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Abstract: The potent antimitotic polyketide macrolide rhizoxin, the causal agent of rice seedling blight, is
not produced by the fungus Rhizopus microsporus, as has been believed for over two decades, but by
endosymbiotic bacteria that reside within the fungal mycelium. Here we report the successful isolation and
large-scale fermentation of the bacterial endosymbiont (“Burkholderia rhizoxin&") in pure culture, which
resulted in a significantly elevated (10x higher) production of antimitotics. In addition to several known
rhizoxin derivatives, numerous novel natural and semisynthetic variants were isolated, and their structures
were fully elucidated. Cell-based assays as well as tubulin binding experiments revealed that methylated
seco-rhizoxin derivatives are 1000—10000 times more active than rhizoxin and thus rank among the most
potent antiproliferative agents known to date. Furthermore, more stable didesepoxy rhizoxin analogues
were obtained by efficiently inhibiting a putative P-450 monooxygenase involved in macrolide tailoring.

Introduction

The mitotic spindle represents the prime target for arresting
cell division and inducing apoptosts? Its formation depends
on a highly sensitive dynamic equilibrium, which, in a simplistic
model, can be affected in two basic ways: either by blocking
microtubule depolymerization (e.g. by paclitaxel, epothilone),
or by binding tof-tubulin and thus inhibiting microtubule
assembly (e.g. by th¥inca alkaloids, colchicine, and may-
tansine)* Not surprisingly, the most potent antimitotic com-
pounds are represented by natural products, which have beerfoure 1. Structure of rhizoxin, the causal agent of rice seedling blight
biologically evaluated for defending the habitat, as efficient and potent antitumoral agent.
feeding deterrents, or as pathogenicity factors. Rhizogin (
Figure 1), the causal agent of rice seedling blight, is an important
example for such an ecologically and pharmaceutically relevant
antimitotic agent:®

About two decades ago, Iwasaki et al. succeeded in isolating
the unprecedented polyketide macrolid&om cultures of the
plant pathogenic funguRhizopus microsporu=® They dem-
onstrated that rhizoxin alone induces an abnormal swelling of
rice seedling roots, the typical symptoms of the plant diséase

Rhizoxin (1)

at a concentration as low as 10 ng nil®8 In a subsequent
study it was disclosed that rhizoxin inhibits rice cell division
by binding to rice celp-tubulin. The finding that rhizoxin also
arrests mitosis in many other eukaryotic cells, including solid
and hematologic tumors, has propelled an immense research
endeavof:19 As a result of the remarkable potency of rhizoxin
against human and murine tumor cells and resistant subflines,
rhizoxin has undergone extensive clinical trials as a potential

' antitumor drug candidaté.

T Leibniz-Institute for Natural Product Research and Infection Biology. In the course of our studies on the rhizoxin biosynthetic

¥ Friedrich-Schiller-University. o machinery we made an unexpected observation. We discovered
(1) Jordan, M. A.; Wilson, LNat. Re.. Microbiol. 2004 4, 253.
(2) Hadfield, J. A.; Ducki, S.; Hirst, N.; McGown, A. TProg. Cell Cycle

Res.2003 5, 309. (8) Iwasaki, S.; Namikoshi, M.; Kobayashi, H.; Furukawa, J.; Okuda, S.; Itai,
(3) Jordan, A.; Hadfield, J. A.; Lawrence, N. J.; McGown, A.Med. Res. A.; Kasuya, A.; litaka, Y.; Sato, ZJ. Antibiot. 1986 39, 424.

Rev. 1998 18, 259. (9) Tsuruo, T.; Oh-hara, T.; lida, H.; Tsukagoshi, S.; Sato, Z.; Matsuda, |.;
(4) Jordan, M. ACurr. Med. Chem.: Anti-Cancer Agen2§02 2, 1. lwasaki, S.; Okuda, S.; Shimizu, F.; Sasagawa, K.; Fukami, M.; Fukuda,
(5) Sato, Z.; Noda, T.; Matsuda, I.; lwasaki, S.; Kobayashi, H.; Furukawa, J.; K.; Arakawa, M.Cancer Res1986 46, 381.

Okuda, S.AAnn. Phytopathol. Soc. Jpti983 49, 128. (10) Takahashi, M.; lwasaki, S.; Kobayashi, H.; Okuda, S.; Murai, T.; Sato, Y.
(6) lwasaki, S.; Kobayashi, H.; Furukawa, J.; Namikoshi, M.; Okuda, S.; Sato, Biochim. Biophys. Actd987 926, 215.

Z.; Matsuda, |.; Noda, TJ. Antibiot.1984 37, 354. (11) Lafontaine, J. A.; Provencal, D. P.; Gardelli, C.; Leahy, JJWDrg. Chem.
(7) Noda, T.; Hashiba, T.; Sato, Ann. Phytopathol. Soc. Jp&98Q 46, 40. 2003 68, 4215.
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Figure 2. Rhizoxin-producing bacterial endosymbiont8(tkholderia rhizoxing in the mycelium of Rhizopus microsporu@eft) and in pure culture
(right).
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Figure 3. HPLC profiles of crude extracts from (a) cultivated endosymbiors (Hizoxind B4); (b) cultivated endosymbionts treated with ancymidol; and
(c) R. microsporusHKI-315 (containing symbionts), 20 enlarged. (All extracts at a concentration of 2 mg Thiand monitored at 310 nm.)

that rhizoxin is not synthesized by the fungus, as has beenResults and Discussion
assumed previously, but by bacteria living within the fungal
mycelium2 In fact, these bacterial endosymbionts, which
belong to the genu8urkholderia could be detected in all

studied rhizoxin-producingRhizopusstrains. Their role in

rhizoxin production was unequivocally established by curing
the fungus with an antibiotic, which resulted in a nonproducing

strain. In addition, we were able to isolate a rhizoxin-producing fungal samples. Symbionts were grown on TSB, nutrient agar

b;ctenazl stTrz;ln from tt|1e fungu§ and”todgrow itin pgri cuflture and VK medium, and their metabolite patterns were monitored
(Figure 2). These results unequivocally demonstrated that ungusby HPLC—-MS. All isolates produced substantial quantities of

and bacteria form an unparallelgd symbiotic aIIianf:e against ha rhizoxin complex. Isolate B4, tentatively assigned as
plants: the fungi harbor bacteria for the production of an «gykholderia rhizoxina B4, from R. microsporusHKI-315
antimitotic toxin, which weakens or kills the plant; the bacteria gshowed stable metabolite production and proved to be particu-
in return profit from the “safe” niche and from nutrients provided larly well-suited for a scaled-up fermentation (14 L) and
by the fungus? sustainable metabolite production.

