.5). Most of these
compounds are lipophilic in nature, and share a broad structural similarity that includes a
heterocyclic ring nucleus separated at a distance from an amino group that is cationic under
physiological conditions. Kinetic studies using labeled compounds indicate that XR9576 (37)
binds at a site which is distinct from the site of interaction of transport substrates,"™® i.e. the
modulatory effect would be due to non-competitive inhibition by altering substrate binding or
the transport process in an indirect or allosteric fashion. Non-competitive inhibition has also
been shown for GF120918 (35).1"*"
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Figure 2.5: Next generation inhibitors of P-glycoprotein.

Besides their important role in (re)sensitization cells to chemotherapy, inhibitors of
multidrug transporters could also prove useful for other applications. Inhibition of transporters
naturally present at various tissue barriers, such as the blood-brain barrier, the intestine and
the placenta, may open ways to alter the pharmacokinetics of certain drugs and thus improve
the efficacy of conventional therapy. Coadministration of inhibitors of multidrug transporters
could influence aspects such as bioavailability, clearance, or penetration to protected tissue
compartments."™ Ultimately, it may enhance the bioavailability of certain drugs"*’
sufficiently to enable patient-invariable plasma levels via oral instead of intravenous
dosing.!"* Suitable oral formulations of anticancer agents would be cost-efficient and more
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convenient for the patient. The fact that knockout mice lacking P-gp show altered
pharmacokinetics of drugs but appear to be physiologically normal"®*™ is in this regard
reassuring, since it indicates that modulation of naturally present multidrug transporters to
improve pharmacokinetics can be realized without seriously interfering in vital functions.
This tolerance to MDR modulation though may in part be explained by other redundant
mechanisms of transport. However, the natural function of these transporters in normal cells
of course implicates a more serious potential source of side effects in chemotherapy. Upon
modulation of MDR to sensitize innate drug-naive tumors or reverse acquired drug resistance,
not only endogenous compounds or xenobiotics that are normally prevented from reaching
certain tissues might then be able to cross the natural barriers and have adverse effects.!*?
Also the anticancer drugs administered together could have different pharmacokinetic profiles
and biodistribution properties'¥ and thus may trigger new toxicities, which remains a
concern for future clinical trials. Fortunately, with some third generation P-gp modulators that
show increased specificity, such as LY335979 (34), little pharmacokinetic interactions have
been observed.!'?® This suggests that at least part of the alterations observed by older first and
second generation modulators may have been due to blockade of transporters other than P-gp.

2.2.3.6 The bacterial multidrug transporter LmrA

Cancer chemotherapy has it roots in antimicrobial chemotherapy, and many concepts
are applicable to both. Reversal of multidrug resistance may also become an important issue
in antimicrobial treatment, since it becomes clear that certain types of resistance in bacteria,
fungi, yeasts and parasites can also be attributed to enhanced activity of multidrug
transporters.”?M¥M¥) Eor example, in 1996 resistance to cytotoxic compounds of
Lactococcus lactis™ (a bacterium used in dairy fermentations) was attributed to an ATP
dependent half-transporter called LmrA."*' This single multidrug transporter was shown to
confer resistance to a record of eight classes of clinically relevant broad-spectrum
antibiotics."*" Given the exceptionally broad specificity of LmrA for antibiotics, the putative
transfer of the ImrA gene to other bacteria in food and the digestive tract, this type of ABC
multidrug transporters is a serious threat to the efficacy of valuable antibiotics.

Homology of LmrA to other prokaryotic and eukaryotic ABC transporters! 2"V hag
been reported. It proved to be the first example of a prokaryotic structural and functional
homologue of the human multidrug resistance P-glycoprotein MDR1, extruding a similar
spectrum of amphiphilic cationic compounds. Furthermore, a range of compounds known to
be P-gp modulators™** also inhibited LmrA activity. Functional heterologous expression of
LmrA in eukaryotic cells, leading to a drug-resistant phenotype virtually identical to P-gp
mediated MDR, strongly implies that its ability to confer drug resistance is independent of
any auxiliary proteins."* LmrA possesses high sequence conservation to each of the two
halves of P-gp, particularly in the regions (e.g. the first cytoplasmic loop and TMD segments
V and VI) that have been implicated as determinants of drug recognition and binding by
human P-gp and mammalian homologues,"* and functions as a homodimer.!"7¥ A
somewhat unique feature of LmrA is its location in the plasma membrane, unlike most
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functional (clusters of) half-transporters which are targeted to intracellular membranes."
Consistent with the suggestion that P-gp removes drugs from the membrane rather than from
the cytoplasm, based on either the ‘flippase’ model (drug transport from the inner to the outer
leaflet of the plasma membrane, from where they diffuse)™*” or the ‘vacuum cleaner’
hypothesis (substrate uptake from the plasma membrane),"* evidence has been obtained that
LmrA expels drugs from the inner leaflet of the lipid bilayer."*" As is the case for P-gp,['*
kinetic analysis of drug dissociation presented evidence for two non-identical allosterically
linked drug binding sites in the protein expressed in plasma membranes of insect cells.!"*”
Equilibrium binding experiments, photoaffinity labeling and drug transport assays"*"! suggest
that homodimeric LmrA mediates drug transport by an alternating two-site transport (two-
cylinder engine) mechanism. A transport-competent high-affinity drug binding site is situated
on the inner membrane surface, and a low-affinity drug-release site is located at the outer
membrane surface. Driven by ATP hydrolysis, these sites are interconverted via a catalytic
transition state intermediate in which the drug transport site is occluded.

