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The indolocarbazole family of natural products, including the biosynthetically related
bisindolylmaleimides, is reviewed (with 316 references cited). The isolation of indolocarbazoles from
natural sources and the biosynthesis of this class of compounds are thoroughly reviewed, including
recent developments in molecular genetics, enzymology and metabolic engineering. The biological
activities and underlying modes of action displayed by natural and synthetic indolocarbazoles is also
presented, with an emphasis on the development of analogs that have entered clinical trials for its future
use against cancer or other diseases.
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3.3.2 Formation of the sugar moiety
Since the isolation of the first indolocarbazole (ICZ) in 1977, this
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clinic for their future use against cancer or other diseases. In the
past, several reviews have covered various aspects related to the = ] O O O
isolation, synthesis, biological activities, or biosynthesis of ICZs NN N N
(or wider groups of compounds which include ICZs)."** Most of H H HN O
the said reviews cover only some of these aspects, while the most 1 O
complete ones are now quite outdated. indolo[2,3-a]carbazole N

The present review deals with the ICZ family of natural prod- ) H

microorganisms. The biological activities and underlying modes of
action displayed by natural and synthetic ICZs are also presented.
Finally, we review the development of ICZ analogs that have 3 indolo[3,2-alcarbazole
already entered clinical trials. indolof2,3-clearbazole

Different arrangements are possible for indole and carbazole to
yield the five isomeric ring systems available for ICZs: indolo[2,3-
alcarbazole 1, indolo[2,3-b]carbazole 2, indolo[2,3-c]carbazole 3,

N
indolo[3,2-a]carbazole 4, and indolo[3,2-b]carbazole 5. However, O O O
N

ucts, including the biosynthetically related bisindolylmaleimides.
We summarize the occurrence of ICZs obtained from diverse O indolo[2,3-bcarbazole
natural sources, from microorganisms to marine invertebrates. HN
The biosynthesis of this class of compounds is thoroughly O
reviewed, including recent developments in the molecular genetics, O HN O
enzymology and metabolic engineering of ICZ pathways in O O H

N

4

almost all of the ICZs isolated from nature are indolo[2,3-
alcarbazoles, and in general, interest has been focused on this
isomeric class. The remaining isomeric classes have been much
less studied. Derivatives of bisindolylmaleimide 6 are considered
to be a part of the family of ICZ compounds, due to their close
biosynthetic relationships (which are reviewed here).

indolo[3,2-b]carbazole bisindolylmaleimide

(arcyriarubin A)
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2 Indolocarbazoles from natural sources

During the last 30 years, a variety of ICZs have been isolated from
different organisms, including bacteria, fungi, and invertebrates.
In this section we review the occurrence of 129 compounds
isolated either from field-collected samples (slime molds, marine
invertebrates), or from microorganisms cultured under standard
fermentation conditions (actinomycetes, cyanobacteria, and oth-
ers). Table 1 summarizes the available information, by listing
the organisms, their metabolites, and their diverse geographical
origins. Other compounds, which were obtained under non-
standard fermentation conditions (such as feeding non-natural
precursors) or from mutated strains, are reviewed in Section 3.1.
The biological activities that were associated with the discovery of
the natural products are mentioned here, while additional activities
and the mechanisms of action involved are reviewed in Section 4.

2.1 Actinomycetes

The isolation of an ICZ from a natural source was reported for
the first time in 1977."* The alkaloid, initially named AM-2282,
was extracted from cultures of Streptomyces staurosporeus AM-
2282 (ATCC 55006), which was collected from a soil sample.
Soon afterwards, alkaloid AM-2282 was renamed staurosporine
(STA), and its X-ray crystal structure 7 was determined.*" The
structure consisted of a chromophore, derived from indolo[2,3-
alpyrrolo[3.4-c]carbazole, to which an aminopyranose was joined
through two linkages, but the structure originally assigned (ent-
STA 8) was incorrect. The correct relative stereochemistry 7 was
not established until 1994.,%? and it was later confirmed by total
synthesis.®?® The species epithet “staurosporeus” (from which the
word “staurosporine” was derived) came from the Greek words
“stauros” and “spora” meaning “stave” and “spore”, respectively.'*
Later, the original producer strain was re-classified twice (Table 1),
first as Saccharothrix aerocolonigenes subsp. staurosporea® and,
recently, as Lentzea albida.*® The latter name will be used for this
strain hereinafter.

NHMe

7 8

staurosporine (STA) ent-STA

STA showed inhibitory activity against fungi, but was generally
inactive against most bacteria."* The compound was found to
possess strong hypotensive activity.!* STA started to attract
greater attention in 1986, when it was reported that it was an
extraordinarily potent inhibitor of protein kinase C (PKC) and
that it showed a strong cytotoxic effect on cancer cells.* Soon it was
found that STA was a non-specific inhibitor of protein kinases.*’
Since protein kinases are a large family of enzymes that mediate the
response of eukaryotic cells to a wide variety of external stimuli,
it is not surprising that STA has so many biological effects.®®

STA has been repeatedly isolated from organisms collected in
remarkably different environments (Table 1). One reason for this
frequent re-discovery is the wide variety of biological activities
displayed by the compound; ie., STA is a “frequent hitter”,
which is found to be very active on different screening assays
covering a wide range of targets. Nevertheless, it appears that
production of STA (or very close derivatives) is widespread
among actinomycetes, a bacterial group commonly found in
environmental samples (especially from soil).

After screening over one thousand samples of culture broths
from Streptomyces strains in an antitumor screening assay, a
compound that turned out to be identical to STA was isolated
from Streptomyces actuosus.'® The compound was also isolated
from Streptomyces strain M-192, during a screening of platelet
aggregation inhibitors.® The same metabolite was later identified
from the following strains: Streptomyces hygroscopicus C39280-
450-9 (ATCC 53730),3* Streptomyces sp. TP-A0274,5 and Strep-
tomyces lividus ATCC 21178% (Table 1). The isolation of further
actinomycetes that produced STA together with a number of
related compounds is reviewed below.

In 1985, a new ICZ was reported from cultures of Nocardia
aerocolonigenes C-38383-RK-2 (ATCC 39243)."'3% The novel
alkaloid was named “rebeccamycin” (REB) after the daughter
of the scientist who isolated the compound.” The structure and
absolute configuration of REB 9 were determined by X-ray crys-
tallography and total synthesis." The producer microorganism
was soon renamed Saccharothrix aerocolonigenes,'*" and it has
been recently re-classified as Lechevalieria aerocolonigenes® (this
name will be used hereinafter). REB was found to be active
against leukemia and melanoma implanted in mice, it inhibited the
growth of human lung adenocarcinoma cells, and produced single-
strand breaks in the DNA of these cells.”® Additionally, minor
components of extracts from cultures of L. aerocolonigenes were
identified as 11-deschloro-REB 10, 1,11-dideschloro-REB 11,
and 4'-O-demethyl-1,11-dideschloro-REB (BMY-41219) 12.11:19:20
These compounds showed antitumor activity. Additionally, 11-
deschloro-REB 10 showed antibacterial activity."

H H
o=N_o o=N_o
O N N O O N N O

H H
Cl o— Cl R1
" -mOH .wOH
-
4 3
N OH HO ¢ OH
MeO N
R2
9 10 (R1=Cl, R2=Me)
rebeccamycin (REB) 11 (R1=H, R2=Me)
12 (R1=R2=H)

In 1985, the isolation and structural elucidation of SF-2370
13 was reported from the culture broth of Actinomadura sp. SF-
2370.2' SF-2370 was weakly active against some bacteria and
fungi, and displayed protective effects against rice plant diseases
caused by bacteria. A year later, the isolation of an ICZ, named
K252a, was reported from culture broths of Nocardiopsis sp.
K-252 (NRRL 15532).2 The producer microorganism was later
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Table 1 Natural sources of compounds of the indolocarbazole family

Organism Geographical origin Compounds References
Actinomycetes
Streptomyces staurosporeus AM-2282 = Lentzea albida Iwate Prefecture, Japan (soil) 7,27 14,15
(ATCC 55006 = NRRL 11184) = Saccharothrix
aerocolonigenes subsp. staurosporea
Streptomyces actuosus Not reported 7 16
Nocardia aerocolonigenes C-38383-RK-2 = Saccharothrix ~ Panama (soil) 9-12 17-20
aerocolonigenes = Lechevalieria aerocolonigenes (ATCC
39243)
Actinomadura sp. SF-2370 Shimizu, Shizuoka Prefecture, Japan (soil) 13 21
Nocardiopsis sp. K-252 (NRRL 15532) = Nonomuraea Ashahi-cho, Machida-shi, Tokyo, Japan (soil) 13 22,23
longicatena K-252T (NRRL 15532T)
Nocardiopsis sp. K-290 Tama-shi, Tokyo, Japan (soil) 13-16 23,24
Streptomyces sp. M-193 Not reported (soil) 7 25
Streptomyces sp. N-71 = Streptomyces sp. UCN-01 Tsuno-gun, Yamaguchi Prefecture, Japan (soil) 7,17 26-28
(FERM BP-990)
Streptomyces sp. N-115 Kyoto, Japan (soil) 7 27
Streptomyces sp. N-126 Okinawa, Japan (soil) 7,17, 18 27,29
Streptomyces sp. N-128 Okinawa, Japan (soil) 7 27
Streptomyces sp. N-139 Nagano, Japan (soil) 7 27
Actinomadura melliaura SCC 1655 (ATCC 39691) Bristol Cove, California, US (soil) 19-22 30,31
Nocardiopsis dassonvillei C-71425 Tottori Prefecture, Japan (soil) 23 32,33
Streptomyces sp. C-71799 Okinawa Prefecture, Japan (soil) 7,24 32,33
Streptomyces hygroscopicus C39280-450-9 (ATCC 53730) Numazu Prefecture, Japan (soil) 7,27 15,34
Streptomyces sp. RK-286 Nanao-shi, Ishikawa Prefecture, Japan (soil) 7,15, 25, 26 35-37
Saccharothrix aerocolonigenes subsp. copiosa SCC 1951 =  Spain (soil) 7,29-42 38
Lechevalieria aerocolonigenes (ATCC 53856)
Streptoverticillium mobaraense BA13793 =Streptomyces Seto, Aichi Prefecture, Japan (soil) 43 39
mobaraensis (FERM P-10489 = FERM BP-2785)
Streptomyces platensis subsp. malvinus RK-1409 Atou, Yamaguchi Prefecture, Japan (soil) 7,27,28 40-42
(FERM-P11952)
Streptomyces sp. AB 1869R-359 (NRRL B-16735) Dorado, Puerto Rico (soil) 7, 44 43
Streptomyces longisporoflavus R-19 (DSM 10189) Ellora, India (soil) 7,13, 15, 24, 45-57 44-46
Streptomyces sp. N96C-47 Holyrood, Newfoundland, Canada (marine sediment) 7, 16, 58-60 47
Streptomyces sp. TA-0403 (FERM P-17190) Aki-gun, Kochi Prefecture, Japan (soil) 63, 64 48-50
Micromonospora sp. L-31-CLCO-002 (CECT 3347) Fuerteventura Island, Canary Islands, Spain (froma 7, 61, 62 51
sponge homogenate)
Streptomyces sp. TP-A0274 Kosugi-machi, Toyama, Japan (soil) 7 52
Streptomyces lividus ATCC 21178 Not reported (soil) 7 53
Actinomadura sp. strain 007 Jiaozhou Bay, China (marine sediment) 65 54
Strain NPS012745 (ATCC PTA-5748) Mission Bay, California, US (marine sediment) 66-71 55,56
Slime molds (myxomycetes)
Areyria denudata, Arcyria nutans Not reported 6, 72-76, 78-89 2,57
Metatrichia vesparium Not reported 75,76 58
Dictydiaethalium plumbeum Not reported 77 2
Lycogala epidendrum Tokushima, Japan 68, 90, 91 59,60
Lycogala epidendrum Not reported 6,15, 68,74, 90, 91,92 61
Areyria ferruginea Hao, Yasucho, Kochi Prefecture, Japan 73,76, 93 62
Tubifera casparyi Mt. Mitsumine, Monobe-mura, Kochi Prefecture, 75,76 62
Japan
Lycogala epidendrum Kochi Prefecture, Japan 15, 68, 90, 92, 96-98 63
Areyria cinerea Kochi Prefecture, Japan 6, 94, 95 63
Cyanobacteria
Nostoc sphaericum EX-5-1 Manoa, Hawaii, US (mud sample) 99-101 64
Tolypothrix tjiipanasensis DB-1-1A Vero Beach, Florida, US (soil) 102-116 65
Fischerella ambigua strain 108b Mellingen, Switzerland (terrestrial sample) 114 66,67
Marine invertebrates
Eudistoma sp. (tunicate) Sapwale Bay, Pohnpei, Micronesia (shallow water) 117, 118 68
Eudistoma sp. (tunicate) Santiago, Cape Verde (deep water) 15,74 69
Coriocella nigra (mollusk) Not reported 118, 119 70
Eudistoma toealensis (tunicate) and Pseudoceros sp. Truk Lagoon, Chuuk, Micronesia (shallow water) 7,15, 45,58, 117, 71-73
(flatworm) 119-125
Ancorina sp. (sponge) Chatham Island and Three Kings Islands, New 126 74
Zealand
Other organisms
Chromobacterium violaceum JCM 1249 (ATCC 12472) Malaysia (fresh water) 92,127 75-77
Malassezia furfur CBS 1878 (human skin) 128-135 78-80
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re-classified as Nonomuraea longicatena.”® Structural elucidation
of K252a proved that the metabolite was identical to the previously
reported SF-2370 13, and the name K252a has since been used
for this compound.

