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4.1.7, Deoxyadenosine 5'-ethyl N-(L-prolyl)phospho-
roamidate] {dA-phosmidosine) (9b). Compound 8b
(118mg, 0.15mmol) was dissolved in THF (l1.5mL),
and BuyNF-H»0 {152mg, 0.58 mmol) was added. After
being stirred at room temperature for 6h, the mixture
was diluted with CHCl;. The CHCI; solution was
washed three times with 5% NaHCO,, dried over
Na;80,, filtered, and evaporated under reduced pres-
sure. The residue was dissolved in a 1% solution of
TFA in water-acetonitrile {(1:1, vfv, 1,5mL). After being
stirred at room temperature for 15min, the mixture was
diluted with distilled water. The aqueous solution was
washed three times with CHCl;, evaporated under re-
duced pressure, and coevaporated with distilled water
under reduced pressure. The residue was chromato-
graphed on a column of C,3 by using medium pressure
chromatography with solvent system I. The fractions
containing 9b were collected and lyophilized. The resi-
due was rechromatographed on a column of CI8§ with
water—acetonitrile (90:10, v/v) followed by lyophilization
from its aqueous solution to give 9b as the free form
(48mg, 72%): 'H NMR (270MHz, D,0) § 1.09 (3H,
2t, Jeocmachz = 6.9Hz), 1.81-2.02 (3H, m), 2.25-2.38
(1H, m), 2.57-2.66 (1H, m, Ja.ya 2.up = 6.6 Hz), 2.77-
2.88 (1H, m), 3.24-3.41 (2H, m), 3.73-3.84 (2H, m,
Jpocy = 10.6 Hz), 4.074.16 (3H, m), 424425 (1H,
m), 4.69-4.74 (1H, m, J3- 3.4, = 4.3Hz), 6.37 (1H, dd,
Jl‘,z‘-l—la= 6.31‘]2, Jll‘zl.m, = 6.6HZ), 8.09 (]H, S), 8.27
(1H, 2s); *C NMR (D;0) & 17.9, 18.0, 26.4, 32.4,
41.3, 41.4, 48.8, 64.7, 65.0, 65.4, 65.47, 65.50, 65.58,
67.56, 67.64, 67.7, 61.8, 73.4, 86.28, 86.34, 87.8, 87.88,
87.91, 120.9, 141.9, 150.79, 150.82, 154.9, 157.6, 178.5,
178.6; *'P NMR (D,0) & 10.57; ESI-mass m/z caled
for C;:H27N,0¢P 456.1761; observed [M + H] 456.1582.

4.1.8. 7,8-Dihydro-8-oxodeoxyadenosine S§'-[ethyl N-(L-
prolyDphosphoroamidate] (8-oxo-dA-phosmidosine) (9¢).
This compound was synthesized in 58% yield as the free
form in a manner similar to that described for the syn-
thesis of 9b: 'H NMR (270MHz, D;0) & 1.10-1.16
(3H, 2t, Jpocmrens = 6.9Hz), 1.90-2.07 (3H, m), 2.30-
240 (2H, m, 3“-Hb), 3.15-3.39 (3H, m), 3.81-3.95
(2H, m, Jeocy = 9.9Hz), 4.11 (4H, m), 4.71 (1H, m,
3"H), 6,21 (IH, t, Jlllgl.Ha=J1'_;J_'.Hb=6.6HZ), 7.98
(1H, s); '*C NMR (CDCly) 6 17.9, 18.0, 26.4, 32.4,
37.6, 48.8, 64.7, 65.1, 65.3, 65.4, 67.96, 67.98, 68.03,
68.1, 73.4, 73.5, 84.05, 84.12, 86.8[ 87.0, 106.4, 148.8,
149.5, 153.3, 155.1, 1787, 178.8; *'P NMR (CDC!y) &
10.79, 10.87. ESI-mass m/z caled for Ci;H;;N;0,P
472.1710; observed [M + H] 472.5253.

4.1.9. 6-N-Acetyl-7,8-dihydro-8-oxodeoxyadenosine 5'-
[ethyl N-(L-prolyl)phosphoroamidate] (V-Ac-dA-phos-
midosine) (9d). This compound was synthesized in 25%
yield as the free form in a manner similar to that de-
scribed for the synthesis of 9b: '"H NMR (270MHz,
DzO) J 113 (3H, t, JPOC'HQC‘H3=6-9HZ)s 1.96-2.07
(3H, m), 2.27-2.32 (4H, m), 3.30-3.44 (2H, m), 3.83-
3.93 (2H, m), 4.09-4.22 (4H, m), 4.65-4.69 (1H, m),
5.17-5.20 (tH, m), 595 (IH, d, Jy-» =4.6Hz), 8.40
(1H, s); °C NMR (D,0) 6 17.9, 18.0, 32.4, 48.8, 64.7,
65.1, 654, 65.5, 67.6, 67.7, 72.3, 73.2, 73.3, 84.5, 84.7,
88.8, 113.5, 140.3, 152.8, 153.0, 154.8, 175.2, 178.6,

178.7, *'P NMR (D,0) & 10.70; ESI-mass m/z caled
for CioH2oN,04P 530.1764; observed {M + H] 530.1832.

4.1.10. Uridine 5'-fethyl N-(L-prolyl}phospheroamidate)
{U-phosmidosine} (9e}. This compound was synthesized
in 91% yield as the free form it a manner similar to that
described for the synthesis of 9b: 'H NMR (270 MHz,
DzO) d 1.33-1.38 (3H, 2t, JPOCH.’CHJ = 69HZ), 2.01-
2.18 (3H, m), 2.43-2.59 (IH, m), 3.34-3.51 (2H, m),
4.22-4.55 (8H, m, Jpocy = [1.2Hz), 5.88-5.92 (ZH,
2d, 1-H, S-H, Jy2=53Hz), 7.74 (1H, 24,
Js,s = 8.2Hz); 1°C NMR (D,0) 6 18.1, 18.2, 264, 32.5,
489, 64.8, 652, 65.65, 65.68, 65.72, 67.17, 67.20,
67.22, 67.24, 67.27, 67.29, 67.3, 71.9, 70.0, 76.2, 76.3,
85.0, 85.1, 85.2, 85.3, 91.6, 104.8, 144,0, 144.1, 154.1,
168.6, 178.85, 178.88, 178.93, 179.0; 3'P NMR (D;0) &
11.07; ESI-mass mi/z caled for C,sHysN,Q0P 449.1437;
observed [M + H] 449,1453,

4.1.11, Cytidine 5'-[ethyl N~(L-prolyl)phosphoroamidate]
{C-phosmidosine) TFA salt (9f). Compound 8f
(223mg, 0.18mmol) was dissolved in THF (1.8mL),

- and By NF-H,O (383mg, 1.46mmol) was added. After

being stirred at room temperature for 1h, the mixture
was diluted with CHCl;. The CHCl; solution was
washed three times with 5% NaHCO;, dried over
Na,80,, filtered, and ‘evaporated under reduced pres-
sure. The residue was dissolved in a 4% solution of
TFA in water—acetonitrile (1:1, vfv, 1.8mL). After the
mixture was stirred at room temperature for 3 h, trifluoro-
acetic acid (73uL, 0.99mmol) was added. After being
stirred at room temperature for an additional 12h, the
mixture was diluted with distilled water. The: aqueous
solution was washed 3 times with AcOE!, evaporated
under reduced pressure, and coevaporated with distilled
water under reduced pressure. The residue wad chroma-
tographed on a column of Cyg by using medium pressure
chromatography with solvent system I. The fractions
containing %e were collected and lyophilized. The resi-
due was rechromatographed on a column of C,;; with
water-acetonitrile (935, v/v) followed by lyophilization
from its aqueous solution to give 9f as the TFA form
(62mg, 60%): 'H NMR (270MHz, D,0) § 1.32 (3H, t,
JPOCH_?CH} = 6.9HZ), 1.96-2.13 (3H, m), 2.47-2.52
(1H, m), 3.39-3.41 (2H, m), 4.18-4.49 (8H, m), 5.84-
l5.85 (1H, m), 6.11-6.13 (1H, m), 7.79-7.83 (1H, m);
°C NMR (D;0) & 17.9, 18.01, 18.03, 26.1, 31.96,
31.99, 45.0, 49.2, 63.0, 63.2, 68.5, 68.56, 68.6, 69.1,
69.16, 69.23, 71.26, 71.33, 76.2, 84.0, 84.1, 93.1, 98.1,
112.3, 116.6, 120.9, 125.19, 145.1, 155.5, 155.6, 164.5,
165.0, 165.2, 165.3, 165.5, 166.1, 174.09, 174.12; *'P
NMR (D,0) & —0.90, —0.95; ESI-mass m/z calcd for
C[GHz';NsOgP 4481597, observed [M + H] 448.1583.

4.1.12. Guanosine 5'-fethyl N-(r-prolyl)phosphoroami-
date] (G-phosmidosine) (9g). This compound was synthe-
sized in 69% yield as the free form in a manner similar to
that described for the synthesis of 9b: 'H NMR
(270MHZ, DQO) & L.16 (3H, t, JPOCHJCH3=7'3HZ):
2.85-2.06 (3H, m), 2.26-2.39 (iH, m), 3.24-3.43 (2H,
m), 3.81-3.97 (2H, m, Jpocy = 11.5Hz), 4.09-4.32
(4H, m), 4.45-4.50 (1H, m), 4.68 (1H, m, J5 3 = 4.9 Hz),
5.83 (1M, d, Ji-p =4.6Hz), 7.92 (1H, d); *C NMR
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(D;0) § 17.9, 17.95, 18.03, 18.1, 26.4, 32.4, 48.8, 64.7,
65.1, 65.5, 65.6, 65.7, 67.1, 67.2, 67.3, €14, 72.55,
72.59, 76.25, 76.30, 854, 85.5, 89.75, 89.78, 118.40,
118.43, 139.4, 139.5, 153.77, 153.80, 156.07, 156.09,
160.9, 178.6, 178.67, 178.70, 178.8; *'P NMR (D,0) &
10.63, 10.73. ESl-mass m/z caled for C;;H;7N;O4P
488.1659; observed [M + H] 488.1658.