The cultivation of rhizoxin-producing bacterial endosymbionts  Investigation of the extracts from the B4 and fungal cultures
could provide opportunities for sustainable production of this revealed not only that macrolide production is significantly
valuable antitumoral agent and for engineering rhizoxin bio- (10x) higher than in the fungal fermentation (25 mgllvs 2
synthesid? Unfortunately, this first bacterial isolate (B1) mg L% but also that the metabolic profile of the cultured
obtained fromR. microsporug(strain ATCC 62417) lost its ~ symbiont is essentially devoid of unwanted metabolic back-
ability to produce rhizoxin after its preservation was purstfed. ground (Figure 3). Strikingly, about 40% of the crude extract
Here we report the isolation and upscaled fermentation of a newis composed of rhizoxin derivatives. Apart from small quantities
“Burkholderia rhizoxin4 isolate, yielding various rhizoxin ~ of 1, a remarkable number of over 20 representatives of the
derivatives with significantly improved antiproliferative activi- rhizoxin complex were clearly detectable using an optimized
ties. HPLC—MS protocol (Figures 3 and 4). Major compounds were

isolated by open column chromatography and repeated prepara-
(12) Partida-Martinez, L. P.: Hertweck, Glature 2005 437, 884. tive HPLC. In _aII cases, UV_absorbance maxima at 298, 310,
(13) Sanders, I. RNature 2005 437, 823. and 324 nm indicated conjugated polyene systems, and IR

By combining chemical and genetic analysds. anicrosporus
strain collection comprising 15 different fungal isolates was
screened for rhizoxin producers, and thus for bactefiahgal
symbioses. Using an optimized isolation protocol we succeeded
in isolating, cultivating, and preserving six different endosym-
biotic bacterial strains from eight individual rhizoxin-positive

11530 J. AM. CHEM. SOC. = VOL. 128, NO. 35, 2006



Antimitotic Rhizoxin Derivatives ARTICLES

a

FOOR

8: R = H (WF-1360B)
9: R = CH3 (WF-1360F)

Figure 4. (a) Structures of rhizoxin derivatives produced by the cultivated symbiont and didesepoxy rhizoxin derivatives obtained from cytochrome P-450
monooxygenase inhibition. (b) Key NOE and COSY correlations of rhizoxins.

spectra revealed the presence of hydroxyl and carboxyl groupsbetween H-21 and C-23 and H-23 and C-25. Two olefinic
(vmax = 3400 and 1700 cmi). Their structures were fully  carbon signals in thC NMR spectrum (126.2 and 147.7 ppm)
elucidated by 1D and 2D NMR measurements, and the relative revealed? to be a 2,3-desepoxy derivative bfProton resonance
configuration of the chiral centers was established by NOESY 4t 3.13 ppm for H-7, a chemical shift of 73.9 ppm for C-7, and
experiments (Figure 4tH and *°C NMR data are shown in 5 carhon signal at 176.6 ppm (C-5b), indicative of a free
Ta_lt_):]es é Sz?Inl(\j/Ié eznd ',r:, the Expenrcr;e)ntalﬂ Secr:!g:).d _ carboxylic acid, established the structure2ofrhe structure of
€ ) positive 1on mode) ok exnibited quasl-— ., 1h4und3 was elucidated by comparison of its NMR data

molecular ions atv/'z 614 (M + H™) andm/z 636 (M + Na*). mpou W uet y par !

with those of2. The molecular formula (§gH49NOy), deduced
From HRESI-MS a molecular formula of 3¢H4;NOg was

from HRESI-MS measurements, suggested the occurrence of

deduced.’H and 13C NMR data showed similarity to data . )
obtained for1, suggesting the presence of a 16-membered an additional methyl group, which was supported by a carbon

lactone ring substituted at position 15 by a linearly conjugated NMR signal at 56.6 ppm and the corresponding proton signal

tetraene system. This structure was corroborated by HMBC at 3.13 ppm. HMBC long-range coupling of H-17 and the
long-range coupling of H-15 and C-1 and vicinal couplings of additional carbon (56.6 ppm) disclos@emethylation at position
the olefinic protons at 6.14 ppm (H-19), 6.65 ppm (H-20), and 17. Thus compoun® was found to be identical with seco-
6.40 ppm (H-21) as well as by HMBC long-range couplings rhizoxin 2al*