Figure 2.6: Alternating two-site (two-cylinder engine) transport model.l'*"!

Rectangles represent the transmembrane domains of LmrA. Circles, squares and hexagons represent different
conformations of the nucleotide-binding domains. The ATP-bound (circle) state is associated with a high-affinity
drug-binding site on the inside of the transporter. The ADP-bound (square) state is associated with a low-affinity
drug-binding site on the outside of the transporter. The ADP-Pi (hexagonal) state is associated with an occluded
drug-binding site, and represents the ADP/vanadate-trapped form of the ABC domain. In and out refer to the inside
and outside of the phospholipid bilayer, respectively. The upper and lower horizontal branches (as indicated by
arrows a and b) summarize the events that occur during equilibrium drug binding to the LmrA transporter. Arrow a:
an initial drug-binding event with low affinity to one LmrA molecule in the dimer yields a binary drug-protein
intermediate, which can be stabilized through the binding of Mg-ADP plus o-vanadate. Arrow b: a second drug-
binding event with high affinity to the other LmrA molecule in the dimer yields a ternary drug-protein complex. In
the presence of ATP, the transport cycle turns counterclockwise (as indicated by arrows 1 and 2). Arrow 1: ATP
hydrolysis at the second ABC domain in the LmrA dimer is coupled to: (i) drug efflux at the second membrane
domain through the movement of a liganded inside-facing high-affinity site to the outside of the membrane with the
concomitant change to low affinity, via a catalytic transition intermediate in which the transport site at the second
membrane domain is inaccessible; (ii) the reorientation of an empty outside-facing low-affinity site at the first
membrane domain to an inside-facing high-affinity site; and (iii) ATP binding at the first ABC domain. Arrow 2: the
first and second LmrA molecules in the dimer have reversed their relationship, and the next ATP hydrolysis step will
occur at the first ABC domain. Thus, in a complete drug transport cycle, the LmrA dimer exposes four drug-binding
sites in two pairs of two sites via an alternating two-site mechanism. It is important to be aware that although
binding sites are presented in separate transmembrane domains in this scheme (for reasons of clarity), they may
equally well be present at the interface between transmembrane domains.
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Interestingly, besides the P-gp homologue LmrA, Lactococcus lactis was also shown
to possess an organic anion multidrug transporter with a substrate specificity remarkably
similar to that of human MRP1.!"*? Given the amount of horizontal gene transfer between
intestinal flora and intestines, where a lot of multidrug transporter mRNA is expressed, it is
not unlikely that other human (multidrug)transporters have bacterial homologues of potential
clinical relevance as well.