4.1.13. 7,8-Dihydro-8-oxodeoxyadenosine. &-Bromode-
oxyadenosine?! (6.6 g, 20mmol) was dissolved in a mix-
ture of acetic acid-acetic anhydride (1:1, v/v, 400mL),
and sodium acetate (30g, 366 mmol) was added. After
being stirred at 120°C for 30min, the mixture was di-
tuted with CHCl3. The CHCI; solution was washed five
times with distilled water, dried over Na,SQ,, filtered,
and evaporated under reduced pressure, The residue
was dissolved in AcOEt. The AcOEFt solution was
washed 5% NaHCO,, filtered, and evaporated under re-
duced pressure. The residue was dissolved in ethanol
(86mL), and NaOH (1.7 g, 43mmol) was added. After
being stirred at room temperature for 3h, the mixture
was stirred at 60°C for an additional 1h. The mixture
was neutralized by addition of 4M HCl (10mL) and
5% NaHCO;. The precipitates were removed by filtra-
tion and washed three times with distilled water. The fil-
trate and washings were collected and evaporated under
reduced pressure. The residue was chromatographed on
a column of C,3 with water—acetonitrile (100:0-98:2, v/
v) to give the title compound as ocherous solids (1.6g,
28%): '"H NMR (270MHz, DMSO-d;) & 1.92-2.00
(1H, m, Jo ya o536 = 4.6Hz), 2.89-2.99 (1H, m), 3.41-
347 (1H, m}, 3.57-3.63 (1H, m), 3.79-3.80 (1H, m),
4.36-4.38 (1H, m, Jy 2.4 =53Hz), 6.13 (1H, dd,
Ji2pa =63Hz, Jiay, =82Hz), 7.19 (2H, br s),
7981 (1H, s); *C NMR (DMSO-ds) § 36.5, 62.5, 71.5,
81.6, 87.5, 104.7, 146.1, 147.6, 149.7, 152.1. ESI-mass
mfz caled for CigH 4NsO4 268.1046; observed [M + H)
268.1027.
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Abstract—We found that a fungus Neosartorya sp. produced an angiogenesis inhibitor, RK-805. By spectroscopic analyses and semi-
synthetic methods from fumagillin, the structure of RK-805 was identified as 6-oxo-6-deoxyfumagillol, which has not been reported as a
natural product. RX-B05 preferentially inhibited the growth of human umbilical vein endothelial cells (HUVECS) rather than that of human
normal fibroblast in cell proliferation assays and blocked endothelial cell migration induced by vascular endothelial growth factor (VEGF).
Moreover, RK-805 selectively inhibited methionine aminopeptidase-2 (MetAP2), but not methionine aminopeptidase<l (MetAP1)., The
docked structure of RK-803 complexed with human MetAP2 indicated that not only a covalent bond between a nucleophilic imidazole
nitrogen atom of His231 and the carbon of the reactive spirocyclic epoxide of RK-805, but also a hydrogen bond between NH (Asn329) znd
the carbonyl group of RK-805 at C-6 promote close contact in the binding pocket of the enzyme. Taken together, these results suggest that

structure activity relationships of RK-8035 derivatives at both C-4 and C-6, in comparison with ovalicin and TNP-470, would be useful for

development of new angiogenesis inhibitors.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Angiogenesis, the formation and growth of new blood
capillaries from pre-existing vessels, is a vital function for
the growth of normal tissues during embryogenesis, as well
as for the malignant growth of 3olid tumors. The process of
angiogenesis in endothelial cells consists of several distinct
and sequential steps such as degradation of the basement
membrane by proteolytic enzymes, migration (chemotaxis)
toward the stimulus, proliferation, formation of vascular
loops, maturation of neovessels, and neosynthesis of
basement membrane constituents. Under pathological
conditions, such as tumor progression, diabetic retinopathy,
and rheumatoid arthritis, the control mechanisms can be
disordered primarily by a number of angiogenic factors, and
this process can lead to abnormal angiogenesis. The
inhibition of angiogenesis is therefore emerging as a
promising strategy to cure angiogenesis-related diseases.! —#

Keywords: Angiogenesis inhibitor; Microbial metabolites; Endathelial

cells; Methionine aminopeptidase-2; docking model.
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In this regard, several angiogenesis inhibitors derived both
from natural products and by chemical synthesis have been
studied. These include peptide inhibitors angiostatin,’
endostatin® and NK4,” as well as thalidomide,8 TNP-
470, marimastat,'® and SU6668,!" which are small
molecules. We have also established cell-based screening
systems for identifying novel angiogenesis inhibitors
blocking signaling pathway induced by vascular endothelial
growth factor (VEGF) or exhibiting sclective growth
inhibitory activity in endothelial cells. Recently, we
reported the identification of novel angiogenesis inhibitors,
i.e. the highly functionalized pentaketide dimers epoxy-
quinols A and B,'*~!5 and azaspirene'®!? with a 1-oxa-7-
azaspiro{4.4]non-2-ene-4,6-dione skeleton from fungal
metabolites (Fig. 1).

In the course of our research to discover angiogenesis
inhibitors among the secondary metabolites of microorgan-
isms, RK-805 was discovered from the fermentation broth
of a fungus, Neosartorya sp. The structure was elucidated as
6-oxo-6-deoxyfumagillol by spectroscopic analyses and
chemical modifications of fumagillin. It is noted that
RK-805 might be a precursor metabolite or be a shunt



7086 Y. Asami et al. / Tetrahedron 60 (2004) 7.085—7091

0Q H
HC Y N

HaC HOo OH
T o

azaspirene

o RK-805 (R=H)
ovalicin (R=0H)

o O

TNP-4T0

Figure 1. Structures of epoxyquino] A, azaspirene, RK-805, ovalicin, and
TNP-470.

metabolite in fumagillin-biosynthesis. We describe in this
paper the fermentation, isolation, structure elucidation, and
the specificity and effects of RK-805 toward methionine
aminopeptidase-2 (MetAP2) as well as growth and
migration of endothelial cells.

2. Results and discussion

The producing strain, Neosartorya sp. was cultured in the

fermantation medium (151) at 28 °C for 3 days, and the.

ethyl acetate extract of the whole broth was obtained. Then,
the successive purification procedures by a silica gel column
chromatography, a preparative reverse-phase HPLC, and a
preparative TLC afforded 5.0 mg of RK-805 as a colorless
oil. The molecular formula of RK-805 was determined to be
C1¢H,404, based on the HREI-MS data (m/z: 280.1723); this
formula was supported by 'H and 1*C NMR spectrum data.
The UV spectrum had an end absorption and an absorption
maximum of the IR spectrum at 1730 cm™! suggested the
presence of a carbonyl group.

All single-bond connections between 'H and '*C in RK-803
were elucidated by PFG-HMQC and DEPT experiments.
The NMR data and the molecular formula indicated the
presence of one methoxy, three methyls, four methylenes,
three sp* methines and one sp® methine, and four quaternary
carbons, including a carbonyl carbon. As regards the 'H-'H
correlations in PFG-DQFCOSY, H-11 through H-13
indicated the presence of olefinic protons and an epoxide
methine (Fig, 2(A)). In addition, long range couplings from
H-11 and H-15 to C-10 and from H-16 and H-17 to C-13 and
C-14 were observed in an HMBC experiment (Fig. 2(A)).
The cyclohexanone skeleton was confirmed by 'H-'H
correlations on PFG-DQFCOSY: from H-4 to H-5 and H,-7
to Hx-8, as well as by 'H~"’C corelations in the PFG-
HMBC spectra: the strong two-and three-bond 'H-13C
correlations from H-4 and H-8 to C-3, from H-18 of the
methoxy proton signal to C-5, and the correlations of the
carbonyl carbon at C-6 with the protons on C-4, C-5, C-7,
and C-8. The exocyclic epoxide ring on cyclohexanone was
confirmed by the chemical shifts, coupling constants, and
two-bond cotrelations from H-2 to C-3 in the PFG-HMBC
spectrum. The relative configuration of RK-805 was
elucidated by NOE experiments. Significant NOEs between

1) 05N NaOH, Et,0
» RK-805
2) PCC, MS 4A, CH,CL,

D .
SO e Yl
fumagiliin _

Flgure 2, Structure deterntination of RK-805. (A) Key correlations in PFG-
DQFCOSY and PFG-HMBC spectra in RK-805. The bold lines show the
proton spin networks, and the amows show the 'H-'’C long-range
correlations. (B) Summary of the NOE spectra. The arrows point to
significant NOEs.

1

H-15 (84 1.21) and H-5 (&x 4.11), H-13 (84 5.23) and H-2
(811 3.03), and H-11 (8y 2.60) and H-2 (8 3.03) indicated a
frans configuration for the epoxide on the side chain at C-4.
The experimental results showed that no NOE was observed

-between H-15 (8y 1.21) and H-11 (84 2.60), thereby also

supporting this configuration. The NOE between H-5 (8y
4.11) and H-7 {8y 2.61) indicated a diaxial conformation for
these protons (Fig. 2(B)). Moreover, the deduced structure
was confimned by chemical modifications from fumagillin:
Hydolysis of fumagillin in the alkali condition, followed by
oxidation with PCC to give synthetic RK-803 in 82% yield
over two steps (Fig. 2(C)). The physico-chemical properties
of natural RK-805 were identical with those of synthetic
RK-805. Thus, the structure of RK-805 including its
absolute configuration was determined to be 6-o0xo-6-
deoxyfumagillol, which has re Eorted as a synthetic analogue
of fumagillin and ovalicin.!®!% The 'H and !3C NMR
assignments for RK-805 are summarized in Section 4. It is
possible that RK-805 is a precursor metabolite or is a shunt
metabolite in fumagillin-biosynthesis, as fumagillin pos-
sesses a long aliphatic side chain at C-6 via an ester bond.

The core structure of RK-805 was similar to that of
fumagillin and other fumagillin analogues, e.g. ovalicin®
isolated from marine fungal metabolites and its synthetic
analogue TNP-470 (O-(chloroacetylearbamoyl)fumagillol,
AGM-1470).2! The structure of RK-805 is different from
the structure of ovalicin and TNP-470 as regards the C-4 and
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Figure 3. RK-805 effectively inhibits the growth of HUVECs. The growth
of HUVECs: B, Ovalicin (IC5=0.02 ng/ml}; A, RK-805 (ICsy=0.03
ng/ml); @, TNP-470 (IC5=0.06 ng/ml). The growth of WI-38 cells: O,
Ovalicin (IC5p=10 ng/mt); A, RK-805 (ICs5=10 ng/ml); ©, TNP-470
(IC50=10 ng/mt).