H H
N_o N_o
o H H
Me™”
. 15
HO )’/_O_R K252¢
o) (STA aglycone)
13 K252a (R=Me)
14 K252b (R=H) H
o}
i N N i
H
O .OH
Me"
HO OH
16
K252d

A different actinomycete strain, Nocardiopsis sp. K-290, was
found to produce K252a 13 together with the related compounds
K252b 14, K252¢ 15 and K252d 16.** The four metabolites shared
the same STA chromophore, and K252c 15 was the aglycone
itself.? K252a and K252b exhibited very potent inhibitory activi-
ties on PKC. K252c and K252d also inhibited PKC, although with
less potency.?>** The four compounds showed cytotoxic properties,
while lacking antimicrobial activity against the microorganisms
tested.?>**

Fermentation broths from 5163 new soil isolates were tested
during a screening program for selective inhibitors of PKC, and five
streptomycetes (strains N-71, N-115, N-125, N-127 and N-138)
were found to produce STA together with related compounds.?’
In other words, at least 0.1% of newly isolated actinomycetes
were shown to produce STAs using only one culture condition.
Streptomyces sp. N-71 additionally produced 7-hydroxy-STA, or
UCN-01 17, which was a potent inhibitor of PKC, and showed
in vivo antitumor activity®*?® A second strain, Streptomyces sp.
N-125, was found to produce UCN-01 17 and its stereoisomer,
UCN-02 18, together with STA (major product).””*

H
R%. N

NHMe
17 UCN-01 (R1=OH, R2=H)
18 UCN-02 (R1=H, R2=0OH)

Culture broths of Actinomadura melliaura SCC 1655 (ATCC
39691) contained AT2433-A1 19 (major product), AT2433-A2
20, AT2433-B1 21 and AT2433-B2 2233 The compounds
were similar to REB, but with an aminodisaccharide and an
N-methylimide. The absolute stereochemistry of the aminosugar
moiety was later revised by total synthesis of AT2433-B1 21.%

19 AT2433-A1 (R1=Cl, R2=Me)
20 AT2433-A2 (R1=ClI, R2=H)
21 AT2433-B1 (R1=H, R2=Me)
22 AT2433-B2 (R1=R2=H)

The isolation of two new STA derivatives with macrophage-
activating properties, named TAN-999 23 and TAN-1030A 24,
was reported in 1989.3%33 TAN-999 23, or 10-methoxy-STA, was
extracted from culture broths of Nocardiopsis dassonvillei C-71425,
while oxime TAN-1030A 24 was produced (in addition to STA)
by cultivating Streptomyces sp. C-71799. TAN-999 inhibited PKC,
and displayed antitumor properties.*

H H
N_o N_o
MeO il N N Ii i' N N li
0o
Me Me'
MeO MeO
NHMe NOH
23 24
TAN-999 TAN-1030A

In the course of a screening program for PKC inhibitors, several
strains were found to produce STA-related compounds. One of
these strains, Streptomyces sp. RK-286, produced RK-286C 25
and RK-286D 26, together with STA (major product) and K252¢
15.5% The inhibitory activities of 25 and 26 against PKC were
much weaker than that of STA (among the three compounds,
RK-286D was the weakest inhibitor). However, the inhibition
of platelet aggregation of RK-286C was as strong as that of
STA ¢
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oeYa®

N
H
(0]
Me™”
OH
HO

25 26
RK-286C RK-286D

In 1990, a patent application disclosed a new STA derivative,
BMY-41950 or 7-ox0-STA 27, which was isolated from two known
STA producers (Lentzea albida ATCC 55006 and S. hygroscopicus
ATCC 53730)."* 7-Ox0-STA 27 is a hybrid of a STA-type sugar
moiety and a REB-type 7-oxo chromophore. Production of an
identical metabolite, under the name RK-1409, was also reported
from a new STA producer, Streptomyces platensis subsp. malvinus
RK-1409.4 In comparison to STA, its 7-oxo analog was a
more potent inhibitor of PKC but it was a weaker inhibitor
of bleb formation and cell cycle progression, perhaps due to
lower membrane permeability. The same strain, S. platensis subsp.
malvinus RK-1409, produced RK-1409B 28, a C-3' epimer of
RK-286C 25, as a minor component.* While showing similar
inhibitory activity to 25 on the bleb formation assay, RK-1409B
was a weaker inhibitor of PKC than its epimer.

N_o
e=a®
o)
Me
MeO™
NHMe OH
27 28
7-0x0-STA (RK-1409) RK-14098

A new STA producer, Saccharothrix aerocolonigenes subsp.
copiosa SCC 1951 (Lechevalieria aerocolonigenes ATCC 53856),
was disclosed in a patent application in 1991.3% The strain
produced small quantities of a complex mixture of about 20
ICZ components. From 1000 L of culture broth, 14 compounds
(29-42) were purified and their structures determined, but their
absolute stereochemistry was not reported (therefore, compound
34 might be identical to 25 or 28). It was claimed that the isolated
compounds were inhibitors of PKC and MLCK (myosin light
chain kinase), with higher selectivity than STA. In the same year,
the isolation of BE-13793C (J-104303) 43 was reported from
Streptoverticillium mobaraense BA13793 (Streptomyces mobaraen-
sis).* BE-13793C inhibited topoisomerases I and II, and showed
antitumor properties.

33 (R1=H, R2=0H)

34 (R1=H, R2=OMe)

35 (R1=R2=0H)

36-37 (R1=0OH, R2=OMe) (C-7 isomers?)
38-39 (R1=R2=0OMe) (C-7 isomers?)

29 (R1=R2=H)

30 (R1=H, R2=Me)
31 (R1=0H, R2=H)
32 (R1=0H, R2=Me)

R COOMe
’ 40 (RiH) ’

Meo— N _o 41 (R=OH) 0 N__o
Q<12 QI
H o H NN

2 HO ” OH

BE-13793C (J-104303)

In a search for immunomodulators, it was found that culture
extracts of Streptomyces sp. AB 1869R-359 contained MLR-52 44,
together with higher amounts of STA.* The morphological and
physiological characteristics of this microorganism were compared
to those of other STA-producing Streptomyces species, confirming
that it was a different strain. MLR-52 was nearly as potent as
STA in inhibiting the mitogenic response in mixed lymphocyte
cultures, and both metabolites showed in vitro immunosuppressive
potencies similar to FK-506 or cyclosporine. MLR-52 also
inhibited PKC.

ZT

OH
44
MLR-52

STA-related metabolites were thoroughly studied in another
STA producer, Streptomyces longisporoflavus R-19.4 By using
2000 L fermenters, 18 different compounds were isolated and
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46 (R=Me)
( R 47 (R=0OH)
N

O N O
(0]
Me -
MeO MeO

p=4

NOH
51 (R=Me)
52 (R=isopropyl) “ o
N o N
Me“"ﬁ
MeHN" COOMe
56

characterized (7, 13, 15, 17, 24, 45-57). The main product
was STA, followed by much smaller amounts of K-252c¢ 15
and TAN-1030A 24. Structural variations were mainly found at
the 4-position of the sugar moiety. Additionally, furanosylated
derivatives, such as K252a 13 and its aminomethyl derivative
56, were found. All the tested compounds inhibited PKC. As
compared to STA, the new derivatives were less potent inhibitors
against several protein kinases, with the exception of 4'- N-methyl-
STA 45, which showed a similar potency to that of STA.

Crude extracts from cultures of a marine actinomycete, Strepto-
myces sp. N96C-47, gave a promising profile of in vitro cytotoxicity
against a panel of human cancer cell lines. Bioassay-guided
fractionation of culture extracts yielded STA (major product),
K252d 16, 3'-O-demethyl-STA 58, holyrine A 59 and holyrine
B 60. STA accounted for the interesting cytotoxicity profile
observed for the crude extract. Holyrines A and B were only
produced in significant amounts at 15 °C. Holyrine A exhibited
potent inhibitory activity against some protein kinases. Another
marine actinomycete, Micromonospora sp. L-31-CLCO-002, was
found to produce STA (major product), 4'-N-methyl-5-hydroxy-
STA 61, and 5-hydroxy-STA 62.5' The microorganism had been
isolated from a homogenate of the sponge Clathrina coriacea.
Compounds 61 and 62 showed very potent cytotoxic activities
against tumor cell lines.

Me:

MeO
NOH

49 (X=CH,OH)
50 (X=CO)

54 (R1=OMe, R2=H)
55 (R1=H, R2=OMe)

3'-O-demethyl-STA

H
N

holyrine B

Me"”

NH
HO 2

59
holyrine A

ZzT

61 (R=Me)
62 (R=H)
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To search for natural products that could be useful to treat
patients with neurological diseases, a screening was performed
based on the differentiation of rat pheochromocytoma PCI12
cells. Among 4671 extracts (2532 extracts from actinomycetes,
1958 extracts from fungi, and 179 extracts from plants), only
those produced by a single microbial strain, Streptomyces sp.
TA-0403, showed activity of interest. The active substances were
indocarbazostatin 63 and indocarbazostatin B 64, which were
related to K252a 13.#*% The order of inhibitory activity on
neurite outgrowth was indocarbazostatin > indocarbazostatin
B > K252a > K252b, while the order of inhibitory activity
against PKC was STA > indocarbazostatin > indocarbazostatin
B > K252a > K252b. The two indocarbazostatins also showed
cytotoxicity at concentrations higher than those inhibiting neurite
outgrowth.* Tt is noteworthy that, while K252a inhibited NGF-
induced neurite outgrowth in PC12 cells,”®*” STA was an inducer
of neurite outgrowth in the same cell line.”®

63 indocarbazostatin (R=H)
64 indocarbazostatin B (R=NH,)

Actinomadura sp. strain 007 was the source of ZHD-0501 65.5
This metabolite is a STA analog with an oxazolone ring fused to
the pyran ring, which adopts a boat conformation with C-2" and
C-5 as its bow and stern, respectively. It was proposed that 65
might be biosynthesized from 4'-N-formyl-STA 46, by cyclization
between 3'-OCHj; and N-formyl groups. ZHD-0501 inhibited the
proliferation of several human and murine cancer cell lines.

ZT
O

ZHD-0501

Recently, a group of bisindole pyrroles 66-71, related to bisin-
dolylmaleimide 6, were reported to be produced by actinomycete
strain NPS012745.5%5¢ Some of the reported compounds showed
antibacterial activity. Compound 68 was identical to lycogarubin
C (or lycogalic acid dimethyl ester A), a natural product previously
isolated from a slime mold®-®' (see next section).

66 (R1=R2=Cl)
67 (R1=H, R2=Cl)
68 lycogarubin C (R1=R2=H)

69 (R=Cl)
70 (R=H)

H
N

Cl \ Cl

N N

H H
71

2.2 Slime molds (myxomycetes)

The myxomycetes (or plasmodial slime molds) are a group of
fungus-like eukaryotic organisms usually present in terrestrial
ecosystems. All the metabolites mentioned in this section were
extracted from fruit bodies of myxomycetes directly collected from
the field.

The main pigments of Arcyria denudata and A. nutans were
found to be the bisindolylmaleimides arcyriarubins A, B, and C (6,
72, 73), and their derived indolopyrrolocarbazoles arcyriaflavins
A, B, and C (74-76).>>" Arcyriaflavins B 75 and C 76 were
also found in Metatrichia vesparium,® while a new derivative,
arcyriaflavin D 77, was isolated from Dictydiaethalium plumbeum.?

A large number of additional bisindoles were isolated from
Arcyria denudata and A. nutans, including arcyroxepins 78 and 79,
arcyriacyanin A 80, dihydroarcyriacyanin A 81, arcyroxocins 82
and 83, dihydroarcyroxocin A 84, arcyroxindole A 85, dihydroar-
cyriarubin B 86, and arcyriaverdin C 87. All of these compounds
might be biosynthetically derived from arcyriarubin A 6 by
several oxygenations and oxidative cyclizations.> Arcyriacyanin
A 80 was demonstrated to have unique inhibitory activity on a
panel of human cancer cell lines and to inhibit PKC and protein
tyrosine kinase.”” Extracts of Arcyria species also contained the
quinolopyrrolocarbazoles arcyrin A 88 and arcyrinin B 89, which
might also be biogenetically related to the bisindolylmaleimides.?

Novel bisindole compounds have been reported from
Lycogala epidendrum.®*" The three major compounds were
all bisindolylpyrrole dicarboxylic acid derivatives (68, 90, 91),
which were named (by two different laboratories) either lycogalic
acid dimethyl esters A, B, and C, or lycogarubins C, B, and A,
respectively. In addition, extracts from L. epidendrum also yielded
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6 arcyriarubin A (R1=R2=H)
72 arcyriarubin B (R1=H, R2=0H)
73 arcyriarubin C (R1=R2=0H)

ZT

74
arcyriaflavin A
H
N

0] O

R1

R2N NR3

H H
75 arcyriaflavin B (R1=R2=H, R3=0H)
76 arcyriaflavin C (R1=H, R2=R3=0H)
77 arcyriaflavin D (R1=R3=0H, R2=H)

78 arcyroxepin A (R=H)
79 arcyroxepin B (R=0OH)

arcyriaverdin C

lycogalic acid A 92 and K252c 15, together with traces of 6
and 74.9 Compound 68 showed moderate antiviral activity
against herpes simplex virus type I (HSV-I).*® Lycogalic acid A
92 is identical to chromopyrrolic acid, previously reported to
be isolated from the bacterium Chromobacterium violaceum™
(Section 2.5). The name chromopyrrolic acid is used hereinafter
for compound 92.

68 lycogalic acid dimethyl ester A, lycogarubin C (R1=R2=H)
90 lycogalic acid dimethyl ester B, lycogarubin B (R1=H, R2=0OH)
91 lycogalic acid dimethyl ester C, lycogarubin A (R1=R2=0H)

chromopyrrolic acid
(lycogalic acid A)

Extracts from Arcyria ferruginea contained dihydroarcyriarubin
C 93, together with 73 and 76.°* The relative stereochemistry of
93 was not determined. Additionally, Tubifera casparyi contained

82 arcyroxocin A (R=H)
83 arcyroxocin B (R=0OH)

HO N

88 arcyrin A (R1=H, R2=0H)
89 arcyrinin B (R1=0OH, R2=H)
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arcyriaflavins B 75 and C 76.%* Arcyriaflavin C 76 induced cell-cycle
arrest (at lower concentrations) and showed cytotoxicity (at higher
concentrations). The cell cycle inhibition effect of arcyriarubin C
73 was weaker than for 76.%

dihydroarcyriarubin C

Cinereapyrroles A and B 94 and 95 were isolated, together
with 6, from Arcyria cinerea.®® Additionally, the authors reported
the isolation of three new related alkaloids 96-98, together
with known metabolites (15, 68, 74, 75, 90, 92), from Lycogala
epidendrum.®® Arcyriaflavin B 75 was evaluated in a 39 cell-line
panel assay at the Japanese Foundation for Cancer Research, and
showed moderate antitumor activity.

H
N.__COOMe
R OH
SsRaY
N N
H H

94 cinereapyrrole A (R=0OH)
95 cinereapyrrole B (R=H)

96 (R1=R2=H)
97 (R1=H, R2=0H)
98 (R1=OH, R2=H)

2.3 Cyanobacteria

In 1990, ICZ metabolites were isolated for the first time from
cyanobacteria (“blue-green algae”), a group of photosynthetic
prokaryotes. Extracts from cultures of Nostoc sphaericum EX-5-1
possessed moderate antiviral activity against herpes simplex virus
type 2 (HSV-2) and weak, non-selective cytotoxicity against tumor
cell lines.** The biological activity of the extracts was due to the
presence of 6-cyano-5-methoxy-12-methylindolo[2,3-a]carbazole
99 (major product), its regioisomer 100, and demethyl analog 101.

MeO CN MeO CN
|
N N N N
\ H H /
Me R
99 100 (R=Me)
101 (R=H)

Unlike most ICZs, these compounds did not possess the annelated
pyrrolo[3,4-c] unit.