J. AM. CHEM. SOC. = VOL. 128, NO. 35, 2006 11531
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Table 1. H NMR Data of Novel Rhizoxin Derivatives
On (J[Hz])
position 2 4 5 6 7 12
1
2 5.78 d (15.6) 5.70d (15.6) 5.67 d (15.6) 5.76 d (15.5) 5.77 d (15.6) 5.63d (15.6)
3 6.79 ddd (15.5,8.1, 6.78ddd (15.5,9.0, 6.74ddd (15.5,9.0, 6.82ddd (15.6,8.4, 6.78ddd (15.6,8.2, 6.73 ddd (15.4)
7.5) 6.5) 6.6) 7.2) 7.6)
4 2.50 n? 2.40m 2.39 2.50m 2.47m 2.40m
2.15m 2.06 M 2.06 m 2.16m 2.13m 1.88M
5 2.24m 221m 221m 2.30m 2.28m 1.89m
5a 2.50 dd 2.52dd (15.8, 6.9) 2.51dd (15.8, 6.8) 2.52m 2.52dd (15.2, 5.6) 2.87dd (15.4, 3.1)
2.35dd 2.35d (6.9) 2.34dd (15.7,69) 2.38m 2.36dd (15.2, 8.2) 2.18m
5b
6 1.75m 1.75dd (14.5,5.9) 1.71m 1.71m 1.71m 2.82m
1.10m 1.09m 1.09m 1.10 m 1.05m 0.89m
7 3.13m 3.20m 3.16m 3.12t(9.8) 3.11m 3.01t(9.6)
8 2.02 n¥ 2.03 nt 2.02m 2.00m 2.00 i 1.98 nt
8a 1.02d (6.0 1.03d (6.6) 1.02d (6.6) 1.03d (6.6) 1.02d (6.7) 1.01d (6.5)
9 5.45dd (15.6, 9.2) 5.51dd (15.6, 9.4) 5.48 dd (15.6, 9.4) 5.43 dd (15.6, 9.3) 5.43 dd (15.6,9.3) 5.17 dd (15.1, 9.6)
10 5.16 dd (15.7, 8.1) 5.14dd (15.6, 8.4) 5.12 dd (15.6, 8.4) 5.15dd (15.6, 8.2) 15.16 dd (15.6, 8.2) 6.15dd (15.2, 10.8)
11 3.00 (8.2) 3.16d (8.5) 3.1Pd 2.98d (8.2) 3.00d (8.3) 5.68 (10.7)
12
12a 1.29s 1.33s 1.31s 1.29s 1.29s 1.71s
13 2.96 dd (11.0, 2.7) 3.09dd (10.2, 3.4) 3.00dd (10.8, 2.8) 2.93dd (10.8, 2.6) 2.94 dd (11.0, 2.6) 3.84dd (10.8, 2.8)
14 2.03 n 1.95n? 1.94m 2.02m 1.95 i 2.02 nt
1.80m 1.89m 1.78m 1.76 m 1.76 m 1.68m
15 476 m 4.85m 4.76 dd (9.9, 3.6) 4,74 dd (9.7, 3.4) 4.75dd (9.7, 3.5) 4.75m
16 2.05m 1.98 rh 2.09m 2.09m 2.06 m 1.97m
16a 0.99d (6.5) 0.94d (6.8) 0.97d (6.8) 1.00d (6.8) 1.00d (6.8) 0.98d (6.8)
17 3.80d (8.6) 3.88d (6.0) 3.21d (8.6) 3.34d 3.33d(8.9) 3.80d (8.5)
17-OCH; 3.13s 3.17s 3.17s
18
18a 1.89s 1.83s 1.82s 1.84s 1.84s 1.89s
19 6.14 d (10.9) 6.17 d (10.8) 6.06 d (10.8) 6.22 d (10.4) 6.22d (10.9) 6.13d (10.7)
20 6.65dd (15.1,10.8)  6.54dd (15.1,10.7) 6.57dd (15.1,10.7)  6.71dd (15.3, 11.0) 6.71dd (15.3,11.0) 6.68dd (15.1, 10.8)
21 6.40d (15.2) 6.35d (15.2) 6.34d (15.2) 7.27d (15.3) 7.27d (15.3) 6.42d (15.2)
22
22a 2.09s 2.11s 212s 2.04s 2.04s 211s
23 6.21s 6.22s 6.23s 6.09s 5.78s 6.21s
24
25 7.79s 7.50s 7.50s 7.75s 7.74s 7.80s
26
26a 2.43s 2.43s 2.43s 2.43s 2.43s 2.43s
5b-OCH; 3.68s 3.67s 3.67s

aPartial overlapping of signal8.Coupling was observed, but coupling constant not determined.

half-life in the body!® Thus didesepoxyrhizoxin derivatives,
such as rhizoxin D X1), have become intriguing potential
therapeutic agents and numerous synthetic approaches have been
published in the past yeat$.24 In order to enlarge the fraction

of didesepoxyrhizoxin derivatives produced by the symbiont
we aimed at blocking epoxide formation by the addition of
cytochrome P-450 monooxygenase inhibitors. Out of a number
of inhibitors tested, ancymidol and metyrapone proved to be
most efficient. Supplementation of a 1.5 L culture with
ancymidol or the more affordable metyrapone (2.5 mM final

The ESI-MS (positive ion mode) of compou6ghowed the
same quasi-molecular ions @z 628 (M + H*) andm/z 650
(M + Na') as observed foi3. In the proton spectrum a
downfield shift of H-21 (6.44 ppm i8 and 7.27 ppm i) and
an upfield shift of H-23 (6.23 and 6.09 ppm, respectively) were
noticed. Observation of NOE correlation between H-25 and
H-21 identified6 as the (2Z) isomer of compound@®. Finally,
comparison of MS, IR, and NMR data of compoufdto
literature data suggested that it is identical with WF-1360F,
respectively®> Unambiguous assignments were achieved by
COSY, HMQC, and HMBC experiments.

It is remarkable that strain B4 produces primarily 2,3- JA_';; E:r‘{:éd;ﬁ's’\fg;v'lfwgﬁhﬁf Jt.eg;"c‘;krigggi;‘i{jkigmlw*Wage”er' D.
desepoxyrhizoxin derivatives. However, also bis-epoxides as (17) Wiliams, D. R.; Werner, K. M.; Feng, Bletrahedron Lett1997, 38, 6825.

. . . . 18) Keck, G. E.; Wager, C. A.; Wager, T. T.; Savin, K. A.; Covel, J. A;
well as didesepoxy derivatives could be detected, albeit only ) McLaws, M. D.; Igrishnamurthy, % Cee, V. Angew. Chem., Int. Ed.

(16) McLeod, H. L.; Murray, L. S.; Wanders, J.; Setanoians, A.; Graham, M.

in mi isi i i i 2001, 40, 231.
in minute amour_lts. ThIS is of pa_rtlcular mteres_t as it has_ been (19) Mitchell 1. S.. Pattenden, G.: StonehouseDdy. Biomol. Chem2005 3,
suggested that in vivo hydrolysis of the epoxide moieties of 4412,

(20) N'zoutani, M.-A.; Lensen, N.; Pancrazi, A.; ArdissonSynlett2005 3.

(21) Jiang, Y.; Hong, J.; Burke, S. [rg. Lett.2004 6, 1445.