C-6 positions, respectively. Although the growth inhibitory
activity by fumagillin-related compounds against human
endothelial cells has been reported, little is known about
their effects on the growth of human normal fibroblast. We
therefore tested the inhibitory activity of RK-805 in both
human umbilical vein endothelial cells (HUVECs) and
normal human lung fibroblast WI-38 cells. RK-805,
ovalicin, and TNP-470 did not exhibit remarkable inhibitory
activity, even at 10 ng/ml, in WI-38 cells, whereas they did
inhibit the cell growth of HUVECs in a dose-dependent
manner, as shown in Figure 3. The ICsy values of RK-805,
ovalicin, and TNP-470 were 0.03, 0.02, and 0.06 ng/ml,
respectively, indicating that RK-805 exhibited selective
inhibitory activity in HUVECs, as did both ovalicin and
TINP-470. :

‘We performed a chemotaxicell chamber assay, as there has
been no report on the effect of RK-805 on endothelial
cell migration in three-dimensional-cultutres systems of
HUVECs. In this assay, HUVECs in the top chamber
migrated and penetrated the filters, entering the lower

chamber supplemented with 12.5 ng/ml of an angiogenic
factor, VEGF-containing medium, as determined by count-
ing the number of cells attached to the lower side of the filter
after 18h of incubation. VEGP significantly induced cell
migration, whereas 10 WM of SU3614, an inhibitor of °
VEGF receptor tyrosine kinase,2? iphibited the VEGF-
induced cell migration. RK-805 also inhibited the cell
migration induced by VEGF in a dose-dependent manner,
without showing significant cell toxicity; this results was
estimated by a trypan blue dye exclusion assay. The EDsg
value of RK-805 was ca. 10 ng/ml, as shown in Figure 4.
Ovalicin and TNP-470 exhibited almost the same inhibitory
activity in this assay. These results suggest that RK-805
blocks the function of endothelial cell migration activated
by VEGE.

Methionine aminopeptidase-2 (MetAP2) has been identified
as the molecular target for the fumagillin family,23-23
However, the selectivity of RK-805 against MetAP2 has
been unclear. We therefore investigated the selective
inhibitory effect of RK-805 on MetAP2 activity on agar
plates containing the mapl null strain, Saccharomyces
cerevisiae (MAPL/napl::HIS3). The map] null strain and
the map2 null strain (MAP2/map2::URA3) is viable with a
slower growth rate, whereas the map’ and map2 double-null
strain is nonviable.”® Although wild-type and map2 null
mutant are resistant to RK-805, ovalicin, and TNP-470, the
growth of the map] null mutant was completely inhibited by
these three fumagillin-related molecules (Fig. 5(A)-(C)).
The inhibitory activities of RK-303 and ovalicin on MetAP2
were more potent than that of TNP-470 (Fig. 5(D)). These
results indicate that yeast MetAP2, but not MetAPl, is a
common target for RK-805, ovalicin, and TNP-470.
¢ - o

MetAPs, cobalt-containing metalloproteases, which remove
the NHj-terminal methionine from proteins in a non-
processive mamner, are highly conserved in Escherichia
coli, Saccharomyces cerevisiae, and humans.2”-29 In 1998,
Clardy, J. et al. revealed a covalent bond between an
epoxide group on the cyclohexane ring of fumagillin and a
histidine residue (His-231) at the active site of the human
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Figure 4. RK-805 blocks endothelial ce)t migration induced by VEGR. HUVECS stimulated upon VEGF-treatment were incubated with either varions
concentrations of RK-803, ovalicin, TNP-470, or 10 uM of SUS5614 in the upper chamber for 18 b, Thereafter, the cells were fixed with MeOH and stained with
Wright sclution. The cells migrated to the lower surface, induced by VEGF, were counted manually nnder a microscope at a magnification of x100 (bold
column). Values are the means$D for triplicate samples. Cell viability was assessed by a trypan blue dye exclusion assay (bold line),
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Figure 5. Selective MetAP2 inhibitory activity of RK-805. (A-C) Wild-type Saccharomyces cerevisiae W303 (A). map2 nuil strain (MAP2/map2::URA3)
(B). mapl null strain (MAP1/mapl::HIS3) (C). RK-805 (1, 0.3 ng/disk), Ovalicin (2, 0.3 ng/disk), and TNP-470 (3, 30 ng/disk). (D) Determination of
respective MetAP2 inhibitory activities of the compounds using agar diffusion assays on the MetAP1 null strain (MAP1/map1::HIS3). &: RK-805, W: ovalicin,

®: TNP-470,

MetAP2 crystal structure.’® We investigated a three-
dimensional model of human MetAP2 and RK-805 built
from the known X-ray coordinates (PDB ID: 1B59} using a
COMTEC 4D OCTANE 2, R12000A Workstation and
Insight II. The predicted overall structure of RK-805
complexed with human MetAP2 is shown in Figure 6.
The docked structure indicated that not only a covalent bond
between an imidazole nitrogen atom of His231 and a carbon
of the spirocyclic epoxide of RK-8035, but also a hydrogen
bond between NH (Asn329) and a carbonyl group of
RK-805 promoted close contact to fit well in the binding
pocket of the enzyme, even though REK-805 lacks the

aliphatic side chain at C-6 of fumagillin and a hydroxyl
group at the C-4 of ovalicin.

The development of angiogenesis inhibitors as novel
anticancer agents has been one of the most challenging
objectives of contemporary cancer research. Among several
angiogenesis inhibitors characterized within the last decade,
TNP-470, a synthetic analogue of fumagillin, is currently in
clinical trials for the treatment of a variety of cancers,
including solid tumors as well as Kaposi’s sarcoma.?!*2 The
fumagillin family has been shown to block endothelial cell
proliferation and cell cycle progression of cells in the Gl

Asn329- .,

i

Figure 6. Proposed binding image of RK-805 complexed with human MetAP2. (A) Overall structure of the complex between MatAP-2 (PDB ID: 1B59) and
RK-805. In the stick mode), red indicates the atoms of RK-805 molecules in the active site. (B) A covalent bond is shown between an imidazole nitrogen atom
of His231 and the carbon of the spirocyclic epoxide (yellow ring). The hydrogen bond between NH (Asn329) and the carbonyl group of RK-8035 is shown {red
ring). Carbon atoms are green, axygen atoms are red, hydrogen atoms are white, and nitrogen atoms are blue.
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phase.®3334 Although MetAP2 has been identified as a
molecular target of these compounds, it remains unclear
how inhibition of this enzyme leads to cell cycle arrest,
antiangiogenic activity, and in vivo antitumor effects, There
could be a vital MetAP2-specific intracellular substrate that
is sensitive to fumagillin-type drugs. including RK-805.
Turk, B. E. et al. reported that the in vitro inhibitory activity
of RK-805 against MetAP2 activity was 15-fold and 6-fold
less than that of ovalicin and TNP-470, respectively.!?
However, the potency of RK-805 and ovalicin in the
endothelial assays (Figs. 3 and 4) and the yeast growth
inhibition assay (Fig. 5) here is almost the same, suggesting
that those compounds have different rates of cellular uptake
and metabolism in intact cells. In addition, preliminary
pharmacokinetic and metabolic experiments have indicated
that TNP-470 was biotransformed in the primary cultures of
human hepatocytes and in the microsomal fractions of
various human tissues.?*> These finding have increased the
hope of identifying a more stable analogue of fumagillin-
type melecules. Therefore, structure activity relationships of
analogues of RK-805 at both C-4 and C-6 would be useful
for development of new MetAP?2 inhibitors. Moreover, the
potential therapeutic value of angiogenesis inhibitors has
also been evaluated in combination with different anticancer
medalities including chemotherapeutic agents, cytokines,
and radiotherapy.®® Thus, the identification of novel
angiogenesis inhibitors would provide a range of tools that
would be therapeutic in cases involving pathologic
angiogenesis,

3. Conclusion

In conclusion, we identified RK-805, 6-0ox0-6-deoxyfuma-
gillol, as an angiogenesis inhibitor isolated from a fungus,
Neosartorya sp., in an endothelial cell-based assay. RK-803
exhibited potent inhibitory activity not only as regards in
endothelial cell growth, but also in VEGF-induced endo-
thelial cell migration. In addition, RK-805 selectively
inhibited MetAP2 activity, but not MetAP1 activity, The
important aspect of the binding model of RK-805 with
human MetAP2 was that a carbonyl group of RK-805
formed a hydrogen bond with NH (Asn329) at the active site
of the enzyme, which was not seen in the case of fumagillin
or TNP-470. RK-805 is a promising agent in this context; a
structure-based dmg design that would include a modifi-
cation of this carbonyl group might shed light on the
development of novel angiogenesis inhibitors. Further study
of structure-activity relationships and novel bioactive
natural products is currently underway.

4. Experimental
4.1. General

Optical rotation was recorded on a JASCO DIP-370
spectrometer and the IR spectra were obtained on a
SHIMADZU FT-IR 8100M spectrophotometer. 'H and
13C NMR spectra were taken on a JEQL ECP-500 NMR
spectrometer. The mass spectra were measured on a JEOL
JMS-SX102. Chemical shifts are reported in parts per
million relative to acetone (*H, § 2.04; 13C, §29.8). Data for

TH NMR are reported as follows: chemical shift, assign-
ment, integration, multiplicity (s=singlet, d=doublet, t=
triplet, g=quartet, m=multiplet), and coupling constants,
Data for '3C NMR are reported as follows: chemical shift,
assignment, and multiplicity (s=singlet, d=doublet, t=
triplet, g=quartet).

4.2. Fermentation and puriﬁcation

The producing strain Neosarterya sp. was inoculated into
two 500 m! Erlenmeyer flasks containing 75 ml of a sterile
seed medium and was incubated on a rotary shaker at 28 °C
for 3 days. The seed medium was composed of soluble
starch 2%, glucose 19, soybean meal 1.5%, malt extract

- 0.5%, potato dextrose 10%,, vegetable extract 10%,

MgSO,7TH,0 0.05%, and KHoPO, 0.05%. This seed
medium (150 ml) was transferred to 151 of the same
production medium in a 30-L jar fermentor, The fermenta-
tion was carried out at 28 °C for 3 days with agitation at
350 rpm and an air flow of 15 1min~!. The culture broth
was centrifuged and the mycelial cake was extracted with
acetone. The extract was concentrated in vacuo to an
aqueous solution, which was extracted with an equal
volume of ethyl acetate, The organic layer was concentrated
in vacuo to dryness. The concentrate was applied to silica
gel column chromatography. The materials were eluted with
a stepwise gradient of CHCl;-CH30H. The active fraction
in CHCl;-CH30H (50:1) was concentrated in vacuo to
yield an cily materjal. Further purification of RK-805 was
carried out by reverse-phase HPLC using a preparative QDS
column (2 i.d.X25 cm, Senshu Scientific Co. Ltd., Tokyo,
Japan). Finally, 5.0mg of RK-805 was purified by
preparative TLC with CHCl,-~CH,30H (50:1).

