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The first asymmetric total syhthesis of FD-838, a naturally occurring azaspirabicyclic preduct, has been
accomplished allowing determination of its absolute stereochemistry.

© 2009 Elsevier Ltd. All rights reserved.

Pseurotins,' synerazol,® and azaspirene® are natural products
possessing a unique azaspirocyclic framework, such as the 1-oxa-
7-azaspiro[4.4]non-2-ene-4,6-dione ring system (Fig. 1). The pseu-
rotins are a small family of secondary microbial metabolites
isolated from a culture broth of Pseudeurotium ovalis (strain
$2269(F) in 1976 by Bloch et aL.!* Pseurotin A was reported to in-
hibit chitin synthase by Sterner and co-workers in 1993,'° and was
also found to induce cel} differentiation of PC12 cells by Komagata
et al. in 1995." The structure of pseurotin A, including its absolute
stereochemistry, has been unambigueusly determined by a single-
crystal X-ray analysis of its 12,13-dibromo derivative.'® Synerazol,
an antifungal antibiotic isolated by Ando and co-workers in 1991
from the culture broth of Aspergillus fumigatus SANK 10588, is ac~
tive against Candida albicans and other fungi, showing marked syn-
ergistic activity with azole-type antifungal agents? Azaspirene,
isolated from the fungus Neosartorya sp. by Kakeya and co-workers
was found not only to inhibit the endothelial migration induced by
vascular endothelial growth factor,? but also to exhibit antiangio-
genic effects by blocking Raf-1 activation.* These compounds pos-
sess the same highly oxygenated azaspiro core structure with
different side chains. Because of its unique structure and interest-
ing biological properties, there have been several attempts. at its
total synthesis.® Our group has accomplished the first enantiose-

* Corresponding author.
E-mail address: hayashi®@d.kagu.tus.acjp (Y. Hayashi).

0960-894X/$ - see front matter © 2009 Elsevier Ltd, All rights reserved.
doi:10,1016/j.bmcl.2009.03.154

lective total synthesis of pseurotin A F2,5 synerazol,” and azaspi-
rene,? in which the aldol chemistry of a chiral benzylidene lactam
with an_appropriate aldehyde, followed by successive oxidation
and dehydration, creates the key azaspiro structure (Eq. 1), By
these syntheses, the absolute configurations of synerazol® and
azaspirene have been determined. Tadano and co-workers also
reported the total syntheses of pseurctin A, F2, and azaspirene
from p-glucose.'®

FD-838, isolated from A. fumigatus fresenius F-838 by Mizoue
and co-workers of Taisho pharmaceutical company in 1985, is
reported- to induce the differentiation of leukemia in cultures
and to inhibit the growth of certain Gram-positive bacteria and
fungi.!' Recently, Rovis and Orellana reported the synthesis of
the spirobicyclic core of FD-838 via the asymmetric Stetter reac-
tion.'? Its total synthesis has not been accomplished, and its
absolute configuration has been unknown, with its optical rota-
tion being reported to be zera ([ 0 (c 0.1, MeOH)).'® As the
fungus no longer produces FD-838, chemical synthesis is the
only way to obtain this molecule. Despite the interesting biolog-
ical properties, biological investigations cannot be performed be-
cause of lack of supply of FD-838,

Despite  the structural similarity of FD-838, pseurotin A,
synerazol, and azaspirene, the reported biological properties of
these natural products are rather different, as described above, Sys-
tematic comparison of the biological properties of these natural
products and their derivatives is highly desirable, and a sufficient
quantity of not only the natural products but also several
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Figure 1, FD-838 (1), pseurotin A, synerazol, and azaspirene,

derivatives is required for such biological studies. Because we had
established a synthetic method for the latter three natural prod-
ucts, we began to investigate the total synthesis of FD-838. In this
communication we report the first total synthesis of FD-838 along
with the determination of its absolute configuration.

Because we have already established the synthesis of the
azaspiracyclic framework, the same synthetic . strategy would
be applicable to the synthesis of FD-838. The aldol reaction
between S-ethyl-2-formylifuran and the functionalized benzyli-
dene lactam 2, which was a key intermediate for other azaspiro
compounds prepared from methyl pentenocate via Sharpless
dihydroxylation as- a key step, was examined®3 The lithium
enolate of 2 reacted with 5-ethyl-2-formylfuran, affording the
desired - aldol product- 3 (mixture of four diastereomers,
1:1:3:3.5) in 40% yield with recovery of the lactam 2 in 49%
yield (78% yield based on the recovered starting material (br
sm}). Oxidation of the alcohol 3 with Dess-Martin periodinane

(DMP)*? in CH,Cl; in the presence of NaHCO; afforded the 1,3-
diketone 5. When 1,3-diketone 5 was treated with silica gel on
TLC, cyclization followed by dehydration proceeded because of
the acidity of the silica gel to produce azaspiro derivative 4 in
20% yield with recovery of 1,3-diketone 5 in 37% yield over
two steps. Recovered 1,3-diketone 5 was further transformed
into azaspiro derivative 4 in 27% yield (54% br sm) by the same
reaction conditions, Oxidation of the benzylidene moiety with
dimethyldioxirane (DMD)'* in MeOH afforded a mixture of
methoxy derivative 6 and hydroxy derivative 7 in 56% yield (sin-
gle diastereomers at the benzylic alcohol position), the mixture
of which was treated with DMP in CH,Cl; to provide benzoylat-
ed methoxy 8 and hydroxy 9 derivatives in 49% and 16% yields,
respectively, which can be separated by TLC. Removal of the TIPS
group with NH4F in MeOH afforded FD-838 (1) in 62% yield
(89%, br sm). Synthetic FD-838 exhibited identical properties to
those of the natural substance (*H NMR, *C NMR, IR).

Ho S H , Ho O H
\/[1 + /\n){—}§/ Ph _____.,.LDA / p N =Fh
0~ "CHO THF-HMPA o

1) Dess-Martin
periodinane

2) Si0, (TLC)
o]
20% (2 steps) 4

~78 ~-50°C

OH O OTIPS

40% (78% brsm) 3

o H
TN JHON._ e
0

0 O orps

37% (2steps). . &

Si0, (TLC) ;

27% (54% brsm), SM 50%

DMD

R TR G
4 MeQH-acétone
-60°C, MS 3A

56% (64% brsm), 6:7'=3:1 6

Dess-Martin
periodinane
s —————

NH,F
g

MeOH
62% (89% brsm)

Scheme 1. The synthesis of FD-838.
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Because the optical rotation of natural FD-838 was reported
to be zero using MeOH as a solvent,'' the optical rotation was
measured in other solvents, such as CHCl;. The optical rotations
of natural FD-838 and synthetic FD-838 show large negative val-
ues (synthetic FD-838: [«]2° —~41.9 (¢ 0.4, CHCl,), natural FD-838:
[4]&° ~32.4 (c 0.7, CHCly)), indicating that both compounds have
the same absolute configuration.'® Thus, the absolute configura-
tion is determined, as shown in Scheme 1.

In summary, we have accomplished the first asymmetric total
synthesis of FD-838 along with the determination of its absolute
configuration.
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Identification of Cytochrome P450s Required for
Fumitremorgin Biosynthesis in Aspergillus fumigatus

Naoki Kato,” Hirokazu Suzuki,® ' Hiroshi Takagi,” Yukihiro Asami,® ¢ Hideaki Kakeya,® "
Masakazu Uramoto,” Takeo Usui,® Shunji Takahashi,”! Yoshikazu Sugimoto,® and

Hiroyuki Osada*®

Fumitremorgin C, a diketopiperazine mycotoxin produced by
Aspergillus fumigatus, is. a potent and specific inhibitor of
breast cancer resistance protein (BCRP).: Elucidation of the
fumitremorgin C biosynthetic pathway provides a strategy for
new drug design. A structure-activity relationship study based
on metabolites related to the fim gene cluster revealed that
the process most crucial for inhibitory activity against BCRP
was cyclization to form fumitremorgin C. To determine the
gene involved in the cyclization: reaction, targeted gene inacti-

Introduction

Breast cancer resistance protein (BCRP) is a member of the
multidrug transporters of the ATP-binding cassette family,
which can actively extrude a wide range of structurally diverse
drugs, toxins, endogenous compounds, and their metabolites
across the plasma membranes of cells.? Although these ATP-
dependent efflux pumps were once thought to be of relevance
only to multidrug resistance in cancer cells, it is now clear that
they have a pronounced role in the pharmacokinetics of a
broad range of drugs and toxins. It is noteworthy that recent
findings - have revealed intriguing roles for BCRP in stem
cells.* Specific inhibitors are therefore required for further un-
derstanding of the pharmacological and physiological roles of
this interesting transporter in normal and malignant stem cells,
as well as of clinical applications of BCRP inhibition in cancer
chemotherapy. Two BCRP' inhibitors—GF120918 and fumitre-
morgin C (6)—have been well characterized. GF120918 is a
synthetic product originally developed as a P-glycoprotein in-
hibitor*® In contrast, compound 6, a diketopiperazine myco-
toxin produced by ‘Aspergillus: fumigatus® is capable of com-
pletely reversing mitoxantrone, doxorubicin, and topotecan re-
sistance in BCRP-overexpressing cells but does not reverse re-
sistance to cells that overexpress other multidrug transporters
such as P-glycoprotein or multidrug-resistant protein 1.7® Sey-
eral synthetic analogues of 6 have been investigated-and one
such, Ko143, showed more potent inhibitory effects as well as
lower in vivo toxicity® '™ This indicates that 6 may serve as a
lead compound for more potent and specific BCRP inhibitors.
Elucidation of the fumitremorgin biosynthetic pathway pro-
vides a strategy for new drug design.

