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FIGURE 2 — Antitumor effect of ZD6474 in an orthotopic dissemination model i vivo. (@) In vivo growth-inhibitory effect of ZD6474. The
implanted tumor volume was calculated after 14 days of treatment (p.0.). *Athymic mice (n = 7) per group were implanted with 58As1 cells,
and a significant growth inhibitory effect was observed in the 100 mg/kg/day group, compared to the vehicle control group (» = 0.027). (b) Rep-
resentative HE staining of tumor tissue in mice treated with ZD6474. The number of cancer cells in the sub-mucosal lesions was clearly lower
and necrotic tissue was visible in the ZD6474 group, compared to the control group. (c) Disseminated cancer cells were collected from intraperi-
toneal lavage fluid to measure the ratio of tumor-derived human B-actin to murine B-actin using RT-PCR and specific primers (3 mice/group).
Total RNA was equalized to 5 pg for each sample. (d) Densitometric analysis. Ratio of B-actin levels. *Significantly lower level of human-
derived B-actin was detected in the 100 mg/kg/day ZD6474 group than in the control group (p = 0.049). The data shown are means * SD. Cont,
vehicle control; 50, ZD6474 50 mg/kg/day group; 100, ZD6474 100 mg/kg/day group. Significance was analyzed by Student’s r-test.

vide particularly effective therapy for the subset of lung cancer
patients whose tumor cell growth is highly dependent on EGFR
signaling, including patients with tumor cells harboring activated,
mutated EGFR. The proportion of patients with tumors highly
dependent on EGFR signaling may be relatively small among var-
ious cancer patient populations. Therefore, additional treatment
options for patients with cancers less dependent on EGFR signal-
ing are also needed. It was concluded that 58As] cells expressing
wild-type EGFR are not highly dependent on EGFR signaling
in vitro because the ICsy for growth inhibition by ZD6474 (5.8
1M) fell within the range of sensitivity reported by others for
tumor cells in virro (2.7-13.5 uM)'0 and because the ICsy for
growth inhibition by gefitinib, a highly selective EGFR tyrosine
kinase inhibitor, was >10uM. As a result, the concentration of
ZD6474 required to inhibit 58Asl cell growth in vitro was 97-fold
greater than required to inhibit VEGF-dependent HUVEC prolif-
eration.”~ Nonetheless, ZD6474 significantly inhibited 58Asl
tumor growth in vivo (Fig. 2a), suggesting that ZD6474 is active
against gastric cancers expressing wild-type EGFR in vivo and
that ZD6474 inhibition of tumor angiogenesis is likely to contrib-
ute significantly to this antitumor effect.

Our present study is unique because our aggressive and spon-
taneous intraperitoneal-dissemination model is considered a very
good model of tumor progression in gastric cancer patients clini-
cally, especially of the undifferentiated-type. Indeed, Paclitaxel

and CPT-11 have been demonstrated to exhibit a growth-inhibi-
tory effect and survival benefit in this model,'” but gefitinib did
not in preliminary result (data not shown). The positive results
with ZD6474 in our present study suggest that this agent may be
clinically useful in gastric cancer. We had hypothesized that
direct intraperitoneal injection of ZD6474 is more effective than
oral administration to inhibit intraperitoneal dissemination and
result in better survival, however, the result showed that oral
administration led to better survival in 44As3-inplanted mice
(Fig. 3b). '
ZD6474 inhibited the intraperitoneal dissemination of gastric
cancer cells in our dissemination model. Although the mecha-
nisms underlying this effect remain unclear, a few possibilities
can be speculated: based on clinical evidence, the depth of tumor
invasion and clinical staging is thought to be closely related to
peritoneal dissemination.”' Thus, one possible mechanism of the
reduction of intraperitoneal dissemination may have resulted
from a reduction in the serosal penetration of the cancer cells by
“antitumor effect of ZDG6474” on the implanted tumors.
Although it is unclear whether ZD6474 has an inhibitory effect
against distal metastasis to the liver and lymph nodes, for exam-
ples, it is not surprising that ZD6474 inhibits “intraperitoneal
dissemination.” Evaluation of its effect on distal metastasis will
be the subject of a future investigation in our laboratory. Small
tumor lesions (up to 2 mm) may obtain the oxygen and nutrients



7D6474 FOR GASTRIC CANCER 487

ﬁ ‘:-..? 100 4 Corkrol
L a0 1 s ZD6474 Lp. (50 mgikoidey)
o snsus ZNB474 p.o. (50 mokg/day)
60 ]
E 40 -
=
s 20 - 2 o BN EEEGEEOEUDREOBED
01 v v o e
) 20 40 60 80 100 120 {dlays)
FiGure 3 — Survival curve of 58Asl :?:: 100 8} Control
cellsl- (g) and 44/5&53 }tl:ells—64§12) 2 g S, e ZOGAT4 £p. (60 mg'kg/day)
implanted mice treated with ZD . — 1 R
Both p.o. and ip. administration of € o :;' een ZD6474 p.o. (50 mgkgiday)
7ZD6474 50 mg/kg/day significantly E "og,
improved the survival of 44As3- E 40 ty o
implanted mice (p = 0.0009, p = 0004 i  vmsssaen
vs. control), but did not significantly =3 20 A : ¢
improve the survival of mice % ] seveacapecapsEsEnenal
implanted with 58As] cells (p = 0.09, o . et . . .
p = 0.4 vs. control). The p values were
calculated by the log-rank test. 0 20 Q0 %0 % ]m 120 (days)
A GenBank Gene Fold No. of Ref nn B
accno. symbol change passed' IGFBP2
28 AKD27138 FAMI3A1 23 2
_BF340228 IGFBP3 20 2 26 ADM
NM_ 006931 SLG283 22 2
BG292233 INSIGY 21 2
AAG54415 EST 28 1 p-actin
NM 001124 ADM 2% 1 29
NMD16109 ANGPTL4 26 1 30
. AFD09664 EST 24 1
NK_000935 PLOD2 24 1 N
T NIM_000596 IGFBP1 23 1
2 ¢ BC002649 HISTIH1C 23 1
a NM_004929 GALBA 23 1
9 AL110191 DSIPI 22 1 32
e {2 N 006095 NDRG1 22 1 a3
it AI694562 COL4A3 22 1
AL080184 INSIG2 21 1
NI 002456 MUGT 21 1
NM_ 001975 ENO2 21 1 34
N4 004417 DUSP1 20 1
MM 013332 . HIG2 20 1 36, 36
AL110208 SLC2A14 20 1
AL132665 BNIP3L 20 1 37.38
AAB24505 JMJIDT 20 1
AdBTE241 SCD 20 1
§81916 PGK1 20 1
NI 015393 DKFZP56400823 20 1
AF257099 . PTMA 04 1
M. 002438 MSH3 04 1

Cont 50 100

FiGure 4 — Candidate genes for biomarkers regulated by ZD6474 treatment. Each colored block represents the expression level of a given
gene in an individual sample. (a) Upregulated genes with a >2-fold change or <0.5-fold change are shown (mean value in the ZD6474 group/
vehicle control group). Cont, vehicle conirol group, n = 2; 50, ZD6474 50 mg/kg/day group, n = 2; 100, ZD6474 100 mg/kg/day group, n = 2.
INumber of different probes that passed fold-change criteria above. “Reference number for genes whose expression has been reported to be
related to hypoxia. *Red represents increased expression and blue represents decreased expression relative to the normalized expression of the
gene across all samples. (b)) mRNA expression levels of 2 representative genes, [GFBP-3 and ADM, detected by RT-PCR in tumors treated with
7D6474. IGFBP-3 and ADM mRNA expression was induced in response to ZD6474.

they need by passive diffusion, but angioglenesis is required for  inhibiting VEGFR2-dependent intracellular signaling. This
the growth of tumors larger than 2 mm. 2 A second possible effect would be expected to limit metastatic tumor growth due to
mechanism is that ZD6474 may inhibit the growth or migration lack of oxygen and nutrients, and reduce the dissemination of
of tumor vascular endothelial cells in “small tumor lesions” by  cancer cells.
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To identify putative biomarkers of the pharmacodynamic
effects of ZD6474 in vivo, we identified 28 candidate genes
from implanted 58Asl tumor samples by oligonucleotide
microarray analysis (Fig. 4a). IGFBP-3 has multiple functions,
including in the induction of apoptosis,?® the inhibition of can-
cer cell proliferation, and carcinogenesis® and IGFBP-3
expression is transcriptionally upregulated under hypoxic con-
ditions.>® A recent study has also shown that EGFR regulates
IGFBP-3 expression and secretion.?” The inhibitory effect of
ZD6474 on EGFR kinase may be associated with the upregu-
lation of IGFBP-3. ADM, which was first identified in a
human pheochromocytoma, is known to regulate circulation by
acting as a hormone.”® Adrenomedullin is also induced by
hypoxia and may have a role in protecting against hypoxic
cellular damage in human retinal pigment epithelial cells.?’
Expressions of nine of the upregulated genes, /GFBP-3, ADM,
ANGPTL4, PLOD2, DSIPI, NDRG!, ENO2, HIG2 and
BNIP3L, has been reported previously to be induced by hypo-
xia.26?%738 we hypothesize that ZD6474 inhibits neovasculari-
zation in tumors, thereby limiting the oxygen and nutrient sup-
ply and resulting in tumor hypoxia and upregulation of hypo-
xia-inducible genes. If this hypothesis is correct, hypoxia-
regulated genes and gene products might be useful biomarkers
for the pharmacodynamic effects of ZD6474 and other anti-
angiogenic agents in preclinical and clinical settings. We are
now investigating whether these genes and gene products can

ARAO ET AL.

be used as biomarkers for the efficacy of ZD6474 in a correla-
tive study.