4.3. Physico-’c-liemical pfope::ties of RK-805

Colorless oil; HREI-MS in/z: 280.1723 {calcd for C;gH404:
280.1675); UV Ap (MeOH) nm: End abs.; IR ., (neat)
em~": 2950, 1730, 1650, 1120; {a]P=—61.3° (¢ 0.30,
CHCly), lit.!® [ a]}*=—64.9° (¢ 0.21, CHCly); the R, value in
the solvent system of CHCl,~MeOH (50:1) was 0.46 on a
silica gel TLC (Merck 60 Fysq). The Rt was 17.1 min in
HPLC analysis: PEGASIL ODS (4.6 i.d. X250 mm, Senshu
Scientific Co. Ltd., Tokyo, Japan); flow rate, .1 ml/min;
detection, 215 nm; mobile phase, a linear gradient solvent
systemn CH3;CN-H,0 from 20:80 to 100:0 for 20 min. 'H
NMR. (500 MHz, acetone-ds) & 1.21 (15-H, 3H, s), 1.64
{16-H, 3H, s), 1.66 (8-H,, 1H, ddd, /=3.5, 5.3, 13.0 Hz),
172 (17-H, 3H, ), 1.88 (4-H, 1Y, d, J=10.6 Hz), 2.08
(8-H, 1H, ddd, J=1.3, 5.3, 13.0 Hz), 2.23 (12-H, 2H, m),
2.36 (7-H,, 1H, ddd, J/=1.3,5.3, 14.2 Hz), 2.60 (11-H, 1H, ¢,
J=6.3Hz), 2.61 (7-Hb, IH, m), 2.72 (2-Ha, 1H, d, J=
4.6 Hz), 3.03 (2-Hy, 1H, d, /=4.6 Hz), 3.38 (18-H, 3H, 3),
4.11 (3-H, IH, d, J=10.6 Hz), 5.23 (13-H, 1H, t, J=7.4 Ha);
13C NMR (125 MHz, acetone-dg) & 14.35 (15-C, q), 17.98
(16-C, q), 25.80 (C-17, q), 28.14 (C-12, 1), 33.58 (C-8, b),
37.39(C-7,1), 52.35(C-2, 1), 53.89 (C-4, d), 57.89 (C-18, @),
59.19 (C-10, s), 59.29 (C-3, 5), 60.60 (C-11, d), 83.84 (C-5,
d), 120.10 (C-13, &), 134.79 (C-14, s), 207.28 (C-6, s).

4.4. Synthesis of RK-305

Fumagiilin (0.9 mg, 0.0020 mmol) was added to a 0.5 N
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NaOH-EtO solution (I mi, v/v=1;]), and was stirred at
room temperature for 2.5 h. Then, the reaction mixture was
diluted with H;O and Et,0O, and extracted with Et;0. The
resulting organic layer was washed with brine, dried over
Na,50,, and concentrated in vacuo to afford 0.54 mg
(quant)} of fumagillol. To a suspension of PCC (1 mg,
0.0046 mmol} and powdered melecular sieves 4A (3.0 mg)
in CHyCl; (1 ml) was added a solution of the above
fumagitlol solution in CH;Cl, (0.5 ml) stirring in an ice-
water bath. The mixture was stired for 1 h at room
temperature, Florisil and CH;Cl, were added to the mixture,
which was filtered through a pad of Celite and Florisil,
and the filtrate was concentrated in vacuo. The residue
was purified by preparative TLC with CHCl;-CH;0H
(50:1) to give synthetic RK-805 (045 mg, 82.0% yield in
two steps).

4.5. Endothelial cell proliferation assay

Human umbilical vein endothelial cells (HUVECs) were
cultured in Humedia-EG2 medium (KURABO, Osaka,
Japan) at 37 °C under a 5% COQ, atmosphere. WI-38 cells
(normal human lung fibroblast cells) were cultured in
DMEM (Dulbecco’s modified eagle medivm) containing
10% fetal calf serum in a 5% CO; incubator at 37 °C. Sub-
confluently growing (80%-90%) cells were trypsinized.
HUVECs and WI-38 cells were seeded on 96-well
microplates (1.5-3.0¢10° cells per well), Test compounds
were added, and further incubated for 48 h (WI-38 cells) or
96 h (HUVECs). The cell number was evaluated by the
subsequent color reaction. 2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt, WST-8™ (Nacalai Tesque, Kyoto, Japan)
was added, and the cells were further incubated for3—4 hat
37 °C. The absorbance (A450) of each well was measured by
a Wallac 142¢ multilabel counter (Amersham Biosciences,
Piscataway, NI). Each result is the mean*S8.D. (n=three
experiments).

4.6. Endothelial cell migration assay

Human vmbilical vein endothelial cells (HUVECS) (1x10°
cells) suspended in Humedia-EG2 medium with various
concentrations of test compounds were added to the upper
compartment of a chemotaxicell chamber (KURABO,
Osaka) and incubated with HuMedia-EG2 medium contain-
ing 12.5 ng/ml of VEGF in the lower compartment for 18 h
at 37 °C in a 5% CO; atmosphere. The filter was fixed with
MeOH and stained with Wright solution. The cells on the
upper surface of the filter were removed by wiping the filter
with cotton swabs. Cells that migrated through the filter to
the lower surface were counted manually under a micro-
scope at a magnification of X100. Values are means=SD for
triplicate samples. Cell viability was assessed by a trypan
blue dye exclusion assay.

4.7. Yeast growth inhibition assay

Inhibition of MetAP2 activity was determined on an agar
plate containing the mapl null strain (MAP1/napl::HIS3),
Saccaliromyces cerevisiae.® Sterile filter disks impregnated
with 10 ul of compounds were placed on the assay plate,
and the plates were further incubated at 30 °C for 72 h. As

references, wild-type strain 5. cerevisiae W303 and the
map2 null strain (MAP2/map2:: URA3) were also tested.?

4.8. Molecular modeling of RK-805 on MetAP2

The computer model of the binding image was constructed
by means of a COMTEC 4D OCTANE 2, R12000A
Workstation (Silicon Graphics, Inc., Mountain View, CA)
and Insight IT (Accelrys, Inc., San Diego, CA).

Acknowledgements

This work was supported in part by a Special Project
Funding for Basic Science (Chemical Biology Research)
from RIKEN, and a grant from the Ministry of Education,
Culture, Sports, Science and Technology, Japan, We are
grateful to Ishida, K. (RIKEN) for his valuable suggestions
conceming the docking model.

References and notes

[

. Kerbel, R.; Folkman, J. Nat. Rev. Cancer 2002, 2, 727-739.

2. Cristofanilli, M.; Chamsangavej, C.; Hortobagyi, G. N. Nat.
Rev. Drug Disc. 2002, I, 415-425,

. Gasparini, G. Drugs 1998, 58, 17-38.

. Shibuya, M. Cell Struct. Funct. 2001, 26, 25-~135.

. O'Reilly, M. S.; Holmgren, L.; Shing, U.; Chen, C.; Rosenthal,
R. A.; Moses, M.; Lane, W. 8.; Cao, Y.; Sage, E. H.; Folkman,
J. Cell 1994, 79, 315-328,

6. O’Reilly, M. §.; Boehm, T.; Shing, Y.; Fukai, N.; Vasios, G.;
Lane, W. S.; Flynn, E.; Birkhead, J. R.; Olsen, B. R.; Folkman,

. 1. Cell 1997, 88, 277-285.,

7. Nakabayashi, M.; Morishita, R.; Nakagami, H.; Kuba, K.;
Matsumoto, K.; Nakamura, T.; Tano, Y.; Kaneda, Y.
Diabetologia 2003, 46, 115-123.

8. D'Amato, R. J; Loughnan, M. 8.; Flynn, E.; Folkman, J. Proc.
Natl. Acad. Sci. U.S.A. 1994, 91, 4082-4085.

9. Zhang, Y.; Griffith, E. C.; Sage, I.; Jacks, T.; Liu, L. O. Proc.
Natl, Acad. Sci. U.S.A. 2000, 97, 64276432,

10. lia, M. C.; Schwartz, M. A.; Sang, Q. A. Adv. Exp. Med. Biol.
2000, 476, 181-194. ' .

11. Bergers, G.; Song, S.; Meyer-Morse, N.; Bergsland, E.;
Hanahan, D. J. Clin. Invest. 2003, 111, 1287-1295,

12. Kakeya, H.; Onose, R.; Koshino, H.; Yoshida, A.; Kobayashi,
K.; Kageyama, S.-1; Osada, H. J. Am. Chem. Soc, 2002, 124,
3496-3497. '

13. Kakeya, H.; Onose, R.; Yoshida, A.; Koshino, H.; Osada, H.
J. Antibiot, 2002, 55, 829-831.

14, Shoji, M.; Yamaguchi, J.; Kakeya, H.; Osada, H.; Hayashi, Y.
Angew. Chem. Int. Ed, 2002, 41,3192-3194,

15. Shoji, M.; Kishida, S.; Takeda, M.; Kakeya, H.; Osada, H,;
Hayashi, Y. Tetrahiedron Lett. 2002, 43, 9155~9158.

16. Asami, Y.; Kakeya, H.; Onose, R.; Yoshida, A.; Matsuzaki,
H.; Osada, H. Org. Lett. 2002, 4, 2845-2848,

17. Hayashi, Y.; Shoji, M.; Yamaguchi, J.; Sato, K.; Yamaguchi,
$.; Mukaiyama, T.; Sakai, K.; Asami, Y.; Kakeya, H.; Osada,
H. J. Am. Chem, Soc. 2002, 124, 12078-12079.

18. Marui, S.; Kishimoto, S. Chem. Pharm. Bull. 1992, 40,

575-579.

[



19,

20.

21.

22.

23.

24,

25,

26.

27.

28.

Y. Asamni et al. 7 Tetrahedron 60 (2004) 7085-709]

Turk, B. E.; Su, Z.; Liu, J. O. Bioorg. Med, Chem. 1998, 6,
1163-1169,

Bollinger, P.; Sigg, H. P.; Weber, H. P. Helv. Chim. Acta 1973,
56, 819-830.

Marui, 8.; Itoh, F.; Kozai, Y.; Sudo, K.; Kishimoto, S. Chem.
Pharm. Bull. 1992, 40, 96-101.

Sun, L.; Tran, N.; Tang, F.; App, H.; Hirth, P.; Mcmahon, G.;
Tang, C. J. Med. Chem. 1998, 41, 2588-2603.

Griffith, E. C.; Su, Z; Turk, B. E.; Chen, S.; Chang, Y.-H.:
Wu, Z.; Biemann, K.; Liv, J. O. Cher. Biol. 1997, 4, 461-471.
Griffith, E. C.; Su, Z.; Niwayama, S.; Ramsay, C. A.; Chang,
Y.-H.; Lin, 1. O. Proc. Natl. Acad. Sci. U.SA. 1998, 95,
15183-15188. .