(22) White, J. D.; Blakemore, P. R.; Green, N. J.; Hauser, E. B.; Holobski, M.
A.; Keown, L. E.; Nylund Kolz, C. S.; Phillips, B. Wl. Org. Chem2002

rhizoxin may be responsible to some degree for its very short

(14) Roberge, M.; Cinel, B.; Anderson, H. J.; Lim, L.; Jiang, X.; Xu, L.; Bigg, 67, 7750.
C. M.; Kelly, M. T.; Andersen, R. JCancer Res200Q 60, 5052. (23) Mitchell, I. S.; Pattenden, G.; Stonehouse, JT&rahedron Lett2002
(15) Kiyoto, S.; Kawai, Y.; Kawakita, T.; Kino, E.; Okuhara, M.; Uchida, I.; 43, 493.

Tanaka, H.; Hashimoto, M.; Terano, Hl. Antibiot. 1986 39, 762. (24) Kende, A.; Blass, B. E.; Henry, J. Retrahedron Lett1995 36, 4741.
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Table 2. 13C NMR Data of Novel Rhizoxin Derivatives

ppm in the!3C NMR spectrum and at 3.13 ppm in tHeé NMR

e spectrum and an upfield shift of H-17 (3.88 ppmdrio 3.21
position 2 4 5 6 7 12 ppm in 5) supported the assumption. Observation of HMBC
1 1670 1657 1651 1669 1669 1677 long-range coupling of H-17 and thel carbon at 56.2 ppm as
2 1262 1246 1249 1259 1262 1246 Well as between H-5b and C-5b confirmed the connectivities.

3 147.7 1471 1464 1483 1476 1502  Compound? with molecular formula gsHsiNOg was identified

‘5‘ gg-g g;; 3;? g;g gg-g gg-g as the (22) isomer of compound. Although compounds, 5,

5a 413 205 204 20.6 212 231 and7 are simple semlsynth(_atlc_ d(_arlvatlvesbfthey rep_resent

5b 176.6 1735 1735 177.6 1748 178.7  some of the most potent antimitotic agents ever described. They
6 39.2 37.9 37.8 39.7 39.1 38.6 exhibit significant potency against HelLa tumor cells (eig.

! 73.9 74.3 4.2 73.9 73.9 78.2 CGs01.7 x 1072 ug/mL) and very strong antiproliferative effects

8 46.8 455 455 46.8 46.8 475 X . ;

8a 17.7 17.0 17.0 17.8 17.7 175 on human K-562 leukemia cell lines (eg G|50 5x 10

9 1423 1416 1414 1424 1423 1389  ug/mL) and L-929 mouse fibroblast cell lines (e4y. Glso 1.2

10 127.3 1254 1256 127.2 127.3 1293 102 4g/mL).

11 63.4 64.2 63.9 63.4 63.3 1283 . . . .

12 66.3 65.6 65.6 66.2 66.2  138.9 All compounds isolated in this study were subjected to
12a 11.2 11.1 11.1 11.2 11.2 10.8 comprehensive biological testing. The data shown in Table 3
13 795 782 783 795 795 796  demonstrates thaZ-isomers may be less active than the
14 34.0 33.1 31.8 33.9 34.0 33.9 dine-i but there | ; g

15 753 721 733 748 749 746 correspon inge-isomers, ut there is no strict structuictivity

16 41.4 40.3 39.4 40.6 40.6 41.6 relationship. The most surprising result is that some of the novel
16a 10.3 9.6 10.2 10.5 10.6 10.6 seco compoundsand in particular their methyl esterare

17 80.7 77.2 89.2 90.9 90.8 80.4 i ; -

17-OCH; 56.2 565 565 significantly more active than the correspondiitactones. The

18 1407 1382 1363 1384 1383 1409 antiproliferative assay using K-562 leukemia cells revealed
18a 12.0 12.9 11.6 11.7 11.7 12.2  femtomolar G4, concentrations for rhizoxin methyl esters such
%g i;g-g gg-g ggi B%i 5%431 ggi as4, 5, and7. Strikingly, these simple rhizoxin derivatives are
21 1383 1376 1376 1327 1328 1381 thus 1.00&10000 times more active than rhizoxin -(s.ee Table 3
22 139.0 1369 1369 137.3 137.2 1395 and Figure 6) and rank among the most potent antimitotic agents
22a 14.7 14.4 14.3 21.0 21.0 14.7 known to date. Furthermore, it should be underlined that their
23 1209 1205 1207 1187 1188 1208 oo, (cytotoxic) and G4 (antiproliferative) concentrations differ

24 1395 1388 1387 139.1 1391 1390 . i . .
25 137.7 135.9 135.9 138.1 138.1 137.7 Inup to 6 orders of magnltude (See Table 3 and Flgure 6), which
26 1629 1609 1609 1632 163.2 1629 provides an ideal therapeutic window.

26a 13.4 13.8 13.8 13.5 13.5 13.4 : ; ; T :

5b-OCH; : 517 517 N 520 . To investigate whether these high antiproliferative effects of

concentration) significantly shifted the metabolic profile toward
didesepoxyrhizoxin derivatives, as shown in Figure 5. Two
members of the rhizoxin familylQ and 12) were isolated as
major products13C NMR spectra ofl0 and 12 revealed the
presence of two additional olefinic carbon signals for C-11 and
C-12 instead of the epoxy signals &1 HMBC long-range
couplings of H-9 and C-11 as well as H,H-COSY correlations
of H-10 and H-11 established their structures. Whilgproved
to be identical with rhizoxin derivative WF-1360€,12
represents the yet unknown corresponding seco derivative.
An initial activity screening revealed that the seco compound
3 exhibits a significantly elevated antiproliferative effect on
K-562 leukemia cells compared to thidactones. However, we

the novel compounds (e.d) are in fact due to an interaction
with the microtubule system, we evaluated them as inhibitors
of tubulin polymerization using an in vitro microtubule assembly
assay. The assay is based on the temperature-dependent equi-
librium betweena/p tubulin and microtubules. Assembly of
microtubules is observed at 3T and can be monitored by
recording the increase of absorbance at 360 nm due to the
changing turbidity of the solution. Rapid cooling t6@ leads

to depolymerization and a decrease of absorbance. By measuring
the degree of polymerization the influence of tubulin effectors
can be assessed. All compounds showed a pronounced effect
on tubulin assembly, such &s clearly establishing their role

as antimitotic agents (Figure 7).