Tjipanazoles 102-116 were extracted from culture extracts
of Tolypothrix tjipanasensis DB-1-1A.% Tjipanazole J 116 was
the only compound possessing a pyrrolo[3,4-¢] ring. Com-
pounds 102 and 106 exhibited activity against phytopathogenic
fungi. Tjipanazoles showed only weak cytotoxicity against tu-
mor cell lines and were inactive as inhibitors of PKC.* Tji-
panazole D 114 was also isolated from cultures of Fischerella
ambigua %%

2.4 Marine invertebrates

Invertebrates such as sponges, tunicates, bryozoans, or mollusks
are prolific sources of natural products from the seas, although, in
many cases, associated microorganisms are known or suspected
to be the biosynthetic source of the compounds. In 1991, it
was reported that extracts from the tunicate FEudistoma sp.
showed potent cytotoxic activity.®® Purification from these extracts
yielded 11-hydroxy-STA 117 and 3,11-dihydroxy-STA 118 (a
minor compound), which were the first ICZs isolated from a
marine organism. Both compounds were active against cancer
cells, and 11-hydroxy-STA was more potent than STA in PKC
inhibition. K252¢ 15 and arcyriaflavin A 74 were later isolated
from a specimen of Eudistoma sp. collected in a different ocean®
(Table 1). Additionally, 4-N-demethyl-11-hydroxy-STA 119 was
extracted from the prosobranch mollusk Coriocella nigra, together
with 3,11-dihydroxy-STA 118.7

Twelve STA derivatives (7, 15, 45, 58, 117, 119-125) were
isolated from the colonial tunicate Eudistoma toealensis and its
predatory flatworm Pseudoceros sp. (which was feeding on the
tunicates).”” The major products were STA 7 and 4'- N-demethyl-
STA 120. The flatworms seemed to accumulate the metabolites
from E. toealensis, since they did not show any STAs when
collected from a different tunicate found nearby in the same
habitat.”" Some of the derivatives were tested as inhibitors
of cell proliferation with 12 human leukemia cell lines, and
demonstrated powerful antiproliferative activities, with 3-hydroxy-
STA 123 being the most potent (even more potent than STA
itself).’® The co-occurrence of STA analogs in marine filter-feeders
and their predators may serve as an indication for the origin of the
compounds through the food chain, perhaps by filter-feeding of
microorganisms. Production of STAs by marine actinomycetes*”*!
supports this hypothesis.

An indolo[3,2-a]carbazole natural product (ancorinazole 126)
was extracted from the sponge Ancorina sp.”* To the best of our
knowledge, this is the only indolo[3,2-a]carbazole reported from
a natural source.

2.5 Other organisms

Here we review some bisindole natural products isolated from
other groups of organisms. Although these compounds are not
ICZs sensu stricto, they appear to be biosynthetically related.
Violacein 127 is a bisindole pigment produced by several bacteria,
including Chromobacterium violaceum.”™” This microorganism
was also the source of chromopyrrolic acid 92.7
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henYsol

—’<;:f7 WOH

102 tjipanazole A1 (R1=R2=Cl)
103 tjipanazole C1 (R1=Cl, R2=H)
104 tjipanazole C2 (R1=H, R2=Cl)
105 tjipanazole G1 (R1=R2=H)

Cr N o

H

113
tipanazole E

NHMe

117 (R=H)
118 (R=OH)

Me

120 (R=H)
121 (R=OH)

enYadll
N N
o}
Me

R—0
NHMe

123 (R=Me)

124 (R=H)

NMe,

000

.wOH
Me”

106 tjipanazole A2 (R1=R2=Cl)
107 fjipanazole C3 (R1=Cl, R2=H)
108 fjipanazole C4 (R1=H, R2=Cl)

" N o

110 tjipanazole B (R1=R2=Cl)
111 fjipanazole F1 (R1=Cl, R2=H)
112 tjipanazole F2 (R1=H, R2=Cl)

109 fjipanazole G2 (R1=R2=H)

114 tjipanazole D (R=Cl) 116
115 tjipanazole | (R=H)

tiipanazole J

126

127
violacein

A number of indole alkaloids were isolated from tryptophan-
enriched cultures of Malassezia furfur, a lipophilic yeast (basid-
iomycete) belonging to the resident flora of human skin.™” Pityri-
anhydride 128, pityrialactone 129 and pityriarubins 130-132 were
closely related to arcyriarubin A 6. These metabolites might form a
broad photoprotection system, apparently related to some clinical
features of pityriasis versicolor, a skin disease caused by M. furfur.
In particular, pityriarubins might act in vivo as immunomodu-
lators in the course of the disease.” Additionally, among the
metabolites isolated from M. furfur, malasseziazoles 133-135
were remarkable for containing an indolo[3,2-b]carbazole unit.*
Malasseziazoles appear to be the only indolo[3,2-b]carbazoles so
far isolated from a natural source, if we exclude the formation of
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indolo[3,2-b]carbazole 5 in the acidic environment of the stomach
after intake of indole-3-carbinol.!”!

128 129

131 pityriarubin B (R=NH)
132 pityriarubin C (R=0)

jio H
R1 N I
i N

N R2

133 malasseziazole A (R1=COOH, R2=H)
134 malasseziazole B (R1=COOH, R2=CHO)
135 malasseziazole C (R1=0OH, R2=CHO)

HNo_cooH
N
H

tryptophan

pityriarubin A

glucose

NH,
M
HOOC)\/\S’ cQ

methionine

3 Biosynthesis of indolocarbazoles

Studies concerning the biosynthesis of ICZs have yielded 77 addi-
tional ICZ derivatives, as reviewed in the following subsections.

3.1 Studies made before the identification of biosynthetic genes

In this subsection, we review research made on ICZ biosynthesis
before the identification of the genes responsible for the process.
These pioneering studies shed light on the biosynthetic pathways
by identifying metabolic precursors and intermediates. Associated
with this research, the flexibility of the biosynthetic machinery was
tested for accepting altered precursors, and several new analogs
were generated.

3.1.1 Metabolic precursors. The biosyntheses of STA and
REB were studied by feeding isotope-labeled precursors to
Lentzea albida (formerly Streptomyces staurosporeus)* > and
Lechevalieria aerocolonigenes (formerly Saccharothix aerocoloni-
genes)," 1% respectively. These results established that the ICZ
core was derived from two units of tryptophan (with the carbon
skeleton incorporated intact), while the sugar moiety was derived
from glucose and methionine (Scheme 1).

However, the origin of the nitrogen at the pyrrole[3,4-c] unit
could not be determined by these experiments. Apparently, the
a-amino group of tryptophan was essentially lost at some point
during the biosynthesis of both REB'”” and STA.'™ However, these
results did not exclude the possibility that the g-amino group
of added tryptophan was rapidly exchanged with ammonium
ions from the medium. The identity of early tryptophan-derived
intermediate(s) was studied by feeding tryptamine, indolepyru-
vate, indoleacetaldehyde, indoleacetamide, and indoleacetate.'**'%®
The results obtained with L. aerocolonigenes suggested that

Scheme 1 Metabolic precursors for the biosynthesis of rebeccamycin and staurosporine.
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indolepyruvate was an intermediate in REB biosynthesis, while
tryptamine was not incorporated.'® On the other hand, feeding
tryptamine to Lentzea albida resulted in efficient incorporation
into STA, suggesting that tryptamine was a precursor in STA
biosynthesis.'™ However, the results of the loss of the a-amino ni-
trogen on tryptophan and the loss of both a-protons in tryptamine-
labeling experiments suggested that, in the major pathway, either
tryptophan or tryptamine underwent oxidation on the a-carbon,
leading to complete loss of the side chain nitrogen and the o-
protons, respectively, before the incorporation of the indole units
into STA.! The apparently conflicting results obtained with
the two strains were perhaps due to the different experimental
conditions employed, in addition to putative metabolic differences
existing between the two organisms (e.g., transaminases and other
enzymes not directly involved in ICZ biosynthesis). Recently, the
identity of early intermediates has been established through in vitro
experiments using purified biosynthetic enzymes (Section 3.3).

The biosynthesis of indocarbazostatin B 64 was also studied
by feeding radiolabeled precursors. As expected, tryptophan
was incorporated into the aglycone, while glucose was used for
formation of the sugar moiety.'®” The labeling pattern found for the
carbohydrate supported previous hypothesis on the biosynthesis
of furanosylated ICZs, such as K252a (see Section 3.1.3).

Studies on the biosynthesis of violacein 127 in C. violaceum
showed that all carbons, nitrogens and hydrogens were derived
exclusively from L-tryptophan, while the oxygen atoms originated
from molecular oxygen."*!"* However, while intact incorporation
of a decarboxylated tryptophan yielded the oxindole side, the
other tryptophan unit suffered an intramolecular rearrangement
(1,2-shift) of the indole ring to form the 5-hydroxyindole side'?
(Scheme 2). Additionally, the pyrrolidone nitrogen was derived
from the o-amino group of the oxindole-side tryptophan. The
biosynthesis of chromopyrrolic acid 92 was also analyzed in C.
violaceum. The studies confirmed that 92 was derived from two
tryptophan units.”” The pyrrole dicarboxylic acid moiety was
formed by condensation of the side chains of the two tryptophans
(Scheme 2), in a similar way to that found for formation of the

HN___ cooH

N
H

tryptophan

HN__cooH
2 X

N
H

tryptophan

chromopyrrolic acid

Scheme 2 Incorporation of tryptophan into violacein and chromopy-
rrolic acid.

pyrrole[3,4-c] unit of REB and STA (Scheme 1). However, the
origin of the pyrrole nitrogen could not be determined. Feeding
radiolabeled 92 to C. violaceum did not result in incorporation
into violacein, suggesting that the former was not an intermediate
for the latter.

3.1.2 Production of novel indolocarbazoles by altering the
fermentation conditions. Several studies tested the ability of ICZ-
producing microorganisms to produce novel analogs by accepting
altered precursors. One of the first examples of this kind of study
consisted of feeding S-hydroxytryptophan to cells of C. violaceum,
the producer of violacein. As a result, a new hydroxylated analog
(oxyviolacein 136) was produced.'?

136
oxyviolacein

Addition of potassium bromide in the fermentation of L.
aerocolonigenes resulted in production of bromorebeccamycin
137, with concomitant suppression of REB accumulation.' This
result strongly suggested that the REB chlorines originated from
chloride ions. Addition of potassium fluoride or iodide to the
medium did not lead to the production of the corresponding
fluoro or iodo analogs. On the other hand, addition of 6-fluoro-,
5-fluoro-, or 4-fluorotryptophan to the fermentation of L. ae-
rocolonigenes successfully produced fluoroindolocarbazoles 138-
141."15 Similarly, production of bromo, fluoro, or aza analogs
142-154 of bisindole pyrroles was achieved by cultivation of strain
NPS012745 in media containing sodium bromide or modified
tryptophan (5-fluoro-, 6-fluoro-, or 7-azatryptophan).5>

In an attempt to perform precursor-directed biosynthesis
with Lentzea albida, the following indole derivatives were
utilized: indole-3-acetonitrile, indole-3-acetic acid, indole-3-
acetamide, 5- and 6-fluorotryptophans, 5-hydroxytryptophan,
indole-3-pyruvate, indole-3-propionic acid, tryptamine, 5- and 6-
fluorotryptamines, and 5-hydroxytryptamine.’® No bisindole or
STA derivatives were found in these experiments, suggesting that
the enzymes responsible for STA biosynthesis in this strain were
not capable of accepting the analogs tested as precursors. How-
ever, the tryptamine and fluorotryptamine feeding experiments
produced some novel tryptamine derivatives, which were probably
unrelated to STA formation.!®!"7 Several sugar derivatives were
also evaluated for their efficacy in precursor-directed biosynthesis,
but no STA derivatives with a modified glycone moiety were
found.™’

The bioconversion of more complex altered precursors was also
tested. Novel D-glucosylated analogs 155-157 were produced by
feeding the corresponding aglycones to cultures of Microtetraspora
sp. A34549 and L. aerocolonigenes ATCC 39243118
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, _ 143 (R1=Br, R2=Cl)
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137 R 140 (R1=F, R2=H)
bromorebeccamycin 138 (R=Me) 141 (R1=H, R2=F)
139 (R=H)
H o]
N
R1 \ [ OMe .
S 1) QO
N
H
145 (R=F) 148 (R1=F, R2=Cl) 150 (R=Cl)
146 (R=H) 149 (R1=Cl, R2=F) 151 (R=H)
147 (R=Cl)

152

ZT

155 156

Additionally, the use of enzyme inhibitors was evaluated for
production of novel derivatives or intermediates. Addition of
N,N-diethyldithiocarbamate (an inhibitor of copper-requiring en-
zymes) to C. violaceum resulted in accumulation of products 158—

153 (R=H)
154 (R=Cl)

161, in addition to violacein 127.""*'?* When the same inhibitor
was added to cultures of Lentzea albida, STA biosynthesis was af-
fected, and no bisindole derivative was produced.'” Additionally,
several methyltransferase inhibitors, including sinefungin and (S)-
adenosylhomocysteine, were evaluated. Only sinefungin affected

158 159 proviolacein (R=0OH)
deoxyviolacein

Py

160 prodeoxyviolacein (R=H)

HN

/
N
H

161 pseudodeoxyviolacein (R=H)
162 pseudoviolacein (R=0OH)
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the biosynthesis of STA in Lentzea albida, by blocking the last
step, O-methylation. An intermediate was efficiently accumulated
in the medium, consisting of 3'-demethoxy-3'-hydroxy-STA 58.'%

3.1.3 Minor metabolites and blocked mutants. Several mu-
tants, unable to produce violacein, were obtained by treat-
ment of C. violaceum with the mutagenic reagent N-methyl-N'-
nitrosoguanidine. When tryptophan was fed to their washed cells,
the mutants produced various tryptophan metabolites, most of
which could generally be detected in the parent strain, although in
much lower amounts. Mutant no. 8 formed indolelactic acid, while
mutant no. 9 accumulated chromopyrrolic acid 92 and indole-3-
carboxylic acid.”'*' Mutant no. 26 produced a number of green
and red—orange pigments, including bisindole compounds (provi-
olacein 159, pseudoviolacein 162), and tetraindole compounds
(chromoviridans 163, deoxychromoviridans 164).'*'2 Feeding
radiolabeled 159 or 160 to the parent strain did not result in
incorporation into violacein.'?