Future directions of our study include: (7) to compare the antitu-
mor effect of other “anti-vascular agents” with ZD6474 in this
model; (if) to evaluate combination therapy with ZD6474 plus
anticancer agents; (iif) to evaluate the antitumor effect of ZD6474
against micro-metastasis in vivo; and (iv) to confirm the usefulness
of the 9 candidate genes as biomarkers in clinically.

In conclusion, we demonstrated that ZD6474 inhibited tumor
growth, suppressed intraperitoneal dissemination, and prolonged
survival in a highly metastatic orthotopic gastric cancer model.
We carried out a microarray analysis of tumor samples and we
identified 9 hypoxia-inducible genes as candidate biomarkers for
monitoring the effects of ZD6474 therapy. These findings provide
a strong preclinical rationale for investigating ZD6474 for the
treatment of gastric cancer in the clinic.-
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Epolactaene binds human Hsp60 Cys**? resulting in the inhibition

of chaperone activity
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Epolactaene is a microbial metabolite isolated from Penicillium
sp., from which we synthesized its derivative ETB (epolactacne
tertiary butyl ester). In the present paper, we report on the identi-
fication of the binding proteins of epolactaene/ETB, and the
results of our investigation into its inhibitory mechanism. Using
biotin-labelled derivatives of epolactaene/ETB, human Hsp (heat-
shock protein) 60 was identified as a binding protein of epolac-
tacne/ETB in vitro as well as in sifu. In addition, we found that
Hsp60 pre-incubated with epolactaene/ETB lost its chaperone
activity. The in vitro binding study showed that biotin-conjugated
epolactaene/ETB covalently binds to Hsp60. In order to investi-
gate the binding site, binding experiments with alanine mutants

of Hsp60 cysteine residues were conducted. As a result, it was
suggested that Cys*? is responsible for the covalent binding with
biotin-conjugated epolactaene/ETB. Furthermore, the replace-
ment of Hsp60 Cys*? with an alanine residue renders the chape-
rone activity resistant to ETB inhibition, while the alanine re-
placement of other cysteine residues do not. These results indicate
that this cysteine residue is alkylated by ETB, leading to Hsp60
inactivation.

Key words: chaperone activity, citrate synthase, covalent bind-
ing, epolactaene, heat-shock protein 60 (Hsp60), malate dehydro-
genase.

INTRODUCTION

Epolactaene is a microbial metabolite isolated from the fungal
strain Penicillium sp. BM 1689-P {1]. It was originally shown
to be effective in promoting neurite outgrowth and arresting the
cell cycle at the Go/G, phase in a human neuroblastoma cell line,
SH-SY5Y [2]. A study about epolactaene on DNA polymerase
inhibition has been conducted [3,4]; however, there is no direct
evidence that epolactaene interacts with those proteins in the cell.
Therefore we began to study epolactaene-binding proteins in order
to investigate how epolactaene affects cellular proteins and their
functions.

The Hsp (heat-shock protein) 60 family is known to assist
correct protein folding [5]; in addition, mammalian Hsp60 seems
to have several functions in the cell, including apoptosis [6-9],
an immunoregulatory function [10,11] and cell spreading [12].
Despite the importance of this molecule, little research has been
conducted into mammalian Hsp60 compared with members of
the prokaryotic Hsp60 family, such as GroEL. Although there is
approx. 50 % sequence identity between mammalian Hsp60 and
GroEL [13], they are not completely similar in structure. GroEL
works only in the form of a 14-mer, double ring structure [14,15].
In contrast, human mitochondrial Hsp60 has been reported to be
able to assist in protein folding in the form of a 7-mer, single
ring structure [16,17]. It is also notable that mitochondrial Hsp60
is functionally active only with co-chaperone Hspl0, whereas
GroEL can assist protein folding with either GroES or Hsp10
{14]. Further studies are needed to gain a detailed understanding
of the molecular chaperone mechanism and functions of human
Hsp60. In the present paper, we demonstrate that epolactaene and
its derivative ETB (epolactaene tertiary butyl ester) bind to Hsp60
and inhibit its chaperone activity.

EXPERIMENTAL

Reagents

Monoclonal anti-Hsp60 antibody was purchased from BD Bio-
sciences (SanJose, CA, U.S.A.). ETB was synthesized as reported
in our synthetic study of epolactaene [18]. Biotin-conjugated
ETB (bio—ETB) was synthesized by a coupling reaction using an
activated biotin reagent [19]. The structures of ETB, its analogue
and bio-ETB were determined by NMR analysis and MS.

Cell lines and culture

Human neuroblastoma SH-SY5Y cells and human cervix carci-
noma Hel.a cells were cultured in Dulbecco’s modified Eagle’s
medium (Sigma, St. Louis, MO, U.S.A.), supplemented with
10 % (v/v) heat-inactivated foetal calf serum (JRH Bioscience,
Lenexa, KS, U.S.A.), 50 units/ml penicillin, 50 ug/ml strepto-
mycin (Sigma) and 1 mM sodium pyruvate (Gibco, Invitrogen
Corporation, Carlsbad, CA, U.S.A.) in 5% CO, at 37°C. T-lym-
phoma Jurkat cells were maintained in RPMI 1640 medium
(Sigma) supplemented with 10 % (v/v) heat-inactivated foetal
calf serum, 50 units/ml penicillin and 50 ug/ml streptomycin.

Detection of epolactaene/ETB-binding proteins

The general procedure used to prepare the cell lysates for the de-
tection of binding proteins has been described previously [20,21].
The lysates were incubated with or without ETB as a competitor,
followed by the treatment with bio—ETB. After incubation for
1 h at 4°C, proteins associated with bio~ETB were precipitated
with streptavidin-agarose (Oncogene, San Diego, CA, U.S.A.).
The bound proteins were eluted with SDS/PAGE loading buffer,

Abbreviations used: CS, citrate synthase; ETB, epolactaene tertiary butyl ester; bio-ETB, biotin-conjugated ETB; i-ETB, inactive ETB analogue; bio-i-
ETB, biotin-conjugated i-ETB; HRP, horseradish peroxidase; Hsp, heat-shock protein; LC, liquid chromatography; MDH, malate dehydrogenase; NEM, -

N-ethylmaleimide; SAR, structure-activity relationship.
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separated by SDS/7.5 % PAGE, and visualized by silver staining.
For immunological analysis, the separated proteins were subjected
to Western blot analysis.

For the in situ binding assay, Jurkat cells were treated with sev-
eral concentrations of biotin-conjugated derivatives for 2 h. The
cells were collected in lysis buffer (10 mM Tris/HCI, pH 7.6,
1% Nonidet P40, 0.1 % sodium deoxycholate, 0.1 % SDS and
0.15 M NaCl) containing Complete protease inhibitors (Roche,
Mannheim, Germany), and the supernatants were then prepared
by centrifugation at 800 g for 5 min, followed by centrifugation
at 20000 g for 15 min at 4 °C. Immobilized streptavidin magnetic
beads (Promega, Madison, WI, U.S.A.) were added to the lysates,
and the mixtures were incubated for 3 h at 4°C. The bound pro-
teins were washed and eluted by SDS/PAGE loading buffer with
boiling. The separated proteins were transferred and analysed by
immunoblotting with the anti-Hsp60 antibody.

Construction of human mitochondrial Hsp60-Hiss
expression vector

A full-length ¢cDNA encoding the precursor form of human mito-
chondrial Hsp60 [22] obtained from a Jurkat cDNA library (kindly
provided by Dr S. Simizu of RIKEN) was modified so as to pro-
vide a translational start codon (AUG) at 5' to Ala%, the first amino
acid of the mature protein, as described previously [23]. To this
was also added a C-terminal extension of eight amino acids (LE-
HHHEHH), the last six being a hexahistidine tag. Two PCR pri-
mers were employed: primer 1 (5'-GCCATATGGCCAAAGATG-
TAAAATTTGGTG-3') introduced an Ndel site (underlined) at
the initiator methionine, while primer 2 (5'-CGCCTCGAGGAA-
CATGCCACCTCCCATAC-3") introduced an Xhol site (under-
lined) upstream of the stop codon. The PCR product was cut with
Ndel and Xhol, and was ligated into the expression vector pET-
21b(+) (Novagen, Darmstadt, Germany) digested with the same
enzymes. The DNA sequence of this novel fusion protein was
confirmed, and it will be referred to throughout the present paper
as Hsp60-Hisg.

Purification of recombinant mitochondrial Hsp60-Hisg

Escherichia coli BL21(DE3) pLysS, transformed with the vector,
was grown in LB (Luria—Bertani) medium with 100 pg/ml ampi-
cillin at 28°C. At a D¢y of 0.4, IPTG (isopropyl B-D-thiogal-
actoside) was added to 1 mM, and the cells were shaken for an
additional 10 h. A soluble cell extract was prepared, and the mito-
chondrial Hsp60-Hisy was purified with Ni**-nitrilotriacetate—
agarose (Qiagen, Hilden, Germany) and desalted with PBS by
dialysis.