In conclusion, the bacterial endosymbiontdnfmicrosporus

also noted that the seco compounds are prone to spontaneous;KI-315 produce a battery of antimitotic compounds, which
nonenzymatic lactonization, which would result in a decrease Serve as pathogenicity factor for the fungus in suppressing cell
in activity. For this reason we sought to hinder this unwanted division in rice seedling roots. In many other cases it has been
reaction by means of esterification. Surprisingly, this goal was suspected that natural products isolated from various eukaryotes,
already achieved by simply dissolving the crude extract in €-9- tunicates, sponges, plants, or insects, are in fact biosyn-
methanol. HPLG-MS of the extract showed that several novel thesized by associated bacterial symbiéh#8.Hard genomic

methylated rhizoxin derivative€(5, and7) were formed. For
compound4 a molecular formula of gH4gNOg was deduced
from HRESI-MS measurements. The NMR spectrum showed
anO-methyl-proton signal at 3.68 ppm (instead of the signal at
3.13 ppm in3). HMBC correlation of this signal with the carbon

at 173.5 ppm established the partial structure of a methyl ester.

Compounds with molecular formula GHs:NOg was likely to
be the 179-methyl derivative of4. The NMR data of both

compounds were in good accordance. Additional signals at 56.2

evidence for this endosymbiont hypothesis has been provided
by individual work groups in recent yeats:3° However,

(25) Piel, J.Nat. Prod. Rep2004 21, 519.

(26) Hildebrand, M.; Waggoner, L. E.; Lim, G. E.; Sharp, K. H.; Ridley, C. P.;

Haygood, M. G.Nat. Prod. Rep2004 21, 122.

(27) Piel, J.Proc. Nat. Acad. Sci. U.S.£002 99, 14002.

(28) Piel, J.; Hui, D.; Wen, G.; Butzke, D.; Platzer, M.; Fusetani, N.; Matsunaga,
S. Proc. Nat. Acad. Sci. U.S.2004 101, 16222.

(29) Hildebrand, M.; Waggoner, L. E.; Liu, H.; Sudek, S.; Allen, S. W;
Anderson, C. M.; Sherman, D. H.; Haygood, M. Ghem. Biol.2004 11,
1543.
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Figure 5. Blocking epoxide formation by cytochrome P-450 monooxygenase inhibition with ancymidol or metyrapone.

Table 3. Antiproliferative Effects of Rhizoxin Derivatives
Compared to 1 and Colchicines

Glso [ug mL~?] CCsolug mL™|

compound L-929 K-562 Hela
1(Rh.) 0.1 1.4x 10722 0.4
2 (Rh. S1) 0.1 1.5¢ 1072 9x 1072
3(Rh. S2) 8x 1072 1x10°6 15x 1071
4 (Rh. M1) 0.5 5x 1077 1.7x 1072
5 (Rh. M2) 0.5 <5x 1077 2x 1073
6 (Rh. Z1) 0.2 1x 1072 0.5
7 (Rh. Z22) 2x 1073 5x 1077 3.6x 1072
9 (WF-1360F) 4.1x 1073 2x 1073 0.4
colchicine 0.9 0.02 0.01

aReported antiproliferative activities fdr (K-562, Gko: 3.1 x 1074
ug mL1).0

|+4 *— Control —0—Rhizoxin|

= X * * MK XX H00-K

Q

]

8

k]

£ N 50—

s

5

" \\/—‘\‘

E ;

3 A

o o
1E-07 0,000001 0,00001 0,0001 0,001 0,01 0,1 1

¢ [ug / mi]

Figure 6. Antiproliferative effect of4 compared to rhizoxinl) on K-562
leukemia cells.

bacteria that live inside other organisms are notoriously difficult
to cultivate on artificial media, and many are considered
“nonculturable” (or “not yet culturable™331To the best of our
knowledge, the sustainable production of eukaryont-derived
metabolites by a cultured endosymbiont is unprecedéfitedre
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g ——10 pg/ml
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Figure 7. Effect of 4 on microtubule polymerization. Polymerization of
tubulin at 37°C was measured by recording the increase in absorbance at
360 nm. After a gap phase, the MTP polymerizes and the solution becomes
turbid. After about 20 min, a steady-state level is reached, and no further
increase in polymer mass is noticed. (It should be noted that compounds
which efficiently decrease tubulin assembly powerfully suppress microtubule
dynamics at around 100-fold lower concentrations and thus lead to cell
cycle arrest at much lower concentratidjs.

antiproliferative rhizoxin derivatives that are active at over
1000-10000 times lower concentrations than their natural
progenitor, rhizoxin.

Experimental Section

General. NMR spectra were recorded on Bruker Avance DRX 500
and DPX 300 instruments. Spectra were referenced to the residual
solvent signals. HPLEMS measurements were recorded employing
a Jasco HPLC with a UV detector (UV 970) and a reversed phase C18
column (Grom Sil 100 ODS 0AB, 8m, 250x 4.6 mm) with gradient
elution (MeCN/HO 25/75 5 min, in 35 min to MeCN/#D 80/20, in
5 min to 100% MeCN) coupled with a Finnigan LCQ benchtop mass
spectrometer with an electrospray ion source and ion trap mass analyzer.
HRESI-MS were recorded on a Finnigan MAT 95XL sector field mass
spectrometer with a compatible ion source. IR and UV spectra were
obtained using an FTIR spectrometer Satellite FTIR Mattson (Chicago,

we report the first successful large-scale fermentation of a pure!L) and a Specord 200 photometer (Analytik Jena AG, Germany),

bacterial endosymbiont culture without its fungal host for
metabolite production, yielding several novel antiproliferative
rhizoxin derivatives. In addition, we were able to efficiently
manipulate the rhizoxin pathway by cytochrome P-450 mo-

nooxygenase inhibition, which gave rise to more stable didese-

poxyrhizoxin derivativesi0 and12). In total, over 9 rhizoxin
derivatives (out of which 6 are new) were isolated from upscaled
endosymbiont fermentations, and their structures were fully

respectively. Analytical HPLC was performed on a Shimadzu HPLC
system consisting of an autosampler, high-pressure pumps, column
oven, and DAD. HPLC conditions: C18 column (Grom Sil 100 ODS
O0AB, 3 um, 250x 4.6 mm) and gradient elution (MeCN/0.1% TFA-
(H20) 25/75 5 min, in 35 min to MeCN/0.1% TFA@) 80/20, in 5

min to 100% MeCN), flow rate 1 mL mirt. Preparative HPLC was
performed on a Shimadzu HPLC system with a UV detector. Optical
rotation was measured using a 0.5 dm cuvette in a Propol Polarimeter
(Dr. Kernchen, Seelze, Germany).