H H
N N
/)

163 chromoviridans (R=0OH)
164 deoxychromoviridans (R=H)

H
N0
H
7 O
Mer
N N
H H

The STA-producing strain Streptomyces longisporoflavus R-19
was subjected to a mutagenic treatment by UV irradiation. This
work led to the isolation of mutants M13 and M 14, which accu-
mulated K252¢ 15 and 3'-O-demethyl-STA 58, respectively.'*2
Compound 58 was converted into STA by cultures of the M13
mutant, and hence it was proposed as the last intermediate
in STA biosynthesis.”® Additionally, 58 could be converted
in vitro into radiolabeled STA by using S-adenosyl-L-[methyl-
“C]methionine and cell-free extracts of S. longisporoflavus. The
O-methyltransferase was partially purified and characterized,
and was found to be strongly inhibited by S-(5-adenosyl)-L-
homocysteine.'*

Based on the result that S. longisporoflavus produced K252a
13 as a minor metabolite, a pathway for the final steps in the
biosynthesis of K252a was proposed, starting from aglycone 15%
(Scheme 3). As K252d 16, containing an L-rhamnose moiety,
was co-produced with K252a 13 in Nonomuraea longicatena,® it
was suggested that L-rhamnose was the biosynthetic precursor
for the sugar moiety of K252a and STA-related metabolites.
A close biosynthetic relationship between STA, K252a and
K252d was further supported by several facts. First, the absolute
stereochemistry at positions C-4 and C-5 of L-rhamnose in K252d
16, and at positions C-3' and C-2' of STA 7 was identical.
Second, STA (and TAN-1030A 24) had the same absolute
stereochemistry as K252a 13 at the bridging atoms C-2' and
C-5. Third, in the course of synthetic studies of ICZs, it was
found that the sugar moiety of certain derivatives could undergo
remarkably stereoselective reactions of either ring expansion or
ring contraction'"* (Scheme 4). Ring-contraction reactions were
carried out to produce 3'-amino-3'-dehydroxy-K252a 165 from

H
N

R ey

0]

(0]
Me™"
MeO B
15 NOH HN' CooMe
K252¢c
24 165
TAN-1030A
/ H
MeHN COOMe HO COOMe
56 13
K252a

Scheme 3 A proposed pathway for the biosynthesis of the K252a sugar moiety.*
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HO //—OMe
(0]
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Me™”
[e]
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Scheme 4 Chemical studies on ring-contraction and ring-expansion
reactions.

oxime TAN-1030A 24' or to synthesize N-protected K252a
166 from a-hydroxy ketone 167."%3° Additionally, the latter
compound 167 could be synthesized from aldehyde 168 in a ring-
expansion reaction.'? 3 Therefore, TAN-1030A 24 was proposed
as a biosynthetic precursor for K252a 13, through a proposed
intermediate 165* (Scheme 3). Although compound 165 was not
detected in the fermentation broth of S. longisporoflavus, its N-
methyl derivative 56 was found. It was suggested that the free
amino group of 165 could be converted to the hydroxy group
of K252a. As an alternative hypothesis (Scheme 5), metabolites
carrying a nitrogenated sugar (24, 56) might be viewed as shunt
products in the pathway to STA. Formation of K252a 13 might
then proceed through intermediates possessing a non-nitrogenated
sugar.

Several mutants were derived from Streptomyces sp. TA-0403
by irradiation with UV light.'®**! The mutants produced different
levels of indocarbazostatins together with K252¢ 15 and K252d
16. High-producing mutant MUV-6-83 yielded new compounds
indocarbazostatins C and D (169 and 170), in addition to 63 and

64. The MUV-6-83 strain produced 64 as the major metabolite, and
was used for feeding experiments with radiolabeled glucose and
tryptophan.'” Feeding with D-[U-"C]glucose resulted in labeling
of all carbons at the carboxysugar moiety, with the exception of
C-2" and C-3” (Scheme 6). This labeling pattern agreed with the
proposed biosynthetic pathway for furanosylated ICZs, where the
six-carbon carboxyfuranose is derived from a benzil — benzilic
acid rearrangement of a six-carbon pyranose. The ethyl group
(analogous to a corresponding methyl group in K252a 13) would
be independently added from an unidentified precursor, either
before or after the rearrangement.

169 indocarbazostatin C (R=H)
170 indocarbazostatin D (R=NH,)

3.2 Identification of genes involved in indolocarbazole
biosynthesis

3.2.1 Genes involved in rebeccamycin biosynthesis. Earlier
experiments showed that the REB producer, L. aerocolonigenes,
could convert BE-13793C 43 to its D-glucosylated derivative
ED-110 155, which was a key intermediate for production of
a clinical candidate.!”® Given that chemical production of 155
from 43 proceeded with low overall yield, it was decided to
clone the gene responsible for glycosylation in order to facilitate
efficient production of 155 by fermentation."* A genomic library
of L. aerocolonigenes was generated in Streptomyces lividans using
plJ702 as vector. After testing more than 5000 transformants,
one was found to convert 43 into its glycosylated derivative 155.
The plasmid isolated from this transformant contained a 4.15 kb
DNA insert, from which a 1.9 kb fragment that still expressed N-
glycosylation activity was isolated. This fragment was sequenced,
and a gene (ngt) possibly encoding a glycosyltransferase was
found. The ngt gene was expressed in Streptomyces mobaraensis,
which produced BE-13793C, and the resulting strain directly
yielded the desired product 155. Additionally, the ngt gene was
expressed in S. /ividans, and the new strain was able to produce
13-(B-D-glucosyl)-6-N-methylarcyriaflavin C 157 when fed with
the corresponding aglycone. These results suggested that ngr was
probably involved in REB biosynthesis, although no definite proof
was reported at that time.

Given that biosynthetic genes for secondary metabolites usually
occur as a cluster in actinomycetes, ngt served as the basis for
the identification of the complete gene cluster responsible for
REB biosynthesis in L. aerocolonigenes. The REB biosynthetic
locus was independently isolated from the same strain by several
laboratories.’*'313 In a first approach,®® an L. aerocolonigenes
genomic library was constructed in a shuttle cosmid vector (which
was able to replicate in both E. coli and Streptomyces), and
the library was screened using an internal fragment of ngt as
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Scheme 5 Hypothetical relationship between the biosyntheses of K252a and STA.

OH
o}
" — T
HO
HO OH
glucose

64
indocarbazostatin B

Scheme 6 Incorporation of glucose into indocarbazostatin B.

a probe. The result was the isolation of several overlapping
cosmids containing ngt, which were subsequently introduced into
an actinomycete host, Streptomyces albus. Two of the cosmids
conferred the ability to produce, in good yields, a compound that
was unambiguously identified as REB. This result indicated that
the cosmids carried all the genes needed for the biosynthesis, and
the complete DNA sequence of the insert in one of these cosmids
was determined. The rebeccamycin (reb) gene cluster appeared to
consist of 11 genes spanning 17.6 kb, with ngt (renamed as rebG)

located at one end of the cluster (Fig. 1). A number of functions
were proposed for the reb genes, participating in a hypothetical
pathway for REB biosynthesis (Table 2). Some of these functions
were supported by heterologous expression of subsets of reb
genes in S. albus, which resulted in production of three non-
chlorinated derivatives (11, 12, and 74)."** These results showed
that the heterologous expression of ICZ biosynthetic genes in an
actinomycete host was a practicable solution for the production
of derivatives.

Independently, another laboratory constructed an L. aerocoloni-
genes genomic library using an E. coli cosmid vector, and the
ngt gene was also used as a probe to isolate a cosmid clone
containing the reb locus.” In order to confirm the possible role
of these genes in REB biosynthesis, they developed a genetic
system for L. aerocolonigenes. (A genetic system consists of a
procedure for introduction of foreign DNA into the cells of a
microorganism, which is an essential first step towards its genetic
manipulation.) They then inactivated several reb genes (by gene
disruption experiments), and eight REB derivatives (12 and 171—
177) were identified from the mutant strains. Remarkably, the
authors identified a key intermediate in the pathway, 11,11'-
dichlorochromopyrrolic acid 171.*> REB production was recon-
stituted by feeding metabolite 171 to a blocked mutant (unable to
produce REB by itself), which confirmed 171 as an intermediate.
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Table 2 Genes involved in the biosynthesis of rebeccamycin (reb),’>'¥*13* staurosporine (sta),>"**37 and AT2433 (atm)'*®

Genes

Biosynthetic step reb sta atm Proposed function

Tryptophan halogenation rebF — — Flavin reductase

rebH — atmH Tryptophan halogenase
Formation of bisindole rebO staO atmO Amino oxidase
pyrrole
rebD staD atmD Chromopyrrolic acid synthase
— atmA Amidotransferase
Formation of carbazole rebC staC atmC Flavin-binding monooxygenase
rebP staP atmP Cytochrome P450 monooxygenase
— staA atmS7 Phosphosugar nucleotidyltransferase
— staB — NDP-p-glucose 4,6-dehydratase
— — atmS8 NDP-hexose dehydrogenase
— — atmS9 NDP-hexose decarboxylase/4-epimerase
— staJ atmS14 NDP-hexose 2,3-dehydratase
Sugar formation — staK atmS12 NDP-hexose reductase
— stal atmS13 Aminotransferase
— staE — NDP-hexose 3,5-epimerase
rebM staM A atmM Methyltransferases
staM B atmS10
Sugar attachment rebG staG atmG Glycosyltransferase
atmG1 Glycosyltransferase
— staN — Cytochrome P450 monooxygenase
Imide methylation — — atmM 1 Methyltransferase

Secretion or rebT — atml
self-resistance

Mayjor facilitator superfamily

rebU — atmB Antiporter
Transcriptional regulation rebR staR atmR LAL regulatory protein
orfDI2 — atmE MarR regulatory protein
@DDDD@ o@D
reb ¢ o PM R FU H TD12 1kb

ok DEDDH o mmnmD

sta R B A N G O D PMAJ K I EMBC

Lam CPLD =, mme_ we [P RCCECICILPLP LY DD @8

atm A si0 61 o D c

L (oo
vio A B C DE

P S13 S7T MM1 B S12 S14 G S8 S9 E R H 1

=] Formation of bisindole pyrrole [ ] Regulation [ Indole 1,2-shift
n Formation of carbazole Il Halogenation [0] violacein oxygenations
[® | Sugar formation and attachment [2] secretion Imide methylation

Fig. 1 Genetic loci responsible for the biosynthesis of rebeccamycin (reb genes), staurosporine (sta genes), AT2433 (atm genes), and violacein (vio genes).

This finding indicated that decarboxylation occurred after the
coupling of two tryptophan-derived units and the formation of
the pyrrolo[3,4-c] ring. Additionally, a new genomic library of L.
aerocolonigenes was prepared, but this time using a shuttle cosmid
vector, and a clone was selected that contained the complete gene
cluster. When this cosmid clone was transformed into S. lividans,
REB production was detected.'®

Finally, another laboratory isolated the complete gene cluster
in a single cosmid clone that conferred the ability to produce
REB in E. coli, although at low levels."** An E. coli strain
carrying this cosmid produced REB 9 (the major component),

REB aglycone 172, and a third metabolite 178 whose proposed
structure lacked the pyrrolo[3,4-c] ring. The authors suggested
that the first ring closure and aromatization in REB biosynthesis
apparently occurred prior to forming the final pyrrolocarbazole
ring. However, given that 11,11'-dichlorochromopyrrolic acid 171
has been confirmed as a true biosynthetic intermediate, it is more
likely that metabolite 178 might be produced by some unidentified
enzyme from the E. coli host, acting on a REB intermediate.
Interestingly, formation of metabolite 178 might show some
resemblance to the biosynthesis of tjipanazoles (compare to
tjipanazole D 114).
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3.2.2 Genes involved in staurosporine biosynthesis. A patent
application, published in 1997, disclosed the identification of
some genes needed for formation of the STA sugar moiety in
S. longisporoflavus.™ A genomic library of S. longisporoflavus
was constructed into plasmid plJ486, and transformed into S.
longisporoflavus mutant M14. This mutant was blocked in the
final step of STA biosynthesis and produced 3'-O-demethyl-STA
58.' One of the transformed colonies was found to have restored
the ability to produce STA. This colony contained a plasmid
carrying a DNA insert of approx. 20 kb. An internal 2.1 kb
fragment from this plasmid still had the ability to complement
STA production upon transformation into the M14 mutant.
The 2.1 kb fragment was sequenced, and two genes (“gene 17
and “gene 2”) were identified, putatively coding for a SAM-
dependent methyltransferase and a dTDP-4-keto-6-deoxyglucose
3,5-epimerase, respectively. Therefore, it was assumed that “gene
1” coded for the O-methyltransferase responsible for the last step
in STA formation. The involvement of “gene 2” in biosynthesis
of the sugar moiety of STA was supported by the fact that the
M 13 mutant, which accumulated K252¢c, could be complemented
for STA production by the 2.1 kb fragment. A DNA region
of about 10 kb, which included the 2.1 kb fragment, was
sequenced. Five additional genes were identified, two of which
coded for a putative SAM-dependent methyltransferase and an
aminotransferase, respectively. It was suggested that these two
genes would code, respectively, for the N-methyltransferase and

the aminotransferase involved in biosynthesis of the STA sugar
moiety, but no evidence was reported.

The complete STA biosynthetic gene cluster was cloned from
a different strain, Streptomyces sp. TP-A0274.5>13¢ A genomic
library was constructed in a shuttle cosmid vector and was
screened using a fragment of one of the reb genes (rebD) as a
probe. One of the positive clones was confirmed to include all
the required biosynthetic genes by heterologous expression in S.
lividans, resulting in STA production.”® After the DNA region
was sequenced (Fig. 1), putative functions were proposed for
the sta genes, accounting for most of the structural differences
between STA and REB (Table 2). Initially, a rebC homolog was
not described in Streptomyces sp. TP-A0274,5>13¢ but it was later
reported.’” Additionally, a rebD-like sequence was detected in a
K252a producer, Nonomuraea longicatena NRRL 15532, by using
a PCR screening for rebD-homolog sequences.'*

Based upon the sequence information previously reported from
S. logisporofiavus," the complete STA biosynthetic gene cluster
from this strain was isolated in a single cosmid clone, which
directed STA production upon introduction in S. a/bus.**' Partial
sequencing of the DNA region showed that the sta gene cluster
from S. longisporoflavus appeared to be virtually identical to the
one described in Streptomyces sp. TP-A0274.

3.2.3 Genes involved in biosynthesis of other indolocarbazoles.
Genes encoding the biosynthesis of violacein 127 were isolated
from C. violaceun UQMS51 on a 14.5 kb fragment that was func-
tionally expressed in E. coli and other Gram-negative bacteria.'*
The cloned violacein locus (vio) was later characterized by DNA
sequencing, transposon mutagenesis, and chemical analysis of
pathway intermediates produced heterologously in E. coli.*** The
vio gene cluster was reported to span 8 kb and to consist of four
genes, vioABCD (Fig. 1). Independently, a different laboratory
identified a virtually identical set of genes encoding violacein
biosynthesis from C. violaceun JCM1249 (ATCC 12472),'* a
strain whose genome was later completely sequenced.” Addition-
ally, violacein biosynthetic genes from an unidentified bacterium
were isolated from an environmental DNA library.'* Later, a fifth
gene (vioE) was found to be essential for violacein biosynthesis by
heterologous expression of different combinations of vio genes in
E. coli and S. albus.'*

Recently, the gene cluster (atm) for the production of AT2433
complex 19-22 in Actinomadura melliaura has been described.'®
The atm locus was identified by searching for genes similar
to rebD and rebP in a genomic library of A. melliaura. The
reported gene cluster spanned approx. 35 kb and consisted of
21 genes (Fig. 1). In agreement with the structural resemblance
to REB 9, the gene cluster contained some genes that were
likely homologs of their reb counterparts (Table 2). Additionally,
there were other genes encoding proteins responsible for specific
structural features, such as imide N-methylation and formation
of the aminosugar moiety. The locus was confirmed by in vitro
biochemical characterization of two methyltransferases (atmM,
atmM1), as well as by heterologous expression and in vivo
bioconversion experiments using the AtG glycosyltransferase.'*®

Additionally, a biosynthetic locus (ink) responsible for produc-
tion of K252a 13 has been reported from Nonomuraea longicatena
(nucleotide sequence with accession number DQ399653),¢ al-
though detailed information has not yet been published. Many
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of the identified ink genes were likely homologs of corresponding
sta genes. Apparently, only one methyltransferase gene was found,
probably for methylation at the furanose. The reported sequence
did not include an aminotransferase gene, which supports a
K252a pathway proceeding through intermediates carrying a non-
nitrogenated sugar. A number of ink genes had no counterpart in
the sta locus, and some of them might be responsible for those
steps specific for K252a formation.