Mutagenesis and mutant expression

The mutageneses of Cys™’ to Ala (for Hsp60-1), Cys*? to Ala
(Hsp60-2) and Cys*” to Ala (Hsp60-3) were performed according
to the method described previously [24], using a mutagenic
primer for Hsp60-1 (5-CAAAAGGTCAGAAAGCTGAGTTC-
CAGGATG-3"), Hsp60-2 (5-GTTTTGGGAGGGGGCGCCGC-
CCTCCTTCG-3") or Hsp60-3 (5-GTGCCCTCCTGCGCGCC-
ATTCCAGCCTTG-3"). The entire sequences of Hsp60-1,2 and 3
were analysed to ensure that only the desired mutation had been in-
troduced. The mutant Hsp60—-Hiss proteins were prepared as des-
cribed above.

Chaperone activity of Hsp60

The chaperone activity of human Hsp60 (Stressgen Biotechno-
logies Corp., Victoria, BC, Canada) was measured using porcine
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heart CS (citrate synthase) (Sigma) [25] and porcine heart malate
dehydrogenase (MDH) (Nacalai Tesque, Kyoto, Japan) [16], as
described previously. Briefly, CS was denatured at a concentra-
tion of 15 uM in a buffer containing 6 M guanidinium chloride,
100 mM Tris/HCI, pH 8, and 20 mM dithioerythritol. Reactiv-
ation was initiated by diluting the denatured CS 100-fold into
a buffer containing 100 mM Tris/HCI, pH 7.6, 10 mM MgCl,,
10mM KCl and 2mM ATP at 20 or 35°C with or without
chaperones. Detailed information on the individual experiments
are given in the legend to Figure 4. Human Hsp10 was also cloned
and prepared as described previously [26]. To reconstitute the
chaperone complex, Hsp60 and Hsp10 were mixed and incubated
in reconstitution buffer (50 mM Tris/HCI, pH 7.6, 300 mM NaCl,
20 mM KCl, 20 mM magnesium acetate and 4 mM ATP) for
90 min at 30°C.

For the MDH refolding assays, folding reactions were perfor-
med in 0.1 M Tris/HCL, pH 7.6, 7mM KCl, 7mM MgCl, and
10 mM dithiothreitol (buffer A). Porcine MDH (1 uM) was de-
natured in 10 mM HCI at room temperature (25°C) for 2 h and
diluted 10-fold into buffer A containing chaperones (2.1 uM
Hsp60 and 4.2 uM Hspl0) pre-incubated in a reconstitution
buffer. After incubation at 27 °C for 5 min, folding was initiated by
the addition of 2 mM ATP. For the measurement of the ETB dose—
response on the inhibition of Hsp60 mutant chaperone activities,
wild-type and mutant Hsp60~His, proteins were used.

Hsp60 binding assay

For the in vitro binding assay, recombinant Hsp60-His, was pre-
treated in the presence or the absence of 10 uM NEM (N-ethyl-
maleimide) as the competitor, and then treated with bio-ETB
at 4°C. The protein samples were separated by SDS/PAGE and
detected by Western blotting using avidin-conjugated HRP (horse-
radish peroxidase) (Pierce, Rockford, IL., U.S.A.).

Proteins were purchased from Stressgen for the binding ex-
periment of bio-ETB with human Hsp60, Hsp70 and Hsp90. A
mixture of 0.7 uM Hsp60, Hsp70 and Hsp90 was incubated with
0.35 4M bio—ETB for 1h at 4°C, and subjected to SDS/PAGE
and Western blotting analysis.

RESULTS
Epolactaene derivatives for the screening of binding proteins

To investigate how epolactaene affects cellular proteins, we
began to search for epolactaene-binding proteins in a cell lysate.
During the SAR (structure—activity relationship) study for epolac-
taene [19], we synthesized a potent derivative, ETB, and an in-
active derivative, i-ETB (Figure 1). We found that ETB is as
effective as epolactaene in inhibiting the growth of several human
cancer cell lines. Because of the ease of synthetic preparation, we
used ETB instead of epolactaene in further studies.

On the basis of observations from the SAR studies, we also pre-
pared bio-ETB and a biotin-conjugated inactive ETB (bio-i-
ETB). ETB and 1-ETB are conjugated with a biotin moiety at
the ester position with an alkyl chain linker (Figure 1). Bio-ETB
was found to retain the ability to inhibit growth on the SH-SY5Y
and Jurkat cells, whereas bio~i-ETB was as inactive as i-ETB
[19].

Identification of Hsp60 as an epolactaene/ETB-binding protein
in vitro and in sity

With the biotin-conjugated probes in hand, we searched for the
epolactaene/ETB-binding proteins. An SH-SY5Y cell extract was
incubated with several concentrations of bio—-ETB, and the bound
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Figure 2 Screening of ETB-hinding profeins

ASH-SY5Y cell lysate was pre-incubated with 70 ..M ETB as a competitor, followed by treatment
with 4 .M biotinylated ETB. The bound proteins were precipitated with streptavidin beads. The
proteins eluted were analysed by SDS/7.5% PAGE, followed by silver staining. Molecular
masses are indicated in kDa to the left of the gel.

proteins were precipitated with streptavidin beads and detected
by silver staining. To minimize false positives, we used ETB as
a competitor. There was a band at approx. 60 kDa, which disap-
peared when ETB was added as a competitor (Figure 2). Next,
a large amount of eluted proteins was analysed by Coomassie
Brilliant Blue staining to apply liquid chromatography (LC)-MS
analysis. The 60 kDa regions were excised and digested with
lysyl endopeptidase, and then the resulting peptide mixture was
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B HRP-avidin CBB
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Figure 3 Iidentification of Hsp60 as the epolactaene/ETB-binding profein

(A) Immunoblot analysis of the 60 kDa profein bound to epolactaene/ETB. SH-SY5Y cali lysates
were pre-incubated with 130 .M of each competitor, and the Jurkat cell lysates were pre-ireated
with or without 70 M ETB, followed by 13 1M bio~ETB. The bound proteins were precipit-
ated with streptavidin beads. These proleins were analysed by immunoblotting with the anti-
Hsp60 antibody. (B) Binding experiment of bio~ETB with Hsp60, Hsp70 and Hsp0 in vifro. An
equimolar mixture of human HspB0, Hsp70 and Hsp90 was incubaled with bio~ETB for 1 h at
4°C. The proteins were separaled by SDS/PAGE and analysed by HRP-conjugated avidin blotting
and Coomassie Brilliant Blue (CBB) staining. () Binding of bio—ETB to Hsp60 in situ. Jurkat
cells in culture were treated with biotin-conjugated derivatives for 2 h, The cells were collected
inalysis buffer. Immobilized streptavidin was added to the lysates, and the mixtures were incub-
ated for 3 at 4°C. The bound proteins {upper panel) and whole lysates (lower panel) were
analysed by immunablotting with the anti-Hsp60 antibody.

subjected to LC-MS and MS/MS analysis. The peptide fragment
from the 60 kDa band was assigned to residues 370-387 of human
Hsp60 [RIQEIIEQLDVTTSEYEK, (M + H)* calculated, 2195.4:
found, 2195.7]. To confirm Hsp60 as an epolactaene/ETB-binding
protein, we analysed the binding protein using an anti-Hsp60
antibody (Figure 3). Western blotting experiments with the anti-
Hsp60 antibody showed that Hsp60 bound to epolactaene/ETB
specifically, because an excess of epolactaene/ETB blocked this
association, but i-ETB did not. This association was also found
in the Jurkat cell lysate, as shown in Figure 3(A). In addition,
when we treated bio—-ETB with an equimolar mixture of human
Hsp60, Hsp70 and Hsp90 in vitro, Hsp60 was mainly labelled by
bio-ETB (Flgure 3B).

To examine whether the binding between epolactaene/ETB and
Hsp60 can occur in the cells, we analysed this association in sifu
using bio-ETB derivatives. Jurkat cells were cultured with bio—
ETB or bio—i-ETB for 2 h. The biotin-containing complexes were
then isolated by streptavidin-immobilized beads, and the bound
protems were analysed by immunoblotting. The samples contain-

ing bio-ETB reacted with the anti-Hsp60 antibody in a concen-
tration-dependent manner, whereas those containing bio-i-ETB
showed no detectable band, demonstrating that Hsp60 bound
specifically to bio~ETB (Figure 3C). These data indicate that
epolactaene/ETB can bind to Hsp60 in living cells.

_© 2005 Biochemical Sociely
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Inhibition by epolactaene/ETB of the chaperone activity of Hsp60

Hsp60 is a molecular chaperone which assists in protein folding.
Mammalian Hsp60 was found to have two forms: cytoplasmic
precursor Hsp60 and mitochondrial Hsp60. Although the two
forms differ in that the former has a signal sequence in the N-ter-
minus of the protein (1-26 amino acid residues), while the latter
does nof, both proteins exhibit molecular chaperone activity
in vitro [27]. In the present study, we used recombinant human
mitochondrial Hsp60 for the measurement of chaperone activity.