The A. fumigatus: genome harbors more than 20 biosynthetic
gene clusters for secondary metabolites.™" Their gene organi-
zation-allows us to predict biosynthetic products that arise
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vation was performed with candidate ‘genes in the ftm cluster,
Analysis of the gene disruptants allowed us to identify ftmE,
one of the cytochrome P450 genes in. the cluster, as the gene
responsible for the key 'step in- fumitremorgin biosynthesis.
Additionally, we demonstrated that the other two cytochrome
P450 genes, ftmC and ftmG, were involved in hydroxylation of
the indole ring and successive hydroxylation of. fumitremor-
gin C, respectively, = SRR s e

from the corresponding gene clusters. It has been suggested
that some of the gene clusters are involved in the biosynthesis
of known fungal metabolites.*'¥ The ftm gene cluster has
also been investigated as the most probable candidate for the
biosynthesis of 6 and its related compounds."*"? It apparently
consists of nine genes (Figure 1A). A genetic study has indicat-
ed that the dimodular nonribosomal peptide synthetase
(NRPS) gene ftmA encodes brevianamide F synthetase."” Func-
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Cytochrome P450 Genes in the ftm Gene Cluster
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Figure 1. The production of metabolites associated with the ftm cluster in

A. fumigatus. A) Gene organization of the ftm cluster. The three cytochro-

me P450 genes are indicated in black. The genes shown in gray—ftmA/
fmPS, ftmB/ftmPT1, and ftmH/ftmPT2—encode a dimodular NRPSU'” and pre-
nyltransferases."**® B) HPLC chromatograms of culture extracts of the wild-
type and the ftmA™ strains derived from A. fumigatus BM939. UV detection
was carried out at 220 nm. Retention times of authentic standards of fumi-
tremorgins are denoted by Arabic numerals. MS analysis confirmed that the
peak at a retention time of 14.5 min in the chromatograms of extracts of
the ftmA~ strains contained no compotnd 4.

tional analyses of FtmB and FtmH (also termed FtmPT1 and
FtmPT2, respectively) have been performed to characterize
their enzymatic. activities.'"'® These results have suggested
that this gene cluster directs the biosynthesis of fumitremor-
gin B (8), with ftmA, ftmB, and ftmH involved in the first,
second, and last steps, respectively, in the biosynthetic path-
way to 8. However, the functions of the other ftm genes
remain to be elucidated. Lack of fumitremorgin production in
the genome reference strain Af293"” makes a full understand-
ing of the cluster difficult, so in exploring the fumitremorgin
pathway we utilized the strain BM939, which is a high produc-
er of 6 and its related compounds.!'®

In the work reported here we carried out a structure-activity
relationship (SAR) study, revealing that the most crucial event
for exertion of inhibitory activity against BCRP was the C-N
bond formation in the synthesis of 6. To identify the gene
responsible for the key step to form 6, targeted gene inactiva-
tion for candidate genes in the ftm cluster was performed.
Analysis of the knockout mutants allowed us to identify the cy-
tochrome P450 gene ftmE as involved in the C-N bond forma-
tion. In addition, we demonstrated the role of the other two
cytochrome P450 genes—ftmC and ftmG—in the fumitremor-
gin pathway.

Results and Discussion

Structure-activity relationship study based on metabolites
related to the ftm cluster

To examine the biological activities of 6 and its related com-
pounds, we isolated metabolites associated with the ftm clus-

ChemBioChem 2009, 10, 920-928
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ter from BM939, a fumitremorgin-producing strain of A. fumi-
gatus. Eight diketopiperazine compounds—brevianamide F (1),

(o]

R‘I

brevianamide F (1, R'=H, R?=H)

tryprostatin B (2, R'=H, R%=dimethylaliyl)
desmethyltryprostatin A (4, R'=OH, R%=dimethylallyl)
tryprostatin A (5, R'=OMe, R%=dimethylally!)

demethoxyfumitremorgin C (3, R=H)
fumitremorgin C (6, R=OMe)

12a,13a-dihydroxyfumitremorgin C (7, R=H)
fumitremorgin B (8, R=dimethylallyl)

tryprostatin B (2), demethoxyfumitremorgin C (3), desmethyl-
tryprostatin A (4), tryprostatin A (5), fumitremorgin C (6),
120,13a-dihydroxyfumitremorgin C (7), and = fumitremorgin B
(8)—were prepared, and their structures were determined by
mass spectrometry and. NMR analysis. Compound 4, a des-
methyl analogue of 5, is a new compound. Disruption of ftmA
in the BM939 strain. caused a deficiency in the production of
1-8 (Figure 1B), indicating that these metabolites are products
of the ftm cluster

These metabolites share a diketopiperazine scaffold but are
structurally diverse and thereby useful for SAR studies of their
bioactivities. In fact, evaluation of.1-8 with. regard to.BCRP
inhibitory activity (Figure 2A and B} revealed. that 6 was the
most: potent inhibitor out of all of the derivatives tested. The
SAR study - also. indicates that the following three moieties
were important for the inhibitory activity of 6 against. BCRP
(Figure 2C). 1) The most crucial moiety involved in: the activity
of 6 is the covalent bond between C-3 and N-4, because com-
pounds 3 and 6-8 all showed detectable activities in assays in
vivo and in vitro, whereas the activities of 1, 2, 4, and 5 were
negligible. Although compound 5 has been reported as a
BCRP inhibitor,l" its activity was much lower. than that of 6
under the conditions used in this study. 2) Dihydroxylation at
C-12 and C-13 of 6 impaired inhibitory activity at the cellular
level. Reversal effects of 1-6, but not of 7 or 8, on. drug resist-
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A) B) showed clear inhibitory activities even at submicro-
120 T 120 molar concentrations, whereas its demethoxy form 3
T 100 = 100 did not (data not shown), which suggests that the
<§ :; methoxy group at C-18 is important, in agreement
2 80 g 80 with previous suggestions.”!
= 50 2 &0 Although fumitremorgins are harmful tremorgenic
§ é’ mycotoxins produced by A.fumigatus and related
S 40 s 40 fungi®® some of the biosynthetic intermediates be-
% 20 5 20 sides the BCRP inhibitor 6 have been shown to have
£ . g . interesting biological and pharmacological activi-

ties."®2¥ Recently, Jain et al. reported that 5, which
has inhibitory effects on the cell cycle and micro-
tubule assembly®" and its synthetic derivatives
showed insignificant bioactivities™ Consistently
with this, such inhibitory effects were not detectable
in the compounds isolated in this study.

Identification of the key enzymes for fumitremor-
gin biosynthesis

Figure 2. Evaluation of BCRP inhibitory effects of fumitremorgins. A) Inhibition of drug X .

efflux in K562/BCRP cells by fumitremorgins 1-8. IC, values of growth inhibition of The SAR study of fumitremorgins 1-8 revealed the

K562/BCRP cells by SN-38 in the presence of fumitremorgins (3 um) were determined. important moieties involved in exertion of the BCRP
1C5, values in K562/BCRP and K562 cells (parental cells) without fumitremorgins were de- inhibitory activity of 6. From this information we
fined as 0 and 100% inhibition, respectively. B) Inhibition of BCRP-dependent ATPase ac- . X . R . .

tivity by fumitremorgins 1-8. The vanadate-sensitive ATPase activities in the presence of tried to identify the genes involved in the formation
fumitremorgins (50 pm) were measured in vitro with use of BCRP membranes (BD Bio- of such important moieties. None of the enzymes

sciences). C) SAR of fumitremorgins. Of the moieties shown in gray, the covalent bond catalyzing the cyclization to form 6, the subsequent

between C-3 and N-4 and the methoxy group at C-18 are important for the inhibitory ac- hydroxylation at C-12 and C-13 of 6, or the hydroxyl-

tivity of 6 against BCRP, whereas dihydroxylation at C-12 and C-13 of 6 affects the activit f . : .
at t;:e cell ug‘  level ydroxylation a an oroafiects the adtMyation at C-6 of the indole ring had been previously

identified. To identify the genes responsible for

these reactions, we first cloned the ftm cluster from
ance in BCRP-overexpressing K562 cells was in good agree-  the strain BM939. A 27 kb DNA fragment that covered the ftm
ment with their inhibitory activities against BCRP-dependent  cluster of strain BM939 was sequenced, revealing that the clus-
ATPase activities. A possible explanation for the weaker effects  ter is extremely similar to that of Af293 and consists of nine
of 7 and 8 in the in vivo assay is a change in membrane genes (see Table 1 for features of the ftm gene products).
permeability due to further modifications. 3) Compound 6 There were six uncharacterized genes in the ftim cluster. FtmC,