Sin, N.; Meng, L.; Wang, M. Q. W.; Wen, I. J.; Bornmann,

W. G.; Crews, C. M. Proc. Natl, Acad. Sci. U.S.A. 1997, 94,.

6099-6103.

Li, X,; Chang, Y .-H. Proc. Natl. Acad. Sci. U.S.A. 1995, 92,
12357-12361.

Ben-Bassat, A.; Bauer, K.; Chang, S.-Y.; Myambo, K
Boosman, A.; Chang, S. J. Bacteriol, 1987, 169, 751=757.
Chang, Y.-H.; Teichert, U.; Smith, §. A. J. Biol. Chem, 1990,
265, 19892-19897.

20.

30,

31.

32,

33,

34,

3s.

36.

7091

Arfin, S. M.; Kendall, R. L.; Hall, L.; Weaver, L. H.; Stewart,
A. E.; Matthews, B. W.; Bradshaw, R. A. Proc. Narl. Acad.
Sci, U.S.A. 1995, 92, 7714-7718.

Liu, §.; Widom, J.; Kemp, C. W.; Crews, C. M. Clardy, J.
Science 1998, 282, 1324-1327.

Twardowski, P.; Gradishar, W. J. Curr. Opin. Oncol. 1997, 9,
584-589.

Figg, W. D.; Kmiger, E. A.; Price, D. K.; Kim, S.; Dahut, W_D.
Invest. New Drugs 2002, 20, 183-194,

Turk, B. E.; Griffith, E, C.; Wolf, §.; Biemann, K.; Chang,
Y.-H.; Liv, ). O. Chem. Biol. 1999, 6, 823833,

Yeh, J.-R. J.; Mohan, R.; Crews, C. M. Proc. Natl. Acad. Sci.
U.S.A, 2000, 97, 12782-12787.

Placidi, L.; Cretton-Scott, E.; de Sousa, G.; Rahmani, R.;
Placidi, M.; Sommadossi, J. P. Cancer Res. 1995, 53,
3036-3042.

Herbst, R. 5.; Madden, T. L.; Tran, H. T.; Blumenschein, Jr.
G. R., Meyer, C. A,; Seabrooke, L. F.; Khuri, F. R.; Puduvalli,
V. K,; Allgood, V.; Fritsche, IJr. H. A.; Hinton, L.; Newman,
R. A.; Crane, E. A.; Fossella, F. V.; Dordal, M.; Goodin, T.;
Hong, W. K. J. Clin. Oncol. 2002, 20, 4440-~4447.



The Journal of Immunology

ECH, an Epoxycyclohexenone Derivative That Specifically
Inhibits Fas ngand -Dependent Apoptosis in CTL-Mediated
Cytotoxicity’

Tomokazu Mitsui,* Yasunobu Miyake,*! Hideaki Kakeya,! Hiroyuki Osada,’ and Takao Kataoka*

CTL eliminate cells infected with intracellular pathogens and tumor cells by two distinct mechanisms mediated by Fas ligand
(FasL) and lytic granules that contain perforin and granzymes. In this study we show that an epoxycyclohexenone derivative,
(2R,3R,45)-2,3-epoxy-4-hydroxy-5-hydroxymethyl-6-(1E)-propenyl-cyclohex-5-en-1-one (ECH)’ speclﬁcally inhibits the FasL-
dependent killing pathway in CTL-mediated cytotoxicity. Recently, we have reported that ECH blocks activation of procaspase-8
in the death-inducing signaling complex and thereby prevents apoptosis induced by anti-Fas Ab or soluble FasL. Conslstent with
this finding, ECH profoundly inhibited Fas-mediated DNA fragmentation and cytolysis of target cells induced by perforin-negative
mouse CD4* CTL and alloantigen-specific mouse CD8* CTL pretreated with an Inhibitor of vacuolar type H*-ATPase
concanamycin A that selectively indirces inactivation and proteolytic degradation of perforin in Iytic granules. However, ECH
harely influenced perforin/granzyme-dependent DNA fragmentation and cytolysis of target cells mediated by alloantigen-specific
mouse CD8* CTL. The components of lytic granules and the granule exocytosis pathway upon CD3 stimulation were also
insensitive to ECH. In conclusion, our present results demonstrate that ECH is a specific nonpeptide inhibitor of FasL-dependent
apoptosis in CTL-mediated cytotoxicity. Therefore, ECH can be used as a bioprobe to evaluate the contributions of two distinct

killing pathways in various CTL-target scttings. The Journal of Immunology, 2004, 172: 3428-3436.

against intracellular pathogens and tumor cells as well as
autoimmunity and transplant rejection. To induce apo-
ptosis of target cells, CTL mainly use two distinct pathways that
are dependent on Fas ligand (FasL)? and lytic granules that contain
the pore-forming protein perforin and serine proteases termed
granzymes (1, 2). CD8* CTL eliminate target cells primarily via
the perforin-dependent pathway, whereas the FasL-dependent kill-
ing pathway is dominantly used by CD4* CTL (1). The perforin
systemn is essential for the control of viral infection and tumeor
rejection, and the Fas/FasL system is important for Iymphocyte
homeostasis (1, 3-5). However, these two killing systems play
different regulatory roles in various physiclogical and pathogenic
situations.
CTL harbor lytic granules that store perforin and granzymes
under the acidic environment (6). Upon TCR stimulation, CTL

C yiotoxic T lymphocytes play a critical role in protection
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rapidly release lytic granules into the interface between CTL-target
conjugates (1, 2). Perforin facilitates the translocation of gran-
zymes A and B into the cytosol without pore formation on the
plasma membrane (7). Granzymes A and B are major molecules
that induce target cell death (1, 2). Granzyme B initiates caspase-
dependent apoptosis that requires the release of proapoptotic mi-
tochondrial factors (8-10). By contrast, granzyme A triggers a
caspase-independent alternate cell death pathway characterized by
ssDNA nicks (11, 12). However, in the granule-mediated killing
pathway, granzyme B is critical for rapid induction of DNA frag-
mentation in target cells (13).

Upon TCR stimulation, Fasl, is newly synthesized and then
transported to the cell surface of CTL (1). In the cytoplasmic re-
gion, Fas contains the death domain that is required for interaction
with the adaptor protein Fas-associated death domain protein
(FADD) (3-5). Membrane-bound FasL triggers Fas oligomeriza-
tion, which allows the recruitment of FADD to the Fas death do-
main (3-5). FADD subsequently binds to procaspase-8 via the
mutual interaction of their death effector domain, resulting in
the formation of death-inducing signaling complex (DISC) (14). In
the DISC, procaspase-8 immediately dimerizes and undergoes
self-cleavage, generating the active heterotetramer composed of
two large subumits and two small subunits (15, 16). Active
caspase-8 cleaves downstream substrates such as procaspase-3 or
Bid, essential for apoptosis execution (1-5).

Membrane-permeable small compounds are expected to be
valuable tools to clarify the molecular basis of complex intra-
cellular signaling pathways and to be potential therapeutic
drugs as well. Hence, specific modulators of CTL-mediated -
cytotoxicity are highly useful. Previously, we reported that
vacuolar type H*-ATPase inhibitor concanamycin A (CMA) is
a specific inhibitor of the perforin-dependent killing pathway in
target cell lysis mediated by CTL and NK celis (17, 18). How-
ever, the FasL-dependent killing pathway is totally insensitive to
CMA (18). CMA perturbs acidification of lytic granules and raises
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the intemal pH to around neutral'(19). Neutralization of acidic pH
induces inactivation of perforin in a Ca®*-dependent manner and
subsequent proteolytic degradation of perforin by serine proteases
(17, 20). To date, CMA has been frequently used to evaluate the
contribution of the perforin-dependent klllmg pathway in cell-
mediated cytotoxicity.

The early signal transduction of Fas-mediated apoptosis is a
complex process regulated by various cellular proteins exerting
proapoptotic and antiapoptotic functions. To search for specific
meodulators of Fas-mediated apoptosis, we have screened natural
products, such as microbial metabolites, and identified several
modulators that block or enhance the Fas death signals (21-24). It
was reported that an epoxycyclohexenone derivative, (2R 3R,45)-

2,3-epoxy-4-hydroxy-5-hydroxymethyl-6-(1E)-propenyl-cyclo-

hex-5-en-1-one (ECH; see Fig. 14), prevents Fas-mediated apo-
ptosis (25). However, the molecular target of ECH remained to be
elucidated. Recently, we have shown that ECH inhibits apoptosis
mediated by Fas and TNF receptor 1 lhrough preventing activation of
procaspase-8 in the DISC (24). By contrast, death receptor-
independent apoptosis induced by chémical drugs and UV irradiation
was totally insensitive to ECH (24). In the present report we have
studied the inhibitory effects of ECH on two distinct CTL-mediated
killing pathways. Our results demonstrate that ECH does not affect the
perforin-dependent killing pathway, but selectively inhibits the FasL-
dependent killing pathway mediated by Ag-specific CTL.

Materials and Methods
‘Cells

The H-Z"-specnﬁc CD8* CTL clone OE4 (26) and the keyhole limpet he-
mocyanin (KLH)-specific H 22 (1-B%)-restricted CD4* CTL ¢lone BK-1
(27) were maintained in RPMI [640 medium (Invitrogen, Carlsbad, CA)
supplemented with 10% (v/v) heat-inactivated FCS (JRH Biosciences, Le-
nexa, KS), 50 uM 2-ME, 5% (v/v) rat spleen cell-conditioned medium
(culture supematant of rat spleen cells stimulated with 5 ug/ml CMA for
24 h), and penicillin-streptomycin-neomycin antibiotic mixture (Invitro-
gen). OE4 cells were stimulated with mitomycin C-treated spleen cells
prepared from BALB/c mice every 2 wk. BK-1 cells were stimulated with
10 pg/ml KLH (Calbiochem, Darmstadt, Germany) in the presence of mi-
tomycin C-treated BALB/c mouse spleen cells every 2 wk. BALB/c
mouse-derived B lymphoma (A20, A20.HL, A20.FQ) were maintained in
RPMI 1640 medium containing 10% (v/v) FCS, 50 uM 2-ME, and peni-
cillin-streptomycin-neomycin- antibiotic mixture. A20.HL cells were the
BALB/c B lymphoma transfected with L and H chain genes of anti-TNP
[eM Ab (28). A20.FO cells were the Fas-negative variant subcloned from the
Fas-positive parent cell line A20.2J (18). DBA/2 mouse-derived T lymphoma
L5178Y and the Fas-expressing transfectant of L5178Y (L5178Y-Fas) (29)
were maintained in RPMI 1640 medjum containing 10% (v/v) FCS, 50 uM
2-ME, and penicillin-streptomycin-neomycin antibiotic mixture.