To determine whether epolactaene/ETB affects the chaperone
activity of Hsp60, we assessed the effect of epolactaene/ETB
binding on the activity of human recombinant Hsp60. CS re-
folding was analysed under permissive conditions (20 °C), where
spontaneous reactivation could occur, or under non-permissive
conditions (35°C), where spontaneous reactivation could not
occur. As shown in Figure 4(A), CS refolded to its native state in
a chaperonin-independent manner under permissive conditions.
ETB did not interfere with this reactivation, even at 7 uM. In
contrast, the spontaneous reactivation of CS was not observed at
35°C (Figure 4B). When either of the proteins (Hsp10 or Hsp60)
was added singly, only marginal reactivation was observed. In the
presence of the complete chaperonin system consisting of Hsp60
and Hsp10, a remarkable recovery of active CS was observed.
When we pre-treated Hsp60 with ETB (a final concentration of
2 uM at the refolding step), the reactivation was almost com-
pletely blocked. In addition, when extra (the same amount as
in the first addition) Hsp60 was added to the reaction mixture
which included the ETB-pre-treated Hsp60, the reactivation was
recovered, but such recovery did not occur when extra Hsp10
(the same amount as in the first addition) was added (results not
shown).

In order to confirm that ETB inhibits the chaperone function
of Hsp60, the other substrate, mitochondrial MDH, was used. As
shown in Figure 4(C), a substantial reactivation of the denatured
enzyme was observed in the presence of Hsp60 and Hspl0,
although neither protein could induce reactivation when added
singly. Again, when we pre-treated Hsp60 with ETB, the reactiv-
ation was blocked. The reactivation was recovered by the addition
ofextra Hsp60 (the same amount as in the first addition), but not by
the addition of extra Hsp10 (the same amount as in the first addi-
tion) (results not shown). These results indicate that the inter-
action between Hsp60 and epolactaene/ETB is sufficient to affect
Hsp60 chaperone activity.

Cys*2 of Hsp60 is responsible for hinding with epolactaene/ETB

To determine how epolactaene/ETB modifies the function of
Hsp60, we first examined the binding site of Hsp60 with epo-
lactaene/ETB. An in vitro binding study (Figure 5A) demonstrated
that this binding could last in the SDS/PAGE condition, because
it was stained by HRP-conjugated avidin. In addition, this binding
was considerably inhibited in the presence of NEM. Because
NEM is a Michael acceptor, it was suggested that the covalent
binding occurs in a nucleophilic manner. The «,B-unsaturated
ketone, epoxide and hemi-aminal carbon of epolactaene/ETB
have an electrophilic character that is potentially reactive with bio-
logical nucleophiles, such as the thiols of cysteine residues.
Human Hsp60 has three cysteine residues in the molecule. To
confirm that the modification of Hsp60 function occurs as des-
cribed above, the alanine mutant proteins of each of three cysteine
residues (C237A, C442A and C447A) in Hsp60 were prepared
in E. coli with a C-terminal His¢-tag. They were then tested for
the ability to bind with bio~ETB. As shown in Figure 5(B), the
wild-type Hsp60-Hiss, C237A and C447A mutants bound with
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Figure 4 ETB inhibits the chaperone activity of Hsp60

The chaperone activity of Hsp60 was analysed under the following conditions. (A) Effects of ETB
on €S reactivation at permissive conditions. Denatured CS was rapidly diluted to a concentration
010.15 M into abuffer (50 mM Tris/HC1, pH 7.5, 10 mM MgCl,, 10.mM KCl and 15 % glycerol)
with various concentrations of ETB at 20°C. (B) Under non-permissive conditions, denatured
CS was rapidly diluted fo a concentration of 0.15 uM into a buffer (50 mM Tris/HC1, pH 7.5,
10 mM MgCl, and 10 mM KCI) containing additives (1.1 M Hsp60 or 3.2 M Hsp10, or
both) at 35°C. Hsp60 at 14 1M was pre-incubated with or without 2 molar equivalents of ETB
in PBS at 4 °C overnight. ATP (2 mM) was added to the mixture, and after 2 h of incubation, the
reactivation of CS was measured. Bar 1, no additives; bar 2, Hsp10 alone; bar 3, Hsp60 alone; bar
4, Hsp60 and Hsp10; bar 5, ETB-pre-treated Hsp60 and Hsp10. (C) Effects of ETB using MDH
as a substrate. Denatured MDH was rapidly diluted to a concentration of 0.1 ..M into a buffer
{0.1 M Tris/HCI, pH 7.6, 7 mM KCI, 7 mM MgCl, and 10 mM dithiothreitol) containing additives
(2.1 1M Hsp60 or 4.2 M Hsp10, or both) at room temperature. Hsp60 was pre-treated with or
without ETB, as described in (B). ATP (2 mM) was added to the mixture, and, after 30 min, the
reactivation of MDH was measured. Bar 1, no additive; bar 2, Hsp10 alone; bar 3, Hsp60 alone;
bar 4, Hsp60 and Hsp10; bar 5, ETB-pre-trealed Hsp60 and Hsp10.

bio—ETB, but C442A lost its binding. These results suggested that
Cys*? is responsible for covalent binding with bio-ETB.

Binding of ETB to Hsp60 via Cys**? is also important for the
inhibition of chaperone activity by ETB

Since the activities of the cysteine mutants of human Hsp60 are not
known, we first examined the ability of each mutant to facilitate
productive folding. We found that the ability of these altered forms
of Hsp60-His, to productively fold MDH was unimpaired com-
pared with that of the wild-type Hsp60-His; (Figure 6, open bars).

We next investigated the ETB inhibition effects on both the
wild-type and mutant Hsp60-Hiss proteins. When each protein
was pre-treated with ETB, the chaperone activities of the C237A
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Figure 5 Cys*? of Hsp60 is responsible for binding to epolactaene/ETB

(A) Competitive effect of NEM on the binding of Hsp60-Hisg to bio—ETB. Wild-type HspB0-Hisg
(1 «M) was pre-incubated with or without 10 M NEM at 4°C. After 4 h, 10 2M bio-ETB was
added to the mixture, which was then incubated for an additional 1 h. The proteins were resolved
by SDS/7.5% PAGE and analysed by blotting with HRP-conjugated avidin {upper panel) and
CBB staining (fower panel). (B} Binding experiments of the Hsp60 mutants with bio—-ETB.
The wild-type (wild) and the Hsp60-Hiss mutants (14 M) were each incubated with 2 molar
equivalents of bio-ETB at 4°C for 12 h. Blotting with HRP-conjugated avidin (upper panel) and
Coomassie Brilliant Blue staining (lower panel) were performed as described in (A).
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Figure 6 Inhibition by ETB of Hsp60 mutant chaperone activity on the
chaperone-dependent MDH refolding

Denatured MDH was diluted 10-foid to 0.1 ..M at room temperature by suspending in the buffer
containing 2.1 .M each of Hsp60-Hiss mutants and 4.2 ..M Hsp10-Hisg or BSA at the same
protein concentration. After incubation for 5 min, ATP (2 mM, final concentration) was added to
the mixture. At 30 min after the addition of ATP, an aliquot of the mixture was withdrawn, and the
recovered MDH activity was measured. The reactivation by each Hsp60-Hiss mutant pre-treated
with ETB (grey bars; the mutant proteins at 14 M in PBS were incubated with 1.8 molar
equivalents of ETB at 4°C for 8 h) or without ETB (open bars) are shown. The reactivation by
the wild-type (wild) Hsp60-Hiss pre-treated with 1.8 molar equivalents of NEM and 1.8 molar
equivalents of mizoribine under the same conditions as ETB are shown by a hatched and a dotied
bar respectively. The activity of the same amount of native MDH was taken as 100 %, and then
the reactivation (%) by BSA was subtracted as the baseline. The results are the means + S.D.
for three independent experiments.

and C447A mutants, and of the wild-type Hsp60-His,, were
considerably inhibited (Figure 6, grey bars). In contrast, the
chaperone activity of the C442 A mutant was not abolished by ETB
pre-treatment. These results indicate that the inhibition of the

chaperone activity by ETB pre-treatment is derived mainly from
the binding between the ETB and Cys**? residue. In addition, these
results are in agreement with the binding experiments described
above (Figure 5B), which also suggested that ETB inhibits the
chaperone activity by binding to Cys*? of Hsp60.

Furthermore, we compared the inhibitory effect with NEM and
mizoribine, which was reported to interfere with the chaperone
activity of Hsp60 and Hsp10 at a higher concentration, 5 mM [28].
Under our experimental conditions, epolactaene/ETB inhibited
Hsp60 chaperone activity at a concentration of 2-4 uM in the
refolding reaction mixture, Under the same conditions as epo-
lactaene/ETB (3.8 uM in the refolding reaction mixture), NEM
and mizoribine did not show an inhibitory effect (Figure 6,
hatched and dotted bars respectively).

DISCUSSION

The discovery of the binding proteins of bioactive natural com-
pounds is one strategy for investigating their biological effects.
There are many successful precedents, such as the studies on lac-
tacystin {291, fumagillin [30], radicicol [20] and other compounds.
With lactacystin, for example, the discovery that the binding target
was the 20 S proteasome subunit, and that lactacystin inhibited
proteasome activity {29], has promoted the exploration of not only
the mode of action of lactacystin, but also the proteasome func-
tions. In this way, the identification of binding proteins furthers
biochemical research.