“Table 1. -Features of the ftm gene products of A. furnigatus BM939.
Protein Size exon Function® Relatives®™ (identity/similarity [95]) Accession
bp/aa number
FtmA 6636/2211 1-6636 dimodular NRPS nonribosomal peptide synthetase XyNRPSA ABF29402
from Xylaria sp. BCC 1067 (37/55)
FtmC 1955/559 1-969, 1033-1154, 1227-1525, cytochrome P450 isotrichodermin C-15 hydroxylase TRI1 from 013317
1597-1698, 1768-1955 Fusarium sporotrichioides (31/46)
FtmD 1114/342 1-528, 614-1114 methyltransferase cercosporin toxin biosynthesis protein CTB3 ABC79591
from Cercospora nicotiande (31/51)
FtmB 1464/464 1-1262, 13321464 prenyltransferase dimethylallyltryptophan synthase DmaW from AAP81210
Claviceps purpurea (34/56)
FtmE 1581/526 1-1581 cytochrome P450 cytochrome P450 ELN2 from Coprinopsis cinerea BAA33717
(26/44)
FtmF 876/291 1-876 o-KG dioxygenase fumonisin C-5 hydroxylase Fum3p/FUM9 from AAG27131
Gibberella moniliformis (29/48)
FtmG 1813/504 1-207, 273-389, 451-550, cytochrome P450 GA14-synthase P450-1 from G. fujikuroi (37/56) CAA75565
604672, 723-1313, 1383-1813
FtmH 1349/427.. °©  1-1181, 1247-1349 prenyltransferase tryptophan dimethylallyltransferase FgaPT2 from AAX08549
A. fumigatus (37/56)
Ftmi 2043/680 1-2043 protein-protein ankyrin 1 isoform 2 from Homo sapiens (35/53) NP_065210
interaction
[a] Functions of FtmD, FtmF, and Ftml were predicted on the basis of sequence similarities to known proteins. a-KG: a-ketoglutarate. [b] The listed homol-
ogous proteins exclude putative proteins derived from genomic projects.
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Cytochrome P450 Genes in the ftm Gene Cluster

FtmE, and FtmG show similarity to cytochrome P450s of fila-
mentous fungi, while FtmF has similarity to proteins that
belong to the o-ketoglutarate dioxygenase family?* These
enzymes could have roles in the cyclization as well as in the
hydroxylations. Besides the oxygenases, FtmD is predicted to
function as an O-methyltransferase and is thus implicated in
the methylation of the new intermediate 4 to give 5. The ftm/
gene encodes an ankyrin-repeat protein.??

To assign the roles of the oxygenase genes in fumitremorgin
biosynthesis, we generated gene disruptants by replacing the
entire coding region of each gene with the hygromycin B-
resistance gene cassette (Aftm:hph; Figure 3). The akuA™ strain
(TAFK1.39), derived from BM939, was used as a host strain for
the knockout experiments, and correct disruption events oc-
curred in almost all hygromycin-resistant transformants (data
not shown). Two to four transformants of each ftm disruption
were cultivated for analysis of fumitremorgin production. The
metabolite profiles of the disruptants—ftmC~, ftmE~, ftmF-,
and ftmG —were determined by HPLC and LC/ESI-MS (see
Table S1 in the Supporting Information for productivity of
fumitremorgins in the disruptants).

The disruption of ffimC led to substantial accumulation of 2
and its cyclization product 3 (Figure 4A). Compound 4 (the

product hydroxylated at C-6 of the indole ring of 2) and its
downstream methoxy-group-containing metabolites 5-8 were
not detected in the culture extracts of the fimC strain. The
ftmE disruptants produced 2 and 5 but not their cyclization
products 3 and 6 (Figure 4B). The disruption of ftmG resulted
in the loss of production of 7 and 8 (Figure 4C). The produc-
tion of 6 was observed in the ftmG~ strain, indicating that hy-
droxylation of the indole ring and cyclization proceeded nor-
mally in this strain. These results clearly suggest the roles of
the three cytochrome P450 genes in the fumitremorgin path-
way: hydroxylation at C-6 of the indole ring, C—N bond forma-
tion to form 6, and the subsequent dihydroxylation are medi-
ated by ftimC, ftmE, and fimG, respectively. On the other hand,
the disruption of ftmF had no significant effect on the produc-
tion of 1-8, suggesting that ftmF should not be involved in
their biosynthesis (data not shown).

On the basis of the phenotypes of the ftm disruptants, the
functions of the three cytochrome P450 genes were demon-
strated by use of a yeast expression system. The cytochro-
me P450 genes ftmC, ftmE, and ftmG were expressed in Sac-
charomyces cerevisiae with a P450 reduction partner gene of
A. fumigatus, AFUA_2g07940. Microsomes that were prepared
from ftmC-expressing yeast catalyzed the hydroxylation of 2 to

A) a 16.1 a WT ftma-
1 i e .
b 5.4 b 10.3 b abab
WT I T 1
[» — : > ]
\\\ fimA /// 1814a  gl128
AmA- 1034 - «%F 97
t hph [ 54~ -~
! 1 | - | 3s
Iy 9.7 a 35 & l
b 12.8 b
B) a 8.8 a WT #mC- D a 12.9 a WT fimF-
bl 29 b 6.0 b abab I b 52 b 37 ©® abab
WT T WT I T 1
ftmC -l ﬂ:mF\ 9= L 118
ftmC- &84~ 07 fme- -"=103
) %!V = 27 0 hph [ 52~ ww [ 55
| } 284 - : } I 37+ =
X 47 X 59 a a 10.3 a 55 4
) 10.7 b b 11.8 b
C) a(Nh) 53 a (Xb) WT ftmE- B e 11.1 a WT #mG-
bl3g b 35| b abab b 43 b g b abab
WT i ¥ 1 WT "—‘-——‘——*_—'1
ftmE ftmG )
fmE- /// o &3 = o fimG- M= gk 73
I— hph LT 0 1™ e 42 C———— 1 hph [ T A 5'5
' : L §87 =% Fis | : TR
‘a'(Nh)3-3 a (Nh) 42 a(kb)l a 7.3 a 55 3 l 194 -
b 9.1 b 8.2 b

Figure 3. Construction of the ftm disruptants. DNA fragments (5.9kb) containing 1 kb upstream and 1 kb downstream regions of the ftm genes and the
hygromycin B-resistance cassette (hph) were used for the transformation of the wild-type strain (WT, TAFK1.39) and as probes for Southern hybridization.

A) ftmA disruption: total DNA (10 ug) isolated from the hygromycin B-resistant transformants was digested with a) Mlul, or b} Apal. The WT strain shows

a) 16.1, and b) 10.3 and 5.4 kb bands, whereas the ftmA~ mutant shows a) 9.7 and 3.5, and b) 12.8 kb bands. B) imC disruption: total DNA was digested with
a) Ndel, or b) Aor51HI. WT shows a) 8.8, and b) 6.0 and 2.9 kb bands, whereas the mutant shows a} 5.9 and 4.7, and b) 10.7 kb bands. C) ftmE disruption: total
DNA was digested with a) Nhel+Xbal, or b) Kpnl. WT shows a) 5.3, and b) 3.5 and 3.4 kb bands, whereas the mutant shows a) 4.2 and 3.3, and b) 9.1 kb
bands, D) ftmF disruption: total DNA was digested with a) Ndel, or b) Nrul. WT shows a) 12.9, and b) 5.2 and 3.7 kb bands, whereas the mutant shows a) 10.3
and 5.5, and b) 11.8 kb bands. E) ffmG disruption: total DNA was digested with a) Sacll, or b) Smal. WT shows a) 11.1, and b) 4.3 and 1.9 kb bands, whereas the

mutant shows a) 7.3 and 5.5, and b) 8.2 kb bands.
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Figure 4. The metabolite profiles of the ftm disruptants derived from A. fumigatus BM939. HPLC chromatograms of cuiture extracts of the knockout mutants
of A) ftmC, B) fim€£, and C) fimG. The fungal strains were cultivated at 28°C for 48 h. Fumitremorgins 1-8 in the culture extracts were determined by HPLC
and LC/ESI-MS with reference to authentic standards. The production was analyzed independently in two to four clones of each strain. UV detection was car-

ried out at 220 nm. D) Proposed biosynthetic pathway of fumitremorgins 3-7.

yield 4 in the presence of NADPH (Figure 5A), even though its
expression level was not high enough for the CO spectrum to
be detectable, The functions of FtmE and FtmG were. evaluat-
ed by bioconversion experiments: ftmE-expressing yeast cells
converted 5 into 6 effectively (13 nmh™"), whereas they also
converted 2 into the shunt product 3 (6.5 nmh™"; Figure 5B).