Reagents

ECH was isolated from the culture broth of a producing fungal strain using
a bioassay-guided purification procedure (24). CMA was purchased from
Wako Pure Chemical Industries {Osaka, Japan). Recombinant human sol-
uble FasL was 2 gift from Dr. J. Tschopp (Institute of Biochemistry, Uni-
versity of Lausanne, Epalinges, Switzerland) and was used as described
previously (30).

DNA fragmentation assay

Target cells were labeled with 37 kBg of [PH]TdR (ICN Bibmedicals, Costa
Mesa, CA) for 16 h and washed three times before use. The labeled cells {1 X
10° cells/md, 100 wl) were preincubated with the indicated concentrations of
ECH for 1 or 2 h, then mixed with 100 pl of CTL in U-bottom, 96-well
microtiter plates. The plates were centrifuged (300 X g, 3 min) and then in-
cubated for 4 h. The drug concentration during coculture with CTL was diluted
into half the initial drug concentration. At the end of the culture, 10 gl of 2%
Triton X-100 was added to each well, and the cells were lysed by pipetting,
followed by centrifugation (600 X g, 5 min). One hundred microliters of su-
pernatants were harvested and measured for radioactivity. Specific *H-labeled
DNA release (percentage) was calculated using the following formula:
(experimental cpm — spontaneous ¢cpm)/(maximum cpm — spontaneous
cpm) X 100,
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HCr release assay

Target cells were labeled with 1850 kBq of [*'Cr)sodium chromate {(Am-
ersham Biosciences, Piscataway, NI) in 100 g of 50% (v/v) FCS for 1 b
and washed three times with the medium, The labeled cells (1 X 10°
cells/ml, 100 pul) were preincubated with indicated concentrations of ECH
for 1 h, then mixed with 100 pl of CTL in U-bottom, 96-well microtiter
plates. The plates were centrifuged (300 X g, 3 min) and then incubated for
4 h. One hundred microliters of supernatants were harvested and measured
for radioactivity. Specific *'Cr release (percentage) was calculated using
the following formula: (experimental cpm — spontaneous cpm)/{maximum
tpm — spontaneous cpm) X 100,

Analysis of effectorftarget conjugate fbrman‘oﬁ

Analysis of conjugate formation was performed as described previously
(31). Target cells (5 X 10° cells/ml} were treated with or without ECH for
1 h, then stained with 62.5 pg/ml hydroethidine (Polysciences, Warrington,
PA) for 30 min on ice. Effector cells (5 X 107 cells/ml) were stained with
0.25 pM calcein-AM (Molecular Probes, Eugene, OR) for 30 min on ice.
Both types of stained cells (5 % [0° cells/ml, 250 ul) were washed twice
with the medium, then transferred in a single tube. The cell mixtures were
either left untreated or centrifuged (300 X g, 3 min), then incubated at

25°C for 30 min. The cells were resuspended carefully by plpettmg and
immediately analyzed by FACS.

Western bIotnng

OE4 cells (1 X 105 cells) were washed with PBS and lysed with 1% Triton
X-100, 50 mM Tris-HCI (pH 7.4), and protease inhibitor mixture (Com-
plete; Roche, Mannheim, Germany) on ice for 15 min. After centrifugation
{10,000 X g, 5 min), supematants were collected, Postnuclear lysates (30
pg/lane) were separated by 10% SDS-PAGE and analyzed by Westem
blotting using ECL detection reagents (Amersham Biosciences), Anti-
mouse perforin Ab P1-8 (32) was provided by Dr, H, Yagita (Juntendo
University School of Medicine, Tokyo, Japan).

Measurement of granzyme activity

OE4 cells (1 X 10° cells) wers washed with PBS and lysed with 0.5%
Triton X-100, 10 mM HEPES-NaCH (pH 7.4), 150 mM NaCl, I mM
CaCl;, and | mM MgCl; or ice for 15 min, After centrifugation (10,000 X
£, 5 min), supernatants were collected, Postnuclear lysates (5 pg) were
incubated with 200 ] of the reaction mixture (200 uM 5,5’ -dithjo-bis-(2-
nitrobenzoic acid) plus either 200 uM CBZ-Gly-Arg-thiobenzylester for
the granzyme A substrate or Boc-Ala-Ala-Asp-thiobenzylester for the
granzyme B substrate (Enzyme Systems Products, Dublin, CA) in 10 mM
HEPES-NaOH (pH 7.4), 150 mM NaCl, 1 mM CaCl;, and 1 mM MgCl,)

_at room temperature, Absorbance at 415 nm was measured.

Analysis of granule exocytosis

OE4 cells (1 X 10° cells/ml, 100 ul) were transferred into 96-well micro-
titer plates coated with anti-mouse CD3 Ab 145-2C11 (10 pg/ml). After
centrifugation (300 X g, 3 min), the cells were incubated for 4 h. Culture
supernatants were removed and measured for the activity of granzyme A as
described above,

Results
ECH inhibits DNA fragmentation induced by soluble FasL

B Iymphoma A20 cells are sensitive to Fas-mediated apoptosis and
exhibited DNA fragmentation characteristic of apoptosis within
4 h apon exposure to cross-linked FasL, whereas Fas-negative
A20.FO cells were totally resistant to crdss-linked FasL (Fig. 1B).
ECH inhibited FasL-induced DNA fragmentation in a dose-depen-
dent manner, and complete inhibition was observed when A20
cells were pretreated with 50-100 uM ECH for 1 h (Fig. 10).
ECH was only diluted into half of the initial concentration during
exposure to FasL, because DNA fragmentation was partially re-
versed when ECH was removed from A20 cells during the cocul-
ture with FasL (Fig. 1D). Under these experimental conditions,
ECH was not cytotoxic to the cell, as no DNA fragmentation was
induced by ECH alone (Fig. 1.D). Twenty-four-hour incubation of
A20 cells with ECH resulted in a marked reduction of live cell-
number without an induction of DNA fragmentation (Fig. 1, £ and
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F). Less than 20% of the total cells were stained with trypan blue
when A20 cells were treated with 50 uM ECH for 24 h (data not
shown). In addition to A20 cells, the T lymphoma L5178Y cells
were used for the second cell line to study the biological activity
of ECH. Although L5178Y cells were insensitive to cross-linked
FasL, Fas-transfected L5178Y cells (L5178Y-Fas) were highly
susceptible to cross-linked FasL (Fig. 1G). DNA fragmentation
induced by cross-linked FasL was completely inhibited when

L5178Y-Fas cells were pretreated with 100 uM ECH for 2 b, and
ECH alone did not induce DNA fragmentation (Fig. 1H). -

ECH inhibits FasL-dependent DNA fragmentation mediated by
perforin-negative CD4* CTL

KLH-specific H-2%restricted CD4* CTL clone BK-1 cells are
perforin-negative (33), and the killing pathway of this clone is
exclusively dependent on FasL (29). BK-1 cells induced DNA
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FIGURE 2. ECH inhibits FasL-based DNA fragmentation mediated by
the CD4" CTL clone. 4, PHTdR-labeled A20.HL cells were pulsed with
or without KLH (300 pg/ml) before assay. KLH-pulsed A20.HL (®) and
nonpulsed A20.HL (O) cells were preincubated with serial dilutions of
ECH for 1 h. The target cells were mixed with BK-1 cells (E:T cell ratio =
8), and then incubated for 4 h. B, [*H]TdR-labeled KLH-pulsed A20.HL
cells were preincubated with (@) or without (O) 100 uM ECH for 1 k. The
target cells were mixed with different numbers of BK-1 cells and then
incubated for 4 h. The radioactivity of fragmented DNA was measured.
Data points represent the mean * SD of triplicate cultures.
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fragmentation in KLH-pulsed A20.HL cells, but not A20.HL celis
without Ag (Fig. 24). ECH markedly inhibited DNA fragmentation
induced by BK-! cells when KLH-pulsed A20.HL cells were pre-
treated with 50--100 uM for ! h (Fig. 2).

To exclude the possibility that ECH pretreatment of target cells
decreases CTL-target interaction, ECH-pretreated A20.HL cells
were mixed with BK-1 cells, and resultant conjugate formation -
was analyzed by FACS (Fig. 34). A brief centrifugation facilitated
the formation of CTL-target conjugates. ECH did not influence
conjugate formation at 50 uM. It should be noted that this con-
centration resulted in a profound inhibition of DNA fragmentation
induced by BK-1 cells (Fig. 24). As a slight reduction of CTL-
target conjugates was observed when A20.HL cells were pre-
treated with 100 uM ECH, ECH might affect the interaction be-
tween CTL and target cells at higher concentrations.

ECH does not affect the components of lytic granules and
granule exocytosis in CD8* CTL

The H-2%specific CD8* CTL clone OE4 cells kil target cells via
both the perforin-dependent pathway and the FasL-dependent
pathway (18). As observed with BK-1 cells, ECH did not substan-
tially prevent conjugate formation between OE4 and A20 cells up
to 50 uM (Fig. 3B). Perforin and granzymes stored in lytic gran-
ules are released upon TCR activation and induce apoptosis in
target cells. The cellular levels of perforin and granzymes were
thus analyzed in OE4 cells exposed to ECH. In contrast to CMA
that induced a marked reduction of perforin, ECH failed to de-
crease the cellular amount of perforin in OE4 cells (Fig. 44). The
enzyme activities of granzyres A and B in ECH-treated QE4 cells
were also unimpaired (Fig. 48). Stimulation of OE4 cells with
plate-coated anti-CD3 Ab induced exocytosis of lytic granules into
the culture medium, and ECH only marginally reduced granule
exocytosis even at 50 pM (Fig. 4C). In our experimental system,
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o