ETB, which is a chemically synthesized derivative of epo-
lactaene, is as effective as epolactaene in inhibiting the growth
of several human cancer cell lines [19]. Although several studies
on DNA polymerase inhibition have already been conducted [3,4],
the ICs, values of the DNA polymerase @ and B inhibition by epo-
lactaene were reported to be 25 and 100 uM respectively in vitro,
which are considerably higher than the effective dose on the cell
growth inhibition. In the present study, we searched for the binding
targets of epolactaene/ETB in order to obtain direct support for
the probability that epolactaene interacts with cellular proteins
and disturbs its function. There were several specific or non-
specific binding proteins in vitro, and we successfully identified
human Hsp60 using bio~ETB as a bioprobe (Figures 2 and 3). The
binding between Hsp60 is specific for epolactaene/ETB because
the binding was blocked by the addition of epolactaene/ETB, but
not by the addition of inactive analogue i-ETB. Furthermore, the
finding that bio—ETB can bind Hsp60 in situ indicated that this
complex is also formed in living cells (Figure 3C).

To elucidate the details of the interaction between ETB and
Hsp60, we prepared Hsp60 mutants. Our analysis of the binding
between bio—ETB and the mutant proteins suggested that Cys*?
of Hsp60 is responsible for the binding (Figure 5B). To determine
how this binding affects the Hsp60 chaperone activity, we first
analysed the chaperone activity of each cysteine mutant, since the
mutants of human Hsp60 have scarcely been explored [16]. We
found that the chaperone activity of mutant Hsp60—His;, using
MDH as a substrate, was almost the same as that of the wild-type
Hsp60-Hiss (Figure 6). ETB blocked the chaperone activities of
the wild-type protein and of the C237A and C447A mutant pro-
teins, but not that of the C442 A mutant (Figure 6), indicating that
epolactaene/ETB binding to Cys** disrupts the chaperone activ-
ity. Based on sequence alignment and a comparison with the re-
ported GroEL crystal structures [31], Cys*? is predicted to lie near
the ATP binding site (see Supplemental Figure 1 at http://www.
BiochemJ.org/bj/387/bj3870835add.htm), although none of the
three cysteine residues in Hsp60 is conserved in GroEL. The ATP
pocket is suggested to be important not only for ATPase activity,
but also for oligomerization [14,32]. Therefore interaction with

© 2005 Biochemical Society
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ETB may disturb the nucleotide pocket and result in the loss of
ATPase activity or the destabilization of oligomeric structures, or
both, although it is difficult to determine which is responsible for
the inhibition.

To date, there are scarcely any natural compounds known which
bind and inhibit mammalian Hsp60 chaperone activity. The
60 kDa chaperones constitute a family of proteins that play an
important role in the folding of nascent, translocated and stress-de-
natured proteins [5]. In addition, mammalian Hsp60 has been re-
ported to have several functions in the cell [6—12]. Using mizorib-
ine, which inhibits the chaperone activity of mammalian Hsp60/
Hsp10 at 5 mM [28], the association of Hsp60 with integrin o35,
was investigated [12]. Hsp60-binding compounds would be very
useful for studying mammalian Hsp60 functions. In the present
study, we discovered that bio-ETB covalently binds to Cys*? of
Hsp60 and inhibits its chaperone activity. As far as we know, this
is the first example of human Hsp60 covalently modified by a na-
tural compound in a site-specific way.

In conclusion, we have demonstrated that epolactaene/ETB
binds human Hsp60 in vitro and in situ, and that epolactaene/
ETB inhibited the chaperone activity of human Hsp60. Further-
more, we have revealed that Cys*? of Hsp60 is responsible for the
covalent binding of epolactaene/ETB, and have shown the resis-
tance of the C442A mutant to ETB inhibition, suggesting this
binding resulted in the inhibition of the chaperone activity. These
observations of how epolactacne/ETB inhibits the chaperone
activity will be helpful for gaining an understanding of the
human Hsp60 multifunctions and the mechanisms of molecular
chaperones.
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Cytotoxic T lymphocytes (CTLs) eliminate virus-
infected cells and tumor cells by two distinct killing
pathways, mediated by lytic granules containing per-
forin and by Fas ligand (FasL). ECH [(2R,3R,45)-2,3-
epoxy-4-hydroxy-5-hydroxymethyl-6-(1E)-propenyl-cy-
clohex-5-en-1-one] has been shown to inhibit FasL-
dependent apoptosis or the killing pathway in short-
term culture, However, since ECH exhibited cell toxicity
in long-term culture, we attempted the synthesis of less
toxic epoxycyclohexenone derivatives. In the present
study, we found that RKTS-33 [(2R,3R ,45)-2,3-epoxy-4-
hydroxy-5-hydroxymethyl-cyclohex-5-en-1-one] has cell
toxicity lower than ECH in long-term culture, and
further investigated the inhibitory effect of RK'TS-33 on
CTL-mediate'd killing pathways. RKTS-33 did not affect
cell-surface expression of FasL upon CD3 stimulation,
but profoundly inhibited the FasL-dependent Kkilling
pathway mediated by CD4+ and CD8* CTLs, indicating
that RKTS-33 specifically blocks target cell apoptosis
but not CTL function. By contrast, RKTS-33 did not
affect the perforin-dependent killing pathway in CD8"
CTLs. These results indicate that RK'TS-33 is a specific
inhibitor of the Fasl-dependent killing pathway in
CTL-mediated cytotoxicity.

Key words: apoptosis; cytotoxic T lymphocyte (CTL);
(2R,3R,45)-2,3-epoxy-4-hydroxy-5-hydroxy-
methyl-6-(] E)-propenyl-cyclohex-5-en-1-one
(ECH); Fas ligand; (2R,3R,4S5)-2,3-epoxy-4-
hydroxy-5-hydroxymethyl-cyclohex-5-en-1-
one (RKTS-33)

Cytotoxic T lymphocytes (CTLs) induce apoptosis in
target cells through two distinct killing pathways,

mediated by lytic granules that contain the pore-forming
protein perforin and serine proteases known as gran-
zymes and by Fas ligand (FasL).!? Upon recognition of
target cells via T cell receptor (TCR), CTLs rapidly
release lytic granules into the interface between CTLs
and target cells."? Perforin facilitates translocation of
granzymes A and B into the cytosol, leading to target
cell apoptosis.” Granzyme B triggers caspase-depend-
ent apoptosis, whereas granzyme A initiates caspase-
independent apoptosis.*> Upon TCR stimulation, CTLs
are also induced to express FasL on the cell surface.!?
Ligation of Fas by FasL induces recruitment of FADD
and procaspase-8, resulting in the formation of the
death-inducing signaling complex (DISC).6" In the
DISC, procaspase-8 undergoes dimerization and subse-
quent self-cleavage, generating the active heterotetram-
er. Active caspase-8 cleaves downstream substrates such
as procaspase-3 and the Bcl-2 family member Bid,
leading to apoptosis execution.

Recently, we reported that an epoxycyclohexenone
derivative [(2R,3R,4S)-2,3-epoxy-4-hydroxy-5-hydroxy-
methyl-6-(] E)-propenyle-cyclohex-5-en-1-one] (ECH;
Fig. 1A) blocks activation of procaspase-8 in the DISC
and thereby inhibits death receptor-mediated apoptosis,
while death receptor-independent apoptosis induced by
chemicals and UV irradiation is totally insensitive to
ECH.® Consistent with these findings, we have shown
that ECH inhibits FasL-dependent apoptosis of target
cells induced by CD4* and CD8*+ CTLs, but barely
influences perforin-dependent DNA fragmentation and
cytolysis of target cells mediated by CD8t CTLs.”
These findings indicate that ECH is a specific inhibitor
of the FasL-dependent CTL-mediated killing pathway.
However, since ECH itself exhibited cell toxicity in

t To whom correspondence should be addressed. Fax: +81-45-924-5832; E-mail: tkataoka@bio.titech.ac jp

Abbreviations: CMA, concanamycin A; CTLs, cytotoxic T lymphocytes; DISC, death-inducing signaling complex; DTAF, dichlorotriazinyl-
aminofluorescein; ECH, (2R,3R 45)-2,3-epoxy-4-hydroxy-5-hydroxymethyl-6-(/ E)-propenyl-cyclohex-5-en-1-one; E:T; effectoritarget; Fasl., Pas
ligand; 1Csq, 50% inhibitory concentration; KLH, keyhole limpet hemocyanin; MTT, 3-[4,5-dimethylthiazoi-2-yl}-2,5-diphenyltetrazolium bromide;
RKTS-33, (2R,3R 45)-2,3-epoxy-4-hydroxy-5-hydroxymethyl-cyclohex-5-en-1-one; TCR, T cell receptor; TdR, thymidine
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Fig. 1. RKTS-33 Has Lower Toxicity Than ECH.

A, Structures of ECH and RKTS-33. B, A20 cells were incubated
with the indicated concentrations of ECH (@) or RKTS-33 (O) for
3d. Cell viability (%) was measured by MTT assay. The data points
represent the mean =t SD of triplicate cultures.

long-term culture, ECH might be applicable only to the
short-term killing assay.

A series of epoxycyclohexenone derivatives were
asymmetrically synthesized via key synthetic intermedi-
ates obtained from lipase-catalyzed kinetic resolution.!®
RKTS-33 [(2R,3R,45)-2,3-epoxy-4-hydroxy-5-hydroxy-
methyl-cyclohex-5-en-1-one] (Fig. 1A) has been found
to inhibit FasL-induced apoptosis as almost effectively
as ECH without any inhibitory effect on staurosporine-
induced apoptosis in human leukemia cell lines.'® In the
present study, we found that RKTS-33 has cell toxicity
lower than ECH in long-term culture, and further
investigated the inhibitory effect of RKTS-33 on CTL-
mediated killing pathways.