3.3 Step-by-step description of indolocarbazole biosynthetic
pathways

This section describes the biosynthesis of ICZ natural products,
summarizing the available information regarding genes, enzymes,
and intermediates involved. Unfortunately, only the biosyntheses
of REB, STA, and violacein have been studied in detail. The
data are mainly derived from two types of studies. The first type
consists of in vivo studies made with gene-disrupted mutants of
L. aerocolonigenes,** or with recombinant strains of S. albus or E.
coli (which expressed genes from ICZ producers).!33137:141145 The
in vivo studies not only contributed to a better understanding of
the biosynthetic processes, but also provided genetically modified
microorganisms that produced different ICZ derivatives. The
second type of studies consisted of in vitro experiments made either
with cell-free extracts,'>'*!*7 or with purified enzymes catalyzing
biosynthetic reactions.**13 Some genetic and biochemical
aspects of the biosynthesis of REB and STA have been recently
reviewed, with an emphasis on pathway engineering for the
generation of novel derivatives."

3.3.1 Formation of the indolocarbazole ring system.

3.3.1.1 Tryptophan modification. Conversion of L-tryptophan
to 7-chloro-L-tryptophan 179 is the first step in REB biosynthesis
(Scheme 7) and serves to supply a unique monomer precursor

COOH RebF
E RebH

L-tryptophan 179
7-chloro-L-tryptophan

HO ¢
MeO OH

REB

COOH COOH
RebO
(x2)

191 <—= 192
(R=NH) (R=0)

pool. The reaction is catalyzed by a two-component enzyme,
RebF/RebH." [n vitro halogenation by RebH, an FADH,-
dependent halogenase, requires molecular oxygen and flavin re-
ductase RebF, which catalyzes the NADH-dependent reduction of
FAD to provide FADH, for the halogenase. Chloride salts are the
source of chlorine for RebH-catalyzed halogenation. Bromotryp-
tophan could be produced by RebF/RebH in the presence of
bromide ions, but neither fluoride nor iodide ions were competent
for halogenation.' These results were in agreement with previous
reports on the production of bromorebeccamycin 137 by cultures
of L. aerocolonigenes."™* Similarly, bromo analogs (137 and 180—
185) were obtained by replacing chloride with bromide in the
fermentation medium of S. albus strains expressing reb genes.'*’
However, in the absence of rebH, a full pathway for dideschloro-
REB 11 could be reconstituted, indicating that the rest of the
enzymes were able to use non-halogenated intermediates.’>'3%%7
Downstream enzymes could also utilize tryptophans carrying
non-natural halogenations, as demonstrated by production of
fluoroindolocarbazoles 138-141 through addition of fluorotryp-
tophans to fermentations of L. aerocolonigenes.'™'*> Moreover,
the heterologous expression of different tryptophan halogenases
(pyrH, thal), in addition to reb genes, resulted in formation of
new halogenated derivatives 186-190 in S. albus, presumably by
incorporation of 5- and 6-chlorotryptophan.'*

Tryptophan hydroxylation, to yield 5-hydroxytryptophan, was
proposed as an early step in violacein biosynthesis. The hypothesis
was supported by the fact that radiolabeled 5-hydroxytryptophan
could be incorporated into violacein 127 when fed to C. vi-
olaceum'® (Scheme 8). However, the bulk of the added 5-
hydroxytryptophan was not incorporated into violacein, but it
was diverted into oxyviolacein 136, a novel product with an
extra hydroxyl group that had not been detected in C. violaceum
before."® Recently, it was found that the hydroxylation may
take place on bisindole intermediates, during the late steps

R 1 172

175

Scheme 7 Proposed pathway for biosynthesis of rebeccamycin.
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of violacein formation.'*® Therefore, it was suggested that 5-
hydroxytryptophan is not a precursor in the major pathway for
violacein biosynthesis, although it could be incorporated into
violacein due to substrate flexibility of key enzymes.

3.3.1.2  Formation of bisindole pyrrole (chromopyrrolic acid).
Two genes appear to be characteristic and essential for ICZ pro-
duction, at least for the biosyntheses of REB, STA and violacein.
One of the genes encodes a tryptophan oxidase (reb O, staO, vioA),
while the second one codes for a heme-containing oxidase (rebD,
staD, vioB). In their absence, no bisindole intermediates can be
formed.52,137,147

The enzyme RebO, from L. aerocolonigenes, was characterized
as an FAD-dependent L-tryptophan oxidase that converted 7-
chloro-L-tryptophan 179 into 7-chloroindole-3-pyruvic acid imine

HN__cooH  HN__coon

OH
+
/ /
N N
H H

tryptophan 5-hydroxytryptophan

violacein

191, with production of hydrogen peroxide'**!*® (Scheme 7). Imine
191 may be readily hydrolyzed in solution, existing in equilibrium
with the predominant ketone form 192 (and its enol tautomer). In
a survey of the 20 natural amino acids, RebO showed high oxidase
activity only against L-tryptophan.’*® Nevertheless, 1-methyl-L-
tryptophan, 5-methyl-DL-tryptophan, and 5-fluoro-L-tryptophan
were found to be substrates for RebO, while D-tryptophan, L-
tryptophanamide and N-acetyltryptophan were not accepted by
the enzyme. RebO showed significant preference for 7-chloro-L-
tryptophan over L-tryptophan, further supporting the role of the
former as the natural early pathway intermediate.’®® Presumably,
StaO and VioA might have activities similar to that of RebO, but
acting on L-tryptophan to yield indole-3-pyruvic acid imine 193
(in equilibrium with its ketone 194).

Studies made with recombinant strains of S. albus showed
that formation of the simplest bisindole intermediate during
ICZ biosynthesis required the co-expression of two genes: rebO
and rebD.’ The metabolite consisted of chromopyrrolic acid
92, which seemed to be an intermediate during production
of non-chlorinated REB 11" and STA 7."*' The role of the
chromopyrrolic scaffold as a central intermediate in ICZ biosyn-
thesis was first discovered after the identification of 11,11'-
dichlorochromopyrrolic acid 171, which was accumulated by a
rebP-disrupted mutant of L. aerocolonigenes.>® This chlorinated
metabolite was also produced by co-expression of rebH, rebO and
rebD in S. albus.'

The RebD enzyme was characterized as the first member
of a new subfamily of heme-containing oxidases."**'** In ad-
dition to the heme iron, RebD also contained one equiva-
lent of non-heme iron. The enzyme acted as both a catalase
and a chromopyrrolic acid synthase, apparently converting two
molecules of 7-chloroindole-3-pyruvic acid imine 191 into 11,11'-
dichlorochromopyrrolic acid 171."%'%% The inherent instability
of the putative imine intermediate might explain previous ob-
servations made from precursor incorporation experiments that
strongly indicated that the a-amino group from tryptophan did
not significantly contribute to the pyrrole nitrogen of REB'’ or
STA.* Formation of chromopyrrolic acid 92 by StaD, an enzyme
homolog to RebD, was also confirmed for STA biosynthesis.'s!

It has been recently suggested that formation of the asym-
metrically halogenated aglycone in AT2433-A1 (19) and A2 (20)
might require a dedicated activity, in addition to RebO and RebD
homologs (AtmO, AtmD)."*®* A gene, atmA, was found at the

127 0% 136 100%

oxyviolacein

Scheme 8 Incorporation of 5-hydroxy-L-[4,6-"H,]tryptophan into violacein and oxyviolacein. Incorporation rates are given in percentages for the

hydroxyindole and the oxindole sides of each molecule.
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border of the atm locus, which displayed similarities to glutamine-
dependent amidotransferases. The authors postulated that AtmA
(for which no homolog was reported in the reb or sta gene
clusters) would be responsible for supplying the pyrrole nitrogen
in AT2433 aglycone. Furthermore, they proposed that AtmA and
AtmO might have unique substrate specificities, leading to the final
formation of an asymmetrically halogenated aglycone.

As mentioned before, the biogenesis of violacein 127 showed a
basic similarity to that of ICZs, with both types of pathways in-
cluding a decarboxylative fusion of two tryptophan-derived units.
However, in the case of violacein, one of the tryptophans
suffered a peculiar 1,2-shift of the indole ring. Recently, the
relationship between the biosyntheses of violacein and ICZs was
re-evaluated.'s A pair of genes (vioA, vioB), responsible for the
earliest steps in violacein formation, was found to be functionally
equivalent to their homolog pair in the ICZ pathway (rebO, rebD),
directing the formation of chromopyrrolic acid 92 (Scheme 9).
However, in contrast to ICZ biosynthesis, chromopyrrolic acid
appeared to be a shunt product during violacein formation. The

194 (R=0)

a WL VioB
HoN
2 COOH R COOH
VioA
—_—
N . \
H H

\HN

VioB

L-tryptophan 193 (R=NH) VioE
a

chromoviridans 163

prodeoxyviolacein 160

vioE gene was essential for production of the characteristic 1,2-
shift of the indole to yield asymmetrical intermediates such as
160, instead of chromopyrrolic acid 92 (Scheme 9).'** After that,
the violacein pathway appeared to be completed by the action of
oxygenases VioC and VioD."*'* In the absence of a functional
VioC, green pigments of the chromoviridan type (163 and 164)
were produced, probably as shunt products.'”* Pigments 163 and
164 are tetraindole compounds that can be viewed as the result
of linking two pro(deoxy)violaceins (159 or 160) together with
an extra carbon, which is derived from serine (probably through
N3, N'"-methylenetetrahydrofolate).'*

3.3.1.3 Oxidative ring closure: formation of carbazole. In or-
der to complete the indolopyrrolocarbazole ring system, chro-
mopyrrolic acid intermediates undergo a decarboxylative ring
closure. During REB biosynthesis, the rebC and rebP genes
are responsible for conversion of 171 into 172 (or, during
production of dideschloro-REB 11, conversion of 92 into 74)%'%7
(Scheme 7). For STA biosynthesis, the staC and staP genes
are involved in conversion of 92 into 15" (Scheme 10). In

N N
H H

chromopyrrolic acid 92

deoxychromoviridans 164

Vioc\\

;/VioD

violacein 127

Scheme 9 Proposed pathway for violacein biosynthesis."* The labeling pattern has been included to highlight the 1,2-shift of the indole (¥) and the
differences between the pattern of chromopyrrolic acid and that of the rest of the metabolites.
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Scheme 10  Proposed pathway for biosynthesis of staurosporine (modified from ref. 136 and 137).

addition to the chlorines (which are introduced by the halogenase
RebH), the two aglycones (172, 15) differ in the C-7 oxidation
state.

The involvement of rebP and rebC in the ring-closing reaction
was first indicated by the fact that rebP- and rebC-disrupted
mutants of L. aerocolonigenes accumulated, respectively, 11,11'-
dichlorochromopyrrolic acid 171 and a mixture of REB derivatives
differing at C-7.2 Among the compounds accumulated by the rebC
mutant, two of them were found to be 7-deoxo-7-hydroxy-REB
176 and its 4-O-demethyl analog 177. NMR results showed that
each peak consisted of a mixture of 12-N- and 13-N-glycosides
not separable on HPLC. A rebG and rebC double disruptant
produced three peaks, identified as REB aglycone 172, 7-deoxo-
7-hydroxy-REB aglycone 173 and 7-deoxo-REB aglycone 174,
respectively. The 7-deoxo or 7-hydroxy derivatives did not seem

to be REB intermediates, as they were not converted into REB in
bioconversion experiments.*

In agreement with those observations, efficient production of
arcyriaflavin A 74 in S. albus required the co-expression of four
genes: rebO, rebD, rebC and rebP.™¥ If the rebH gene was also
included, aglycone 172 was produced. Although it was possible
to obtain 74 in the absence of rebC (by co-expression of rebO,
rebD and rebP), the result consisted of a mixture of three analogs
differing at the C-7 position: 74, 7-hydroxy-K252¢c 195, and K252¢
15.137

The involvement of rebC, rebP, and their homologs staC and
staP in the ring-closing reaction was tested using recombinant
S. albus strains."” The rebO and rebD genes were co-expressed
together with different combinations of rebC, rebP, staC and
staP. The results showed that rebP and staP were functionally
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equivalent, and that any of them was sufficient for processing
chromopyrrolic acid 92 into a mixture of the three analogs (74,
195 and 15) differing at the C-7 position. When either rebC or
staC was added to these gene combinations, a single product
was obtained. Remarkably, the single product consisted of K252¢
15 when using staC, or arcyriaflavin A 74 when using rebC.
Therefore, it appears that a cytochrome P450 enzyme (RebP or
StaP) is responsible for the decarboxylative oxidations needed to
convert a chromopyrrolic intermediate into an indolopyrrolocar-
bazole. However, an additional monooxygenase (RebC or StaC)
is needed for determination of the C-7 oxidation state of the
ICZ. Interestingly, RebC and StaC determine different oxidation
states in the final product. This finding allowed the generation
of a series of 7-deoxo derivatives (15, 174 and 196-202) in S.
albus strains expressing reb genes, by replacing rebC with staC.*¥’
Glycosylated derivatives 197-202 were probably a mixture of 12-
N- and 13-N-glycosides not separable on HPLC, although this
was not confirmed.

H H
Ho—_-N<__0 N o
/IO OO
NX~N N NN
H H H H
Cl
195 196
H H
N_o N__o

197 (R=H)
198 (R=Me) 0o

199 (R=H)
200 (R=Me)

201 (R=H)
202 (R=Me)

The atmM 1 gene from A. melliaura has been recently proposed
as encoding the enzyme responsible for N-methylation at the
pyrrole during AT2433 biosynthesis."® The enzyme was able
to in vitro methylate some glycosylated and non-glycosylated
indolopyrrolocarbazoles.