assigned. Our studies demonstrate that the production and Bacterial Isolation. R. microsporudKI-315 was cultivated at 30

isolation of antimitotic rhizoxin derivatives can be greatly
improved and manipulated by cultivating the bacterial endo-

°C and 80 rpm in VK medium composed of 1% corn starch, 0.5%
glycerol, 1% gluten meal, 1% dried yeast, 1% corn steep liquor, and

symbionts. Extensive antimitotic bioassays also disclose novel 1% CaCQ, pH = 6.5. After 2 and/or 4 days, a small mycelial pellet

(30) Schmidt, E. W.; Nelson, J. T.; Rasko, D. A.; Sudek, S.; Eisen, J. A.;
Haygood, M. G.; Ravel, Proc. Nat. Acad. Sci. U.S.2005 102 7315
7320.

(31) Moran, N. A.; Wernegreen, J. Trends Ecol. Eol. 200Q 15, 321.

(32) Piel, J.Curr. Med. Chem2006§ 13, 39.
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(0.5 mL) was aseptically taken and submerged in BQCof 0.85%
NaCl. Using mechanical stress (pipetting), the mycelium was broken
and then submitted to centrifugation (30 min, 13 200 rpm). For each
fungal strain, a loop of supernatant was then later plated in the following
plates: nutrient agar, LB, TSA, and PBAll media bought from
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Becton, Dickinson and Company. The different plates were incubated (C-8), 41.6 (C-5a), 40.6 (C-16), 39.2 (C-6), 36.8 (C-4), 33.9 (C-14),
at 30°C for several days, until the presence of mycelial or bacterial 32.8 (C-5), 17.7 (C-8a), 14.7 (C-22a), 13.4 (C-26a), 11.7 (C-18a), 11.2
colonies could be confirmed. Once the first bacterial colonies appeared,(C-12a), 10.6 (C-16a) ppm. IR (ATR, solid film)? = 2978, 2923,

they were picked up and cultivated in 1 mL of the corresponding liquid
media at 3C°C and 156-200 rpm until growth could be seen, usually

after 2-3 days. Then, this small grown culture was used to inoculate
10—20 mL at the same conditions. In liquid cultivations greater than
10 mL, growth was always monitored by means of a light microscope,

by measuring the optical density (OD 600 nm) and the changes in pH.

Rhizoxin production was confirmed by means of HPEKZS.

Fermentation of “Burkholderia rhizoxina” Strain B4. From the
bacterial cell bank, 100L of preserved bacteria (1:1 mixture of B4 in
TSB and 30% glycerol) was used to inoculate 1 mL of fresh TSB.
After 2 days of cultivation at 30C and 150 rpm, an aliquot of the
grown culture (1 mL) was transferred to 20 mL of TSB. Once more,

2875, 1705, 1654, 1576, 1444, 1382, 1272, 1259, 1197, 1153, 1105,
1075, 1044, 1000, 969, 864, 826, 781, 704 &nyV (MeOH): Amax
(log €) = 298 (4.42), 310 (4.52), 324 nm (4.39L)-ESI-MSm/z 628
[M + H]*, mz 650 [M + Na]*. HRESI-MS: m/z [M + Na]*
650.3271 (calcd for gHigNOyNa 650.3300).

Rhizoxin M1 (4): 15 mg. White amorphous powdemﬁ5 = +32
(c= 0.1 in MeOH).*H NMR (300 MHz) and'*C NMR (75 MHz) in
CDCl; (see Tables 1 and 2). IR (ATR, solid)i = 2977, 2935, 2924,
1705, 1652, 1577, 1437, 1377, 1260, 1202, 1152, 1105, 1048, 1007,
966, 863, 827, 780, 748, 702 cta UV (MeOH): Amax (l0g €) = 298
(4.27), 310 (4.35), 324 nm (4.231+]-ESI-MS vz 628 [M + H]",
m/z 650 [M + Na]t. HRESI-MS: m/z [M + H]" = 628.3478 (calcd

2 days were required to get an optical density (600 nm) of about 0.5, for CssHsoNOs 628.3486).

and then this culture served as inoculum to prepare 300 mL seedling Rhizoxin M2 (5): 91 mg. White amorphous powdend = +36
bacteria in TSB. Later, this preculture was used to inoculate 14 L of (¢ = 0.3 in MeOH).*H NMR (300 MHz) and*C NMR (75 MHz) in
VK medium (1% corn starch, 0.5% glycerol, 1% gluten meal, 1% dried CDCl; (see Tables 1 and 2). IR (ATR, solid}: = 3403, 2960, 2926,

yeast, 1% corn steep liquor, and 1% CaC@H = 6.5) distributed
equally in 28 Erlenmeyer flasks (1 L). Cultivation took place af@Q
180 rpm, for 4 days.

Cytochrome P-450 Inhibition. Sixteen flasks containing 100 mL
of VK medium were inoculated each with 10 mL of bacterial culture.
Ancymidol or metyrapone, dissolved in 150 of DMSO, was added
to 15 flasks to 2.5 mM final concentration at the time of inoculation;
150 uL of DMSO was added to the remaining flask as a control. The
cultures were incubated for 4 days at°8®and 180 rpm. For extraction
ethyl acetate was used.