Materials and Methods

Cells. CTL clones and target cells were kindly
provided by Dr. N. Shinohara (Department of Immu-
nology, Kitasato University School of Medicine, Kana-
gawa, Japan). The H-29-specific CD8+ CTL clone
OE4,'") the keyhole limpet hemocyanin (KLH)-specific
H-2¢ (I-B%)-restricted CD4t CTL clone BK-1,'? mouse
B lymphoma A20, A20.HL, and A20.FO derived from
BALB/c mice (H-2%), mouse thymic lymphoma
L5178Y derived from DBA/2 mice (H-2%), and the
Fas-expressing transfectant of L.5178Y (L5178Y-Fas)!®
were maintained as described in our previous paper.”
A20.HL cells were BALB/c B lymphoma transfected
with light and heavy chain genes of anti-trinitrophenol

IgM antibody.'” A20.FO cells were the Fas-negative
variant subcloned from Fas-positive A20.2J cells,'?

Reagents. RKTS-33 and ECH were synthesized as
described previously.'® Concanamycin A (CMA) and
GM6001 were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan) and Calbiochem (San
Diego, CA), respectively. Recombinant human soluble
FasL'® was a gift from Dr. J. Tschopp (Department of
Biochemistry, University of Lausanne, Epalinges, Swit-
zerland).

Cell viability assay. A20 cells were incubated with the
indicated concentrations of RKTS-33 or ECH for 3d and
then pulsed with 500 pg/mi of 3-[4,5-dimethylthiazol-2-
y1]-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St.
Louis, MO) for 4h in 96-well microtiter plates. MTT-
formazan was then solubilized with 5% SDS overnight,
and Asgs was measured. Cell viability (%) was calcu-
lated as (experimental Asgs — background Asgs)/(con- -
trol Asgs — background Asgs) x 100,

DNA fragmentation assay. Target cells were labeled
with 37kBq of [methyl-*H] thymidine (TdR; ICN
Biomedicals, Costa Mesa, CA) for 16h and washed
three times before use. [methyl-*H|TdR-labeled cells
(1 x 105 cells/ml, 100p]) were preincubated with the
indicated concentrations of RKTS-33 or ECH and mixed
with equal volumes of CTL suspension in round-bottom
96-well microtiter plates, followed by centrifugation
(300 x g, 3 min). The concentrations of RKTS-33 dur-
ing 4h coculture with CTLs was diluted to half the
initial concentrations. At the end of culture, the cells
were lysed by pipetting in the presence of 0.1% Triton
X-100. After centrifugation (600 X g, 5min), the super-
natants were harvested and measured for radioactivity.
Specific *H-DNA release was calculated using the
following formula: (experimental cpm — spontaneous
cpm)/(maximum cpm — spontaneous cpm) x 100,

Analysis of granule exocytosis. Granule exocytosis
was analyzed as described in our previous paper.”
Briefly, OE4 cells were incubated in 96-well microtiter
plates coated with or without anti-mouse CD3 antibody
145-2C11. The granzyme A activity of the culture
supernatants was measured using N*-benzyloxycarbon-
yl-L-lysine thiobenzyl ester.

Analysis of FasL expression. Biotinylated anti-mouse
FasL antibody FLIM58'7 was kindly provided by Dr. T.
Suda (Cancer Research Institute, Kanazawa University,
Kanazawa, Japan). CTL clones (I x 10¢ cells) were
stained with biotinylated FLIM58 for 45 min and then
stained with dichlorotriazinylaminofluorescein (DTAF)-
streptavidin  (Jackson Immunoresearch Laboratories,
West Grove, PA) for 30min followed by FACS anal-
ysis. ,
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Results

RKTS-33 is a less toxic epoxycyclohexenone deriva-
tive than ECH

Murine B lymphoma A20 cells were incubated with
RKTS-33 or ECH for 3d, and cell viability was
measured by MTT assay (Fig. 1B). ECH decreased cell
viability in a dose-dependent manner, indicating that
ECH has cell toxicity in long-term culture. As a less
toxic epoxycylohexenone derivative, RKTS-33 exhibit-
ed 4-fold lower cell toxicity to A20 cells than did ECH.

RKTS-33 inhibits Fas-mediated apoptosis induced by
soluble FasL

A20 cells undergo DNA fragmentation upon stimu-
lation with cross-linked FasL, whereas Fas-negative
A20.FO cells are insensitive to cross-linked FasL.” In
FasL-treated A20 cells, RKTS-33 inhibited DNA frag-
mentation in a dose-dependent manner, almost com-
pletely at 100 um (Fig. 2A). Murine thymic lymphoma
L5178Y-Fas cells but not L5178Y cells are sensitive to
cross-linked FasL.” FasL-induced DNA fragmentation
in L5178Y-Fas cells was prevented by RKTS-33 in a
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Fig,2. RKTS-33 Inhibits DNA Fragmentation Induced by Soluble
FasL. »

A, [methyl-*H]TdR-labeled A20 cells were preincubated with
serial dilutions of RKTS-33 for 1h and then incubated in the
presence (@) or the absence (O) of cross-linked FasL for 4h. B,
[methyl-*H]TdR-labeled L5178Y-Fas cells were preincubated with
serial dilutions of RKTS-33 for 2h and then incubated in the
presence (@) or the absence (O) of cross-linked FasL for 4h. The
radioactivity of the fragmented DNA was measured. The data points
represent the mean == SD of triplicate cultures.
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Fig.3. RKTS-33 Inhibits the FasL-Dependent Killing Pathway
Mediated by CD4* CTLs.

[methyl-*H]TdR-labeled A20.HL cells were pulsed with or
without KLH (300 pug/ml) prior to assay. KLH-pulsed A20.HL cells
(@) and nonpulsed A20.HL cells (O) were preincubated with serial
dilutions of RKTS-33 for 1h and then cultured with BK-1 cells (E:T
cell ratio = 8) for 4 h. The radioactivity of the fragmented DNA was
measured. The data points represent the mean & SD of triplicate
cultures.

dose-dependent manner, almost completely at 100 pum
(Fig. 2B).

RKTS-33 inhibits the FasL-dependent killing pathway
mediated by CD4% CTLs

The KLH-specific CD4+ CTL clone BK-1 cells are
perforin-negative and kill target cells via the FasL-
dependent killing pathway.!®18 BK-1 cells are able to
induce DNA fragmentation only when A20.HL cells are
pulsed with KLH. Similarly to DNA fragmentation
induced by soluble Fasl, RKTS-33 inhibited FasL-
dependent DNA fragmentation mediated by BK-1 cells
(Fig. 3). :

RKTS-33 .does not inhibit the perforin-dependent
killing pathway mediated by CD8% CTLs

The H-2¢-specific CD8t CTL clone OE4 cells kill
Fas-negative A20.FO cells and L5178Y cells only via
the perforin-dependent killing pathway. RKTS-33 failed
to affect DNA fragmentation induced by OE4 cells even
when A20.FO cells and L5178Y cells were pretreated
with 100 uMm RKTS-33 (Fig. 4A, B).

RKTS-33 inhibits the FasL-dependent killing pathway
mediated by CD8* CTLs

A20 cells and L5178Y-Fas cells express cell-surface
Fas and are induced to undergo apoptosis by OE4 cells
via both the perforin-dependent and the FasL-dependent
killing pathways. Vacuolar type H*-ATPase inhibitor
CMA specifically blocks the perforin-dependent killing -
pathway.'” Although RKTS-33 did not affect DNA
fragmentation induced by OE4 cells without CMA
pretreatment, Fasl-dependent DNA fragmentation in-
duced by CMA-treated OE4 cells was inhibited by
RKTS-33 in a dose-dependent manner (Fig. 5A), as
observed with DNA fragmentation induced by soluble
FasL (Fig. 2A). In contrast to A20 cells, L5178Y-Fas
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Fig.4. RKTS-33 Does Not Affect the Perforin-Dependent Killing
Pathway by CD8% CTLs.

A, [methyl-*H]TdR-labeled A20.FO cells were preincubated with
serial dilutions of RKTS-33 for 1 h and then cultured with (@) or
without (O) OE4 cells (E:T cell ratio = 2) for 4h. B, [methyl-
YH]TdR-labeled L5178Y-Fas cells were preincubated with serial
dilutions of RKTS-33 for 2h and then cultured with (®) or without
(O) OEA4 cells (E:T cell ratio = 2) for 4 h. The radioactivity of the
fragmented DNA was measured. The data points represent the
mean = SD of triplicate cultures.

cells are killed dominantly via the FasL-dependent

pathway.” DNA fragmentation of L5178Y-Fas cells -

induced by nontreated and CMA-treated OEA4 cells was
dose-dependently inhibited by RKTS-33 (Fig. 5B).

RKTS-33 does not affect effector/target conjugate
formation

To exclude the possibility that RKTS-33 influences
CTL-target interaction, RKTS-33-pretreated A20 cells
were mixed with OE4 cells, and the resulting conjugate
formation was analyzed. RKTS-33 did not affect
conjugate formation between OE4 cells and A20 cells
even when A20 cells were pretreated with RKTS-33 at
100 um (data not shown).

