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Four new griseusins,’4lehydro-deacetylgriseusin ALY and 2a,8a-epoxgpideacetylgriseusin B2 as
new constitutional derivatives anepideacetylgriseusin A3) and epideacetylgriseusin B4j as new
stereoisomers, were isolated frdocardiopsissp. (YIM80133, DSM16644).'4Dehydro-deacetylgriseusin
A (1) showed pronounced cytotoxic potency (meagy E 0.430uM) combined with a significant selectivity
for mammary cancer, renal cancer, and melanoma in a panel consisting of 37 tumor cell lines. In a clonogenic
assay with tumor cells from 51 solid tumodsinhibited anchorage independent growth @amditro colony
formation of tumor cells in a concentration-dependent and tumor type selective manriewassonly a
minor product, a semisynthetic preparation from the major metabelitedeacetylgriseusin A3), was
achieved. Our studies also yielded 9-hydreprdeacetylgriseusin B methylest&) (4 -dehydro-9-hydroxy-
deacetylgriseusin B methylested) (and 4-dehydro-2a,8a-epoxy-deacetylgriseusin/B §s new synthetic
isochromanequinone derivatives, which provided a basic structaatévity relationship study.

Introduction Results

Cancer is still the second leading disease-related cause of g exiracts oNocardiopsissp. (YIM80133, DSM1664), an
death worldwidé.Because for many types of cancer no curative actinomycetes isolated from an alkaline soil sample (pH.0)
therapy is available, there is an ongoing need for novel leads s |jg¢ted from Xinjiang province (Northwest China), showed
for chemotherapy. Nature is the primary source for antitumor giong cytotoxic activity against all six cell lines of the screening
agents: about 62% of anticancer drugs commercially available nane r/c > 709%; LXFL 5291, MAXF 401NL, MEXF 462NL,
in Europe and the U.S.A. are of natural origin, either derived jxg 1138L, GXF 251L, RXF 486L). TLC analysis of the
from higher plants or from microorganisms such as actino- product pattern on silica gel (CHEMeOH = 9:1, staining with
mycetes’ To obtain access to new natural products, we were anisaldehyde/bSOy) revealed intense band&{( 1, 0.6:2, 0.1:
using remote sites for bioprospecting of microbial isolates. The 3 ( 43:4, 0.05) that were previously not observ&tErom 180
extreme and unusual habitats of the Yunnan province in the | o cuiture broth from a pilot-scale fermentation of the
southwest of China comprise vast and mostly untapped resourcesqducing strain 4dehydro-deacetylgriseusin AL,(36 mg),

w_ith_ rega_lrd to the bioI(_)gy and che_mistry of their unique 2a,8a-epoxyepideacetylgriseusin B2( 35 mg),epideacetyl-
biodiversity. The screening program included more than 500 griseusin A 8, 300 mg), andepi-deacetylgriseusin B4( 290

microbial isolates, including alkalophilic and halophilic acti- mg) were isolated by column chromatography (Figure 1).
nomyc_e_tes, as yvell as ep_i-_and e_ndophytes fr_om plants_ related The molecular formula of compount was determined to
to traditional Chinese medicine. Six tumor cell lines that differed be GaHieOs from HREIMS data atmiz 400.0821 (calcd,

in chemosensitivity toward standard chemotherapeutic agents4oo_0794), a molecular weight 2 amu less than that of

were applied to identify cytotoxic activity in microbial extracts, de-acetylgriseusin A8).57 The 13C NMR and DEPT data of
fractionated extracts and finally pure compounds. Active '

compounds were characterized in detail for their cytotoxic = Abbreviat VI Y nstitute of Microbiol —
o ; : ; : reviations: , Yunnan Institute of Microbiology; , Deut-
activity using tumor cell lines and cell suspensions derived from sche Sammlung von Mikroorganismen und Zellkulturen; SAR, strueture

tumor xenografts. activity relationship; MS, mass spectrometry; HRESIMS, high resolution
4'-Dehydro-deacetylgriseusin Al and 2a,8a-epoxgpk electrospray ionisation mass spectrometry; NMR, nuclear magnetic reso-

deacetylgriseusin B2j were isolated and identified along with nance; DEPT, distortionless enhancement by polarisation transfer; HMQC,
heteronuclear multiple-quantum coherence; COSY, correlated spectroscopy;

eprdeacetylgriseusin A3) andepi-deacetylgriseusin B4 from HMBC, heteronuclear multiple-bond correlation; NOE, nuclear Overhauser
the fermentation broth ofNocardiopsis sp. (YIM801332 effect; NOESY, nuclear Overhauser effect spectroscopy; w, weak; vw, very

DSM16644; Figure 1§.The structures of the new compounds weak; m, multiplet; s, singlett; d, dublett; dd, double dublett; ddd, dublett

. - s of dublett of dublett; cov, covered; CD, circular dichroism; HPLC; high
were determined by MS and NMR analysis. In addition, we performance liquid chromatography; TLC, thin layer chromatography;

prepared 9-hydroxgpideacetylgriseusin B methylestes)( retention factorT/C, test versus control value; LXFL 529L, tumor cell line
4'-dehydro-9-hydroxy-deacetylgriseusin B methyles&y &nd of large cell lung cancer xenograft 529; MAXF 401NL, tumor cell line of

i _ _ . ; ; ; mammary cancer xenograft 401; MEXF 462NL, tumor cell line of melanoma
4-dehydro-2a,8a-epoxy-deacetylgriseusirvBas new synthetic xenograft 462; UXF 1138L, tumor cell line of uterine cancer xenograft

derivatives for a basic structur@activity relationship (SAR) 1138; GXF 251L, tumor cell line of gastric cancer xenograft 251; RXF

study. 486, tumor cell line of renal cancer xenograft 486; FCS, fetal calf serum;
NMR, Naval Medical Research Institute, U.S.A.; nu/nu, mouse strain of
*To whom correspondence should be addressed. Phenied9 3641 athymic immune-deficient nude mice; RPMI, Roosevelt Park Memorial