3.3.2 Formation of the sugar moiety.
3.3.2.1 Sugar moieties in rebeccamycin and AT2433. REB and
AT2433 compounds contain a 4'-O-methyl-B-D-glucopyranosyl

moiety. The rebG/atmG and rebM/atmM genes, respectively
coding for a glycosyltransferase and a methyltransferase, appear to
be responsible for formation of the carbohydrate (Table 1). RebG
glycosylation takes place on a planar, aromatic ring system, but not
on chromopyrrolic intermediates. A rebG mutant of L. aerocoloni-
genes accumulated REB aglycone 172, which is the likely substrate
for glycosylation®? (Scheme 7). On the other hand, blocking the
ring closure step by disrupting rebP in L. aerocolonigenes resulted
in accumulation of 11,11’-dichloro-CPA 171, a non-glycosylated
derivative.”> Glycosylation on chromopyrrolic acid 92 was not
detected either by co-expression of rebO, rebD and rebG, or by
feeding 92 to a rebG-expressing S. albus.'® Synthetic compounds
structurally similar to chromopyrrolic acid also failed as RebG
substrates when fed to rebG-expressing strains.'*

In vivo experiments made with L. aerocolonigenes,
recombinant S. albus strains,"***” or rebG-expressing S. lividans
and E. coli"* indicated that the RebG glycosyltransferase was able
to add a D-glucose moiety to a variety of indolo[2,3-a]pyrrolo[3.,4-
c]carbazoles. Additionally, indolo[2,3-a]carbazoles (lacking the
pyrrole ring) were bioconverted by rebG-expressing strains to yield
D-glucosyl derivatives 203-205."* Structural elucidation of RebG
conversion products confirmed that glycosylation of asymmetrical
aglycones resulted in a mixture of two regioisomers (such as
204 and 205), not separable by HPLC, after indiscriminate N-
glucosylation of either indole nitrogen.”* The AtmG glycosyl-
transferase appeared to behave in a similar manner to RebG."*

So far, no sugar moieties other than D-glucose have been
reported for glycosylations catalyzed by RebG. Presumably,
the sugar substrate directly used by RebG might consist of a
nucleotide-activated form, i.e., NDP-D-glucose. The biosynthesis
of such an intermediate probably requires a glucose-1-phosphate
nucleotidyltransferase, but a gene putatively encoding this activity
was not found in the reb cluster. Such a gene is likely encoded in
a different region of the L. aerocolonigenes genome. Production
of RebG-glycosylated ICZs in S. albus,*" S. lividans,**'*
and E. coli** indicated that these hosts possessed nucleotidyl-
transferases able to supply the required nucleotide-activated D-
glucose.

Sugar methylation is the last step in REB biosynthesis. A
rebM-disrupted mutant of L. aerocolonigenes accumulated 4'-
O-demethyl-REB 175, which was converted to REB by a rebH
disruptant.’> The RebM enzyme was characterized as the expected
sugar 4'-O-methyltransferase.’”'** Several glycosylated ICZs, in-
cluding both a- and B-glycosidic analogs, could be modified in
vitro by RebM-catalyzed methylation, to yield derivatives 11,
198 and 206-212. Glycosides containing L-deoxysugars were not
methylated. Additionally, RebM was able to use an N-mustard
analog of S-adenosyl-L-methionine for in vitro modification of
several substrates, resulting in formation of novel derivatives 213—
216."* Recently, the AtmM methyltransferase from A. melliaura
has been partially characterized, showing an activity similar to
that displayed by RebM. '3

In comparison to REB, the sugar moiety of AT2433 compounds
19-22 is remarkable as containing an aminodideoxypentose,
in addition to the methylglucose. Accordingly, the atm locus
contained 8 genes coding for enzymes putatively involved in
formation and attachment of the aminopentose,'*® which were not
found in the reb gene cluster (Table 1). A proposed biosynthetic
pathway for the aminodideoxypentose is shown in Scheme 11.

11,52,115,118,132
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Scheme 11 Proposed pathway for biosynthesis of the aminopentose in AT2433."*® The N-methylation step might alternatively occur after the sugar is
transferred to the aglycone by glycosyltransferase AtmGl1.
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3.3.2.2 The staurosporine sugar moiety. The carbohydrate
present in the STA molecule is an aminodeoxysugar, which is
linked to the aglycone through a pair of C-N bonds. Up to ten
genes appear to be involved in formation of the sugar moiety
(Table 2). Reconstitution of the STA pathway in S. albus, by
heterologous expression of sta and reb genes, shed light on the
nature of this process.'*! STA production in S. albus was achieved
by co-expression of genes for K252c¢ formation (rebO, rebD, rebP,
staC) together with genes for sugar formation (staG, staN, staM A,
staJ, stak, stal, staE, staM B). It was found that the staA4 and staB
genes were not needed for STA formation in S. albus, suggesting
that this host was providing the first two enzymatic activities
required for deoxysugar biosynthesis. Deletion of szaG abolished
glycosylation, and only K252¢ 15 was produced. On the other
hand, removal of staN (while keeping staG) resulted in production
of holyrine A 59, which had been previously isolated from a STA-
producing marine actinomycete.*” The carbohydrate in holyrine A
59 was attached to the aglycone through a single glycosidic bond,
and it lacked the two methylations found in STA 7. Holyrine A
could be converted into STA when fed to a strain that expressed
staN, staM A and staMB.'*" In these experiments, independent
removal of staM A, staMB, or both, caused holyrine A to be
converted into 4- N-demethyl-STA 120, 3'-O-demethyl-STA 58, or
3'-0O-demethyl-4'- N-demethyl-STA 122, respectively. Additionally,
a staN-deleted mutant of Streptomyces sp. TP-A0274 accumulated
holyrine A, which could be converted into STA when fed to a staD
mutant of the same strain.'>* Therefore, the first sugar—aglycone
linkage seems to be made by StaG, while the second linkage would
be catalyzed by StaN acting on holyrine A (Scheme 10). Each one
of the methylation steps can occur in the absence of the other, but
only after the second linkage is formed. Presumably, most of the
reactions needed for the biosynthesis of L-ristosamine might take
place on nucleotide-activated sugar intermediates, before StaG-
catalyzed attachment of L-ristosamine (or a previous intermediate)
to the aglycone (Scheme 10).

In contrast to RebG, the StaG glycosyltransferase seems to pos-
sess a noteworthy regiospecificity towards its aglycone substrate:
StaG appears to discriminate between the two indole nitrogens,
and only one of them is chosen for the first (glycosidic) attachment.
A natural product related to STA with the corresponding linkage
made to the other indole nitrogen, N-12, has yet to be reported.
Accordingly, StaG-glycosylated ICZs produced in recombinant
strains appeared to exist as single regioisomers (glycosidic link-
age at N-13),"" and not as mixtures of two regioisomers (12-
N- and 13-N-glycosides), as occurred with RebG-glycosylated
compounds.®>'$

On the other hand, StaG accepts a variety of sugar derivatives,
as has been shown through the production of novel glycosylated
ICZs in recombinant S. albus strains."*' This was done by replacing
the sta genes involved in formation of the STA sugar with any
one of various sets of genes, each set directing formation of a
different sugar. As a result, a number of derivatives were produced,
with a sugar moiety consisting of L-rhamnose (16 and 217), L-
olivose (218 and 219), L-digitoxose (26 and 220), or D-olivose (221).
With the exception of D-olivose, which yielded only the single-
linkage derivative, the sugar could be attached through either one
or two linkages, indicating that StaN also showed some substrate
flexibility. The StaG/StaN “promiscuity” might have contributed
to the abundance of minor metabolites with variations at the sugar

moiety that were found in STA-producing organisms (Sections 2
and 3.1.3).
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3.3.3 Regulation and self-resistance. A gene

(rebR/staR/atmR/inkR) coding for a putative LAL
transcriptional regulatory protein has been found in the
respective loci for the biosynthesis of REB,!3%13 STA 136
AT2433,"8 and K252a." Experiments made with recombinant S.
albus strains suggested that rebR was needed for expression of at
least some of the reb genes.’** This was further supported by the
fact that a rebR-truncated mutant of L. aerocolonigenes did not
produce REB or related compounds.®* Additionally, the reb and
atm loci also included a gene (orfD12/atmE) putatively encoding
a MarR regulatory protein (Table 1).

The reb gene cluster contained two genes (rebT’, rebU) coding
for putative transmembrane transporter proteins, which might be
involved in self-resistance, i.e., protection of the microorganism
against its own toxic product.’!** Expression of rebT conferred
resistance to exogenously added REB in S. albus (which was
otherwise sensitive to REB).!3® Further studies made with recom-
binant S. albus strains showed that production of either REB 9
or 4-0-demethyl-REB 175 (but not earlier intermediates or non-
chlorinated analogs) was only possible if rebT was expressed.’’
However, disruption of reb T in L. aerocolonigenes did not decrease
the production level of REB, nor did it affect growth of the
microorganism.*> Therefore, despite the proven role of rehT as
a protecting system in the S. albus host, the gene was not essential
for REB production in L. aerocolonigenes under the conditions
tested. RebT might protect L. aerocolonigenes cells from an excess
of REB accumulation in certain circumstances. Additionally, other
resistance mechanisms may exist in L. aerocolonigenes that are not
found in S. albus. For instance, the possible role of reb U in any as-
pect related to REB biosynthesis remains unknown. The atm locus
from A. melliaura contained two genes, atml and atmB,"*® which
were putative homologs of rebT and rebU, respectively (Table 1).
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While REB inhibits the growth of several bacteria,'®* STA is
generally found to lack significant antibacterial activity.'*'>* This
might explain the absence of candidate genes coding for specific
self-resistance mechanisms in the sta locus. STA did not inhibit
the growth of S. albus; therefore, STA production was achieved in
this strain by co-expression of a defined set of sta and reb genes, in
the absence of rebT or other dedicated resistance mechanisms.'*!
However, STA appears to affect cell differentiation processes in
streptomycetes (Section 5.3).

3.4 Implications for the biosyntheses of other natural products

In addition to the ICZ family, there exists a variety of bisindole nat-
ural products whose biosynthesis probably includes condensation
of two tryptophan-derived units. Illustrative examples are nor-
topsentin A 222 (compare to 159), rhopaladin A 223, fellutanine
A 224, dragmacidin A 225, and fascaplysin 226 (compare to 115 or
178).1215¢ Future research will tell if the biosynthetic pathways for
these metabolites show some similarities to those of REB, STA, or
violacein. Additionally, a noteworthy resemblance can be found
between arcyriarubin 6 and didemnimide A 227, and also between
the biogenetically related arcyriaflavin 74 and granulatimides 228
and 229."¢ It is tempting to speculate that some similarity might
exist between the biosynthesis of 74, from two tryptophan units,
and the formation of 227-229, which might be derived from
condensation of one tryptophan and one histidine unit.
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4 Biological activities and modes of action

In the first subsection, we will review the biological activities
observed for ICZs at the level of the cell or organism. Some of these
biological activities could be correlated to specific mechanisms or
modes of action at the molecular level, which will be reviewed in
the second subsection.

H
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228 229
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4.1 Biological activities of indolocarbazoles

Anticancer action is by far the most widely searched and reported
biological activity, for both natural and synthetic ICZs.*1*1:157
Cytotoxic or antitumor properties have been widely reported for
STA'63638 and its natural derivatives, such as TAN-999 23,32 7-oxo0-
STA 27, 4-N-methyl-5'-hydroxy-STA 61 and 5-hydroxy-STA
62, ZHD-0501 65,5* 11-hydroxy-STA 117 and 3,11-dihydroxy-
STA 118.,%® 4-N-demethyl-11-hydroxy-STA 119, 3-hydroxy-STA
123 and others.’” Additional natural products with antitumor
activities include REB 9 and its deschloro, dideschloro and
demethyldideschloro analogs (10-12),'* AT2433-A1 19 and
AT2433-B1 21,*'5* BE-13793C 43,* K252c¢ 15,% arcyriaflavins
A-C 74-76,2%% and violacein 127 (see ref. 159 and references
therein).

Different aspects concerning the antitumor activity of synthetic
ICZs have been reviewed for a large series of REB derivatives®®!
and for several STA analogs."” Compounds in the indolo[2,3-
alcarbazole series are generally more active than similar com-
pounds in the bisindolylmaleimide series.*** However, bisindolyl-
maleimide derivatives with potent antitumor and antiangiogenic
properties have been synthesized.'**'%* It has generally been found
that ICZ glycosides are more potent antitumor agents than
the corresponding aglycones.“®** Depending on the structural
modifications, the analogs may or may not exhibit selectivity
toward different tumor cell lines.?%1% This cell line selectivity
might be related to differences in cellular uptake of the com-
pound, concentration of the target in the cell, and/or response
due to downstream processes (e.g. resistance to DNA damage,
variations in signal transduction machinery, ezc.).'*”'%® However,
the anticancer properties of ICZs are not limited to their direct
action on tumor cells. Some derivatives, used at non-cytotoxic
concentrations, were found to potentiate the anticancer effect of
other cytotoxic agents (such as DNA-damaging agents) or that of
radiotherapy.'s7-1¢17

The following natural products have shown inhibitory activity
against bacteria: REB 9 and 11-deschloro-REB 10,'®" AT2433
compounds 19-22.* arcyriarubins and arcyriaflavins (6 and 72—
77),>5"172 violacein 127, and bisindole pyrroles 66-71.° In
general, the antibacterial activity was restricted to Gram-positive
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bacteria; the tested Gram-negative strains were usually resistant.
The exceptions, among the natural ICZs, were AT2433-B1 213 and
some bisindole pyrroles (66 and 69-71),% which showed activity
against Gram-negative bacteria. Remarkably, STA 7** and K252a
13* lacked significant antibacterial activity, but both compounds
interfered with cell differentiation processes in streptomycetes'*
(Section 5.3).

Antibacterial properties have been also reported for synthetic
analogs,'>"*1¢ some of which showed activity against Gram-
negative bacteria.'” Some synthetic derivatives also affected cell
differentiation in streptomycetes.'”»!74176

Additionally, the following ICZs have shown antifungal proper-
ties: STA 7,'* RK-1409B 28 and RK-286C 25,* arcyriarubins and
arcyriaflavins (6 and 72-77),>""' and tjipanazoles A1 102 and A2
106.% The inhibitory activities of violacein 127 against the tropical
pathogenic protozoa Trypanosoma cruzi (the causative agent of
Chagas’ disease) and Leishmania sp. (which causes leishmaniasis)
are also noteworthy.”®!"

Antiviral properties have been reported for cyanobacterial
ICZs 99-101 (active against HSV-2),** and lycogarubin C 68
(active against HSV-1). Additionally, synthetic or semisynthetic
analogs have shown activity against human immunodeficiency
virus 1 (HIV-1),"%¥! human cytomegalovirus (HCMYV),!#18 and
Epstein-Barr virus (EBV).!#

ICZs, especially STA derivatives, have displayed many other
biological activities (reviewed for STA in ref. 88), including
hypotensive properties, inhibition of platelet aggregation, inhibi-
tion of smooth muscle contraction, activation of macrophages,**
blocking of the proliferative response of T lymphoblasts to
mitogens,”® in vitro immunosuppression,” inhibition of the
osteoclast proton pump,'** insecticidal activity,"®” reversal of
multidrug resistance,'®' and neuroprotection (promotion of
neuronal survival).""? Aza analogs of indolo[3,2-a]carbazole 4
were shown to be powerful benzodiazepine receptor ligands.’* Ad-
ditionally, derivatives of indolo[3,2-b]carbazole S displayed affinity
to the 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) receptor (also
referred to as the aryl hydrocarbon receptor protein).'*

4.2 Modes of action in mammalian cells

At least three independent modes of action exist for ICZs:
inhibition of protein kinases, inhibition of eukaryotic DNA topoi-
somerase I (Topl), and intercalative binding to DNA. Among the
natural products, REB is a representative of a Topl inhibitor,
while STA and K252a are protein kinase inhibitors. Although the
biological activity of a particular analog was often rationalized
in terms of a single mechanism of action, it is now clear that
at least some compounds appear to act through more than one
mechanism. For instance, the antitumor activities of different REB
derivatives were often not correlated to their anti-Topl or DNA-
binding activities.®'*>¢17" Similarly, some K252a derivatives were
found to be active against Top1, in addition to being non-selective
protein kinase inhibitors.”* Therefore, slight modifications to
the ICZ structure may switch the preferred mode of action into
an alternative one, substantially affecting the observed biological
activity. Recently, results of antiproliferative activities against a
panel of tumor cell lines have been used to identify potential
biological targets of ICZs, by correlation with results obtained
with compounds having a known mechanism.'*

4.2.1 Inhibition of protein kinases. Protein kinases constitute
a large family of enzymes catalyzing phosphorylation of amino
acid residues in proteins. As a result, conformational changes
generally occur in the target protein, affecting its function. Protein
kinases are responsible for the control of a wide variety of
signal transduction processes within the cell.”® The number of
different protein kinases present in the human genome might
be larger than 500."7 Deregulated protein kinase activity has
been implicated in the pathophysiology of important human
diseases, including cancer, disorders of the immune system, and
neurodegenerative disorders. Since the discovery that STA was
a nanomolar inhibitor of PKC in 1986,% the development of
selective protein kinase inhibitors with potential therapeutic
applications has generated great interest in the drug discovery
community.’”® Kinase inhibitors are important not just for the
treatment of disease, but also as reagents to help us understand
more about the physiological roles of kinases.