Extraction and Isolation. The entire fermentation broth was

exhaustively extracted with ethyl acetate, and the combined extracts
were concentrated under reduced pressure. The crude extract (1 g) wa
fractionated by size exclusion chromatography on Sephadex LH-20

(eluent chloroform). Final purification of the rhizoxin derivatives was
achieved by two steps of preparative RP-HPLC: (1) Nucleosil 100-7
250 x 40, flow rate 30 mL min%; (2) Eurospher 100-5 25& 20,
flow rate 12 mL min, gradient MeCN/HO 25:75 for 5 min, leading

to MeCN/HO 80:20 in 35 min, then 83% MeCN for 10 min, UV

detection at 311 nm. For isolation of methyl esters methanol was used

for isolation instead of chloroform.

Rhizoxin S1 (2):20 mg. White amorphous powdeaﬁf’ =+31(
= 0.08 in MeOH)."H NMR (300 MHz) and**C NMR (75 MHz) in
CD;0OD (see Tables 1 and 2). IR (ATR, solid film}: = 2980, 2926,

1712, 1654, 1577, 1437, 1376, 1275, 1199, 1151, 1108, 1084, 1048,
1008, 971, 862, 827, 753, 706 ctnUV (MeOH): Amax (log €) = 298
(4.56), 310 (4.67), 324 nm (4.54)+}-ESI-MS m/z 642 [M + H]*,

m/z 664 [M + NaJ". HRESI-MS: m/z [M + H]* = 642.3612 (calcd

for C35H52NOQ 6423637)

Rhizoxin Z1 (6): 11 mg. White amorphous powdeuﬁf = +116
(c=0.07 in MeOH).*H NMR (300 MHz) and*3C NMR (75 MHz) in
CDsOD (see Tables 1 and 2). IR (ATR, solid film}p = 3348, 2931,
2875, 1698, 1684, 1654, 1569, 1559, 1436, 1376, 1272, 1202, 1182,
1137, 1049, 976, 865, 830, 801, 749, 722, 702tV (MeOH):

Amax (l0g €) = 298 (sh), 310 (4.55), 324 nm (4.43)\-ESI-MS m/z
628 [M + H]*, m/z 650 [M + NaJ*. HRESI-MS: m'z[M + H]" =
S628.3486 (calcd for HsgNOg 628.3486).

Rhizoxin Z2 (7): 20 mg. White amorphous powden.é5 = +138
(c=0.15 in MeOH).*H NMR (300 MHz) and**C NMR (75 MHz) in
CD3OD (see Tables 1 and 2). IR (ATR, solidy:= 3383, 2934, 2882,
1712, 1654, 1578, 1436, 1376, 1273, 1260, 1201, 1151, 1106, 1078,
1050, 1009, 974, 863, 828, 792, 781, 748, 705tV (MeOH):

Amax (l0g €) = 298 (4.26), 310 (4.32), 324 nm (4.21}-ESI-MSm/z
642 [M + H]*, mz 664 [M + Na]*. HRESI-MS: m/z [M + Na]" =
664.3434 (calcd for EHsiNOygNa 664.3456).

WEF-1360F (9): 10 mg. White amorphous powdeuﬁf’ =184 (c
= 0.18 in CHC}). 'H NMR (300 MHz, CDC¥}) 6 7.51 (s, 1H; H-25),
6.80 (ddd,15.6, 10.6, 5.11H; H-3), 6.58 (dd,15.1, 107, 1H; H-20),

6.35 (d,15.2 1H; H-21), 6.24 (s, 1H; H-23), 6.07 (d0.7, 1H; H-19),

2886, 1704, 1654, 1577, 1483, 1380, 1275, 1202, 1153, 1105, 1046,5 ¢ (d,16.0 1H: H-2), 5.54 (dd15.4, 9.8 1H; H-9), 5.32 (dd15.4,

963, 865, 827, 780, 746, 701 ctn UV (MeOH): Amax (log €) = 299
(4.29), 310 (4.40), 324 nm (4.30)/+]-ESI-MS m/z 614 [M + H]*,
m/z 636 [M + Na]*. HRESI-MS: m/z[M + Na]" = 636.3143 (calcd
for C34H47N09Na 6363143)

Rhizoxin S2 (3): 100 mg. White amorphous powdeoff =+41
(c = 0.13 in MeOH).*H NMR (300 MHz, CB,OD): ¢ 7.80 (s, 1H;
H-25), 6.80 (ddd15.5, 8.1, 7.51H; H-3), 6.67 (dd;15.2, 10.8 1H;
H-20), 6.44 (d15.2 1H; H-21), 6.23 (s, 1H; H-23), 6.16 (d0.5 1H;
H-19), 5.77 (d15.6 1H; H-2), 5.43 (dd15.6,9.3, 1H; H-9), 5.16 (dd,
15.7, 8.21H; H-10), 4.76 (dd9.9, 3.4 1H; H-15), 3.34 (d, 1H; H-17),
3.16 (s, 3H; 17-OCh), 3.12 (1,10.Q 1H; H-7), 2.99 (dB.2, 1H; H-11),
2.94 (dd,11.0, 2.7 1H; H-13), 2.51 (m, 1H; H-4), 2.49 (m, 1H;
H-5an), 2.43 (s, 3H; H-26a), 2.33 (d, 1H; H-8p 2.28 (m, 1H; H-5),
2.16 (m, 1H; H-4), 2.10 (s, 3H, H-22a), 2.04 (m, 1H; H-16), 261
1.95 (m, 2H; H-8/H-14), 1.83 (s, 3H; H-18a), 1.75 (m, 1H; H-&%
1.71 (m, 1H; H-&), 1.29 (s, 3H; H-12a), 1.07 (m, 1H; H3% 1.02 (d,
6.6, 3H; H-8a), 1.00 (d6.8 3H; H-16a) ppm.1C NMR (75 MHz,
CDs0D) ¢ 176.8 (C-5b), 166.9 (C-1), 162.9 (C-26), 147.8 (C-3), 142.4
(C-9), 139.5 (C-24), 138.8 (C-21, C-22), 131.0 (C-19), 127.3 (C-10),
126.1 (C-2), 125.4 (C-20), 121.3 (C-23), 90.8 (C-17), 79.4 (C-13), 74.8
(C-15), 73.9 (C-7), 66.2 (C-12), 63.3 (C-11), 56.5 (17-QFH6.8