RKTS-33 partially affects granule exocytosis in CD8"
CTLs

OE4 cells release lytic granules into the culture
medium when incubated with plate-bound anti-TCR or
anti-CD3 antibody. In contrast to coculture with target
cells, CD3 stimulation can induce abundant release of
granzyme A. In the present experimental system,
RKTS-33 partially reduced CD3-induced granule exo-
cytosis (Fig. 6), but RKTS-33 barely affected the
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Fig.5. RKTS-33 Inhibits the FasL-Dependent Killing Pathway
Mediated by CD8* CTLs.

A, OE4 cells were preincubated with (@) or without (O) CMA
(100nMm) for 2 h. [methyl-*H]TdR-labeled A20 cells were preincu-
bated with serial dilutions of RKTS-33 for 1 h and then cultured with
OE4 cells (E:T cell ratio = 2) for 4h. B, {methyl-*H]TdR-labeled
L.5178Y-Fas cells were preincubated with serial dilutions of RKTS-
33 for 2 h and then cultured with (@) or without (O) OE4 cells (E:T
cell ratio = 2) for 4 h. The radioactivity of the fragmented DNA was
measured. The data points represent the mean £ SD of triplicate
cultures. '

70
60}

€
50F
40+
30+ »
20}

10 | [-@—ant-CD3
—O—-Nong

P 10 50
RKTS-33 (uM)

Granule exocytosis (%)

Fig. 6. Effect of RKTS-33 on Granule Exocytosis.

OEA4 cells were incubated with (@) or without (O) immobilized
anti-CD?3 antibody in the presence of serial dilutions of RKTS-33 for
4h. Culture supematants were measwred for granzyme A activity.
The data points represent the mean = SD of triplicate cultures. .

perforin-dependent killing pathway mediated by OE4
cells (Fig. 4). These data suggest the possibility that
excess amounts of lytic granules are exocytosed from
CTLs to target cells and that a portion of the granular
components (perforin and granzymes) is sufficient to
induce target cell apoptosis.
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Fig.7. Effect of RKTS-33 on Cell-Surface FasL BExpression.

A and B, OE4 cells (A) and BK-1 cells (B) were incubated with (bold lines) or without (filled area) immobilized anti-CD3 antibody in the
presence of GM6001 (10 um) and the indicated concentrations of RKTS-33 for 4 h. The cells were stained with biotinylated anti-mouse FasL
antibody, and then stained with DTAF-streptavidin. Dotted lines indicate unstimulated cells stained with DTAF-streptavidin alone.

RKTS-33 does not affect cell-surface FasL expression
in CD4% and CD8" CTLs

TCR stimulation induces de novo synthesis and
subsequent cell-surface expression of membrane-bound
FasL. Membrane-bound FasL is converted to its soluble
form by the action of metalloproteinase.!® To inves-
tigate whether RKTS-33 inhibits cell-surface expression
of Fasl, OE4 cells and BK-1 cells were pretreated with
RKTS-33 and stimulated with immobilized anti-CD3
antibody in the presence of the metalloproteinase
inhibitor GM6001. CD3 stimulation led to strong
induction of cell-surface FasL in OE4 cells and BK-1
cells, but RKTS-33 did not influence cell-surface
FasL. expression in these CTL clones (Fig. 7A, B). By
contrast, a 30% reduction in cell-surface FasL expres-
sion was observed when OE4 cells and BK-1 cells were
treated with 50 um ECH (data not shown).

Discussion

In the present study, we found that RKTS-33 is a less
toxic epoxycyclohexenone derivative than ECH in long-
term culture, and further investigated the inhibitory
effect of RKTS-33 on two distinct CTL-mediated killing
pathways. RKTS-33 did not influence CD3-induced
expression of cell-surface FasL by CD4% and CD8*
CTLs, but prevented FasL-induced target cell apoptosis
mediated by soluble FasL as well as CD4"™ and CD8*
CTLs. In contrast, the perforin-dependent killing path-
way mediated by CD8% CTLs was insensitive to RKTS-

33. Thus our present results indicate that RKTS-33 is a
specific inhibitor of the FasL-dependent killing pathway
in CTL-mediated cytotoxicity.

Recently, we have shown that ECH inhibits self-
activation of procaspase-8 in the DISC and specifically
prevents death receptor-mediated apoptosis.®) Further-
more, ECH inhibits the FasL-dependent killing pathway
but not the perforin-dependent killing pathway in CTL-
mediated cytotoxicity.” RKTS-33 is an ECH derivative
devoid of a propenyl group at C-6.'® RKTS-33 has been
shown to inhibit FasL-dependent apoptosis but not
staurosporine-induced apoptosis in human leukemia cell
lines.!® Because of the structural similarity between
ECH and RKTS-33, it appears likely that RKTS-33
inhibits activation of procaspase-8 in the cell. Consistent
with this, we have observed that RKTS-33 specifically
inhibits the FasL-dependent killing pathway but not the
perforin-dependent killing pathway in CTL-mediated
cytotoxicity. Moreover, RKTS-33 did not affect expres-
sion of cell-surface FasL on CTLs, indicating that
RKTS-33 specifically blocks target cell apoptosis in the
CTL-mediated killing pathway.

Treatment of cultured cell lines with a general peptide-
based caspase inhibitor, ZVAD-fimk, efficiently blocks
activation of procaspase-8 upon Fas stimulation, but does
not affect their proliferative responses. The observation
that ECH and RKTS-33 reduce cell viability in long-term
culture suggests that these compounds have additional
target molecules essential for cell cycle progression. The
length of the side chain at C-6 might be important for
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Table 1. Effects of RKTS-33 and ECH on CTL-Mediated Cytotox-
icity

Killing pathway Effector Target ICsp (um)
RKTS-33 ECH
Perforin OE4 A20.FO >100 >100
OE4 L5178Y >100 >100
FasL Soluble FasL. A20 43 22
Soluble Fasl. L5178Y-Fas 49 34
BK-1 A20.HL 50 25
OE4 (CMA) A20 57 27
OE4 (CMA) L5178Y-Fas 71 62
Perforin + FasL OQE4 A20 >100 >100
OE4 1.5178Y-Fas 128 108

binding to target molecules, since RKTS-33 is less toxic
than ECH, and RKTS-35, which possesses a bulky
pheny! group at C-6, shows stronger toxicity than ECH
without any inhibition on Fas-dependent apoptosis.'?

The ICsp values of RKTS-33 in FasL-dependent
apoptosis mediated by soluble FasL and CTLs were 1.2-
to 2-fold higher than those of ECH (Table 1), whereas
the inhibitory concentration of RKTS-33 on the long-
term proliferation of A20 cells was 4-fold higher than
that of ECH. The molecular mechanism of the anti-
proliferative activity of RKTS-33 and ECH has yet to be
determined. RKTS-33 did not induce apoptosis in short-
term culture in various tumor cell lines and showed
weaker toxic activity than ECH in long-term culture.
Therefore RKTS-33 might be a useful bioprobe that
specifically blocks the FasL-dependent CTL-mediated
killing pathway.
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We isolated a novel unique pentaketide dimer designated as
epoxytwinol A from the fermentation broth of a fungus. The
structure of epoxytwinol A was determined to have a new
carbon skeleton with C, symmetry by elucidation of spectro-
scopic evidence. Epoxytwinol A inhibited endothelial cell
migration stimulated by vascular endothelial growth factor

(EDjg0 = 2.6 pM).

Vascular endothelial growth factor (VEGF) plays a central
regulatory role as one of the most potent pro-angiogenic factors.!
It regulates differentiation, migration, proliferation, capillary tube
formation, and survival of endothelial cells. Thus, novel small
molecules that control the VEGF-induced signal transduction
pathway in endothelial cells hold great promise both as bioprobes
(a biochemical tool) in the field of angiogenesis, and in drug
development related to antiangiogenic therapy.? In our attempts to
discover new inhibitors of angiogenesis from microbial metabo-
lites,> we have isolated and carried out structure determination of
epoxyquinols A (1) and B (2) (Fig. 1), novel unique pentaketide
dimers produced by an uncharacterized fungus isolated from a soil
sample.*> During our continuous search for the same fungal
metabolites, we have discovered a novel natural product

epoxyquinol A (1)

epoxyquinol B (2)

Fig. 1 Structures of epoxyquinols A (1) and B (2), and epoxytwinol A (3).

1 Abbreviations used: DEPT, distortionless enhancement by polarization

transfer; PFG, pulse field gradient; COSY, correlated spectroscopy; DQF, .

double quantum filtered; HMQC, heteromuclear multiple quantum
coherence; HMBC, heteronuclear multiple-bond correlation; NOE,
nuclear Overhauser effect.

*hkakeya@riken.jp (Hideaki Kakeya)

hisyo@riken.jp (Hiroyuki Osada)

designated as epoxytwinol A (3) that has a novel unique 17,19-
dioxapentacyclo[8.6.2.2%°,0>8.0'1” Slicosa-3(8),11(16)-diene  skele-
ton with C, symmetry.5 We describe herein the isolation,
spectroscopic structural elucidation, and biological properties of 3.

The producing fungal strain was cultivated in a 30-litre jar
fermenter containing 18 litres of fermentation medium for 4 days
at 28 °C. The broth filtrate, adjusted to pH 7.0, was extracted with
the same volume of ethyl acetate. The organic extract, concen-
trated in. vacuo, was applied to a silica gel column and
chromatographed using 0-50% methanol in chloroform in a
stepwise manner. Epoxytwinol A (3) was eluted with 2% methanol
in chloroform, and further separated by reversed-phase HPLC.
Finally, purification by thin layer chromatography, using CHCl3—
MeOH = 30:1 as a solvent, afforded 9 mg of 3 as colorless oil. The
molecular formula of 3 was established as CyyH00; on the basis of
high-resolution EI-MS (found: m/z 388.1173, caled: m/z 388.1158).
UV spectra showed absorption maxima (g) at 238 (7490) and 255
(sh, 6590) nm in methanol. The IR spectra showed characteristic
bands at 3450, 1670, 1620, and 1255 cm™!, indicating the presence
of hydroxyl and o,B-unsaturated ketone carbonyl groups.