656920. Fax:++49 3641 656922. E-mail: isabel.sattler@hki-jena.de. Institute; PBS, phosphate-buffered saline; BSA, bovine serum albumine;
T Leibniz Institute for Natural Product Research and Infection Biology. HSC-CFU, hematopoietic stem cell-colony forming unit; MRSA, methicillin
* Oncotest GmbH. resistantStapylococcus aureus?CC, pyridinium-chloro-chromat; PDC,
§ Yunnan University. pyridinium-di-chromat; DMSO, dimethylsulfoxide.
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Figure 1. Chemical structures of natural productsiéhydro-deacetylgriseusin A) 2a,8a-epoxyeprdeacetylgriseusin B, epideacetylgriseusin
A (3), epideacetylgriseusin B4}, deacetylgriseusin A8}, and deacetylgriseusin BYY as well as of synthetic derivatives 9-hydrogp+
deacetylgriseusin B methylestées)( 4'-dehydro-9-hydroxy-deacetylgriseusin B methyles®r, @nd 4-dehydro-2a,8a-epoxy-deacetylgriseusin

B (7).
Table 1. *H and3C NMR Data (CDC}) of 4'-Dehydro-deacetylgriseusin A) and 2a,8a-Epoxgpi-deacetylgriseusin B2j
1 2

new 13Ca b HMBC® 15ca 1Hp HMBC®
2 99.4 97.1
2a 140.5 62.9
3 187.3 193.1
3a 115.2 1145
4 162.2 162.7
4-OH 11.9 (s) 11.6 (s) C-3a, C-4,C-5
5 125.5 7.30 (m) C-3a, C-4, C-5, C-7a, C-8 125.1 7.22(dd, 1.2, 8.3) C-3a, C-4 (W), C-7
6 137.2 7.65 (m) d.C-5 136.9 7.58 (dd, 7.7, 7.7) C-4,C-7a
7 119.7 7.65 (m) d C-6 119.2 7.55 (dd, 1.2, 7.5) C-3a,C-5,C-8
Ta 131.2 131.1
8 181.7 189.4
8a 138.5 63.9

9 68.1 5.27 (d, 3.0) C-2a, C-8a, C-8, C-10 275 2.29 (dd, 11.5, 15.0) C-8a (vw), C-10, C-11

2.48 (dd, 2.3, 14.8) C-2a, C-8a
10 66.7 4.68 (dd, 3.0, 4.8) C-9,C-12 62.4 4.32 (m)
11 36.0 2.94 (dd, 4.9, 17.8) C-12,C-2 38.8 2.53 (1H, dd cov) C-9, C-10
2.67 (d, 17.8) C-8a (w), C-9, C-10, C42 2.64 (dd, 4.3, 15.8) C-9, C-10

12 173.1 174.1

3 75.9 5.47 (d, 8.6) C-2,C-2a,C-4 74.3 4.44(d, 11.9) C-2a (w), C-4, C-5 (vw)
3-OH 3.12(d, 8.6) 1.9 (br)
4 203.0 68.9 3.88 (m) C:3vw)
4'-OH 1.9 (br

5 47.6 2.66 (2H, nf) Cc-3,C-4,C-6,C-7¢ 40.1 Hix 1.54 (m) C-3(vw), C-4, C-6, C-7 (w)

Heq 1.96 (ddd br) C-3C-4,C-7 (w)
6 69.5 4.21 (m) C-2,CH4C-5,C-7 66.3 4.03 (m)
7 21.4 1.39(d, 6.2) C-2 (w), C4C-5, C-6 21.2 1.23(d, 6.0) C/5C-6

a75 MHz. P 300 MHz, multiplicity, J in Hz. 500 MHz, H— C. ¢ Not distinguishable: C-3a, C-4, C-7, C-7a, Cé&annot be unambiguously assigned.
fHac5' 2.71 (ddd, 13.8, 11.0, 1.0),e45' 2.58 (dd., 14.0, 3.0) in CfDD, 500 MHz.94.44 (d, 9.2) in CROD, 500 MHz.

strongly suggested a skeleton similar to thaBpés indicated
by eight olefinic sp carbons of the naphthoquinone moiety and suggested the axial position of H-6which was also in
the respective signals of thelactone and spiro-pyrane moieties.
But in addition to the expected lactone and quinone carbonyls, Hz as recorded for théH NMR signal of Hy5' in CD;OD.
an additional carbonyl group was identifiedat203.0, whereas
the hydroxylated methine at C-df 8 was missing in thé3C

and!H NMR spectra. All other data were in good accordance rotation values and CD spectrd: ([o]%p —114° (c 0.09,
with those of de-acetylgriseusin A)(and were assigned on
the basis of HMQC, COSY, and HMBC data (Table 1, Figure —4889; deacetylgriseusin 8),’°[a] —198 (c 0.1, CHC}),
2). HMBC correlations of the protons at C-&-5, C-6, and
C-7 with C-4 revealed that the new keto group was located at The similarity of data implied that the missing stereocenter at
C-4. The downfield shifts of thé3C NMR signals by 8 ppm
of the neighboring C-3and C-5 and C-6 in y-position as

compared with8 further supported the assignménm ac-

cordance with this, H-3only showed a proton coupling with
the geminal hydroxy group.

Concerning the relative stereochemistry df the cis-

attachment of the/-lactone ring was indicated by an NOE
between H-9 and H-10. NOEs between HaBd the hydroxyl

proton at C-4, as well as between Hehd the multiplet of the

methylene protons at C;3vere in accord with the axial position

of H-3' as in8.7 Finally, a strong NOE between H-10 and H-6
agreement with thély—s 4—e di-axial coupling constant of 11

The absolute stereochemistrylbivas suggested to be identical
to that of the known congeners on the basis of similar optical

CHCL), CD (MeOH) 8245 —42 681,0301 +16 554,0346 0, 0440
CD (MeOH) 0251 —32 000, 0285 +5500, 351 0, O50 —2200).