Presumably: these cyclizations proceeded through hydroxyl- .

ation at C-18 or N-10 by FtmE; foliowed by dehydration to
form the C~N bond. To the best of our knowledge; this is the
first fungal cytochrome P450 that catalyzes C—N bond forma-
tion. Other than this, there is only one bacterial cytochro-
me P450, StaN, that catalyzes C—N bond formation between
aglycon and deoxysugar moieties during staurosporine biosyn-
thesis in Streptomyces sp. TP-A0274.29 The conversion of 6 into
7 by ftmG-expressing yeast was observed, though the conver-
sion rate was very low (4.6 nmday™; Figure 5C).
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Proposed biosynthetic pathway for fumitremorgins

Previous studies have already pointed out that three genes in
the ftm cluster—ftmA, ftmB, and ftmH—are involved in the
first, second, and last steps, respectively, in the biosynthetic
pathway of 8."%"7 The first committed step of the fumitremor-
gin pathway is the formation of 1-diketopiperazine formation
from two amino- acids, L-tryptophan and L-proline. This was
further supported by the lack of production of 1-8 that was
observed in the ftmA disruptants derived from BM939 (Fig-
ure 1B). Heterologous expression of ftmA conferred the ability
to produce 1 both to S. cerevisiae (data not shown) and to
A. nidulans®” so 1 was obviously the biosynthetic product
attributable to ftmA and was the precursor of 2-8. The sub-
sequent step is the prenylation of 1 to form 2' by FtmB/
FtmPT1.'® The other prenyltransferase, FtmH/FtmPT2, catalyz-
es the prenylation of the indole ring at-N-1 of 7 to yield 8"

ChemBioChem 2009; 10, 920-928
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Figure 5. Reconstitution of the cytochrome P450-mediated reactions with a yeast expression system. A) HPLC chromatogram of reaction products of FtmC.
Microsomes that were prepared from the yeast cells expressing ftimC and AFUA_2g07940 were incubated with 2 (50 pm) in the presence of NADPH (1 mwm) at
30°C for 60 min. UV detection was carried out at 300 nm..B) HPLC chromatograms of culture extracts of the yeast cells expressing ftmE and AFUA_2g07940.
The cells were incubated with substrates 5 (upper panels) and 2 (lower panels; each 2.5 um) at 30°C for two days. UV detection was carried out at 280 and
300 nm for reaction products of 2 and 5, respectively. C) HPLC chromatograms of culture extracts of yeast cells expressing ftmG and AFUA_2g07940. The cells

were incubated with substrate 6 (2.5 pm) at 30°C for two days. UV detection was carried out at 300 nm.

Our. results elucidated the missing link in the. fumitremorgin
pathway, which is composed of four processes (Figure 4D): the
hydroxylation of the indole ring of 2 at C-6 by FtmC, followed
by methylation to form 5, the C—N bond formation for the syn-
thesis of 6 by FtmE, and the subsequent hydroxylation of 6 at
C-12 and C-13 by FtmG. There are three genes—ftmD, ftmF,
and ftml—in the cluster that. remain to be characterized. Be-
cause the predicted function of FtmD is that of a methyltrans-
ferase, FtmD is a plausible candidate for the enzyme that cata-
lyzes the methylation of 4 to form 5.

There . are.. several fumitremorgin-related compounds that
could not be accounted for by the ftm gene functions. One

ChemBioChem 2009, 10, 920~ 928
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such compound is verruculogen, which contains a unique epi-
dioxy (C-0-0O-C) bridge in its structure.’® To date, there is no
report of enzymes that catalyze epidioxy formation except for
prostaglandin endoperoxide H synthase.®® Because the func-
tions. of three out of four oxygenase genes in the cluster—
ftmC, ftmE and ftmG—were determined, the last uncharacter-
ized oxygenase gene, ftmF, might be a candidate for this inter-
esting reaction. FtmF-dependent peroxidation is now under in-
vestigation. The disruption of ftm! had no significant effect on
the production of 1-8 (data not shown), indicating that ftm/
was unlikely to be involved in the biosynthesis of 1-8.
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Conclusions

Our SAR study on metabolites associated with the ftm cluster
demonstrated that fumitremorgin C {6) was the most potent
inhibitor against BCRP of all of the metabolites that were
tested. A crucial moiety for exertion of the inhibitory activity of
6 was the covalent bond between C-3 and N-4. Methoxylation
of the indole ring at C-6 and the dihydroxylation at C-12 and
C-13 also modulated inhibitory activity. Targeted gene inacti-
vation with a fumitremorgin producer strain, BM939, revealed
that the three cytochrome P450 genes—ftmC, ftmE, and
ftmG—are involved in these biosynthetic processes. We con-
firmed their enzymatic activities with a yeast expression
system. In particular, the FtmE-mediated oxidative ring-closure
step is noteworthy. To the best of our knowledge, this enzyme
is the first fungal cytochrome P450 that catalyzes C—-N bond
formation. This study has elucidated the missing links in the fu-
mitremorgin pathway, which are also crucial processes for ex-
ertion of the inhibitory activity of 6 against BCRP, not only pro-
viding insights into mycotoxin biosynthesis but also opening
the way to improved biosynthesis of intermediates that have
interesting pharmacological activities.

Experimental Section

Microbial strains and plasmids: A. fumigatus BM939 was isolated
previously"™ The cosmid AN26, which contains the hygromycin B-
resistant cassette,” was obtained from the Fungal Genetics Stock
Center. E. coli strains TOP10 and DH5a and plasmids pCR2.1-TOPO,
pCR4Blunt-TOPO, pDONR P4-P1R/P2R-P3/221, and pDEST R4-R3 (In-
vitrogen) were used for DNA manipulation. S. cerevisiae YPH500
and pESC-URA (Stratagene) were used for heterologous expression
of the ftm genes,

Preparation of fumitremorgins: A: fumigatis BM939 was cultivat-
ed at:28°C for 3~5 days:-in complete medium: [malt extract (2%),
Bacto:peptone (1%); glucose (2%)]. The fungal culture was cleared
by filtration and- extracted’ with- ethyl acetate. From the dried ex-
tract, fumitremorgins were isolated by normal-phase chromatogra-
phy:on silica 60N (Kanto' chemicals) followed: by preparative HPLC,
Their structures were determined from the following spectroscopic
parameters.

Brevianamide F (1): 'H NMR (500 MHz, CDCL,): =824 (brs, 1H),
757 (d, J=7.8Hz, 1H), 7.38 (d, J=8.1Hz, 1H), 7.21 (td, J=73,
0.9Hz, 1H), 7.12 (td, /=73, 0.9 Hz, 1H), 7.09 (d, J=1.8Hz, 1H),
5.73 (brs, 1H), 436 (dd, J=11.0, 2.8 Hz, 1H), 4.05 (t, J=7.3 Hz, 1H),
3.74 {ddd, J=15.1, 3.7, 0.9 Hz, 1H), 3.60 (m, 2H), 2.95 (dd, J=15.1,
11.0 Hz, TH), 2.30 (m, 1H), 1.99 {(m, 2H), 1.89 ppm (m, 1H); ESI-MS:
m/z: 284.1 [M+H]". The NMR spectra were identical to the report-
ed data,l'®

Tryprostatin B (2): "TH NMR (500 MHz; CDCly): 6=7.94 (brs, 1H), 7.46
(d, J=78Hz; 1H), 7.29 (d, J=83 Hz, 1H), 7.14 (ddd, J=7.6, 7.1,
1.3 Hz, TH), 7.08 (ddd, J=10.6, 7.8, 1.0 Hz, 1H), 5.59 (brs, 1H), 5.30
{t, J=7.0Hz, TH), 4.35 (brdd, J=115,"28 Hz, 1H), 404 (t, J=
7.8 Hz, 1H), 3.64 {(m, 2H), 3.57 (ddd, J=11.8, 94, 3.2 Hz, 1H), 3.49
(dd, J=17.6; 7.8 Hz, TH); 3.44 (dd, J=16.5, 6.9 Hz; 1H), 2.93 (dd,
J=15.1,11.5 Hz, TH), 2.31 (m, 1H); 2.05-2.00 (m, 2H), 1.95-1.85 (m,
TH); 1.77 (s, 3H), 1.74 ppm (s, 3H); ESI-MS: m/z: 352.1 [M+H]". The
NMR spectra were identical to the reported data.”™
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Demethoxyfumitremorgin C (3): "H NMR (500 MHz, CDCly): 6=7.79
(brs, 1H), 7.56 (d, J=7.3 Hz, 1H), 7.33 (d, /=8.1Hz, 1H), 7.17 (brt,
J=63Hz, 1H), 7.13 (brt, J=6.9Hz, 1H), 6.01 (d, /=96 Hz, 1H),
490 (brd, J=9.1 Hz, 1H), 417 (dd, J=11.7, 5.0 Hz, 1H), 4.10 (brt,
J=82Hz, 1H), 3.63 (m, 2H), 3.55 (dd, J=16.0, 5.0 Hz, 1H), 3.11
(dd, J=15.8, 11.5 Hz, 1H), 240 (m, 1H), 2.23 {m, 1H), 2.05 (m, 1H),
2.00 (s, 3H), 1.94 (m, 1H), 1.63 ppm (s, 3H); ESI-MS: m/z: 350.3
[M+H]*. The NMR spectra were identical to the reported data.”®