2.2.3.7 Breast cancer resistance protein, a new mullidrug transporter

Recently, a new ABC transporter has been identified: the breast cancer resistance
protein (BCRP),'™ also known as placenta-specific ABC transporter (ABCP)"™ or
mitoxantrone-resistance gene (MXR)'"** product. The BCRP gene shows the highest
homology to the Drosophila white (w) gene, which decodes a protein involved in transporting
guanine and tryptophan!™ (31% identity with BCRP) and its human 638 amino acid
homologue white/ABC8 (30% identity with BCRP). The White subfamily of ABC proteins®
it belongs to also includes several fungal MDR genes; however, the TMD is rather distinct
from its paralogs. BCRP/ABCP/MXR (from now on termed BCRP) is a 655 amino acid half-
transporter located in the plasma membrane.'"” This is somewhat exceptional, since most half-
transporters known are of eukaryotic origin and reside in the membranes of intracellular
organelles. Furthermore, the configuration of the protein is different from the duplicated P-gp
or MRP proteins; the latter share a NH,-([TMD]-(NBD]),-CO,H topology, whereas in BCRP
and other White subfamily members have the domains organized in a reversed order: NH,-
[NBD]-[TMD}-CO,H. In normal tissues, BCRP expression is quite distinct from that of P-gp
and MRP1. Human BCRP is naturally abundant in the placenta and in certain areas of the
midbrain (putamen), and is expressed at lower to undetectable levels in a range of other
normal adult tissues, although the highest expressing organs are liver, small intestine and
colon.'S3HISUUSS Myrine Berpl, in contrast, is highly expressed in kidney and more
moderately in placenta and other tissues.!"*” Though it is feasible that this transporter can play
arole in the placental barrier, there is no specific endogenous substrate known. Its presence in
the intestine and apically directed transport of drugs suggest a function as xenobiotic
transporter to protect the body from harmful compounds. In contrast to P-gp however, tissue
distribution studies revealed that murine Berpl apparently only plays a role in the maternal-
fetal barrier and not in the blood-brain and blood-testis barrier.""*”

Cross-resistance to therapeutically important drugs including mitoxantrone (MX),!'*
doxorubicin, daunorubicin and topotecan (TPT) (Figure 2.7) due to reduced drug
accumulation that is not P-gp or MRP] related, has been reported for a number of drug-
selected cell lines.('SM!SAISUISIUIESIE Thege cells, generally MX- or TPT-selected, remain
sensitive to vinca alkaloids, paclitaxel, verapamil and cisplatin. In several cell lines, this MDR
phenotype has been attributed to elevated BCRP expression. /! SHISSIISTISLISLIT Reversal
agents for this transporter thus are not only interesting from an academic point of view, but
also potential agents of clinical interest. Strategic application of BCRP inhibitors may lead to
more effective oral chemotherapy with BCRP substrate drugs via a dual mechanism:
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enhanced bioavailability by increased (re)uptake due to intestinal BCRP modulation,"”" and
(re)sensitization of resistant tumors by inhibiting BCRP-mediated efflux from tumor cells.

H
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Doxorubicin Daunorubicin

Figure 2.7: Antineoplastic drugs that are expelled by BCRP.

Selected human tumor cell lines overexpressing BCRP, such as the resistant T8
subline derived from the human IGROV1 ovarian cancer cell line,""™ are of course important
tools in understanding clinical, pharmacological and physiological roles of BCRP. A
disadvantage is that the activity of the transporter might be masked or overshadowed by other
resistance mechanisms such as P-gp or MRP1 activity. It was shown in 1999 that the mouse
homologue of BCRP, Bcrpl, encodes a 657 amino acid protein Berpl with 81% identity (86%
similarity) to human BCRP which also is functionally comparable as a multidrug
transporter."'™ Therefore, mouse models likely are appropriate and valuable for investigating
the biochemistry and physiological functions of the BCRP/Bcrp! protein, and its significance
for drug pharmacokinetics and drug resistance in tumors. Especially mouse cell lines
overexpressing Berpl but lacking functional Mdrla and Mdrlb (encoding mouse P-gp’s)
and/or Mrpl genes, such as the resistant T6400 subline derived from MEF3.8 embryo
fibroblast cell line,"”” are highly valuable tools in in vitro experiments. For in vivo studies,
the corresponding nullyzigous Mdrla/b” "* and/or Mrp1” " knockout mice can be of
high importance. An extension of the research, comparing drug sensitivities of wild-type and
knockout mice, was performed in order to investigate the role of the relatively low expression
levels of MDR transporters found in most untreated tumors.'™ It revealed that P-gp and
Mrpl, even at very low levels that can be difficult to detect, can significantly affect the innate
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sensitivity of tumor cells to a wide range of clinically important substrate drugs. This
implicates that use of resistance reversal agents to sensitize tumors may also be appropriate in
cases where there is no overexpression of multidrug transporters such as P-gp, MRPI or
BCRP.