The *C NMR spectrum of 3 in acetone-ds shows 10 signals,
indicating the presence of a proper axis of symmetry, not a
plane or point symmetry, since the compound is optically active,
[J# 4303.3 (c 0.184, in acetone). The.'*C NMR and DEPT
specira revealed the presence of oxygen-bearing sp® methine
carbons (6 5346, 5846, 6620, 72.83, and 81.57), an sp® methine
carbon (5 39.93), sp” quaternary carbons (5 132.69 and 155.59), a
carbonyl carbon (6 192.66), and a methyl carbon (6 23.01). In the
'H NMR spectrum measured in acetone-ds, eight signals were
observed. An exchangeable proton was observed in the downfield
region at 4.36 ppm due to the presence of hydroxyl groups
that were quenched by the addition of D,O. A methyl group at
0.76 ppm (d, 6.3) was observed together with oxygenated methine
protons at 3.52 (dd, 34, 1.0), 3.85 (dd, 3.4, 1.0), 4.19 (g, 6.3), 4.60
(br d, 9.1), and 4.79 (s) ppm as well as a methine proton at 3.21 (s)
ppm. The PFG-HMQC spectrum revealed all of the one-bond
"H-'3C connectivities (Table 1). The PFG-DQF-COSY spectrum
confirmed the presence of two partial structures (Fig. 2-a): (i) two
epoxy methine and adjacent hydroxyl methine carbons and (ii) two
sequential methine protons with a terminal methyl group. The
connectivities of those partial structures and the remaining sp’
methine carbon (6 81.57) and quaternary carbons were determined
by analysis of "H~'*C long-range correlations of the PFG-HMBC
spectrum (Fig, 2-b). The important long-range correlations are as
follows. From the epoxy methine H-5 at 3.52 ppm and a methine
proton H-8 at 3.21 ppm (B to the C-10 methyl group) to
o,B-unsaturated carbonyl carbon C-6 (5 192.66) and sp’
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Table1 '*C (150 MHz) and 'H (600 MHz) NMR data for
epoxytwinol A (3) in acetone-dg

Number  *C (multiplicity) Jen (Hz)" 'H (multiplicity) J (Hz)
L1 81.57 (d) 152.9 4.79 (s)
2,2 155.59 (s)
3,3 66.20 (d) 145.0 4.60 (br d) 9.1
4,4 58.46 (d) 181.5 3.85 (dd) 3.4, 1.0
5,5 53.46 (d) 187.5 3.52 (dd) 3.4, 1.0
6, 6' 192.66 (s)
7.7 132.69 (s)
8, 8’ 39.93 (d). 136.3 3.21 (s) K
9,9 72.83 (d) 148.8 4.19 (q) 6.3
10, 10/ 23.01 (q) 129.0 0.76 (d) 6.3
3-OH, 3'-OH 4.36 (br d) 9.1

*1Jcn values were determined by the PFG-HMQC non-decoupling
method.

Fig. 2 (a) Partial structure [A] of epoxytwinol A (3). (Bold lines show
significant proton spin networks in the PFG-DQF-COSY spectrum.) (b)
PFG-HMBC and NOE data summary for epoxytwinol A (3). Data show
half of the whole parts. (Arrows show 'H-"*C long-range correlations in
the PFG-HMBC spectrum, and dotted lines indicate significant NOEs.)

quaternary carbon C-7 (8 132.69). The sp?® carbon C-2 (5 155.59)
(B to the C-6 ketone group) has long-range correlations from H-1,
H-3, H-4, and H-8 methine protons. Long-range correlations are
also observed from an oxygenated methine H-9 at4.19 ppm to C-7
and two methine carbons C-1 (6 81.57) and C-8 (5 39.93).

Thus, the corresponding monomer structure [A] was established
as shown in Fig. 2-a. The molecular formula of 3 indicates that the
index of hydrogen deficiency is 11, 5 of which account for the
monomer structure [A]. Because the structure of 3 is dimeric, 10
unsaturations can be attributed to 2 units of the structure [A],

OH

leaving 1 unassigned unsaturation and indicating that epoxytwinol
A (3) is pentacyclic. Of a few “dimeric” structures that can account
for the structural features outlined above, only one, the structure
of 3, exhibits optical activity. The connectivities of C-1 and C-1'
and of C-8 and C-8' are confirmed by the 2D non-decoupling
PFG-HMQC spectrum. In this spectrum, COSY cross-peaks
between H-1 and H-1', and between H-8 and H-8' are observed
with ¢is large vicinal coupling constant values of 8.8 and 12.2 Hz,
respectively. ZJH,C values between H-8 and C-8' of 54 Hz are
obtainied from the spectrum. In the HMBC spectrum, the lack of
correlation between H-1 and C-1' is caused by the 2JH,C value of
almost 0 Hz, which is confirmed by the 2D non-decoupling PFG-
HMQC spectrum. The small coupling constant values of a3 H4
(3JH_3',H4) confirm that the relative stereochemistry between
hydroxyl and epoxy groups has a frans configuration’
Significant coupling between H-8 and H-9 in the 'H NMR
spectrum was not observed, indicating that the dihedral angle
between H-8 and H-9 would be ca. 90°. Furthermore, NOE
differential spectra of 3 established the relative stereochemistry
(Fig. 2-b). In particular, a large NOE enhancement between H-8
and H-10, as well as between H-1 and H-3, confirmed the
stereochemistry. Thus, based on these NMR data and the physico-
chemical properties, the relative stereochemistry of 3 was
unambiguously determined to be as shown in Fig. 1.

Epoxytwinol A (3) is composed of the same part that has been
fused together viz intermolecular [4+4] cycloaddition of the
predicted 2H-pyran monomer compound 5 (Scheme 1). The
precursor 5 would be generated from compound 4, which was also
isolated from the same fungal metabolites. Epoxyquinols A (1) and
B (2) could be formed via an endo/exo Diels-Alder reaction of 5
and/or its diastereomer at the C-9 methyl group,*® which is
supported by the biomimetic asymmetric total synthesis of 1 and 2
via the oxidative dimerization of 4. There have been several
reports of the intermolecular/intramolecular photo-[4+4] cycload-
dition of 2-pyridone mixtures® or 2-pyridones with 1,3-dienes.!°
However, the. reports of natural products similar to 3 with G
symmetry in microbial metabolites is rare. Furthermore, the
synthetic methodology for [4+4] cycloaddition of polyketide
compounds with 1,3-dienes has not been studied in detail. Very
recently, asymmetric total synthesis of 3 has been completed, with
the absolute configuration of 3 having been determined as shown
in Fig. 1."! The mechanisms of intermolecular [4+4] cycloaddition
of 2H-pyran monomer 5 and their derivatives are now being
experimentally and theoretically investigated,

Epoxytwinol A (3) ihibits the human endothelial cell
(HUVEC) migration induced by VEGF in a dose-dependent

epoxytwinol A (3)

) oxidative Bz-electrocyclization; ii) [4+4] cycloaddition

Scheme 1 Possible biosynthetic pathway of epoxytwinol A (3).
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Fig. 3 Inhibitory activity by epoxytwinol A (3) on VEGF-induced cell
migration in HUVECs.

manner, as shown in Fig. 3.2 The EDygp value of 3 at 2.6 uM is
more potent than that of 1 and the same as that of 2 (EDyqq of
1 = 7.7 pM).** These results suggest that both the monomer core
[A] and its bridge frame would be useful for the drug design of this
series of novel angiogenesis inhibitors.

Further chemical and biological studies as well as studies of the
biosynthetic pathways of 3 are now underway.
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The first asymmetric total synthesis of EI-1941—-1, —2, and —3, inhibitors of the interleukin-13
converting enzyme (ICE), has been accomplished, starting from a chiral epoxy iodoquinone 11, a
key intermediate in our total synthesis of epoxyquinols A and B. Despite a failure to synthesize
the inhibitors by our postulated biosynthetic route, we were able to diastereoselectively synthesize
them via an intramolecular carboxypalladation with the key steps being a 6-endo cyclization mode
followed by f-hydride elimination. The investigation of the biological properties of EI-1941-1, —2,
and —3 and their derivatives disclosed them to be potent and effective ICE inhibitors with less
cytotoxicity than EI-1941—1 and —2 in a cultured cell system.

Introduction

Interleukin-13 (IL-183) is an important mediator of
pathogenesis of rheumatoid arthritis, septic shock, in-
flammation, and other physiological conditions.! IL-13
converting enzyme (ICE) is a cysteine protease, which
cleaves a biologically inactive 31 kDa precursor to
biologically active 11-13.2 IL-13 is released from mac-
rophage-like cells in an inflammatory situation, and is
the major form of IL-1 in diseases. ICE inhibitors have
been shown to prevent inflammation in several acute
models,? suggesting that ICE inhibitors would be useful
as antiinflammatory drugs. Recently, Koizumi and co-
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