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Ficure 5—The effect of CPT-11 on EGFR Gphosphorylation in
WiDR cells. Lovo (a) and WiDR (b) cells (5X10°% were treated with
5 or 50 pM CPT-11 for 6 hr. Additionally Lovo cells were treated with
5 pM CPT-11 for 24 hr. The 1,500 pg of total cell lysate was
immunoprecipitated with an anti-EGFR antibody. Tyrosine-phospho-
rylated EGFR was determined with an anti-phosphetyrosine antibody
and the membranes were reblotted by anti-EGFR antibody. {¢) Love
cells were treated with gefitinib or CPT-11 alone {lane 2 and 3} and in
combination (lane 4) for 24 hr. A 20 g of protein of each sample was
analyzed by Westemn blotting using antiphospo-EGFR (Tyr 1068) and
cleaved PARP antibody.

drugs. These results suggest that this regimen is intensive but can
be tolerated, at least in mice.
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The in vitre and in vive experiments in our study demon-
strated the synergistic potential of gefitinib — CPT-11 combi-
nation. We previously reported that topoisomerase 1 up-regula-
tion by counter-part drugs was a possible mechanism for the
synergy in an CPT-11 containing regimen.?* On the other hand,
the synergistic potential of gefitinib with topotecan, cisplatin,
paclitaxel or radiation has been reporied.!8.24-28 To elucidate
the biochemical mechanism underlying the synergistic interac-
tion between the gefitinib and CPT-11, the effect of CPT-11 on
EGFR-phosphorylation was examined (Fig. 5). Increased phos-
phorylation of EGFR was observed afier exposure to CPT-11 in
dose and time-dependent manner in WiDbR and Lovo cells.
Since EGFR expression and phosphorylation were the major
determining factors for sensitivity of the cells to gefitinib-
induced growth-inhibition,’ biochemical modulation of EGFR
by CPT-11 might be responsible for the synergistic interaction
between gefitinib and CPT-11. EGFR is induced and activated
by cellular stress, such as oxidative stress and UV irradia-
tion.22-34 Qhmori f al.?? demonstrated that increased autophos-
phorylation of EGFR was obtained in cisplatin-exposure in
human lung cancer cells. A number of reports suggest that
EGFR promotes cell survival through the activation of the ERK
or the AKT pathway.?1.32 EGFR activation induced by these
cellular stress may play a survival response against apoplo-
5is.3132 [n the present study, PARP activation by gefitinib was
markedly enhanced by combination with CPT-11 at 5 pM
exposure, which is comparable with IC,, value of CPT-11 in
Lovo cells, although no PARP activation was observed by
monotherapy of CPT-11, On the other hand, gefitinib does not
modify the expression and the activation of topoisoerase I (data
not shown). These result suggest that the inhibitory effect of
gefitinib on the activated survival signal transduction induced
by CPT-11 lead to synergistic effect. The findings of the present
study suggest that biological modulation by various anticancer
agents including DNA damaging agents will contribute to the
synergistic effects of these anticancer agents and gefitinib in
EGFR expressing tumor and support clinical evaluation of
gefitinib in combination with DNA-targeting agents, especially
CPT-11, in the trcatment of colorectal cancers.
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INTRODUCTION