C-4 does not strongly influence the chiroptical behaviorlof
Altogether,1 was determined to bé-dehydro-deacetylgriseusin
A with 2R,9R,10R,3'R,6'R configuration3

For compoun@, the molecular formula of §gH20010, which
was derived from HRESIMS (419.0948 [M H]~; calcd,
419.0978), indicated a degree of unsaturation of 11 for the
chemical structure. Th®C NMR spectrum (CDG) showed a
strong resemblance to that epideacetylgriseusin B4j and
deacteylgriseusin B9§®~10 and revealed the presence of nine
sp? carbons of one aromatic ring and three carbonyls (Table 1).
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Figure 2. Crucial NMR correlations (HMBC<—>, NOE—>) of 4'-dehydro-deacetylgriseusin A)(and 2a,8a-epoxgpi-deacetylgriseusin Bj.

Thus, two sp carbons of the naphthoquinone skeleton of de- identical absolute stereochemistry was suggested for C-10, C-2,
acetylgriseusin BY) were missing ir2. In addition,2 contained C-3, and C-6 to be the same as ih, 8, and9. Altogether,

11 sp¥ carbons, including four oxygenated methines, one ketal, compound3 was determined to bepi-deacetylgriseusin A with
three methylenes, and one methyl group next to two oxygenatedthe 2R 9R,10R,3R,4S6R configuration. The constitution of
quarternary carbon®¢ 62.9, 63.9). As the latter were not seen compound4 was determined to be that of deacetylgriseusin B
with 9, the C-2a/C-8a double bond was suggested to be replaced9) by HRESIMS, 'H NMR, and 3C NMR data’ As in

by an oxirane as in lactoquinomycin8 HMBC correlations
between H-9 and C-10, C-2a, and C-8a and betweeh &h@
C-2 and C-2a confirmed the location of the oxirane moiety.
The IH NMR spectrum of2 (CDCls) confirmed the presence

compound3, a large3J4-z 4-+ coupling constant of 9.3 Hz
suggested a diaxial arrangement of Hethd H-4. On the
grounds of similat3C NMR and CD data as compared wih
compound4 was determined to bepideacetylgriseusin B with

of three aromatic protons, a methyl group next to a methine, the R,10R,3R,4'S,6 R configuration.

three other methines, and three methylene moieties (Table 1). As1was only isolated as a minor component, attempts were
The connectivities of all proton and carbon data were establishedmade to obtain larger amounts by semisynthesis starting from
by HMQC, COSY, and HMBC data. Concerning the relative the major metabolitepideacetylgriseusin A3). After inves-
stereochemistry in the upper pyrane ring, a coupling constanttigating several oxidation methods, for example, with pyridinium
of 9 Hz for3Jy_z n—s Strongly suggested a diaxial arrangement chromates (PCC and PDC immobilized on polystyrene), tet-

of H-3" and H-4 (3Jy-3 y—4 = 4 Hz in griseusin A2 The
axial positions of H-3and H-4 were confirmed by NOEs with
Hax5' and H-8, respectively. An NOE between H-&nd H-10
suggested the identical relative stereochemistry for,GZ62
and C-10 as in'4dehydro-deacetylgriseusin A)( The absolute
stereochemistry of compourl could not be determined by
comparison of optical rotation and CD data w&hSignificant
differences of the chiroptical behavior indicated a strong
influence by the two new stereocenters of the oxirane. By
biosynthetic reasoning, an identical configuration a%, i, and

4 was suggested. Thug,was determined to be 2a,8a-epoxy-
epideacetylgriseusin B with®10R,3R,4'S,6'R configuration,
revising earlier results.

The constitution of compoun8was readily identified to be
that of deacetylgriseusin /) by HREIMS,*3C NMR, andH
NMR data’ However, detailed analysis &fl coupling data and
NOE correlations (NOESY) reveal&lto be the 4epimer of
the known compound. As in compour® the 3Jy_z p-s

coupling constant of 9 Hz strongly suggested a diaxial arrange-

ment of H-3 and H-4. Likewise, the axial positions of H-3
and H-4 were confirmed by NOEs with 5 and H-6,

ramethylpiperidinyloxy/bisacetoxy iodine benzene (TEMPO/
BAIB), Dess-Martin—Periodinane (soluble and immobilized
on polystyrene), S@-pyridine, and chromic sulfuric acid in
acetone (Jones’ reagent), the only one found to be effective was
Jones’ reagertt~16 This reaction provided a nearly complete
turnover of the starting material and complete selectivity for
the hydroxy group at C:4 Through careful dosage of the
oxidizing reagent, it was possible to avoid unwanted excess of
chromic acid in the reaction mixture. The Jones oxidation was
also successfully utilized for oxidation of 2a,8a-ep@pi
deacetylgriseusin B 2} to give 4-dehydro-2a,8a-epoxy-
deacetylgriseusin B7f. Our semisynthetic studies also yielded
new derivatives by opening the lactone ring using acid-catalyzed
methanolysis. This reaction was initially observed as an
unwanted side reaction in the chromatographic isolation pro-
cedures from the fermentation product. In this mannér, 4
dehydro-9-hydroxy-deacetylgriseusin B methyl es@®r gnd
9-hydroxy-epideacetylgriseusin B methyl estes) (were ob-
tained from 4-dehydro-deacetylgriseusin Al) and epk
deacetylgriseusin A3), respectively.

A basic SAR study on compounds—7, together with

respectively. The different relative stereochemistries of the upper griseusin A (0), was performed in monolayer cultures of six

pyrane moiety also resulted in significant differences for the
13C NMR signals for C-3(d. 74.7 vs 67.8 ir87) and C-6 (O
67.8 vs 62.7 ing8’). The identical relative stereochemistry of
C-2 and the lactone moiety as Inand 8 was confirmed by
NOEs between H-‘Gnd H-10 and between H-9 and H-10. The
CD spectrum oB was very similar to that of deacetylgriseusin
A (8), again suggesting that variations at Cdé not strongly
influence the chiroptical data of the whole molecule. Thus, the

tumor cell lines (Figure 3). Compoundsand1 proved to be
most active in this series, with an overall potency of 0.455

and 0.392«M, respectively (mean I values of six tumor cell
lines tested). They were followed By(mean 1G, = 0.688uM),