STA 7 was found to inhibit other protein kinases in addition
to PKC and, since then, the compound has been considered
to be a highly potent but non-specific inhibitor of protein
kinases.®® Initially, several synthetic analogs such as GF109203X
230" were proposed to be selective inhibitors of PKC, and
they were used in cell-based assays by many laboratories to
propose a myriad of roles for this enzyme. However, this and
other ICZs were later shown to lack specificity, as they inhibited
other protein kinases®™**! and, even, other unexpected types
of proteins such as 5-hydroxytryptamine; receptor,®? voltage-
dependent ion channels,**** P-glycoprotein,' adenosine kinase
and quinone reductase type 2.2 The ability of ICZ drugs to
target different collections of protein kinases (and other cellular
macromolecules), acting on multiple pathways, explains why very
similar compounds may show apparently opposite activities: for
example, one compound may display antitumor properties (by
inducing death of cancer cells) while a similar compound may
show neuroprotective activity (by inhibiting death of neurons).

230

’Tl GF109203X
Me  (Go6850, bisindolylmaleimide 1)

Protein kinase inhibition by STA was found to be competitive
with respect to ATP, despite some initial debate due to conflicting
kinetic data.*# The interaction of STA with the ATP-binding site
of kinases was confirmed by the determination of the crystal struc-
tures of STA bound to cyclin-dependent kinase 2 (CDK2)** and
cAMP-dependent protein kinase (PKA).27*® Later, additional
crystal structures have been determined for different kinases in
interaction with STA.?**2'7 Moreover, the structures of several
kinases have been determined in interaction with other analogs
such as UCN-01 1722213218 K252a 132" 1,23 4-tetrahydro-
STA (AFN941) 231,>° K252a-analog SB-218078 232,*'* aza-1,7-
annulated derivative 233,%' pyrrolocarbazole BDB402 234,*** and
several bisindolylmaleimides (230 and 235-238).22222
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The crystal structures revealed that STA (or any related ICZ
inhibitor) was located at the ATP binding site, in the cleft
between the two lobes of the protein kinase. The indolo[2,3-
alcarbazole moiety occupied the hydrophobic adenine-binding
pocket, with the lactam group mimicking the hydrogen bonding
pattern of the adenine base by usually forming two hydrogen
bonds to the backbone of the hinge between the N-terminal
and C-terminal domains of the kinase. The sugar moiety, in the
boat conformation and perpendicular to the plane of the ICZ
heterocycle, formed hydrophobic contacts and hydrogen bonds
within the ribose-binding site. STA matched too well the shape
of the ATP binding site, which made it a highly potent, but
relatively unspecific inhibitor for protein kinases. Thus, an essential
pharmacophore for kinase inhibition would consist of a bidentate
hydrogen bond donating system (to mimic the cyclic amide of
STA) flanked by various hydrophobic groups. Nevertheless, the
binding mode of bisindolylmaleimides may be more complex than
compounds possessing a planar ring system, due to their increased
conformational flexibility.??

Although the ATP binding site is generally similar among
protein kinases, it has been possible to obtain selectivity by
exploiting differences in the mode of ligand interaction in the
ATP-binding pocket.”?**¢ Several laboratories have synthesized
series of ICZ analogs in a search for higher selectivity against
particular kinases, including PKC isozymes,*** cyclin-dependent
kinases,?**2! GSK-33,22 VEGF-R2 tyrosine kinase, mixed
lineage kinases (MLKs),?* and cytomegalovirus pUL97 protein
kinase."® A wide variety of structures are found among the kinase
inhibitors of the ICZ family, from bisindolylmaleimides to glyco-
sylated or non-glycosylated indolopyrrolocarbazoles (and their
derived scaffolds). Specific structure—activity relationships for
inhibitors seem to be reliable only for a particular protein kinase
and a given ICZ type. Nevertheless, in head-to-head comparisons,
indolopyrrolocarbazoles seemed to be more potent inhibitors than
their bisindolylmaleimide counterparts.” Attachment of a sugar
moiety to the indolopyrrolocarbazole core appeared to enhance

236

LY333531 (ruboxistaurin)

237 bisindolylmaleimide I1l (R=H)
238 bisindolylmaleimide VIII (R=Me)

kinase inhibitory activity.****' Additionally, one carbonyl group
(amide) in the pyrrole ring seemed to be better for glycosidic
inhibitors,”*#»% while two carbonyl groups (imide) might be
better for non-glycosylated analogs.??*%¢

4.2.2 Inhibition of topoisomerases and interaction with DNA.
DNA topoisomerases are ubiquitous enzymes found in all living
organisms from archaebacteria to humans. Topoisomerases par-
ticipate in many cellular processes associated with separation of
DNA strands such as replication, transcription, recombination
and repair.®” They are classified into two classes: type I topoi-
somerases make a transient nick on a single strand of duplex
DNA, passing another strand through the nick, while type II
topoisomerases make a transient nick on both strands of the DNA,
passing another double-stranded DNA segment through the gap.
The common catalytic intermediates of DNA topoisomerases
are enzyme-linked DNA breaks, or “cleavable complexes”. Upon
completion of the strand passage reaction, topoisomerases religate
the DNA without base loss or change in the DNA sequence. DNA
topoisomerases are the targets for different classes of drugs with
antitumor or antibacterial applications.?**2

Upon the discovery of REB, it was reported that its antitumor
action was associated with extensive fragmentation in the DNA of
cancer cells, but the underlying mechanism was unclear.’® Later,
it was shown that REB was able to induce in vitro DNA cleavage
mediated by DNA topoisomerase I.'° Actually, REB 9 was a weak
inducer of DNA cleavage, while two semisynthetic derivatives of
K252a (239 and 240) had more potent activity in the same assay.
Compounds 239 and 240 acted on the topoisomerase by stabilizing
the cleavable complexes. Furthermore, 240 behaved as a DNA
intercalator in the absence of the enzyme.'® BE-13793C 43 showed
inhibitory activity against topoisomerases I and II, as measured
in DNA relaxation assays.®® After that, many antitumor ICZs
have been synthesized to target DNA-related processes, through
two primary mechanisms: DNA intercalation and topoisomerase
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1 poisoning.#240-24-24 DNA intercalation can potentially affect,
secondarily, many DNA-related processes including the action
of topoisomerases, DNA replication, efc. A third mechanism
might be the direct inhibition of DNA topoisomerase II: STA
7 inhibited the catalytic activity of this enzyme by blocking the
transfer of phosphodiester bonds from DNA to the active tyrosine
site.**® Additionally, the 7-oxo analogs of STA and K252a (27 and
241) appeared to be potent inhibitors of the catalytic activity of
topoisomerase II without inducing any DNA cleavage or strong
binding to DNA."
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239 240 KT6528 (R1=0H, R2=CH,0H)
KT6006 241 7-oxo0-K252a (R1=H, R2=COOMe)

So far, no inhibitors affecting bacterial type I topoisomerases
have been reported.?®® Inhibitors of eukaryotic topoisomerase
I (Topl) are usually grouped into two classes: poisons (e.g.
camptothecins, ICZs) and suppressors (e.g. doxorubicins).?3#240:247
Topl poisons trap cleavable complexes to form DNA-Topl-drug
ternary complexes that prevent the religation step. Topl suppres-
sors inhibit the catalytic activity of the enzyme by preventing its
binding to DNA; these drugs bind either to DNA or to the enzyme.
Top1 poisons such as ICZs, therefore, convert the Topl molecule
into a DNA-damaging agent, resulting in cellular cytotoxicity and
apoptosis. Each drug molecule has the potential of interacting
with one Topl molecule to cause a single DNA lesion. Therefore,
sensitivity to Topl-targeting drugs should be dependent on high
Topl levels. The drugs appear to selectively target malignant
cells over normal cells because enzyme levels are probably very
low in normal non-proliferating cells.”® A common resistance
mechanism to Topl poisons in cancer cells is down-regulation
of Top1.172% A second factor affecting the sensitivities of tumor
cells to Topl-targeting ICZs is the cellular accumulation of the
compounds.*®** Cellular uptake of ICZ glycosides most likely
occurs by passive diffusion through the plasma membrane; the
glycosyl residue of the drug appears to play an essential role in the
translocation process.””

Topl inhibition can be demonstrated either by inhibition of
Topl-mediated DNA relaxation or by induction of Top1-mediated
DNA cleavage.®! Additionally, a bacterial screen based on an E.
coli strain expressing the human Top1 gene*? has been successfully
used to detect ICZ compounds with camptothecin-like activity.!!
As a way to distinguish the cytotoxicity contributed by action
on Topl from cytotoxicity due to action on other targets, a pair
of murine leukemia cell lines were used: a parental line that
was sensitive to camptothecin, and a derived cell line showing
resistance to camptothecin due to a diminished content of active
Topl .11:181.245.250253 Ty many cases, no direct correlation could be
observed between Topl inhibitory activities and cytotoxicities
of ICZ derivatives, suggesting that other cellular targets were
inVOIVCd.180’181’254’255

Although many derivatives showed some degree of DNA-
binding activity in addition to Topl poisoning, no direct cor-
relation existed between the strength of DNA interaction (in
the absence of Topl) and the capacity of these derivatives to
inhibit Top1."771952% While the DNA-binding sequence selectivity
of some of these drugs coincided with their Topl-mediated
cleavage selectivity,””% the opposite was true for other analogs.?*
Nevertheless, the two modes of action should not be fully
independent because, during Topl poisoning, the drugs actually
interact with DNA (in an intercalative way) as well as with the
Topl enzyme (see below).

In contrast to the wide variety of different structural types
found among the kinase inhibitors, ICZs with significant DNA
binding or Topl poisoning activity belong, almost exclusively, to
the group of REB-like indolopyrrolocarbazole glycosides. Their
structure—activity relationships have been thoroughly studied and
reviewed.®#11.240.23257 Three functional domains were proposed
for REB-type structures: the Topl-interacting domain (the imide
function on the pyrrole), the DNA-intercalative binding domain
(the ICZ ring system), and the DNA-groove binding domain
(the sugar moiety).>® The insertion of the planar chromophore
between two consecutive base pairs would place the sugar residue
into a groove of the double helix. 7

The sugar residue plays an essential role for both DNA interac-
tion and Top1 inhibition. 6417525728261 Analogs for which the sugar
residue is linked to the two indole nitrogens (as in STA) generally
showed very weak interaction with DNA and produced minimal
effects on Top1, with a few exceptions.'®1%5255 With just a single N-
glycosidic bond, REB-type glycosides are balanced between two
conformations (Scheme 12): a closed conformation containing a

MeO OH MeO OH

9 (CLOSED) 9 (OPEN)

MeO OH MeO OH

10 (BIFURCATED) 10 (OPEN)

Scheme 12 Open and closed conformations in the rebeccamycin class of
analogs.
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hydrogen bond between the indole NH group and the pyranose
oxygen, and an open conformation in which the indole NH is
hydrogen-bonded to the solvent.**>* The open conformation
never has a commanding advantage, even in DMSO. Replacing the
indole NH proton with an alkyl group reduced DNA interaction
and abolished anti-Topl activity, and this was accompanied by
decreased cytotoxicity.>*?62* The presence of the methyl group
induced a loss of the closed conformation, with reversion of
the relative orientation of aglycone and sugar.”** In deschloro or
dideschloro B-pyranosides with hydroxymethyl groups at the 5'-
position of the pyranose, the closed conformation was maintained
by a bifurcated hydrogen bond, where both the pyranose oxygen
and the 6'-OH group were bonded to the indole nitrogen®*
(Scheme 12).

Despite their apparent chemical differences, camptothecin and
REB derivatives were found to interfere similarly with the activity
of wild-type and mutant Topl enzymes, and a molecular model
showing the common steric and electronic features of both classes
of compounds was proposed.”®> These aspects were recently
elucidated by determining the X-ray crystal structures of the
Topl-DNA complex bound with three classes of Topl poisons:
camptothecin, 3,9-dihydroxylated indolocarbazole SA315F 242,
and an indenoisoquinoline.**” All three classes of inhibitors
shared the same intercalative binding mode and mimicked a DNA
base pair at the site of Topl-mediated cleavage. The three classes
of molecules interacted with both the DNA and the enzyme
but exploited different contacts to stabilize intercalation. The
maleimide ring of SA315F was located on the minor groove side
of the DNA, while the pyranosyl substituent was on the major
groove. The glycosylated indole ring stacked with bases on the
intact strand side of the duplex DNA, while the nonglycosylated
indole ring stacked with bases on the cleaved strand side of
DNA. Amino acid residues of the enzyme appeared to interact
with a hydroxyl of the sugar moiety, with one of the carbonyls
at the maleimide ring, and with both hydroxyl substituents of the
ICZ ring system.

ZT

242
SA315F

Finally, it should be mentioned that Topl is a dual enzyme.
Besides its DNA-relaxing action, it has an independent protein
kinase activity that phosphorylates Ser/Arg-rich (SR) proteins,
which are involved in spliceosome formation and expression of
specific genes.*® Several antitumor ICZs (dechlorinated REB 11,
R-3 243, NB-506 244, and dibromo analog 245) displayed an
astonishing range of simultaneous modes of action: these com-
pounds inhibited the DNA-relaxing activity of Topl, they were
also DNA binding agents and, additionally, the drugs were potent
inhibitors of the kinase activity of Topl.!8124:253:26 [nhibition of

Topl kinase activity did not require DNA, implying that this
action was independent of covalent Topl-DNA complexes. The
inhibitory effect was also observed using a mutant Topl enzyme
that lacked DNA cleavage/religation activity, but did not affect
phosphotransferase activity, indicating that the actions at both
DNA cleavage and protein kinase sites were independent.*?