A number of artificial aminoacyl adenylate derivatives having an
N-acylsulfamate linkage have been synthesized and their biological proper-
ties have been studied.!'~*! Alanyl, arginyl, prolyl, and asparaginyl adeny-
late analogs were synthesized. The chemical stability of the N-acylsulfamate
linkage of aminoacyl adenylate derivatives is higher than that of the
corresponding N-acylphosphoramidate linkage under physiological con-
ditions. Therefore, a series of aminoacyl adenylate analogs containing
N-acylsulfamate linkages have been used as aminoacyl-tRNA synthetase
inhibitors.1=% Nucleocidin, which has an N-acylsulfamate linkage lacking
the aminoacyl residue, is known to be highly toxic and to act as a highly
potent inhibitor of protein synthesis.[4:5] Ascamycin, which was isolated
from Xanthomonas spp. in 1984,16) is a nucleoside derivative possessing an N-
acylsulfamate linkage and a 2-chloroadenine residue as the nucleobase. Isono
et al. reported the biological properties of ascamycin and its analogs sub-
stituted with other amino acids, showing that these compounds have highly
potentantibacterial activities. ("] They also reported thata dealanylascamycin
called AT-256, which was produced by X c-aminopeptidase-promoted hydrol-
ysis of ascamycin, ® inhibited protein synthesis. Aminoacyl adenylate deriva-
tives having an N-acylphosphoramide linkage have also been studied and
their chemical and biological properties have been clarified. The P—N bond
of the N-acylphosphoramide linkage is more stable than the corresponding
P—-O bond of an O-acylphosphoramide linkage and these modified nucle-
osides showed antitumor activities. A naturally occurring antibiotic, phos-
midosine, has proved to POSSess potent antitumor activities against various
human cancer cells.[*-1") McCloskey reported that phosmidosine was decom-
posed by treatment with 0.2 M NaOH to produce a proline moiety-lacking
compound and rearranged compounds.!'? Recently, we have studied the
synthesis of phosmidosine and its analogs."3~17) In our continuous studies
of the structure-activity relationship of a series of phosmidosine derivatives,
we found that the 8-oxoadenine base and the proline moiety were essential
for inhibition of the cancer cell growth.!8] These results prompted us to
synthesize new phosmidosine analogs having an N-acylsulfamate linkage.

RESULTS AND DISCUSSION

A general procedure for construction of N-acylsulfamoyl linkage has
been developed to obtain a series of aminoacyl adenylate derivatives con-
taining an N-acylsulfamoyl linkage.['=4 Therefore, we applied this method
to the synthesis of our new phosmidosine analogs.

Thus, the O-selective reaction of an appropriately protected 8-
oxoadenosine derivative 5 with sulfamoyl chloride, 218 which was prepared
from chlorosulfonyl isocyanate and formic acid, was studied. As the result,
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the desired sulfamoylation proceeded to afford the 5'- Osulfamoyl-8-oxo-
adenosine derivative 6. In this reaction, no reactions occurred on the 7-
position or the 6-amino group of the 8-oxoadenine moiety. In an attempt to
obtain an N-acyl sufamate derivative 9, an 1-proline derivative was activated
by treatment with N, N'-carbonyldiimidazole and the resulting acylimida-
zole derivative 7 was allowed to react with 6. However, no prolylated com-
pounds were obtained. In contrast to this result, when the Osuccsinyl-i-

proline derivative 812! was used, the reaction gave

the desired product 9

in a moderate yield. The yield of 9 was increased to 80% by the choice of
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FIGURE 3 Synthesis of ascamycin mimics.

acetonitrile as the solvent. The product was treated with 80% formic acid for

12 h to give the product 10 as an amorphous white solid in 59% yield.

In a similar manner, we also synthesized an ascamycin mimic 13, which
was obtained by the reaction of 6 with the ester 11 followed by acidic treat-
ment of the product 12. The compound 14, which does not have the alany}

residue, was synthesized by treatment of 6 with 80% HCOOH.

The morphological reversion activity of these synthetic compounds in
v-src®NRK cells and their antitumor acttivity in L1210 and KB cells were

studied. These results are shown in Table 1.

TABLE 1 The Biological Properties of Compounds 1, 10, 13, and 14

Morphological reversion activity (1eg/ml)

Aminoacyl nuclesides 100 30 10 3 1 0.3 0.1

Morphological reversion activity of phosmidosine analogs in v-sre®™ NRK cells

L-Pro-Sulfamoyl-8-oxoA : 10 — - - - — - -

H-Sulfanroyl-8-ox04. : 14 +++ +++ +++ +++ + - -
Phosmidosine-Et : 1C nt nt +++ +++ + n nt
L1210 KB
uM M
[Cso Values of phosmidosine analogs in L1210 and KB cells
L-Pro-Sulfamoyl-8-ox04 ; 10 218< 218«
L-Ala-Sulfamoyl-8-oxoA : 13 281« 231<
H-Sulfamoyl-8-ox0A : 14 0.9 4.86
Phosmidosine-it : 18 3.62 3.44

**++:More than 75% of cancer cells were morphologically reversed.
T+:26-75% of cancer cells were marphologically reversed.

*:ca. 25% oc cancer cells were morphologieally reversed.