10 (mean IGp = 2.458uM), and3 (mean 1Go = 5.317uM) in
decreasing order of cytotoxic potency. In the tested concentration
range,2, 4, and7 did not inhibit growth of tumor cell lines.
Although 4-dehydro-9-hydroxy-deacetyl-griseusin B methyl-
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Figure 3. Basic SAR study on cytotoxicity of eight griseusin analogues tested in six tumor cell lines in monolayer culture.

ester 6) was more potent in the monolayer assays than cells from cord blood as a model system for nonmalignant
4'-dehydro-deacetylgriseusin A) it was of similar potency tissue: 1Gy = 1.186uM.
in the clonogenic assay (data not shown) and, thus, not further - The observed antitumor selectivity patternd @inly weakly
studied. correlated with those of standard cytotoxic compounds with
A detailed cytotoxicity analysis of'4lehydro-deacetylgri-  known mechanisms of action as deduced by COMPARE
seusin A () included monolayer cultures of 37 different human analyses. Best correlations were obtained with the alkylating
tumor cell lines, reflecting 14 different solid tumor types. agent carmustine (1,3-bis(2-chloroethyl)-I-nitrosourea, BCNU;
Compound1 effected concentration-dependent inhibition of p = 0.39) in the case of the monolayer assay data and with the
tumor cell growth with a mean I§g of 0.430uM, indicating alkylating agent lomustine (cyclohexylchloroethylnitrosurea,
pronounced cytotoxic potency. Cytotoxic activity was most CCNU; p = 0.53) in the case of the clonogenic assay data.
pronounced in four out of four tumor cell lines of breast cancer However, the correlation coefficients were below the significant

(MDA-MB 231, MDA-MB 468, MCF-7, MAXF 401; IGo = threshold level ofo = 0.6 in each case.
0.150-0.345uM), all five melanomas (MEXF 276L, MEXF ) _
394NL, MEXF 462NL, MEXF 514L, MEXF 520L; Ig = Discussion

0.087-0.280uM), as well as three out of four cell lines of renal
cancer (RXF 393NL, RXF 468L, RXF 944L, = 0.095-
0.260uM; Figure 4). Individual cell lines of bladder cancer
(BXF 1218L, 1Gy = 0.140uM), non-small cell lung cancer
(LXF 1121L, IGso = 0.207 uM), and prostate cancer (PRXF
22Rv1, 1Go = 0.177uM) also responded above average relative giryctural variations in the lactone moiety and peripheral
to the mean I€. Tumor types of non-small cell lung cancer  fynctionalities of the upper pyrane ring. Our investigation of
(LXF 289L, LXF 529L, LXF 629L, H-460) and ovary cancer  the metabolic profile of aNocardiopsissp. (YIM80133,
(OVXF 1619L, OVXF 899L, OVCAR-3) were generally less  psM16644) gave rise to derivatives that show novel structural
sensitive toward. variations!® This was also the first time stereochemical varia-
Inhibition of clonogenicity of tumor cells was evaluated in tions of the polyketide skeleton, as in 2a,8a-epepideacetyl-
additional tumor models using a clonogenic assay. The anti- griseusin B ), epi-deacetylgriseusin A3), andepi-deacetyl-
proliferative activity of 1 was evaluated in cell suspensions griseusin B 4), were found within this class of compounds.
prepared from 51 human tumor xenografts of 17 different tumor The configuration of the pyran hydroxyl substituent at'Gs4
types, which were cultured as solid tumors in serial passage onobviously established by the enzymatic ketoreduction of the
immune-deficient nude mice. The 4&in the clonogenic assay  polyketide skeleton, in which a hydride is transferred either from
ranged from 0.132M to 4.836uM (mean 1Go = 0.972uM), the proS or from the proR side!® A similar occurrence of
confirming the overall potency df. Cytotoxic selectivity ofL epimers by different microorganisms has been observed in
for breast cancers (MAXF 1162 and MAXF 583 siG= 0.455 related benzoisochromanequinone pathways, albeit in different
uM and 0.195:M, respectively), melanomas (MEXF 535 and types of polyketide pathways and organisms. For example, in
MEXF 989, 1G, = 0.137uM and 0.29%M, respectively), and actinorhodin and medermycin biosyntheses, C-3 ketoreductases
renal cancers (RXF 393 and RXF 944LX,s4G= 0.375uM convert a bicyclic intermediate to chiral alcohols, which are
and 0.290uM, respectively) could also be confirmed. In subsequently converted t&&{DNPA2021 A corresponding
addition, considerable inhibition of colony formation was ketoreductase of the granaticin pathway exhibits the opposite
observed against three out of five tumor models of colon cancer stereospecificity, yielding the enantiomeric alcofft® A

Griseusins, which have been known for a long time, have
been the subject of numerous biological, biosynthetic, and
synthetic studie$?1” The known spiro-naphthoquinones of
natural origin, griseusins A and B, deacetylgriseusins A and B,
as well as 30-p-forosaminyl-(+)-griseusin A, only showed

(CXF 1103, CXF 158 and CXF 264, ¥g= 0.257-0.432uM), corresponding enantiodivergent step most likely plays a key role
two out of two pancreatic cancers (PAXF 546 and PAXF 736, in the pathways that lead to the epimeric griseusin derivatives.
ICs0 = 0.420uM and 0.614uM, respectively), as well as acute The griseusins have been known as potent antimicrobial
lymphoblastic leukemia (CCRF-CEM, &= 0.132uM). In agents that are effective against Gram-positive bacteria, includ-

addition,1 was tested in a preparation of hematopoietic stem ing MRSA!’ The newly found 4keto functionality endows the
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Figure 4. Concentratior-response curves of-4lehydro-deacetylgri-
seusin A () tested in human tumor cell lines (monolayer culture) of
(a) breast cancer, (b) melanoma, and (c) renal cancer.

griseusins with very potent cytotoxicity that has not been found
in compounds of this class before. A basic SAR study confirmed
that the 4-keto group is essential for strong cytotoxic activity.
Surprisingly, the oxirane of 2a,8a-epogp+deacetylgriseusin

B (2) is detrimental to the cytotoxic activity of the griseusins,
which cannot be reinstalled by thédarbonyl functionality as
seen by the inactive derivativé-dehydro-2a,8a-epoxy-deacetyl-
griseusin B 7). 4-Dehydro-deacetylgriseusin ALY showed
significant cytotoxic potency (mean 4= 0.430uM) combined
with a significant selectivity for mammary cancer, renal cancer,
and melanoma in a panel consisting of 37 tumor cell lines.