Desmethyltryprostatin A (4): Pale yellow powder; [oJ3'=—25.5 (c
0.25, in methanol); 'H NMR (500 MHz, [DJDMSO): 6=10.30 (s, 1H),
873 (s, 1H), 7.19 (d, J=8.6 Hz, 1H), 7.03 (s, 1H), 6.62 (d, J=2.3 Hz,
1H), 6.42 (dd, /=23, 8.6 Hz, 1H), 5.27 (t, J=7.0Hz, 1H), 4.19 (t, J=
5.1 Hz, 1H), 3.98 (brdd, /=73, 93Hz, 1H), 345 (dd, J=70,
15.5Hz, 1H), 3.39 (m, 1H), 3.28 (dd, J=7.0, 155 Hz, 1H), 3.17 (d,
J=4.5Hz, 1H), 3.14 (dd, J=5.1, 145Hz, 1H), 290 (dd, J=6.5,
14.5 Hz, 1H), 1.89 {m, 1H), 1.69 (s, 3H), 1.68 (s, 3H), 1.61 (m, 1H),
1.42 (m, TH), 1.15 ppm (m, 1H); 3C NMR (125 MHz, [DIDMSO): 6 =
168.3 (s), 165.4 (s), 1524 (s), 136.4 (s), 134.7 (s), 131.7 (s), 121.9 (d),
121.3 (s), 1184 (d), 108.4 (d), 103.8 (s), 96.1 (d), 58.4 (d), 55.2 (d),
44.5 (1), 27.5 (1), 26.2 (1), 25.5 (q), 24.8 (1), 21.6 (1), 17.7 ppm {(q); UV/
Vis: Apa=222, 273, 299 nm; HR-FAB-MS: m/z: caled for €, H,N;0;:
368.1974 [M+H]'; found: 368.1980; ESI-MS: m/z: 368.3 [M+H]™.

Tryprostatin A (5): 'H NMR (500 MHz, CDCly): 6=7.79 (brs, 1H), 7.32
(d, /=87 Hz, 1H), 6.81 (d, J=23 Hz, 1H), 6.74 (dd, /=87, 23 Hz,
1H), 5.61 (brs, 1H), 528 (t, J=73 Hz, 1H), 431 (brdd, J=11.2,
2.7 Hz, 1H), 4.04 (t, J=7.8 Hz, 1H), 3.81 (s, 3H), 3.63 (ddd, /=10.2,
8.0, 3.7 Hz, 1H), 3.62 (dd, J=15.1, 4.1 Hz, 1H), 3.57 (ddd, J=11.9,
8.9, 28 Hz, 1H), 343 (dd, /=174, 6.8Hz, 1H), 3.39 (dd, J=16.5,
7.3 Hz, 1H), 2.89 (dd, J=15.1 11.5Hz, TH), 2.31 (m, 1H), 2.05-1.98
(m, 2H), 1.89 (m, TH), 1.76 (d, J=1.0 Hz, 3H), 1.73 ppm (s, 3H); ESI-
MS: m/z: 382.3 [M+H]*. The NMR spectra were identical to the re-
ported data.?®

Fumitremorgin C (6): "H NMR (500 MHz, CDCl,): 6=7.65 (brs, TH),
742 (d, J=83Hz, 1H), 6.84 (d, /=23 Hz, 1H), 6.79 (dd, /=87,
23 Hz, 1H), 596 (d, J=9.6 Hz, 1H), 4.89 (dt, /=96, 1.4Hz, 1H),
4.17 (dd, /=119, 4.6 Hz, 1H), 4.09 (t, J=7.8 Hz, 1H), 3.82 (s, 3H),
3.62 (m, 2H), 3.50 (dd, J=16.0, 5.0 Hz,.1H), 3.08 (ddd, J=15.8, 11.5,
0.9 Hz, 1H), 238 (m, 1H), 2.22 (m, 1H), 2.02 {(m, 1H), 1.98 (d, J=
0.7 Hz, 3H), 1.94 (m, 1H), 1.63'ppm (d, J=1.4 Hz, 3H); ESI-MS: m/z:
380.2 [M+H]*. The NMR spectra were identical to the reported
data®

12a, 13a-Dihydroxyfumitremorgin C (7): 'H NMR. (500 MHz, CDCl,)::
0=7.78 (d, J=8.7 Hz, 1H), 7.64 (brs, TH), 6.83 (d, /=23 Hz, 1H),
6.78 (dd, J=8.7, 2.3 Hz, 1H), 5.85 (dd, /=94, 0.9 Hz, 1H), 5.73 (dd,
J=2.8, 0.9 Hz, 1H), 4.78 (dt, /=96, 1.4 Hz, 1H), 4.64 (d, J=2.8 Hz,
1H), 441 (dd, J=10.1, 6.9 Hz, 1H), 4.09 (brs, 1H), 3.82 (s, 3H), 3.62
(m, 2H), 2.47 (m, 1H), 2.08 (m, TH), 202 (m, TH), 1.99 (d, J=1.4 Hz,
3H), 1.95 (m, 1H), 1.65 (d, J==09Hz, 3H); ESI-MS: m/z: 394.2
[M+H—H,01*. The NMR spectra were identical to the reported
data.®

Fumitremorgin B (8): 'HNMR (500 MHz, CDCl;): 6=7.83 (d, J=
8.7 Hz, 1H), 6.78 (dd, /=87, 2.3 Hz, 1H), 6.67 (d, J=18Hz, 1H),
5.97 (d, J==10.1 Hz, 1H), 5.75 (s, 1H), 5.02 (brt, J=6.9 Hz, 1H), 4.68
(brd, J=10.1 Hz, 1H), 4.52 (brs, 2H), 443 (dd, /=99, 7.3 Hz, 1H),
3.82 (s, 3H), 3.62 (dd, /=89, 4.6 Hz, 2H), 2.46 (m, 1H), 2.20-1.90
{m, 3H), 1,97 (d, J=1.4 Hz, 3H), 1.83 (s, 3H), 1.68 (d, J=1.0 Hz, 3H),
1.61 (d, J=1.4 Hz, 3H); ESI-MS: m/z: 462.1 IM+H—H,0]*. The NMR
spectra were identical to the reported data.*?

BCRP inhibitory assay: The BCRP inhibitory activities of fumitre-
morgins 1-8 were assessed by growth inhibition of K562 cells that
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overexpressed the BCRP gene (K562/BCRP) by the anticancer drug
SN-38, as described previously.®" Briefly, K562/BCRP cells were
grown in RPMI 1640 medium that was supplemented with fetal
bovine serum (7%, v/v) at 37°C in CO, (5%, v/v). The sensitivity of
the K562/BCRP cells to SN-38 in the presence of fumitremorgins
(3 pm) was evaluated by cell growth inhibition after incubation at
37°C for 4 days. Cell numbers were determined with a Coulter
counter. The IC;, values {drug dose that caused 50% inhibition of
cell growth) were determined from the growth inhibition curves.

The inhibitory effects of fumitremorgins 1-8 on BCRP activity were
also evaluated in vitro by measuring BCRP-dependent ATPase
activity, as described previously,?? with minor modifications. BCRP
membranes (BD Biosciences) were incubated at 37°C in medium
(95 pb) consisting of Tris-MES (50 mm, pH 6.8), EGTA (2 mm), DTT
(2 mm), KCl (50 mm), sodium azide (5 mwm), and fumitremorgins
(50 pm). The ATPase reaction was started by the addition of MgATP
(100 mm, 5 ul). To measure BCRP-independent ATPase activity, an
identical reaction mixture that contained sodium orthovanadate
(400 pM) was assayed in parallel. After incubation for 30 min, re-
actions were terminated by addition of perchloric acid (0.6m,
100 pL). The amount of inorganic phosphate was determined as
described previously.®

Cloning of the ftm cluster of A.fumigatus BM939: An Aflll site
was introduced into the cloning site of a cosmid vector (Super-
Cos1, Stratagene). The resulting vector was used for construction
of a genomic library of A.fumigatus BM939 with Aflil-digested
chromosomal DNA of the strain. On screening of the library, a
27 kb cosmid clone that covered the ftm genes was isolated.