Tino activity; nt not tested,
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As shown in ‘Table 1, the phosmidosine ethyl ester 1c was used as a
control sample. In the morphological reversion activity assay, the L-proline-
substituted phosmidosine analog 10 did not show any morphological re-
version activities. However, compound 14 showed morphological reversion
activity at a low concentration. Even when the concentration was $ g/ml,
morphological reversion activity was significantly observed. Next, we studied
the antitumor activity of these compounds against L1210 and KB cells. The
results were similar to those obtained in the case of the morphological re-
version activity assay. Only compound 14 inhibited the growth of L1210 and
KB cells. The structure of compound 14 is similar to those of nucleocidin 2
and AT-265 4.

In conclusion, we have successfully synthesized a new phosmidosine ana-
log having an N-acylsulfamoyl linkage. An r-alanine-substituted derivative
10 and its derivative 14 were also synthesized in a similar manner. The bio-
logical properties of these new compounds were studied and it was found
that 5- Osulfamoyl-8-oxo-adenosine 14 showed potent activity against human
cancer cells. Further studies on the mode of action of these compounds are
in progress.

EXPERIMENTAL

'H and '*C NMR spectra were obtained at 270 and 68 MHz, respec-
tively. The chemical shifts were measured from DMSO-ds (2.49 ppm) and
3-(trimethylsilyl) propionic-2,2,3,3-dy acid sodium salt (TSP-dy) (0 ppm) for
"H NMR and from DMSO-ds (39.7 ppm) for 3G NMR. Column chromatogra-
phy was performed with silica gel C-200. Reverse-phase column chromatog-
raphy was performed by use of 37-55 um Cig particle. Mass spectra were
measured by use of an ESI-mass spectrophotometer. In vitro analysis of the
antitumor activity in cancer cell lines was carried out by the literature method
reported by Carmichael!**) and us.!8! The morphological reversion activity
test was conducted according to the literature method.l!” Gompound 5 was
synthesized according to our previous paper.!5]

2',3'-O-dsopropylidene-5'-O-sulfamoyl-8-oxoadenosine (6). Under argon at-
mosphere, compound 5 (1.51 g, 5 mmol) was coevaporated three times with
dry pyridine and dissolved in dry DME (25 ml). To this DME solution was
added sodium hydrate (60%, 480 mg, 12 mmol), and the mixture was stirred
at 0°C for 30 min. A DME (25 ml) solution of sulfamoyl chloride (1.16 g,
10 mmol) was added to the mixture. After being stirred at room temperature
for 10 h, the mixture was quenched by addition of 20 m! of methanol and
evaporated under reduced pressure. The residue was purified by silica gel
column chromatography (CHCly:methanol = 95:5, v/v) to give compound
6 (1.79 g, 89%): '"H NMR (DMSO-d5) 8§ 1.81 (8H, s), 1.51 (3H, s), 4.05-
4.32 (3H, m), 498 (1H, d, Jo 3 =6.3 Hz), 5.39 (1H, d, > 3 = 6.3 Hz), 5.93
(1H, s), 7.15 (2H, bs), 7.54 (2H, bs), 8.17 (1H, s), 10.94 (1H, bs); !*C NMR



Y T e A~ R R L Tt H e b .(
YT ARSI EEFRI i e,
N SRt s v it O R S

O T

:
i
i
I
l:’

652 H. Taguchi et al. p

(DMSO-ds)é 25.1, 26.9, 68.3, 79.2, 81.6, 82.4, 84.3, 86.2, 108.5, 118.1, 146.0,
147.2, 151.0, 151.1. ESI-mass m/z cald for C1sH19NgO7S 408.10386; observed
[M + H] 403.1042.

2',3'-O-Isopropylidene-5' - O- [N-(boc-L -prolyDsulfamoyl]-8-oxoadenosine (9).