He et al.

grown in nude mice. Cells that show anchorage-independent
growth in semisolid medium contain, to a certain extent, tumor
stem cells that are considered to be responsible for the metastatic
and infiltrative potential of a tumao¥*~27 Thus, the clonogenic
assay may inter alia be used to identify candidate tumors for
subsequent in vivo studi&:3? 4'-Dehydro-deacetylgriseusin

A (1) selectively inhibited colony formation of tumor cells in
semisolid medium and, based on the distribution gf Malues,
tumor types such as colon cancer, breast cancer, melanoma,
pancreatic cancer, renal cancer, and leukemia could be clearly
identified to be most sensitive towatd Based on Ig, values,
these sensitive tumor models were on average about 3.5-fold
more sensitive than the mean siCof all models tested.
Moreover, these sensitive tumor models were on average about
4-fold more sensitive than hematopoietic stem cells as repre-
sentative model system for nonmalignant tissue, indicating a
satisfactory therapeutic index of the compound.

The COMPARE algorithm provides preliminary information
on a possible mechanism of action of a compound based on in
vitro data obtained in a panel of tumor cell lines tested in
monolayer culture or tumor cells from xenografts tested in a
clonogenic assa$® The cytotoxic efficacy of a compound
reveals a selectivity pattern reflecting a characteristic distribution
of sensitive and resistant tumorss®@alues of a test compound
obtained in tumor cells within this pattern are ranked and
correlated to those of standard agents obtained in the same tumor
cells. Standard agents in the reference database represent the
main mechanisms of action known for anticancer drugs, for
example, alkylating agents, antimetabolites, cyclin-dependent
kinase (Cdk) inhibitors, DNA binders, histone deactylase inhib-
itors, heat shock protein 90 (HSP-90) inhibitors, protein kinase
C (PKC) modulators, proteasome inhibitors, serin/threonin
kinase inhibitors, topoisomerase inhibitors, tubulin binders, and
tyrosin kinase inhibitors.'dDehydro-deacetylgriseusin A)Ywas
identified to be COMPARE-negative and, thus, could act by a
mechanism of action that was not represented by the standard
agents or possibly one that is not even yet known.

In summary, four new griseusins,-dehydro-deacetylgri-
seusin A () and 2a,8a-epoxgpideacetylgriseusin B as new
constitutional derivatives anepideacetylgriseusin A3) and
epideacetylgriseusin B4j as new stereoisomers, were isolated
from Nocardiopsissp. (YIM80133, DSM16644).'4Dehydro-
deacetylgriseusin Alj showed pronounced cytotoxic potency
(mean IGo = 0.430uM) combined with a significant selectivity
for mammary cancer, renal cancer, and melanoma in a panel
consisting of 37 tumor cell lines. A basic SAR study confirmed
that the novel 4keto group is essential for strong cytotoxic
activity.

Experimental Section

General Experimental ProceduresNMR spectra were recorded
on a Bruker DPX-300 and a Bruker DRX-500, as indicated. IR
spectra were recorded on a Bruker FT-IR (IFS 55) spectrometer.
Electrospray MS were recorded by use of a VG Quattro Micromass
spectrometer. High-resolution El mass spectra (with perfluorokero-
sine as a standard) were measured with the AMD-402 instrument
of Be geometry equipped with direct inlet system (AMD Intectra
Harpstedt, Germany). UV spectra were recorded on a Cary 1 Bio
UV —visible spectrophotometer (Varian). TLC: silica gel plates
(silica gel 60ks4 on aluminum foil or glass, Merck). LC: silica
gel (0.040~0.063 mm, Merck). Sephadex-LH 20 (Pharmacia).

Strain Isolation, Characterization, and Cultivation. Nocar-

Furthermore,1 displayed pronounced activity and selectivity gigpsissp. (YIM80133, DSM16644) was isolated from an alkaline
in clonogenic assays against tumor cell suspensions from 51sojl sample (pH 9-10) collected from Xinjiang in the Northwest
solid tumors. Those tumor cells, representing 17 different tumor of China by using standard dilution plating procedures with an
types, were freshly prepared from solid human tumor xenografts alkaline isolation mediur® The strain was characterized by a well-
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developed white to beige aerial mycelium, a reddish brown to dark UV Anax (MeOH; log €) 212.0 (4.48), 251.0 (3.94), 431.0 (3.52)
brown substrate mycelium, and the formation of a brown soluble nm; IR vnax (KBr) 3403.9, 1781.23, 1646.6, 1455.6, 1254.74,

pigment on yeast extractmalt extract agar. In old cultures, hyphae

1155.7, 1044.6, cm¥; *H NMR (9, CDCE) 1.20 (d, 6.2 Hz, H-7,

completely fragmented into spores. In liquid culture, characteristic 1.58 (m, H-3ax), 1.98 (dddJ = 12.9, 4.7, 2.1 Hz, H-®q), 2.76
zigzag hyphae were observed. The cell wall contains meso-2,6-(d,J = 17.8 Hz, H-11b), 2.99 (dd] = 4.8, 17.8 Hz, H-11a), 3.92

diaminopimelic acid (meso-DAP). Phenotypic identification as
Nocardiopsissp. was confirmed by 16S rDNA analysis (AMODIA

(m cov, H-4), 3.96 (ddd cov, H-§, 4.42 (d,J = 9.0 Hz, H-3),
4.69 (dd,J = 4.7, 2.9 Hz, H-10), 5.25 (d] = 2.9 Hz, H-9), 7.24

Bioservice GmbH, Braunschweig) and sequence comparison with (m, H-5), 7.61 (m, H-7), 7.61 (m, H-6}8C NMR (6, CDCk) 20.9

GenBank data (NCBI, National Institute of Health) by 99.6%
similarity.