Disruption of the ftm genes: We first prepared the akuA-disrupted
strain derived from A. fumigatus BM939. The akuA gene encodes
the Ku70 component that causes low efficiency of homologous
recombination in filamentous fungi®*¥ For construction of the
akuA knockout plasmids, 1kb DNA fragments upstream of the
start codon and downstream of the stop. codon of akuA were
amplified by PCR with use of chromosomal DNA of A. fumigatus
BM939 as template. The primer pairs akuA-UF(—1023)/akuA-UR-
(—16) and akuA-DF(2269)/akuA-DR(3265) were used for amplifica-
tion of the upstream and. downstream regions, respectively. The
pyrithiamine-resistant gene ptrA®? was used as a selection marker
for the akuA knockout.-These DNA fragments were: combined in
the original orientation in pDEST by use of the MultiSite: Gateway
System (Invitrogen) in the following order: the upstream region,
ptrA, followed by the downstream region. From this plasmid, a
DNA fragment (4.0 kb) was excised by Kpnl digestion and used for
transformation of A, fumigatus BM939. Pyrithiamine-resistant trans-
formants (AakuA:ptrA) that resulted from double-crossover be-
tween the disrupted ‘akuA sequence and the intact chromosomal
akuA sequence were isolated. Correct disruption was checked by
Southern hybridization (data not shown). The resuiting akuA™
strain TAFK1.39 was used as a recipient strain for further transfor-
mations,

Knockout mutants of the ftm genes were prepared from TAFK1.39,
in a procedure similar to that described for the akuA disruption.
The 1kb DNA fragments upstream and downstream of the ftm
genes were amplified by PCR with use of chromosomal DNA of
BM939 as template. The primer pairs ftm-UF and -UR and ftm-DF
and -DR were used for amplification of the upstream and down-
stream regions, respectively. The hygromycin B-resistant cassette
(hph) was used as a selection marker, These DNA fragments were
combined in the original orientation in pDEST. in the following
order: the upstream regions, hph, followed by the downstream re-
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gions. From these plasmids, 5.9 kb DNA fragments were excised by
restriction enzyme digestion and used for fungal transformation.
The restriction enzymes that were used are indicated in Table S2.
Hygromycin B-resistant transformants (Aftm:hph) were verified by
genomic Southern analysis to contain the ftm gene replacements
(Figure 3). Note that the parent akuA strain TAFK1.39 is described
as the “wild-type” strain in this study. All of the DNA fragments am-
plified by PCR were verified by sequencing. The oligonucleotides
that were used for PCR are summarized in Table S2.

Determination of fumitremorgins produced by the ftm disrup-
tants: Freshly harvested spore suspensions of an A.fumigatus
strain were inoculated in fermentation medium [K,HPO, (0.5%),
MgS0O,7H,0 (0.05%), soybean meal (2%), glucose (3%), soluble
starch (2%), pH 6.5]. The culture was cultivated at 28°C for 48 h
and cleared by filtration. The culture filtrate was extracted with
ethyl acetate. The dried extracts were dissolved in methanol and
analyzed by HPLC and LC/ESI-MS.

HPLC analysis was carried out with a Waters 600 HPLC system with
a photodiode array detector (2996 PDA detector). The HPLC condi-
tions were as follows: column, Senshu Pak Docosil-B 3 pu (4.6x
250 mm); flow rate, 1.0 mLmin™'; solvent A, water containing
formic acid (0.05%, v/v); solvent B, acetonitrile. After injection of
the sample into a column equilibrated with solvent B (25%), the
column was developed with a linear gradient from 25% to 65%
over 20 min, followed by isocratic elution of solventB (65%) for
20 min. LC/ESI-MS analysis was carried out with a Waters Alliance
HPLC system fitted with a mass spectrometer (Q-TRAP, Applied Bio-
systems), The HPLC conditions were as follows: column, Senshu
Pak Docosil-B 3 p (2.0x250 mm, Senshu Scientific); flow rate,
0.2 mLmin~", After injection of the sample into a column equili-
brated with solvent B (10%), the column was developed with a
linear gradient from 10% to 100% solvent B over 90 min. Mass
spectra were collected in an ESI-positive mode.

Construction of plasmids for heterologous expression of the ftm
genes: The ORFs of AFUA_2g07940 and ftmE were amplified by
PCR with chromosomal DNA of A. fumigatus BM939 as template.
The ORFs of ftimC and ftmG were amplified by two-step RT-PCR
with total RNA extracted from A. fumigatus BM939 as template. All
DNA fragments. amplified: by PCR were cloned into. pCR4Blunt-
TOPO. and . verified. by sequencing. The AFUA_2g07940. ORF in
pCR4BIlunt-TOPO  was- excised. by Sall-Xhol digestion and- cloned
into the Sall-Xhol site of pESC-URA, resulting in pEUR07940. The
ORFs of ftmC, ftmE, and ftimG were cloned in the Notl-Spel site of
pEUR079490, resulting in pEUR07940-ftimC, -ftmE, and -fimG, re-
spectively. These plasmids contained AFUA_2g07940 and the ftm
gene under the GALT and GAL10 promoters, respectively. The oli-
gonucleotides that were used for PCR are summarized in Table S3.

In- vitro assay of FtmC: S, cerevisiae ' YPH500 = containing
pEURG7940-ftmC was cultivated at 30°C for three days in SGI
medium’ [yeast nitrogen base (0.7%), galactose (29%), casamino
acids (0.19%), with L-tryptophan and (-histidine (20 mgL™), v-leu-
cine (30 mgL™"), and adenine (200 mgL™")]. From the. harvested
cells, microsomes were prepared as described previously.®” The CO
spectrum was undetectable. The reaction mixture (500 pl) consist-
ed of Tris-HC! (50 mm, pH 7.5), glycerol (20%, v/v), 2-mercaptoetha-
nol {15 mm), fumitremorgin substrate (50 um), NADPH (1. mm), and
microsomes. After the reaction mixtures had been incubated at
30°C for 60 min, the reactions were terminated by addition of HCl
(a final concentration of 0.1 m). Reaction products were extracted
with ethyl acetate and analyzed by HPLC and LC/ESI-MS,

927

www.chembiochem.org



CHEMBIOCHEM

Bioconversion assay of FtmE and FtmG: S, cerevisiae YPH500 car-
rying pEUR07940-ftmE or -ftmG was cultivated at 30°C for 1 day in
SGI medium. After fumitremorgin substrates had been added to
the cultures (final concentrations of 2.5 pm), the cultures were fur-
ther incubated for two days. The compounds in the broths were
extracted with ethyl acetate and analyzed by HPLC and LC/ESI-MS.

The following conditions were used for HPLC analysis of the reac-
tion products of in vitro and bioconversion assays: column, Senshu
Pak Docosil-B (4.6x250 mm); flow rate, 1.0 mLmin '. After injec-
tion of the sample into a column equilibrated with 20% solvent B,
the column was initially developed isocratically for 3 min. The
column was successively developed with a linear gradient 20% to
100% over 15 min, isocratic elution for 1 min, a linear gradient
100% to 20% over 1 min, followed by isocratic elution of solvent B
(20%) over 10 min.

Accession numbers: The nucleotide sequence reported in this
paper has been deposited to the GenBank/DDBJ/EMBL database
under accession number AB436628.
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Abstract—Tryprostatin A is an inhibitor of breast cancer resistance protein, consequently a series of structure—activity studies on the
cell cycle inhibitory effects of tryprostatin A analogues as potential antitumor antimitotic agents have been carried out. These ana-
logues were assayed for their growth inhibition properties and their ability to perturb the cell cycle in tsFT210 cells. SAR studies
resulted in the identification of the essential structural features required for cytotokic activity. The absolute configuration L-Tyr-L-
pro in the diketopiperazine ring along with the presence of the 6~-metlioxy substituent on the indole moiety of 1 was shown to be
essential for dual inhibition of topoisomerase Il and tubulin polymerization. Biological evaluation also indicated the presence of
the 2-isoprenyl moiety on the indole scaffold of 1 was essential for potent inhibition of cell proliferation. Substitution of the indole
N,-H in 1 with various alkyl or aryl groups, incorporation of various L-amino acids into the diketopiperazine ring in place of

L-proline, and substitution of the 6-methoxy group in 1 with other functionality provided active analogues. The nature of the
substituents present on the indole N,—H or the indole C-2 position influenced the mechanism of action of these analogues.
Analogues 68 (ICso = 10 uM) and 67 (ICsp = 19 uM) were 7-fold and 3.5-fold more potent, respectively, than 1 (ICsp = 68 uM)
in the inhibition of the growth of tsFT210 cells. Diastereomer-2 of tryprostatin B 8 was a potent inhibitor of the growth of three
human carcinoma cell lines: H520 (ICsp = 11.9 pM), MCF-7 (ICsp = 17.0 uM) and PC-3 (ICsp = L 1.1 M) and was equipotent with
etoposide, a clinically used anticancer agent. Isothiocyanate analogue 71 and 6-azido analogue 72 were as potent as 1 in the tsFT210

cell proliferation and may be useful tools in labeling BCRP.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The cell cycle coordinates a variety of cellular functions
involved in the accurate replication of the genome and
cell division.! These processes are tightly regulated pri-
marily at the G;/S and Go/M phase transitions by a
series of checkpoints. It has become clear that check-
point control defects in cancer cells contribute to tumor-
igenesis and are a significant reason for the increased
selectivity of tumors over normal cells towards
chemotherapy.?® Cell cycle inhibitors or modulators

Keywords; Tryprostatin-A; Antimitotic; Anticancer; Breast cancer

resistance protein.

* Corrésponding author. Tel.: +1 414 229 5856; fax: +1 414 229
5530; e-mail: capncook@uwm.edu

0968-0896/$ - see front matter' © 2008 Elsevier Ltd. Al rights reserved.
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are highly promising new therapeutic agénts against hu-
man Cancers.