9.2 1H; H-10), 4.60 (dd9.9, 3.1 1H; H-15), 3.73 (ddd12.0, 9.6, 2.8

1H; H-7), 3.24 (d,9.2, 1H; H-11), 3.22 (d5.0, 1H; H-17), 3.15 (s,
3H; 17-OCH), 3.05 (dd,10.6, 2.2 1H; H-13), 2.76 (m, 1H; H-5a@),
2.56 (m, 1H; H-4x), 2.45 (s, 3H; H-26a), 2.38 (m, 1H; H-16), 2.30
(m, 1H; H-8), 2.12 (s, 3H; H-22a), 2.08 (m, 1H; HfHa2.04 (m, 1H;
H-14a), 1.95 (m, 1H; H-6a), 1.87 (s, 3H; H-18a), 1.81 (m, 1H;
H-148), 1.79-1.72 (m, 2H; H-#, H-5), 1.40 (s, 3H; H-12a), 1.17 (d,
6.5, 3H; H-8a), 0.98 (d6.8, 3H; H-16a), 0.71 (m, 1H; H) °C NMR

(75 MHz, CDC}) 169.9 (C-5b), 165.3 (C-1), 160.9 (C-26), 146.1 (C-
3), 140.1 (C-9), 138.7 (C-24), 137.6 (C-21), 136.8 (C-22), 136.5 (C-
18), 136.0 (C-25), 129.4 (C-19), 126.5 (C-10), 124.9 (C-2), 124.0 (C-
20), 120.7 (C-23), 89.6 (C-17), 82.3 (C-7), 77.0 (C-13), 74.8 (C-15),
65.7 (C-12), 64.9 (C-11), 56.2 (17-OGK145.0 (C-8), 38.3 (C-16),
38.0 (C-4), 36.8 (C-5a), 33.9 (C-6), 31.7 (C-14), 29.7 (C-5), 16.6 (C-
8a), 14.3 (C-22a), 13.8 (C-26a), 12.2 (C-12a), 11.5 (C-18a), 9.9 (C-
16a). IR (ATR, solid film): 7 = 3463, 2968, 2932, 2877, 1714, 1650,
1579, 1449, 1384, 1322, 1309, 1293, 1252, 1227, 1200, 1172, 1109,
1077, 1045, 982, 967, 877, 862, 829, 752, 702, 666 cryV
(CHCL): Amax (log €) = 302 (4.32), 314 (4.42), 328 nm (4.31)+)-
ESI-MSm/z 610 [M + H]*, m/z632 [M + NaJ" HRESI-MS: m/z[M

+ H]* = 610.3396 (calcd for gHisNOg 610.3374).
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Rhizoxin D1 (WF-1360C, 10):2.5 mg. White amorphous powder.

H NMR (300 MHz, CDC}) 6 7.54 (s, 1H; H-25), 6.78 (ddd.5.7,
11.0, 4.6 1H; H-3), 6.59 (dd15.1, 109, 1H; H-20), 6.38 (d15.2 1H;
H-21), 6.26 (s, 1H; H-23), 6.23 (dd,5.3 10.8 1H; H-10), 6.20 (d,
10.7, 1H; H-19), 5.83 (d,10.9 1H; H-11), 5.61 (d,16.Q 1H; H-2),
5.17 (dd,15.2, 9.7 1H; H-9), 4.68 (dd10.6, 5.2 1H; H-15), 3.98 (dd,
10.8 2.8, 1H; H-13), 3.89 (d6.3, 1H; H-17), 3.68 (ddd12.0, 9.6, 2.7
1H; H-7), 2.75 (ddd2.1, 5.5, 17.9 1H; H-5ax), 2.55 (m, 1H; H-4),
2.52 (s, 3H; H-26a), 2.28 (m, 1H; H-8), 2.2@.05 (m, 2H; H-54,
H-140), 2.10 (s, 3H; H-22a), 2.09 (m, 1H; H-16), 1.95 (m, 1H; H)6
1.87 (s, 3H; H-18a), 1.84 (m, 1H; H-B% 1.81 (m, 1H; H-5), 1.78 (s,
3H; H-12a), 1.73 (m, 1H; H#4), 1.19 (d,6.4, 3H; H-8a), 0.95 (df.8,
3H; H-16a), 0.68 (M, 1H; H48) (+)-ESI-MSm/z 580 [M + H]*, m/z
602 [M + NaJ* HRESI-MS: m/z [M + Na]" = 602.3090 (calcd for
C34H45NO7Na 6023094)

Rhizoxin D3 (12): 2.0 mg. White amorphous powdéH NMR (300
MHz, CD;OD) 3C NMR (75 MHz, CQyOD) (see Tables 1 and 2).
(+)-ESI-MSm/z598 [M + H]*, Mz 620 [M + Na]" HRESI-MS: m/z
[M + H]* = 598.3399 (calcd for GH4sNOg 598.3380).

Cytotoxicity, Antiproliferative, and Microtubule Assembly Assay.

Cytotoxicity and antiproliferative assays were conducted as described
previously3334 Microtubule protein (MTP) from porcine brain was

kindly provided by Prof. Dr. E. Unger and Dr. K."Bm (FLI). The
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protein concentration of the solution was determined by the method of
Lowry et al. with bovine serum albumin as standard. Microtubules were
assembled in a buffer solution (20 mM PIPES, 80 mM NacCl, 0.5 mM
MgClz, 1 mM EGTA) adding GTP (0.25 mM) and incubating samples
at 37°C. The polymerization was monitored by turbidity measurement
at 360 nm using a Varian photometer. MTP concentration was 1.5 mg
mL~%. The drugs, dissolved in DMSO, were added to the cold MTP
solution (2°C). At the beginning of the measurement, temperature was
raised to 37C; maximal absorbance was determined after 20 min. To
prove reversibility of the polymerization and to discriminate between
turbidity and unspecific protein precipitation, the samples were cooled
to 2 °C afterward.
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