(g, C-7), 36.2 (t, C-11), 39.7 (q, Ch 66-0 (d, C-10), 67.8 (d,
C-6), 68.6 (d, C-4), 68.9 (t, C-9), 74.7 (d, C*} 97.4 (s, C-2),

Laboratory cultivation of the organism was performed on yeast 115.3 (s, C-3a), 119.3 (d, C-7), 125.3 (d, C-5), 131.2 (s, C-7a),

extrac-malt extract agar that consisted of glucose (0.4%), malt
extract (1.0%), yeast extract (0.4%), and agar (2.0%) or in liquid

136.7 (d, C-6), 138.3 (s, C-8a), 142.8 (s, C-2a), 162.0 (s, C-4),
174.5 (s, C-12), 181.9 (s, C-8), 187.2 (s, C-3C NMR (3,

culture broth of the same composition without agar. The pH value CDs0OD) 21.4 (C-7), 36.9 (C-11), 42.0 (C-y, 67.4 (C-10), 69.0

of the medium was adjusted to pH 9.50.0 with sterilized NaOH
(32%) after sterilization. The incubation temperature was@8
Initial inoculation of liquid cultures was achieved by adding slants
(1 cn?) of well-grown agar cultures. Stock cultures were maintained
either in the vapor phase of liquid nitrogen by adding 5% DMSO
to the culture medium or at80 °C by adding glycerol (1:1).

For screening scale compound productidigcardiopsissp.
(YIM80133, DSM16644) was cultivated under shaking conditions
for 48 h at 28°C in 500 mL Erlenmeyer flasks containing 100 mL
of the yeast extraetmalt extract medium. These cultures (1 mL)

(C-6), 70.5 (C-4), 75.4 (C-3), 68.4 (C-9), 98.8 (C-2), 116.3
(C-3a), 126.0 (C-5), 119.9 (C-7), 132.3 (C-7a), 138.0 (C-6), 140.1
(C-8a), 144.3 (C-2a), 162.6 (C-4), 177.2 (C-12), 183.4 (C-8), 188.7
(C-3); ESIMSm/z 357.1 [M — CO,]~, 400.9 [M — H]-, 825.0
[2M + Na]~; HREIMS [M]* 402.0961 (GoH1¢0; calcd, 402.0951).
epiDeacetylgriseusin B (4)Yellow solid; [o]*% —131.7.9 (c
0.05, MeOH); CD (MeOHYs; —21 436,0291 +9896,0345 —2554;
UV Zmax (MeOH; log €) 212.0 (4.48), 251.0 (3.94), 431.0 (3.52)
nm; IH NMR (6, CD;0D) 1.20 (d, 6.3 Hz, H-7, 1.42 (m, H-5),
1.97 (m, H-5), 2.17 (dd,J = 11.8, 14.8 Hz, H-9a), 2.50 (dd,=

were used as a seed culture for the inoculation of 100 mL production 2.8, 14.8 Hz, H-9b), 2.72 (m, 2H, H-11), 3.93 (m, B;4.17 (m,

medium (500 mL Erlenmeyer flasks) consisting of soybean flour
(2%) and mannitol (2%) at pH 9:510.0. Incubation at 28C lasted

for 6 days. Large-scale cultivation was performed in a 300 L
fermentor vessel filled with 200 L of soybeamannitol production
medium at pH 9.510.0. As seed culture, 3200 mL of a 48 h old
shaking flask culture in the production mediumx8400 mL in 1

H-6'), 4.30 (m, H-10), 4.36 (d) = 9.3 Hz, H-3), 7.28 (dd,J =
1.2, 8.4 Hz, H-5), 7.52 (dd] = 1.2, 7.5 Hz, H-7), 7.68 (dd] =
7.5, 8.4 Hz, H-6)23C NMR (8, CD;OD) 21.2 (C-7), 40.4 (C-11),
42.3 (C-5), 67.0 (C-10), 63.9 (C5, 69.5 (C-4), 75.3 (C-3), 29.1
(C-9), 98.7 (C-2), 115.6 (C-3a), 125.8 (C-5), 120.0 (C-7), 132.6
(C-7a), 137.2 (C-6), 138.2 (C-8a), 148.9 (C-2a), 163.7 (C-4), 174.5

L flasks) was used. The fermentation was carried out for 4 days (C-12), 184.4 (C-8), 190.6 (C-3); HRESIMS [M H]~ 403.0999

with aeration at 50 L/min and stirring at 200 rpm.
Natural Product Isolation and Purification. After harvesting,

(Conlgog; Ca'Cd, 4031029)
Oxidation of epiDeacetylgriseusin A (3).To a solution of 200

the culture broth was filtered and the filtrate was absorbed on mg (498umol) of compound3 in 15 mL of acetone, 60@L of

Amberchrom (6 L), from which it was eluted with a,8/MeOH
gradient. The cytotoxic 100% MeOH fractions-4 (2.5 L each)

freshly prepared Jones reagent were added in three portions every
60 min at room temperature. The mixture was stirred for an

were combined and concentrated to an aqueous residue. After liquid/additiona 2 h and was worked up by filtration through a short silica

liquid extraction with EtOAc (3x 1000 mL), the combined EtOAc

column. Then compound was purified by repetitive column

extracts were evaporated under reduced pressure and lyophilizecchromatography on silica gel with a stepwise gradient from

to afford 12 g of semisolid red material. This material was dissolved

dichloromethane to dichloromethane/ethylacetatd/1 to obtain

in methanol (15 mL) and subjected to column chromatography on 160 mg (80%) ofl. The data for structural assignment were

Sephadex LH-20 (6< 90 cm, MeOH) to furnish fractions-14
that by TLC analysis contained the material of interest. Column
chromatography of fraction 1 on silica gel (2<580 cm) and elution
with CHCIly/MeOH = 30:1 afforded compoundk (40 mg) and3
(300 mg). Chromatography of fraction 2 on Sephadex LH-20 (2.5
x 80 cm, MeOH) and preparative HPLC [GILSON, column: SP
250/21 Nucleosil 100-7 C18, MachereMagel (2.2x 21 cm),
MeOH/HO gradient, flow rate 10 mL/min] afforded compougd
(25 mg). Compound! (290 mg) was purified from fraction 3 by
repeated chromatography on silica gel{#40 cm, CHC}/MeOH
from 20:1 to 3:1).