Increased BCRP/Bcrpl-mediated efflux of mitoxantrone can be reversed by the
Glaxo-Wellcome compound GF120918 (35)"*!. This compound was developed as a P-gp
inhibitor'"" but, serendipitously, also inhibits BCRP. Clinically relevant substrate drugs of
BCRP are often also P-gp substrates: P-gp confers a cross-resistance profile overlapping with
BCRP for doxorubicin, mitoxantrone and other drugs.'* Cells that overexpress the BCRP
protein seem to be more resistant to mitoxantrone and topotecan than cells with P-gp
mediated MDR.!""¥ Dual specificity inhibitors such as GF 120918 (35) may be clinically
advantageous as a reversal agent/chemosensitizer for some drugs. In other cases it may prove
a handicap, for example where P-gp in the blood-brain barrier!'® M7 protects against
toxicity to the CNS. As an illustration of the latter, it has been shown that brain uptake and
retention of P-gp substrates is significantly increased in Mdrla/b” mice compared with the
wild type, with no net change in blood pharmacokinetics.'™ Monospecific inhibitors of
BCRP may thus prove useful also in the clinic. Furthermore, selective inhibitors of BCRP
would be valuable laboratory tools for analysis of resistance mechanisms, for instance in
revealing what transporter contributes most to MDR in certain types of tumors.

In 1998, by screening a library of extracts derived from a variety of microorganisms,
fumitremorgin C (FTC, 3) was identified as a specific and potent reversal agent for the non-P-
gp, non-MRP related multidrug transporter now known as BCRP."®! Using the mitoxantrone-
resistant S1-M1-3.2 colon carcinoma subline, no toxicity of FTC (3) alone was observed in a
dose range from 0.1 - 80 uM, but in combination with mitoxantrone 50% of the cells were
killed in the presence of 0.35 pM FTC (3). Fumitremorgin A (1) and B (2), also present in the
active extract, were found to be more toxic (20% cell death at 15 pM) and considerably less
active (20- and 14-fold, respectively) in the reversal assay. A concentration of 5 uM FTC (3)
markedly potentiated the toxicity of mitoxantrone, doxorubicin and of topotecan in the S1-
M1-3.2 cell line, as well as in the MCF-7/mtxR and MCF-7/AdrVp breast cancer cell lines
that show a MDR phenotype without P-gp or MRP overexpression. Tests on the P-gp
overexpressing S1-B1-20 cell line and the MRP overexpressing HL-60/AR cell line showed
no significant resensitization effect of FTC (3), indicating selectivity for BCRP.

Though FTC (3) has been used as a BCRP modulator in later studies using MX-
selected 8226/MR human myeloma cell lines"” and the BCRP-transfected MCF-7 breast
cancer cells,!"™ this mycotoxin has several disadvantages. First of all, isolation of this natural
product from fungal sources only yields relatively limited amounts of compound.®® Total
syntheses of FTC (3) have appeared, "5 byt are all relatively low-yielding multistep
procedures in which introduction of the unsaturated sidechain is generally the highest
obstacle. Even more important from a clinical point of view are the other known biological
activities of the natural compound. Unfortunately, it is neurotoxic, being the structurally
simplest bioactive member of the fumitremorgin/verruculogen/(cyclo)tryprostatin class of
alkaloids that is known to induce tremors in vertebrate animals!'®¥ (see § 2.2.1). At 25 mg/kg
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oral, the mycotoxin causes tremors in cockerels.®! Furthermore, FTC (3) causes inhibition of
the mammalian cell cycle by means of arrest in the G,/M phase'™ (see § 2.2.2). Less toxic and
synthetically tractable analogs of FTC are thus of interest as specific BCRP inhibitors in the
laboratory and as lead compounds for development of chemosensitizers/reversal agents for
clinical use. Desirable properties of practical BCRP inhibitors include high potency in relation
to toxicity, and specificity for the BCRP transporter. Pentacyclic analogs of demethoxy-
fumitremorgin C (4) bearing modified stereochemistry, side chains and ring sizes have been
reported to inhibit enhanced BCRP activity in the S1-M1-3.2 cell line,"®! but the compounds
in question tended to be less potent and more cytotoxic than native FTC (3).

2.3 Concluding Remarks

Indoly! diketopiperazine alkaloids of the fumitremorgin class unite two
pharmacologically important moieties in a single core structure, that can be considered as one
of nature’s elegant solutions for displaying amino acid and isoprenyl-derived sidechains in
spatially different positions. Several interesting biological activities have been found among
members of this compound class, including interference with neurotransmitter release, cell
cycle inhibition and reversal of multidrug resistance. Isolation of the alkaloids from natural
sources yields limited amounts of compound, whereas their total syntheses have generally
proven to be elaborative multistep procedures. Moreover, the complex interplay of multiple
mechanisms of action these natural products have influence on illustrates the need for more
selective, synthetically tractable analogs. Since the target structures are scaffold-sidechain
like, development of a combinatorial approach would be the ideal method for obtaining and
screening a substantial number of compounds.
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