Underargon atmosphere, compound 6 (805 mg, 2 mmol) was coevaporated

three times with dry pyridine, and N-Boci-proline N-hydroxysuccinimide
ester (750 mg, 2.4 mmol) was added. The mixture was dissolved
in dry acetonmitrile (20 ml). To this solution, DBU (0.72 ml, 4.8
mmol) was slowly added. After being stirred at room tempera-
ture for 4 h, the mixture was diluted by addition of methanol
(10 mil) and evaporated under reduced pressure. The residue was
purified by silica gel column chromatography (CHCls:methanol =
95:5, v/v) to give compound 9 (983 mg, 82%): !H NMR (DMSO-ds) ¢
1.25 (9H, s), 1.29 (3H, 5), 1.84 (3H, 5), 1.60-2.05 (3H, m), 3.07-3.52 (4H,
m), 3.79-8.90 (2H, m), 4.00-4.10 (3H, m), 4.14-4.93 (2H, m), 4.87-4.93
(IH, m), 541 (1H, m), 5.86 (1H, sjf.o = 5.6 Hz), 6.95 (2H, bs), 7.99 (1H,
s),11.26 (1H, bs). ESI-mass m/z caled for CosHz4N7014S 600.2088; observed
[M - H] 600.2080.

5'-O-[N-(t-probyl)sulfamoyl]-8-oxoadenosine (10 ). Compound 9 (599 mg,
1 mmol) was dissolved in 80% formic acid (10 ml). After being stirred at
room temperature for 12 h, the mixture was diluted by addition of water and
extracted with ethyl acetate. The aqueous layer was collected in a flask and
evaporated under reduced pressure. The residue was purified by reverse-
phase column chromatography (HyO:methanol = 100:0-97:3, v/v) to give
compound 10 as an amorphous white solid (271 mg, 59%): !H NMR (D20)
8 1.98-2.15 (4H, m), 2.40-2.55 (1H, m), 3.34-8.53 (2H, m), 4.31 (1H, m),
4.37-4.52 (2H, m), 4.83-4.90 (1H, m), 5.01-5.06 (1H, m), 6.09 (1H,s), 8.45
(1H, s). ESFmass m/z caled for CisHgeN7OgS 460.1251; observed [M -+ H]
460.1245.

2,3’ -O-Isopropylidene-5' -O-[N-( boc-L-alanyl)sulfamoyl]-8-oxoadenosine (12).

A reaction similar to that described for the synthesis of 9 by use of 6 (805

mg, 2 mmol) and N-Boc-L-alanine N-hydroxysuccinimide ester 11 (687 mg,
2.4 mmol) gave compound 12 (1.02 g, 89%): 'H NMR (DMSO-ds) & 1.10
(9H,s),1.16 (3H, d, ] = 5.9 Hz), 1.28 (3H,s), 1.38 (3H, 5), 3.81-8.89 (2H, m),
4.00-4.11 (3H, m), 4.16-4.21 (1H, m), 4.85-5.01 (2H, m), 5.90 (1H, s), 7.00
(2H, bs), 7.86 (1H, s), 11.23 (1H, bs). ESI-mass m/z caled for Co1H39N7 0198
574.1931; observed [M + H] 574.1944.

5'-O-[N-(1-alanyl)sulfamoyl]-8-oxoadenosine (13 ). Areaction similar to that
described for the synthesis of 10 by use of 12 (217 mg, 0.5 mmol) gave
compound 13 (134 mg, 62%): 'H NMR (D50) 5 1.02 (3H, d, J=5.9 Hz),
3.79-3.86 (1H, mi), 4.17-4.22 (1H, m), 4.87-4.43 (1H, m), 4.50-4.60 (1H,
m), 4.75-4.90 (2H, m), 5.98 (1H, s), 8.33 (1H, s); ESI-mass m/z calcd for
Ci13HgoN7OgS 434.1094; observed [M + H] 434.1082.
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5'-0 -Sulfamoyl~8—oxoddenosz‘ne (14). Compound 6 (599 mg, 1 mmol) was

dissolved in 80% formicacid (10 ml). After being stirred atroom temperature
for 12 h, the mixture was diluted by addition of water and extracted with
ethyl acetate. The aqueous layer was collected in a flask and evaporated
under reduced pressure. The residue was purified by reverse-phase column
chromatography (HeO:methanol = 100: 0-97:3,v/v) to give compound 14 as
an amorphous white solid (271 mg, 62%): 1H NMR (DMSO-ds)é 3.98-4.11
(2H, m),4.22-4.37 (2H, m), 4.80-4.89 (1H, m), 5.28 (1H, d, J» 3 = 5.1 Hz),
5.40 (1H, d, Jo 3 = 5.1 Hz), 5.69 (1H, d, Ji» = 4.6 Hz), 6.59 (2H, bs), 7.50
(2H, bs), 8.02 (1H, s), 10.50 (1H, bs). ESI-mass m/z calcd for CloH15N507S
363.0723; observed [M + H] 363.0715.