4'-Dehydro-deacetylgriseusin A (1)Orange solid; ¢]5, —114°
(C 0.09, CHC&), CD (MeOH) 0517 —86009, 00 —7462, Ooss
—42 681,031 +16 554,03450, 0449 —4889; IRVmax (KBr) 1779.8,
1735.2, 1651.3, 1618.7, 1454.9, 1204.9&mJV Amax (CHCI;
log €) 256.0 (4.18), 445.0 (3.76) nmMH and*C NMR data, see
Table 1; ESIMSm/z 423.1 [M + Nal]*, 822.9 [2M + NaJ';
HRESIMS 423.0645 [M+ Na]™ (CyoH1609Na; calcd, 423.0692);
HREIMS 400.0821 [M} (CzoH160g; calcd, 400.0794).

2a,8a-Epoxyepideacetylgriseusin B (2).Yellow oil; [o]*%
+9.2° (c 0.8, MeOH); CD (MeOH)f,14 —13 978,05, —12 670,
0226 —13 149,04 —1678,0260 —8993,6297 +203, 0309 —579, 0324
—531, 0367 —8295; IRvmax (KBr) 3319.5, 1788.3, 1697.7, 1650.7,
1455.1, 1273.3, 765.3 cth UV Anax (CHCI5; log €) 242.00 (3.85),
288.4 (sh), 368.0 (3.39) nmiH and**C data, see Table 1; ESIMS
m/z 443.1 [M + NaJ*, 862.8 [2M+ Na]*; HREIMS [M — H]~
419.0948 (GoH20010; calcd, 419.0978).

epiDeacetylgriseusin A (3).Yellow solid; [a]*°, —100.9 (c
0.2, MeOH); CD (MeOH))249 —44 360,085 +9850, 0463 —3488;

identical to those obtained for compoumd
9-Hydroxy-epideacetylgriseusin B Methylester (5)A solution
of 50 mg (124umol) of compound3 in 4 mL of methanol was
acidified with 40uL of concd hydrochloric acid and was allowed
to stand at room temperature overnight. After evaporation of the
solvent, the crude product was obtained. The purification was
conducted using preparative plate chromatography on silica gel,
first developing with dichloromethane/ethylacetatd/1, then with
dichloromethane/ethylacetate 1/2 to obtain 30 mg (56%) of
compound5 and some recovered starting mateBal5 mg). 13C
NMR (9, CDCk) 20.9 (g, C-7), 34.9 (t, C-11), 39.8 (t, C‘p 51.9
(g, OCH), 60.0 (d, C-9)*, 67.01 (d, C-§, 67.04 (d, C-10)*, 69.0
(d, C-4)*, 74.9 (d, C-3), 97.9 (s, C-2), 115.3 (s, C-3a), 119.0 (d,
C-7),125.3 (d, C-5), 131.2 (s, C-7a), 136.3 (d, C-6), 139.3 (s, C-2a),
144.7 (s, C-8a), 161.9 (s, C-4),171.4 (s, C-12), 183.4 (s, C-8), 187.9
(s, C-3); *= exchangeable; HRESIM&/z 457.1113 [M+ Na]*
(C21H22010Na; Ca'Cd, 4571111)
4'-Dehydro-9-hydroxy-deacetylgriseusin B Methylester (6).
A solution of 50 mg (125«mol) of compoundl in 20 mL of
methanol was acidified with 6GL of concd hydrochloric acid and
was allowed to stand at room temperature overnight. After
evaporation of the solvent, 38 mg (70%) of the crude product was
obtained. Purification was effected using preparative TLC on silica
gel, and the compound was eluted with dichloromethane/ethylac-
etate= 3/1 using two development$3C NMR (6, CDCk) 21.5
(g, C-7), 34.7 (t, C-11), 47.5 (t, C*B 51.9 (g, OCH), 59.8 (d,
C-9), 67.8 (d, C-10)*, 68.8 (d, C-8, 76.0 (d, 3), 100.0 (s, C-2),
115.3 (s, C-3a), 119.4 (d, C-7), 125.4 (d, C-5), 131.4 (s, 7a), 136.7
(d, C-6), 137.0 (s, C-2a), 145.1 (s, C-8a), 162.1 (s, C-4), 171.1 (s,
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C-12), 182.7 (s, C-8), 188.1 (s, C-3), 203.7 (s, 'G-4 = ex-
changeable; HRESIM&Vz 455.0910 [M+ Na]* (C1H20010Na;
calcd, 455.0887).
4'-Dehydro-2a,8a-epoxyepideacetylgriseusin B (7).To a
solution of 10 mg (23.&mol) of compounad in 2 mL of acetone,

He et al.

to the formation of colonies with a diameter 860 um. At the
time of maximum colony formation, counts were performed with
an automatic image analysis system (OMNICON 3600, Biosys
GmbH). A total of 24 h prior to evaluation, vital colonies were
stained with a sterile aqueous solution of 2-(4-iodophenyl)-3-(4-

29uL of freshly prepared Jones reagent was added in three portionsnitrophenyl)-5-phenyltetrazolium chloride (1 mg/mL, 1@0well).