With an increased understanding of the molecular biol-
ogy of cell cycle control it has become possible to devel-
op bioassays and screen for agents that. specifically
interfere with these processes. One such method was
developed by Osada et al.%* which utilizes the synchro-

-nous culture of the murine temperature-sensitive mutant

cell line, tsFT210, defective in the p34°“% gene. With this
assay a family of 2-isoprenylated diketopiperazine
indole alkaloids which effect cell cycle arrest at the
G2/M phase was isolated from the fermentation
broth of a marine fungal strain of Aspergillus fumigatus
BM939. It was found that tryprostatin A 1 (Chart 1) and
tryprostatin B 2 (Chart 1) completely inhibited cell cycle
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OMe, tryprostatin A
H, tryprostatinB

vinblastine R = CH;,
vincristine R=CHO

colchicine

Chart 1.

progression of tsFT210 cells in the G2/M phase at a final
concentration of 50 pg/mL of 1 and 12.5 ug/mL of 2,
respectively.®® Since these indole alkaloids were isolated
only in small amounts, studies on the mechanism and
SAR were not reported earlier.

Tryprostatin A and B have previously been synthe-
sized,>!! the aim of which was to study their mechanism
of action. The similarities in the structures of the try-
prostatins with etoposide (Chart 1) and azatoxin (Chart
1), a dual inhibitor of topoisomerase I (G2)/tubulin
polymerization (M), led to the investigation of the abil-
ity of the two tryprostatins to inhibit topoisomerase II
and tubulin polymerization. Biological evaluations'? of
1 and 2 indicated that both alkaloids were very weak
inhibitors of topoisomerase 1I in the topoisomerase
II assay; while only 1 had marginal activity in the
tubulin polymerization assay. This latter result was in
agreement with the data reported for 1 by Osada
et al’> Osada et al.'* also reported 1 inhibited cell
cycle progression of rat normal fibroblast 3Y1 cells
specifically in the M phase. The concentration of 1 that
arrested cell cycle progression in the M phase corre-
sponded to that which induced a marked depolymeriza-
tion in situ of the microtubules containing both
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azatoxin MeO OMe

OH
etoposide

paclitaxel R = PhCO; Ry = Ac
docetaxel R = 'BuOCO; Ry =H

imatinib gefitinib

-

cytoplasmic network and spindle apparatus. Although
tryprostatin B 2 arrested cell cycle progression at a lower
concentration than 1, the inhibition was not due to inhi-
bition of the M phase. It was shown that 1 inhibited
microtubule assembly through a different type of mech-
anism than colchicine (Chart 1), vinblastine (Chart 1),
or maytansine~rhizoxin.!"* Tryprostatin A 1 inhibited
microtubule assembly by interfering with the interaction
between microtubule-associated proteins (MAPs) and
the C-terminal domain of tubulin. Since 1 operated by
an entirely novel mechanism this may be important in
cancer chemotherapy, especially in multiple drug resis-
tance (MDR) cancers.

Microtubules are hollow cylindrical tubes found in al-
most-all eukaryotic cell types. They play an important
role in a variety of cellular functions, such as cell divi-
sion, cell movement, cell shape, and transport of organ-
elles inside the cell.!* Tubulin exists as a heterodimer of
o- and B-tubulin and is the major building block of
microtubules. Proteins such as the MAPs bind to and
modify microtubule properties.'*!> In the absence of
MAPs, o/B-tubulin heterodimers polymerize only by
treatment with high concentrations of glycerol or organ-
ic acids such as glutamate.'6
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The discovery of numerous compounds from natural
sources which display a wide structural diversity and
are cytotoxic by perturbation of the dynamic instability
of microtubules has attracted much attention within the
last two decades.!™2° Microtubules have, therefore, be-
come an attractive pharmacological target for antican-
cer drug discovery.'”2° Almost all antimitotic agents
interact with the o/B-tubulin dimer, rather than microtu-
bule-associated proteins (MAPs) or other proteins in-
volved in microtubulé functions. The Vinca alkaloids,
exemplified by vinblastine (Chart 1) and vincristine
(Chart 1), as well as the taxanes, such as paclitaxel
(Chart 1) and the semisynthetic analogue docetaxel
(Chart 1), are the most commonly used antimitotic
agents in the clinical treatment of cancer.*! Colchicine
is another important antimitotic agent; however, it has
limited medicinal utility due to its narrow therapeutic
index.

Additionally, the natural products combretastatin
A-4,22 curacin A,2 podophyllotoxin,® epothilones A
and B,2° and dolastatin® to cite just a few, are known
to be cytotoxic through binding interactions with
tubulin. Another antimitotic agent, estramustine
phosphate inhibits microtubule assembly by binding
to both microtubule-associated protein 2 (MAP2)
and tubulin,?” while 5,5'-bis[8-(phenylamino)-1-naph-
thalenesulphonate] (bis-ANS)  specifically  inhibits
MAP-dependent microtubule assembly by interaction
with the C-terminal domain of the tubulin heterodi-
mer.?® These compounds may lead to useful cancer
therapeutic agents. Indeed, estramustine in combina-
tion with other antimicrotubule agents exhibits syner-
gistic cytotoxicity both in vitro and in vivo.?’
However, no new tubulin polymerization inhibitor of
low molecular weight has reached clinical status, as
yet. Clinically available compounds such as paclitaxel
or vincristine face several disadvantages; principally:
(i) high toxicity, (ii) development of drug resistance in
patients, (iii) marginal oral bioavailability and poor sol-
ubility, and (iv) complex synthesis or isolation proce-
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dures.'”2° Therefore, a pressing need to develop
simpler, more effective antitumor drugs still remains.

The development of MDR to chemotherapeutic agents
remains one of the primary obstacles in cancer treat-
ment. These arise from intrinsic or acquired mechanisms
of resistance. The overexpression of energy dependent
(ATP) transmembrane drug-efflux pumps, such as P-gly-
coprotein (MDR1), multidrug resistance protein
(MRP), and breast cancer resistance protein (BCRP),
have been shown to produce resistance to several com-
monly used chemotherapeutic agents. Breast cancer
resistance protein is a 72 kDa protein which probably
homodimerizes to form an active transport complex.”
BCRP was first identified in drug resistant MCF-7/
adrVp cells®® and has been recently reviewed.?** Like
other members of the ATP binding cassetté family of
membrane transporters, such as MDRI and MRPI,
BCRP is expressed in a variety of malignancies where
it may produce resistance to chemotherapeutic agents.
In addition, it has also been reported that BCRP expres-
sion may be a prognostic indicator in certain cancers
and is associated with poor response to chemother-
apy.3435 Overexpression of BCRP has been reported in

. "a number of tumor types including: adenocarcinomas

(arising from the digestive tract, the endometrium, and
the lung), melanoma, soft tissue sarcomas,*® hematolog-
ical malignancies such as acute myeloid leukemia
(AML),> and acute lymphoblastic leukemia (ALL).3®
Elevated expression of BCRP results in resistance of
various cancer cell lines to antitumor drugs including:
topotecan, mitoxantrone, daunorubicin, doxorubicin,
and bisantrene.?® In addition, flavopiridol resistance is
mediated by BCRP.%

The clinical significance of BCRP along with its limited
expression in normal tissues makes BCRP a viable tar-
get for inhibition to reverse MDR. Several potent and
specific inhibitors of BCRP have been developed. This
has potentially opened the door to clinical applications
of BCRP inhibition. These inhibitors include the
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targeted agents: gefitinib and imatinib mesylate,* as
well as the more specific inhibitors: fumitremorgin C,*2
tryprostatin A,** and GF120918.% At concentrations
of 10-50 uM, tryprostatin A 1 was shown to reverse a
mitoxantrone-resistant phenotype and inhibited the cel-
lular BCRP-dependent mitoxantrone accumulation in
the human gastric carcinoma cell line EPG85-257RNOV
and the human breast cancer cell line MCF-7/AdrVp
(both exhibited acquired BCRP-mediated MDR). No
cytotoxicity was observed at effective concentrations.*?

In the search for potent and selective antitumor agents,
the synthesis of a series of analogues (3-8, Fig. 1) of 1
and 2 was carried out in order to probe the importance
of the stereochemistry of the diketopiperazine ring on
the inhibition of topoisomerase II and/or tubulin poly-
merization. Tryprostatin analogues 1-8 were evaluated
for their ability to inhibit topoisomerase IT and/or tubu-
lin binding protein as well as their tumor cell growth
inhibitory activity.'?

More recently, Osada et al.'* reported the presence of
the 6-methoxy substituent on the indole moiety of 1 con-
ferred lower cytotoxicity to tryprostatin A and enhanced
the specificity for inhibition of microtubule assembly.

OEt

The lower cytotoxicity of 1 in comparison to 2, com-
bined with a unique mechanism for inhibition of tubulin
polymerization, as well as BCRP prompted investiga-
tion of the structure activity relationships (SAR) in 1
in order to enhance tubulin polymerization and/or
BCRP inhibition. To our knowledge, no SAR of try-
prostatin A has appeared in the literature, to date. The
SAR studies were designed to determine the minimum
structural requirements of tryprostatin A required to ex-
hibit potent and selective cytotoxic activity, in the search
for new anticancer agents. Several modifications, which
maintained the same backbone, were carried out as out-
lined in Figure 1: (A) substitution of the 6-position of
the aromatic ring, (B) alkylation of the indole NH, (C)
substitution of the 2-position of the indole moiety, and
(D) substitution of the L-proline residue in the diketopi-
perazine ring with other L-amino acids.