OH ITIHCHO

243 244

o=.N_o

245

4.3 Modes of action in bacteria

As far as we know, inhibition of bacterial DNA topoiso-
merases has not been reported for ICZ compounds. Therefore,
the biological activities reported in bacteria might be due to
DNA intercalation, inhibition of protein kinases, or other as-
yet unknown modes of action. At least for some derivatives,
the growth inhibitory activity might be related to their ability
to interact directly with DNA."” However, the inhibition of cell
differentiation in streptomycetes might be caused by direct action
on specific protein kinases that participate in the regulation of
developmental processes (see below). Nevertheless, a contribution
of several modes of action cannot be excluded.

STA and K252a inhibited phosphorylation of Streptomyces
griseus proteins in in vitro labeling studies.'® Additionally, both
compounds inhibited the formation of aerial hyphae and spores,
pigment production, and production of the antibiotic strepto-
mycin by S. griseus. Growth of vegetative mycelia was not affected.
The compounds prevented sporulation of other Streptomyces
species as well.”® These data suggested that streptomycetes
possessed several protein kinases of eukaryotic type which were
essential for morphogenesis and secondary metabolism. Such
observations inspired the development of an assay to screen for in-
hibitors of eukaryotic protein kinases by using a particular Strep-
tomyces strain, which was found to be exceptionally sensitive to
the effects of compounds that inhibited aerial hyphae formation.?”
Additionally, in vitro phosphorylation of some proteins in a STA-
producing Streptomyces sp. was also inhibited by STA and K252a,
which suggested the need for a self-protecting mechanism in this
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microorganism.'> Whether these metabolites play some role in
controlling cell differentiation in the producing organisms is still
an open question. On the other hand, given that STA and related
compounds are potent inhibitors of eukaryotic protein kinases
but, in general, do not show significant antibacterial activity,
production of such metabolites might confer protection against
surrounding eukaryotes. Recently, it was found that production
of the related metabolite violacein in C. violaceum conferred
protection against bacteria-eating protozoans.*”

5 Development of indolocarbazole analogs as clinical
candidates

Several ICZ derivatives have entered clinical trials for the treatment
of cancer or other diseases, although no analog has yet been
launched onto the market.’”*”* Because the status of compounds
in clinical investigation can change rapidly, interested readers are
encouraged to consult the recent literature and company web
pages (included as references) for up-to-date information. Other
sources of updated information can be found in web pages such
as ClinicalTrials.gov (a service of the US National Institutes of
Health),?”® and The Pharmaceutical Research and Manufacturers of
274 We give different designations (in brackets) for most of
the clinical candidate drugs, because they have suffered successive
changes of name over the years.

America.

5.1 Analogs targeting protein kinases

5.1.1 Staurosporine derivatives. Among all the ICZ drugs
in clinical trials, UCN-01 17 (7-hydroxy-STA, KW-2401, NSC-
638850) is unique for being structurally identical to a natural
product.?*? UCN-01 has anticancer properties and inhibits
several protein kinases, including various PKC isoforms, cyclin-
dependent kinases, and PDK1.%5#3276 Additionally, UCN-01
enhances the cytotoxicity of other anticancer drugs such as DNA-
damaging agents and antimetabolite drugs. The compound has
entered clinical trials for treating various cancer types, and several
phase I/1I studies are currently focused on treating leukemias
or lymphomas, advanced solid tumors, melanoma, and small-cell
lung cancer.”>**?”7 UCN-01 showed unusual pharmacokinetic
features in patients with cancer, probably due to its high binding
to human plasma proteins, which has hampered its clinical
development. 727

Midostaurin 246 (PKC412, CGP-41251, 4-N-benzoyl-STA) is
a potent inhibitor of several protein kinases, including PKC,
VEGF, and FLT3.22 Midostaurin may suppress tumor growth
by inhibiting tumor angiogenesis in addition to directly inhibiting
tumor cell proliferation. Orally active midostaurin has entered
phase I/1I clinical trials for treating various cancer types, including
leukemias such as acute myeloid leukemia (with or without
mutated FLT3).27>23281.282 The drug has also been tested in a phase
I/11 trial in patients with diabetic macular edema, based upon the
ability of midostaurin to inhibit VEGF (which might contribute
to the disease).?®

5.1.2 K252a derivatives. Lestaurtinib 247 (CEP-701, KT-
5555) and CEP-751 248 (KT-6587) have been shown to inhibit
autophosphorylation and signaling of neurotrophin-specific Trk
receptors and to display potent antitumor activity. % However,
these analogs also interfere with the platelet-derived growth factor,

ZT

246
midostaurin
(PKC412, CGP 41251)

epidermal growth factor receptor, FLT3, RET tyrosine kinase
and probably other as-yet unidentified kinases.?*7288 Qrally
active lestaurtinib has entered several clinical trials (up to phases
II/11T) for hematologic cancers, including acute myelogenous
leukemia associated with FLT3 mutations.”’»**?* FLT3 mutations
are associated with a poorer prognosis, with significantly lower
cure rates from standard chemotherapy-based treatment. On
April 2006, it was announced that the US Food and Drug
Administration granted orphan drug designation for lestaurtinib
for the treatment of acute myeloid leukemia.?® The drug has also
entered a phase I trial for solid tumors in adults,?' phase II trials
for multiple myeloma and prostate cancer, a phase I study for
children with high-risk neuroblastoma, and a phase II trial for
patients with severe psoriasis.’®

H
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O CH,OH

R
247 lestaurtinib (CEP-701, R=H)
248 CEP-751 (R=Me)
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A water-soluble prodrug of CEP-751 248 was developed, with
the name CEP-2563 249 (KT-8391).** A phase I clinical trial
of CEP-2563 was conducted in patients with advanced solid
tumors,®! but it appears that this drug is no longer being evaluated.

CEP-1347 250 (KT-7515) is a 3,9-bis(ethylthiomethyl) deriva-
tive of K252a, which displays neuroprotective properties and
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potent inhibitory activity against MLK kinases.'***** The MLKs
are key participants in the activation of the JNK signaling cascade,
which has been proposed to govern neuronal dysfunction and
subsequent death. Orally active CEP-1347 entered a phase I1/111
clinical trial to determine its efficacy in delaying disability caused
by the progression of Parkinson’s disease.?’**** While existing drugs
only offer symptomatic relief, it was expected that CEP-1347
might prevent disease progression by targeting the mechanisms
involved in the pathogenesis of Parkinson’s disease. However, after
a review of interim results of the clinical trial, it was announced
on May 2005 that the data were unlikely to provide evidence
of any significant effect, and it seems that the trials have been
discontinued.?***
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250
CEP-1347

5.1.3 Indenopyrrolocarbazole derivatives. CEP-7055 251 is
a S-oxoindeno[2,1-a]pyrrolo[3,4-c]carbazole derivative, which
shows antiangiogenic properties through targeting VEGF
receptors.?®> CEP-7055 is actually a water-soluble prodrug that
converts in vivo to CEP-5214 252, the active metabolite. CEP-7055
entered phase I/1I clinical trials for solid tumors* but clinical
development of the drug apparently ceased during 2005.%°

251 CEP-7055 (R=COCH,N(CH),)
252 CEP-5214 (R=H)

5.1.4 Bisindolylmaleimide derivatives. Ruboxistaurin 236
(LY333531), a macrocyclic derivative of bisindolylmaleimide, is
a specific inhibitor of the Bl and B2 isoforms of PKC.'* The
drug has been developed for the treatment of microvascular com-
plications in patients with diabetes mellitus.?*>** Hyperglycemia
activates PKC-f, and this is associated with the development of
microvascular complications in the retina, kidney and nervous
system. The mesylate salt of ruboxistaurin is being evaluated in
phase II/1II clinical studies for the treatment of diabetic com-
plications including retinopathy, macular edema, nephropathy
and neuropathy.?>?272 Recently, a phase III clinical trial has
been completed, in which ruboxistaurin mesylate (Arxxant™)
reduced the occurrence of vision loss in patients with diabetic
retinopathy. A new drug application (NDA) for diabetic retinopa-
thy was submitted by February 2006 to the US Food and Drug
Administration.3® If ruboxistaurin is approved, it would be the

first medication for the treatment of this serious complication of
diabetes.

Enzastaurin 253 (LY317615), another modified bisindolyl-
maleimide, is a potent inhibitor of PKC-f§ and AKT/PI3 path-
ways. As a result, enzastaurin inhibits the growth of cancer
cell lines (inducing apoptosis) and, additionally, inhibits VEGF-
mediated angiogenesis.**** Orally administered enzastaurin has
entered clinical trials for the treatment of cancer, including high-
grade gliomas, glioblastoma (a brain tumor, phase III trials),
various lymphomas, non-small-cell lung cancer, and colorectal

Cal’lCer‘273’301 ,303

N
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N
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=N enzastaurin (LY317615)

5.2 Analogs targeting DNA or DNA topoisomerases

5.2.1 Rebeccamycin derivatives. REB is essentially insoluble
in water and, therefore, soon after its discovery, the design of
analogs with improved water solubility was initiated. One of these
compounds, 6-N-(diethylaminoethyl)-REB or becatecarin 254,
possessed improved pharmacokinetic and anticancer properties
and was pursued as a clinical candidate.!'**3% Becatecarin has
been named XL119, DEAE-REB, NSC-655649, BMY-27557-14,
BMS 181176, rebeccamycin analog, and even just “rebeccamycin”.
Unexpectedly, mechanism of action studies revealed that becate-
carin was a strong DNA intercalating agent, whereas REB was
not." This strong DNA binding was most likely the primary cause
for the strong inhibition of the catalytic activity of topisomerase
IT exhibited by this compound, without inducing any Topl-
mediated DNA cleavage.!' Becatecarin has entered clinical trials
for treating cancer, including biliary and hepatobiliary tumors
(phase IT and III trials), leukemias, renal cell carcinoma, colorectal
cancer, breast cancer, ovarian epithelial cancer, and non-small-
cell lung cancer.?*3% Additionally, becatecarin has entered clinical
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studies for treatment of children with solid tumors, non-Hodgkin’s
lymphoma, and neuroblastoma.?”

As already mentioned, a series of fluoroindolocarbazoles
138-141 was obtained by feeding different fluorotryptophans
to cultures of REB-producing L. aerocolonigenes.''> Difluoro
analog 140 was found to be a potent inducer of Topl-mediated
DNA cleavage." An analog program focused on this molecule
culminated with the synthesis of a 4'-fluoro derivative (BMS-
250749 255), and a 6'-amino analog with a thiophene core (BMS-
251873 256), with improved antitumor activities."**** It has been
reported that BMS-250749 255 has entered human clinical trials.**

N
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255
BMS-250749

256
BMS-251873

5.2.2 Analogs derived from BE-13793C. BE-13793C 43, iso-
lated from cultures of an actinomycete,* was the origin of
another series of clinical candidates.”?**3%-3% BE-13793C inhibited
both topoisomerases I and II, and showed anticancer properties,
but its low water solubility hampered further evaluation. To
improve its solubility, a carbohydrate unit was attached to 43
and substitutions at the imide nitrogen were carried out. The
glucosylated derivative ED-110 155 (J-109384) was prepared either
by chemical derivatization of BE-13793C** or, more efficiently, by
feeding BE-13793C to cultures of an actinomycete.!"*"3 ED-110
had increased water solubility, exhibited antitumor activity and,
remarkably, inhibited Topl but not topoisomerase I1.3%3!" A 6-
N-formylamino derivative NB-506 244 (J-107185, L-753000) was
more soluble and showed remarkable antineoplastic activities.*312
Among other possible targets, NB-506 acted on the DNA-relaxing
activity of Topl, was also a DNA-binding agent and, additionally,
inhibited the kinase activity of Topl.***2%31 In 1994, NB-506
entered clinical trials for treatment of solid tumors,*? but the trials
were apparently later interrupted.

New derivative edotecarin 257 (J-107088, PHA-782615, ED-
749) was prepared, differing from 244 in two aspects: the
formylamino substituent on the imide nitrogen was replaced

by a more polar group, and the two hydroxyl groups on the
chromophore were shifted from positions 1,11 to positions 2,10.3
These changes increased the aqueous solubility and the plasma
stability of the molecule, without penalizing the action on Topl,
and reinforced the cytotoxicity of the compound.?***'¢ Edotecarin
entered clinical trials for the treatment of cancer, including breast
cancer, glioblastoma multiforme (phase III trial), and gastric
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6 Perspectives and concluding remarks

The ICZ family of natural products is a source of lead compounds
with potential therapeutic applications in the treatment of cancer
and other diseases. The compounds of natural origin have been
isolated from diverse groups of organisms, from the prokaryote
world (actinomycetes, cyanobacteria, B-proteobacteria) to eu-
karyotes (myxomycetes, basidiomycetes, marine invertebrates). So
far, genetic and biochemical aspects of their biosynthesis have
only been studied in actinomycetes and -proteobacteria. Despite
the structural differences existing between the final products
(compare REB 9 and violacein 127), these studies revealed that the
pathways shared some early steps responsible for the condensation
of two tryptophan units. Given the high sequence similarity
found between the enzymes involved (e.g., 47% similarity between
RebD and VioB), it is reasonable to speculate a common origin
and, probably, a horizontal transfer of ancestor genes from an
actinomycete to a B-proteobacterium. It will be exciting to see if
these common steps are also found in the ICZ pathways of other
organisms, or if novel biochemistry is involved.

It seems very likely that ICZs isolated from marine invertebrates
are originally synthesized by associated microorganisms (probably
actinomycetes or cyanobacteria), although the compounds might
be further modified by the invertebrates themselves. If this is
the case, the identification of the producing microorganisms
may provide new sources for ICZ production by fermenta-
tion. Cyanobacterial indolo[2,3-a]carbazoles might be synthesized
from indolopyrrolocarbazole intermediates, as suggested by co-
occurrence of tjipanazole J 116, and by isolation of metabolite
178 from an E. coli strain producing REB due to expression of
reb genes. The putative removal of the pyrrolo[3,4-c] ring from an
indolopyrrolocarbazole would be a noteworthy reaction. On the
other hand, production of arcyriaflavin A 74 and chromopyrrolic
acid 92 from both slime molds and actinomycetes also suggests
the possibility of common biosynthetic machinery.
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As an addition to chemical synthesis, the introduction of
biological processes might help in the production of useful
derivatives in a cost-effective way and with lower environmental
problems. The identification of novel producing organisms and
the genes responsible for ICZ biosynthesis provide the necessary
“toolkit” for such purposes. Combining fermentation of microor-
ganisms (either wild-type or genetically manipulated) with in
vitro enzymatic bioconversions and chemical synthesis will greatly
expand the available repertory of analogs. The ICZ derivatives will
continue to be useful as inhibitors of key enzymes in cell biology
studies. Given the proven utility of targeting protein kinases and
DNA topoisomerases for treating a range of important human
diseases, it is hoped that some ICZ analogs will provide new
medicines in the near future.

Note added in proof
Two relevant reports on the biochemistry of indolocarbazole
biosynthesis have been recently published.?'731®
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