(every 30 min) at room temperature. After stirring for three
additional hours, the mixture was filtered through a short silica

For testing hematopoietic stem cells, samples of human umbilical
cord blood were diluted 2- to 3-fold with PBS containing 0.1%

column. Purification was achieved by column chromatography on (w/v) BSA. Peripheral blood mononuclear cells were enriched from
silica gel, and the compound was eluted with a stepwise gradientthe respective samples by Ficoll Paque density gradient centrifuga-

of dichloromethane to dichloromethane/ethylaceta®/1 to obtain
3 mg of compound. 'H NMR (9, CDClk) 1.42 (d, 6.2 Hz, H-7,
2.58 (m, 2H, HB-5'), 2.17 (dd,J = 11.5, 14.8 Hz, H-9a), 2.58 (dd,
J=2.5, 14.9 Hz, H-9b), 2.56 (m, 2H,#11), 4.38 (m, H-6, 4.36
(m, H-10), 5.40 (s br, H-3, 7.28 (dd,J = 1.1, 8.1 Hz, H-5), 7.57
(dd, J = 1.1, 8.1 Hz, H-7), 7.64 (ddJ = 8.1, 8.1 Hz, H-6);
HRESIMSmYz 441.0787 [M+ Na]* (CogH1601Na; caled, 441.0798).
Monolayer Assay.A modified propidium iodide assay was used

tion and washed twice with PBS containing 0.1% (w/v) BSA. The
resulting cell suspension was stored in aliquots in freezing medium
at —80 °C. Aliquots were thawed for testing as appropriate. The
colony forming test was performed using 24-well plates and HSC
CFU (Miltenyi Biotec) as culture medium. The 25 000 cells/mL
of the above-mentioned preparation were seeded in a final volume
of 500 uL per well. Solutions of the test compounds were added
directly to the medium. Every dish included six untreated control

to determine the cytotoxic activity of the compounds against human wells and drug-treated groups in triplicate at five concentrations.

tumor cell lines. The test procedure has been described elsefthere.

Three wells of the test plate were filled with 1 mL of sterile water

Cell lines tested were derived from patient tumors engrafted as ato ensure that maximum humidity was attained during the subse-

subcutaneously growing tumor in NMRI nu/nu mice, or obtained
from the American Type Culture Collection, Rockville, MD,

quent incubation period. Cultures were incubated &3a@nd 7.5%
CO; in a humidified atmosphere for 12 days. Colony growth was

National Cancer Institute, Bethesda, MD, or Deutsche Sammlung evaluated using an inverted microscope.

von Mikroorganismen and Zellkulturen, Braunschweig, Germany.
Briefly, human tumor cells lines were grown at 3T in a
humidified atmosphere (95% air, 5% G)An monolayer cultures

in RPMI 1640 medium supplemented with 10% FCS and phenol
red (PAA, Cdbe, Gemany). Cells were trypsinized and maintained
weekly. Cells were harvested from exponentially growing cultures
by trypsination, counted, and plated in 96-well flat-bottomed
microplates (14QiL of cell suspension, 5 10°to 10 x 10° cells/
well). After a 24 h recovery to allow cells to resume exponential
growth, 10uL of culture medium (six control wells per plate) or

Data Evaluation, Mean Graph Analysis, and COMPARE
Analysis. Antiproliferative efficacies of test compounds in both
assays were described by inhibitory concentrationgo(l@lues),
reflecting concentration-dependent cytotoxicity. Extrapolated IC
values were given if the exact value could not be determined within
the test range and if linear regression of exisfing values resulted
in ICsp values within a range of 3-fold the highest test concentration.
In the case of resistant cell lines, exhibiting no activitiespMalues
were expressed to be greater than the highest test concentration.
Antitumor selectivity patterns were obtained by mean graph

medium containing the test drug were added to the wells. Each analyses, where the distribution of{Gsalues obtained for a test

drug concentration was plated in triplicate. After 4 days of

compound in the individual tumor types was given in relation to

incubation the culture medium was replaced by fresh medium the mean |G value, obtained for all tumors tested. The individual

containing 6ug/mL of propidium iodide. Microplates were then
kept at—18 °C for 24 h to give a total cell kill. After thawing of

ICso values were expressed as bars on a logarithmically scaled axis.
The mean graph analysis therefore represents an antiproliferative

the plates, fluorescence was measured using the Cytofluor 4000fingerprint of a compound.

microplate reader (Perseptive Biosystems; excitation 530 nm,

emission 620 nm). The amount of viable cells was proportional to
the fluorescence intensity.

Clonogenic Assays with Human Tumor Xenografts and
Hematopoietic Stem Cells.Effects of the test compounds on

clonogenicity of tumor cells were investigated in a clonogenic assay.

For the COMPARE analysis antitumor selectivity patterns were
compared by ranking and correlating individual IC values of a test
compound with those IC values of standard agents in the same
tumor model$® Similarities in antitumor selectivity of the test
compound to those of the standard drugs were expressed quanti-
tatively by the Spearman rank correlation coefficient ri. (

Tumor xenografts were derived from patient tumors engrafted as a Compounds that have a high correlation coefficient have generally

subcutaneously growing tumor in NMRI nu/nu mice obtained from
Oncotest’s breeding facilit§?-3¢ Details of the test procedure have
been described earliétBriefly, solid human tumor xenografts were

been found to have similar mechanisms of action. Spearman
correlations withp > 0.5 were considered as relevant. A high
correlation p = 0.6) to a specific standard agent indicated a similar

removed from mice under sterile conditions, mechanically disag- mechanism of action (COMPARE-positive). Low correlations to
gregated and subsequently incubated with an enzyme cocktail@ll standard agents indicated a mechanism of action that was not

consisting of collagenase type IV (41 U/mL), DNase | (125 U/mL),
hyaluronidase type Il (100 U/mL), and dispase Il (1.0 U/mL) in
RPMI 1640 medium at 37C for 45 min. Cells were passed through
sieves of 20Qum and 50um mesh size and washed twice with

represented by the standard agent database or could even represent
an unknown mechanism of action (COMPARE-negative).
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Supporting Information Available: Physicochemical charac-
terization data for all compounds and mean-graph analyses of 4

24-multiwell dishes onto the bottom layer. The test compounds were dehydro-deacetylgriseusin A)(in monolayer and clonogenic cell

applied by continuous exposure (drug overlay) in 0.2 mL of culture
medium. Every dish included six untreated control wells and drug-

treated groups in triplicate at six concentrations. Cultures were

incubated at 37C and 7.5% CQin a humidified atmosphere for
7—20 days and monitored closely for colony growth using an
inverted microscope. Within this period, in vitro tumor growth led

line panels. This information is available free of charge via the
Internet at http://pubs.acs.org.
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