2. Chemistry
The synthesis of optically active 1 and 2 have been re-
ported.”!! This method was also extended to the syn-

thesis of the enantiomers (3 and 4) and diastereomers
(5-8) of 1 and 2 (Scheme 1).'"2 The synthesis of 1-8

EtO

R goc OEt BOC R goc OEt
12 R = OMe (91%) 9aR=0Me 14 R = OMe (92%)

SR =H 15R=H  (91%)
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16 R = OMe (85%)
17R=H (82%)

N
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Scheme 1. Reagents and conditions: (a) THF, n-BuLi, —78 °C; (b) LDA (1.5 equiv), THF, isoprenylbromide (3 equiv); (c) 2 N aq HCl, THF, -78 °C

to rt; (d) TEA, CHCl3; DEA, CH5CN, rt; xylene, reflux.
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(Scheme 1) began with indoles 9a and 9b which were
coupled with the anion of the Schéllkopf chiral auxiliary
11 (derived from L-valine), to afford the trans diastereo-
mers 14 and 15, respectively, with 100% diastereosélec-
tivity. The diastereoselectivity of the addition to the
Schéllkopf chiral auxillary was found to be 100% by
analysis of the 'H spectrum of the crude mixture of
the respective compounds. When indoles 14 and 15 were
treated with LDA at —78 °C, followed by addition of
isoprenyl bromide, the 2-isoprenylpyrazine derivatives
18 and 19 were obtained, respectively. The pyrazine
moiety was removed from pyrazines 18 or 19 under
acidic conditions (aq HCl, THF) in 94% yield to afford
the 2-isoprenyl tryptophan 22 or 23, respectively. The
coupling of 2-isoprenyl tryptophan 22 or 23 with
Fmoc-p-proline 25 using triethylamine as the base was
followed by formation of the diketopiperazine ring.
The Boc protecting group was removed from the indole
N(H) function in refluxing xylene to afford 3 and 4,
respectively. Similarly, coupling of 2-isoprenyl trypto-
phan 22 or 23 with Fmoc-L-proline 24 afforded 5 or 6,
respectively. The natural products (1 and 2) were pre-
pared from the trans transfer of chirality from p-valine
(Schollkopf) and from L-proline.”~!! The diastereomers
7 and 8 of 1 and 2, respectively, were prepared from
the trans transfer of chirality from p-valine (Schéllkopf)
and from p-proline, as outlined in Scheme 1.%-!1

Analogues 37-40 were intended as tryprostatin A mim-
ics in which the alkyl substituent was moved from the in-
dole 2-position to the indole NH. This was expected to
result in analogues that are more readily accessible than
the natural products which require methods for prenyl-
ation of tryptophan at C-2. As shown in Scheme 2, the
ortho-iodoaniline 26 was coupled with the internal al-
kyne!® 27 in the presence of catalytic Pd(OAc), with
Na,CO; as the base to provide indole 28 in 77%
yield.45'46

Alkylation of 28 with methyl iodide, isoprenyl bromide,
benzyl bromide or allyl bromide in the presence of so-
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dium hydride afforded the indole N,-substituted ana-
logues 29-32 in 72-99% yields. Hydrolysis of pyrazines
29-32 with 2 N aq HCl in THF resulted in removal of
both the bislactim ether moiety and the silyl group. Try-
ptophans 33-36 were readily transformed into ana-
logues 37-40 of tryprostatin A under conditions
analogous to the steps in Scheme 1.

In order to synthesize the Ny-substituted analogues (46
and 47) of 1, in region B in which the indole 2-position
carried the isoprenyl group, an analogous strategy was
employed. Thermal removal of the Boc protecting group
of 16 (Scheme 3) in refluxing xylene afforded pyrazine
41. Alkylation of 41 with benzyl bromide or allyl bro-
mide using sodium hydride afforded analogues 42 and
43 in 91% and 82% yields, respectively. These intermedi-
ates were readily transformed into analogues 46 and 47
of tryprostatin A under conditions analogous to the
steps in Scheme 1, as illustrated in Scheme 3.

To obtain analogues with different substitution at the
indole 2-position (region C) of 1, 2-bromo-indole 48
(Scheme 4) served as a common intermediate which
was easily obtained from indole 28 after sequential
treatment with NBS and Boc anhydride. As shown in
Scheme 4, lithium-halogen exchange, followed by treat-
ment with benzyl bromide or allyl bromide furnished the
2-substituted analogues 49 and 50. Analogues 49 and 50
were further transformed into 2-substituted indoles 55
and 56, respectively, under standard conditions (Scheme
4). For the synthesis of 51 (Scheme 4), the zinc reagent
was prepared through lithium-halogen exchange fol-
lowed by treatment with zinc chloride. Negishi cou-
pling?” of the zinc reagent with phenyl iodide using
Pd(OAc); in the presence of trifuryl phosphine afforded
the 2-phenyl indole 51 in 65% yield which was then
transformed to analogue 57 under conditions outlined
in Scheme 4. A variety of other conditions were at-
tempted to prepare the 2-phenyl indole 51, however
the Negishi coupling was the only method that was suc-
cessful ina practical sense.
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Scheme 2. Reagents and conditions: (a) PA(OAc),, LiCl, Na,COs, DMF, 100°C, 77%; (b) NaH, DMF, RX; (c) 2 N aq HCJ, EtOH, THF, -78°Cto

rt; (d) 24, TEA, CHCly; DEA, CH,CN, rt; xylene, reflux.
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Heck coupling*® of bromide 48 with methyl acrylate in the coupled product 58 in 94% yield (Scheme 5). Ana-
the presence of 5% Pd(PPhs); and Cy,NEt afforded logue 58 (Scheme 5) was then transformed into ester
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80% MeO

42 R =banzyl (91%)

43R=allyl (82%)

d
MeO’
MeQO
46 R = banzyl (87%) 44 R = benzyl (87%)
. 47R=allyl = (82%) 45R=allyl - (86%)

Scheme 3. Reagents and conditions: (a) xylene, reflux, 80%; (b) NaH, DMF, RX; (c) 2 N aq HCl, EtOH, THF, -78 °C to rt; (d) 24, TEA, CHCl;;
DEA, CHiCN, rt; xylene, reflux,
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Scheme 4. Reagents and conditions: (a) NBS, CH,CN; (Boc);O, DMAP, CH3CN, rt, 87%; (b) n-BuLi, THF, —78 °C; RX; (c) n-BuLi, THF, -78 °C;

ZnCly; Pd(OAc),, Phl, tri-2-furyl phosphine, rt, 65%; (d) 2 N aq HCl, EtOH, THF, -78 °C to rt; (e) 24, TEA, CHCl;; DEA, CH,CN, rt; xylene,
reflux.
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Scheme 5. Reagents and conditions: (a) Pd(PPhs)s, methyl acrylate, Cy2NMe, toluene, 95 °C, 94%; (b) 2 N aq HCI, EtOH, THF, ~78 °C to rt, 80%;
(c) 24, TEA, CHCly; DEA,; CH;CN, rt; xylene, reflux.
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Scheme 6. Reagents and conditions: (a) 2 N'aq HCI, EtOH, THF, —78 °C to rt, 86%:; (b) 24, TEA, CHCls, DEA, CH3CN, rt; xylene, reflux; (c) NBS
or NCS, THF, —78 °C to rt; (d) Fmoc-L-amino-acyl chloride, TEA, CHCly; DEA, CH;CN, rt; xylene, reflux.

60, analogous to well-developed processes outlined pre-
viously in Scheme 1. It was well known in the literature
that the 6-methoxy group activated the C-2 position of
the indole nucleus towards electrophilic substitution.
As illustrated in Scheme 6, indole 28 was hydrolyzed
with aq 2 N HCI to afford the 6-methoxy-L-tryptophan
ethyl ester 61 in 86% yield. Ester 61 was further trans-

OFEt

formed into the N,~H analogue 62 under conditions
similar to that described for 1 in Scheme 1. Analogue
62 was treated with NBS at —~78 °C to afford 2-bromo-
indole 63 in 80% yield. The corresponding 2-chloro ana-
logue 64 was prepared in 85% yield (from NCS) under
analogous conditions to those described above for the
preparation of 2-bromo-indole 63.

67 R =isopropyl (85%)
68 R=benzyl (75%)

70 R = NH, (88%)
ol 72R=Ny (91%)

Schemie 7. Rengents and conditions: () Fmoc-L-amiro-acylchloride, TEA, CHCly; DEA, CH;CN,; rt; xylene, reflux; (b) NaNO;; TFA, —78°Cto
—20°C, 75%; (c) NH,NH», FeCly.6H,0, active C, MeOH, reflux, 91%; (d) CHCI,, CIC(S)CI, 93%; (e) TEN3, ag CuSO,, Et;N, CH,Cl,/MeOH, 89%.