A20 HL (Hydoroathidine}

[ .
BK-1 (Calcein-AM)

w

18.0

Mo centrifugalion v Nane - ECH 50 i1
A F] . 444] © : 413
:Eh 71
o
=
8
3
z
=]
2
OE4 {Calcein-AM)
FIGURE 3. Effect of ECHon conjugate formation between CTL and target cells. 4, Hydroethidine-stained A20.HL cells were treated with the indicated

concentrations of ECH for 1 b, then mixed with calcein-AM-stained BK-1 cells in 2 single tube. The cells were either left untreated (lef? panef) or briefly
centrifuged (other panels), and then incubated at 25°C for 30 min. B, Hydroethidine-stained A20 cells were treated with the indicated concentrations of
ECH for 1 h, then mixed with calcein-AM-stained OE4 cells in a single tube. The cells were either left untreated {left panel) or briely centrifuged (other
panels), then incubated at 25°C for 30 min. Conjugate formation was analyzed by FACS.
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FIGURE 4. Effect of ECH on the components of lytic granules and
granule exocytosis. 4, OE4 cells were treated with 50 pM ECH or 100 M
CMA for 4 h or were left untreated. Postnuclear lysates were analyzed by
Westemn blotting using anti-pecforin Ab. B, OE4 cells were treated with or
without 50 uM ECH for 4 h. Postnuclear lysates were measured for the
enzyme activity of granzymes A and B. C, OE4 cells were incubated with
(®) or without (O) immobilized anti-CD3 Ab in the presence. of serial
dilutions of ECH for 4 h. Culture supernatants were measured for the
granzyme A activity. Data points represent the mean * SD of triplicate
cultures,

effector CTL were exposed to ECH at half the initial concentra-
tions for pretreatment of target cells. To avoid any direct effects on
lytic granules and the granule exocytosis pathway during the kitl-
ing assay, ECH was used at concentrations <100 uM for pretreat-
ment of target cells,

ECH does not inhibit perforin-dependent DNA fragmentation
mediated by CD8* CTL

To determine whether ECH inhibits perforin-dependent DNA frag-
mentation, two different Fas-negative lymphomas were used as
target cells against OE4 cells. As shown in Fig. 1, A20.FO and
L5178Y cells were completely resistant to soluble FasL. There-
fore, DNA fragmentation of these target cells induced by OE4 cells
is solely dependent on the perforin/granzyme system. ECH did not
affect DNA fragmentation of A20.FO cells (Fig. 5, 4 and B) and
L5178Y cells (Fig. 5C) at concentrations up to 50 wM. Only slight
reduction of DNA fragmentation was observed when A20.FO cells
(Fig. 54) and L5178Y cells (Fig. 5, C and D) were pretreated with
100 uM ECH,

ECH inhibits FasL-dependent DNA fragmentation mediated by
CD&* CTL

Fas-positive target cells are killed by OE4 cells via the perforin-
dependent pathway and the FasL-dependent pathway. To block the

ECH, A SPECIFIC INHIBITOR OF FasL-DEPENDENT APOPTOSIS

perforin-dependent killing pathway, OE4 cells were pretreated
with 100 nM CMA for 2 h. ECH alone did not affect DNA frag-"
mentation of Fas-positive A20 cells induced by OE4 cells (Fig. 6,
A and B). However, FasL-dependent DNA fragmentation induced
by CMA-treated OE4 cells was prevented by ECH in a dose-de-
pendent manner, and ECH completely inhibited DNA fragmenta-
tion when A20 cells were pretreated with 50 uM (Fig. 6, 4 and B).
These results demonstrate that ECH inhibits FasL-dependent DNA
fragmentation mediated by CD3* CTL, but not perforin/gran-
zyme-dependent DNA fragmentation. Likewise, in L5178Y-Fas
cells, ECH dose-dependently inhibited DNA fragmentation in-
duced by CMA-treated OE4 cells, and complete inhibition was
observed when L5178Y-Fas cells were pretreated with 100 pM
ECH (Fig. 6, C and D). The CMA-insensitive killing of OE4 cells
corresponded to 4¢ and 70% in A20 cells (Fig. 6B) and L5178Y-
Fas cells (Fig. 6D), respectively, suggesting that the FasL-depen-
dent killing pathway plays a more dominant role in the induction
of apoptosis in L5178Y-Fas cells than A20 cells. This difference
might explain the observation that ECH alone exerts a stronger

inhibitory activity toward DNA fragmentation of L5178Y-Fas
cells.

ECH inhibits Fasl-dependent DNA ﬁ*agm-enrat:on but not
perforin-dependent DNA fragmentation, medmted by
alloantigen-specific bulk CTL

To generalize the selective inhibitory effects of ECH on FasL-
dependent DNA fragmentation, alloantigen-specific bulk CTL
were induced by in vitro MLC for 4 days and used as effector CTL.
In agreement with the observations using OE4 cells, ECH barely
influenced DNA fragmentation of A20.FO cells induced by MLC
cells (Fig. 7, A and B). In Fas-positive A20 cells, FasL-dependent
DNA fragmentation induced by CMA-treated MLC cells was al-
most completely inhibited by ECH at 25 uM (Fig. 7C). By contrast,
ECH alone did not significantly influence DNA fragmentation in-
duced by MLC cells under these conditions (Fig. 7, C and D).

ECH inhibits FasL-dependent targef ceil lysis, but not perforin-
dependent target cell lysis, in CTL-mediated cytotoxicity

The *'Cr release assay has been widely used for the measurement
of target cell Iysis in CTL-mediated cytotoxicity. As observed with
the DNA fragmentation assay (Fig. 1C), ECH inhibited cytolysis
of A20 cells induced by soluble FasL in a dose- dependent manner
(Fig. 84). Consistent with this observation, ECH strongly pre-
vented FasL-dependent target cell lysis mediated by BK-1 cells
(Fig. 8B) as well ag OE4 cells pretreated with CMA (Fig. 8C). By
contrast, perforin-dependent target cell lysis mediated by OE4
cells was only marginally affected by ECH (Fig. 8D).

Discussion

Recently, we have shown that ECH inhibits Fas-mediated apopto-
sis by blocking activation of procaspase-8 in the DISC (24). In this
work we have investigated whether ECH inhibits the perforin-de-
pendent killing pathway and the FasL-dependent killing pathway
in CTL-mediated cytotoxicity. In the short term killing assay based
on two different murine Fas-positive/negative target cells vs the
CD4" and CD8* CTL clones as well as alloantigen-specific bulk
MLC cells, ECH profoundly blocked the FasL-dependent DNA
fragmentation and cytolysis of target cells, but barely prevented
the perforin/granzyme-dependent DNA fragmentation and cytoly-

- sis of target cells. Moreover, ECH did not influence the cellular

levels of perforin and granzymes A/B and only marginally reduced
the granule exocytosis pathway in response to CD3 stimulation.
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Thus, our present results demonstrate that ECH is a highly selec-
tive inhibitor to block the FasL- dependent killing pathway in CTL-
med1ated cytotoxicity.

" Death receptor-independent apoptosis induced by chcmxcal
compounds (i.e., staurosporine, MG-132, and ceramide) and UV
irradiation was insensitive to ECH, whereas ECH markedly inhib-

ited apoptosis induced by anti-Fag Ab, FasL, or TNF (24). These
results suggest that ECH selectively blocks death receptor-medi-
ated apoptosis that requires activation of procaspase-8. In the gran-
ule-dependent killing pathway, granzymes A and B have major
roles in inducing target cell death upon translocation into the cy-
tosol (i, 2). Granzyme A induces a caspase-independent cell death

A B . FIGURE 6. ECH selectively blocks FasL-
oy - based DNA frapmentation mediated by the
E 80—y o0y o Teo- CD8* CTL clonc. 4, OE4 cells were pre-
2 _ oy A20 treated with (@) or without (O) 100 aM CMA
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FIGURE 7. ECH selectively blocks FasL-
based DNA fragmentation mediated by MLC
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cell ratio = 32), then incubated for 4 h. 5,
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characterized by ssDNA nicks, which are mediated by granzyme
A-activated DNase, NM23-H]1 (34), whereas granzyme B initiates
procaspase-3 processing, and the release of proapoptotic mito-
chondrial factors that facilitate the full activation of procaspase-3
(8-10). In the short term killing of target cells, granzyme B is
critically involved in a rapid induction of DNA fragmentation (13).
Consistent with this idea, the synthetic caspase inhibitor benzy-
loxycarbonyl-Val-Ala-Asp{OMe)-filuoromethy! ketone completely
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prevented DNA fragmentation of A20 cells induced by the CD8*
CTL clone in the short term assay (data not shown), confirming
that granzyme B is a main factor that induces DNA fragmentation
in the perforin-dependent killing pathway. ECH failed to prevent

-the perforin/granzyme B-dependent DNA fragmentation. These

findings provide additional evidence that ECH specifically inhibity
death receptor-mediated apoptosis, but does not affect death re-
ceptor-independent apoptosis.
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S 101 & 10415 AZ0.HL A20.HL cells were pulsed with or without KLH (300
& ) ® AZ0.HL/KLH pg/ml) before assay. KLH-pulsed A20.HL (@) and
o= 05 nonpulsed A20.HL (O) cells were preincubated with
0 10 100 0 10 100 serial dilutions of ECH for 1 h. The target cells were
ECH (uM) ECH (M) mixed with BK-1 cells (E:T cell ratio = 8), then
incubated for 4 h. C, OE4 cells were pretreated with
C D (®) or withont (Q) 100 "M CMA for 2 h. *'Cr-
60?}4 70 ‘_‘ labeled A20 cells were pretreated with serial dilu-
- ol tions of ECH for | h. The target cells were mixed
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The major molecular target of ECH in Fas-mediated apoptosis is
procaspase-8, and ECH affected neither active caspase-8 nor acti-
vation of procaspase-3 and procaspase-9 at the cellular leve] (24).
ECH has a molecular structure of «,8-unsaturated ketone and ep-
oxide that might be reactive 1o thiol residues of proteins. In agree-
ment with this hypothesis, glutathione or cysteine neutralized ECH
binding to procaspase-8 (24). Recently, we have reported that the
mycotoxin penicillic acid (PCA) inhibits Fas-mediated apoptosis
by blocking activation of procaspase-8 (23). Although ECH and

PCA are structurally unrelated, PCA exhibited the inhibitory ac- -

tivity similarly to ECH, in that PCA preferentially inhibited acti-
vation of procaspase-8, but did not affect active caspase-8 in living
cells (23). Moreover, activation of procaspase-3 and procaspase-9
in the cell was only weakly inhibited by PCA (23). PCA contains
a,B-unsaturated lactone able to bind to sulfhydryl groups. Analysis
by mass spectrometry revealed that PCA binds to the cysteine
residue of the active center in procaspase-§ (23). Although we
have not yet determined the binding sites of ECH on procaspase-8,
it seems likely that ECH binds to the active center cysteine and
inactivates its intrinsic proteolytic activity.

DNA fragmentation was partially reversed when ECH was re-
moved from A20 cells during the 4-h coculture with FasL. In our
earlier paper (24), we showed that ECH affects neither cell surface
Fas expression nor Fas-FasL interaction. Thus, it seems likely that
a portion of procaspase-8 becomes functional by dissociation from
ECH or is newly synthesized during the 4-h incubation, although
we cannot rule out the possibility that ECH affects FasL expression
on CTL. :

In the short term culture, ECH alone did not induce apoptosis or
necrosis. However, in the long term culture, ECH markedly re-
duced live cells without an induction of DNA fragméntation,
whereas a portion of ECH-treated cells became positive for trypan
blue staining. Thus, these results indicate that ECH inhibits pro-
liferation, but can also induce necrotic cell death in the long term
culture. Molecular mechanisms of ECH on inhibiting proliferation
or inducing necrosis remain to be elucidated.

ECH inhibited Fas-mediated apoptosis in several human cell
lines (24) (data not shown) and two murine lymphoma cell lines
tested in this paper at the minimum inhibitory concentrations of
ECH ranging from 10-100 uM. ECH inhibited Fas-mediated ap-
optosis at relatively lower concentrations in human cell lines (24),
and 100 uM ECH was required for the complete inhibition of the
Fas-mediated apoptosis in L5178Y-Fas cells. The culture medium
for murine lymphoma cells contains 50 pM 2-ME, which might
neutralize ECH due to the presence of thiol residues, However, the
inhibitory doses of ECH unaltered in culture medium without
2-ME (data not shown). In addition, the FasL susceptibility is un-
likely to involve the inhibitory doses of ECH, because L5178Y-
Fas cells and A20 cells were equivalently susceptible to FasL, but
Fas-mediated apoptosis in A20 cells was more strongly inhibited
by ECH. A possible explanation might be that intracellular com-
petitors such as glutathione and/or thicl-containing protein(s) an-
tagonize ECH and determine the strength of its inhibitory activity
on procaspase-8,

We previously showed that CMA is a specific inhibitor of the
perforin-dependent killing pathway (18). CMA induces inactiva-
tion and subsequent proteolytic degradation of perforin in Iytic
granules upon neutralization of acidic pH (17, 19, 20). By contrast,
the FasL-dependent killing pathway mediated by Ag-specific CTL
wag suppressed by an inhibitor of glycoprotein transport, brefetdin
A (18), as FasL is newly synthesized upon TCR activation and
transported to the cefl surface. Ca®* dependency was frequently
used to distinguish between the perforin-based cytotoxicity and the
FasL-based cytotoxicity. However, Ca>* is not only required for
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the function of perforin, but also for TCR-mediated early signaling
leading to FasL expression (35-37). Therefore, the Ca?*-indepen-
dent cytotoxicity previously observed is largely due to the pre- .
existing FasL and is believed to be insensitive to brefeldin A. As
ECH blocks activation of procaspase-8 in target cells, it is thought
that ECH is a more general nonpeptide inhibitor of the FasL-me-
diated killing pathway exerted by CTL, NK cells, or other types of
cells, even though they constitutively express cell surface FasL.

The Fas/FasL system plays an essential role in lymphocyte ho-
meostasis, and mutations in this system lead to the accumulation of
abnormal T cells in the peripheral lymphoid organs and the devel-
opment of severe autoimmune diseases in humans and mice (3-5).
In addition to death-inducing functions, our and other groups re-
ported that Fas provides costimulatory signals for human T cells,
and caspase inhibitors block T cell proliferation (3840, suggest-
ing that caspase activation is required for T cell proliferation. The
FasL-dependent killing of target cells by CTL is involved in the
pathogenesis of experimental autoimmune encephalomyelitis and
fulminant hepatitis (41—43). In neuronal diseases such as Hunting-
ton diseases, procaspase-8 is activated independently of death re-
ceptors (44, 45). Taken together, caspase-§ inhibitors such as ECH
might be therapeutic candidates to treat autoimmune diseases and
neuronal diseases.

Mice deficient in perforin, granzymes, Fas, or FasL have been
used to study the biclogical significance of the perforin/granzyme
system and the Fas/FasL system in various in vive models and in
vitro killing assays. These knockout mice, however, are not always
applicable to all experimental settings. In this report we have
shown that ECH is a specific inhibitor of the FasL-dependent kill-
ing pathway, but does not affect the perforin/granzyme-dependent
killing pathway. Thus, ECH is a highly useful tool to evaluate the
FasL-depéndent killing pathway in cell-mediated cytotoxicity and
might be applicable for all CTL-target combinations.
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An oxidative dimerization reaction, involving the three successive steps of oxldation, 67-
electrocyclization, and Diels—Alder reaction, has been experimentally and theoretically investigated
for the three 2-alkenyl-3-hydroxymethyl-2-cyclohexen-1-one derivatives epoxyquinel 3, epoxyquinone
6, and cyclohexenone 10. Of the sixteen possible modes of the oxidation/Bx-electrocylization/Diels—
Alder reaction cascade for the epoxyquinone 6, and eight for the cyclohexenone 10, only the endo-
anti(epoxide)-anti(Me)-hetero and endo-anti(Me)-hetero modes are, respectively, observed, while
both endo-antiepoxide)-anti(Me)-hetero and exo-antf(epoxide)-anti(Me)-homo reaction rodes occur
with the epoxyquinol 3. Intermolecular hydrogen-bonding is found to be the key cause of formation
of both epoxyquinols A and B with 3, although epoxyquinone 6 and cyclohexenong 10 both gave
selectively only the epoxyquinol A-type product. In the dimerization of epoxyquinol 3, two monomer
2H-pyrans § interact with each other to afford intermediate complex 28 or 29 stabilized by hydrogen-
bonding, from which Diels—Alder reaction proceeds. Theoretical calculations have also revealed
the differences in the reaction profiles of epoxyquinone & and cyclohexenone 10. Namely, the rate-
determining step of the former is the Diels—Alder reaction, while that of the latter is the

6r-electrocyclization.

We have recently isolated and determined the struc-
tures of epoxyquinals A {1)! and B (2),2 which are novel
angiogenesis inhibitors with a highly functionalized and
complicated heptacyclic ring system containing 12 ste-
reocenters. Although these structures are very complex,
we have proposed that they arise biosynthetically from
the rather simple epoxyquingl 3 via an oxidation/
6-electrocyclization/Diels—Alder reaction cascade (Scheme
1). Recently we have accomplished the first asymmetric
total synthesis of these molecules and determined their
absolute stereochemistry.? Key steps of this synthesis are
the HfCl;-mediated Diels—Alder reaction of furan with
the acrylate of Cerey’s chiral auxiliary* and a biomimetic,
oxidative Diels—Alder reaction of monomer 3. We have
also established a practical synthetic route to both
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SCHEME 1. Key Steps for the Synthesis of
Epoxyquinols A and B
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enantiomers of epoxyquinols A and B using the chroma-
tography-free preparation of an jodolactone and a tipase-
mediated kinetic resolution as key steps.® Soon after our
first synthesis, Porco et al. published a synthesis of
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Reaction Mades for the Dimerization of Epoxyquinols

SCHEME 2,
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Oxidative Dimerization of Hydroxyepoxyquinone 3 with DMP

endo-antiepoxide}-anti{Me}-hetero

epoxyquinols A and B.% and just recently Mehta et al.
have also reported the synthesis of racemic epoxyquinols
AandB.7

While epoxyquinols A and B are epoxyquinol dimers,
torreyanic acid, isolated from an endophytic fungus,
Pestalotiopsis microspra, is an epoxyquinone dimer.? The
proposed biosynthesis of torreyanic acid also involves an

oxidatfon/6m-electrocyclization/Diels—Alder reaction cas- -

cade, and Porco et al. have developed an elegant bio-
mimetic total synthesis, backed up by theoretical calcula-
tions, in which only the epoxyquinol A-type dimer is
selectively formed.?

In the course of our total synthesis of epoxyquinols A
and B, we examined carefully the oxidation of monomer
3 and observed the following interesting phenomenon:
When monomer 3 was treated with the Dess—Martin
periodinane (DMP),!° both primary and secondary hy-
droxy groups were oxidized, affording cyclized 2 H-pyran
derivatives 8a/b, which gave epoxyquinol A-type product
9 in 21% yleld without formation of the epoxyquinol-B
type product (Scheme 2). The yield of 9 was Increased to
70% when isolated epoxyquinone 6 was treated with
DMP (vide infra, Scheme 6}. ‘

The reaction modes for the Diels—Alder reaction initi-
ated by oxidation of epoxyquinol 3 can be classified as
follows: Consider the diene part first. The reacting face
of the diene Is either antfor syn to the epoxide and ant/
or syn to the methyl group, which we designate as
antilepoxide) or syn{epoxide) and antiMe) or syn(Me)
additions, respectively. When the diene and dienophile
molecules are the same, we call it homaocoupling, while
heterccoupling is the reaction in which the diene and
dienophile components are different. Endoaddition is an
addition in which the secondary orbital interaction
between the carbonyl of the dienophile and the diene is
present, while exo addition is an addition without such
an interactlon. According to this classiflcation, ep-
oxyquinols A and B are dimers of endo-antflepoxide)-
anti{Me)-hetero addition and exc-antiepoxide}-antiMe)-
homo addition, respectively. In the dimerization of
epoxyquinol 3, the only two reaction mades observed are
the endo-anti{epoxide)-antiMe)-hetero and exo-anti(ep-
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FIGURE 1. Monomers 3, 6, 10, and 11,

oxide)-anti(Me)-homo modes, while the dimerization of
epoxyquinone 6 proceeds via a single mode, the endo-
anti{epoxide)-antiMe)-hetero mode.

To understand the difference In reaction modes be-
tween epoxyquinol 3 and epoxyquinone 6, the oxidative
dimerization of a parent monomer, 10, without epoxide
and hydroxy groups, has been examined. The methoxy-
cyclohexenone 11 was also investigated to shed light on
the effect of the hydroxy group in 3. In this paper we
describe our investigation of the oxidation/Gr-electro-
cyclization/Diels—Alder reaction by systematic compari-
son using the four monomers 3, 6, 1¢, and 11 together
with theoretical calculattons (Figure 1).1!

Results and Discussion

Synthesis of Monomers. Synthesis of the epoxyquinol
monomer 3 has already been described.®® The epoxyquino-
ne monomer 6 was prepared from epoxyquinol monomer
3 according to. Scheme 3, by protection of the primary
alcohol with TBS, followed by oxidation with DMP and
deprotection. The methoxy monomer 11 was prepared
from 12 by methyl ether formation’? and deprotection of
the TBS group as shown in Scheme 4. The cyclochexenone
monomer 10 with neither epoxy nor hydroxy functional-
ities was prepared according to Scheme 5. 3-Ethoxy-2-
cyclohexene-1-pne (15)" was treated with LICH,SPh'! to
afford 3-(phenylthiomethyl)-2-cyclohexen-X-one (16}, which
was converted to 3-formy!-2-cyclohexen-1-one (18) via
Pummerer rearrangement.’S Reduction with CeClz—
NaBHS,,'® protection of the primary hydroxy group, and
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