6.

10,

11.
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14.

15,
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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 Penicillivm
sp., from which we synthesized its derivative ETB (epolactaene
tertiary butyl ester). In the present paper, we report on the identi-
fication of the binding proteins of epolactaene/ETE, 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-
taene/ETB in vitro as wel as in site. In addition, we found that
Hsp6Q 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-SYS5Y {[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 [3); 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 Hsp6( 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 Hspl0O, whereas
GroEL can assist protein folding with either GroES or Hspl0
[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 cur synthetic study of epolactacne {18]. Biotin-conjugated
ETRB (bic—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-SYS5Y cells and human cervix carci-
noma HeLa 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.8.A.), 50 units/ml penicillin, 50 ug/fml 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 pg/ml streptomycin.

Detection of epotactaene/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 bulyl ester; bic-ETB, biotin-conjugated ETB; i-ETB, inactive ETB analogue; bio—i-
ETB, bictin-conjugated i-ET8; HBP, horseradish peroxidase; Hsp, heat-shock pretein; LG, liquid chromatography; MDH, malale dehydrogenase; NEM,

N-ethylmaleimide; SAR, structure-activily retationship.

! To whom correspondence should be addressed (email hisyo@riken.jp).
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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
0.15M 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, W1, U.5.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-Hisg
expression vector

A full-length cDNA encoding the precursor form of human mito-
chondrial Hsp60 [22] obtained from a Jurkat ¢cIINA Fbrary (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-
HHHHHH), 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(-t-) (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-—His,.

Putification of recomhinant mitockondrial HspG0-His;

Escherichia coli BL21(DE3) pLysS, transformed with the vector,
was grown in LB (Luria—Bertani) medium with 100 zg/ml ampi-
cillin at 28°C. At a Dgp 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-His, 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 HspG0-1), Cys™? 10 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-His, proteins were prepared as des-
cribed above.

Chaperone aetivity of Hsp60

The chaperone activity of human Hsp60 (Stressgen Biotechno-
legies Corp., Victoria, BC, Canada) was measured using porcine

© 2005 Bicchemical Sociely

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 KCI 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 Hsp1Q were mixed and incubated
in reconstitution buffer (50 mM Tris/HCl, pH 7.6, 300 mM NaCl,
20mM KCI, 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/HCI, pH 7.6, 7mM KCI, 7mM MgCl, and
10 mM dithiothreito] {(buffer A). Porcine MDH (1 ;M) 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 Hsp6(} 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 pM 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 M Hsp60, Hsp70 and Hsp90 was incubated with
0.35 uM bio—ETB for I h at 4°C, and subjected to SDS/PAGE
and Western blotting analysis.

RESULTS

Epalactaene 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 epolactacne in inhibiting the growth of several human
cancer cell lines. Because of the ease of synthetic preparation, we
used ETB instead of epolactaens 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 i-ETB are conjugated with a biotin mojety 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 situ

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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A SH-SYSY cell iysale was pre-incubated with 70 1M ETB as a competilos, lollowed by freatment
with 4 2M biotinylated EZB. The bound preteins were precipitated with streplavidin beads. The
proteins eluted were analysed by S0S/7.5% PAGE, fellowed by silver slaining. Moleculsr
masses are indicated in kDa to ihe lef; 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)-M3S
analysis. The 60 kDa regions were excised and digested with
lysyl endopeptidase, and then the resulting peptide mixture was

A competitor - - ETB I-ETB Epo - - ETB
bjo-£ETB - + + + + - + +

Jurkat cell tysate

SH-SY3Y cell lysaie

B HRP-avidin CBB
staining
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Pull down by
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Figure 3  |dentificatien of HspGO as the epelactaene/ETB-hinding proteln

{A) Immunckiot analysis of the 50 kBa protein bound o epolactaens/ETB. SH-SY5Y cell lysates
were pre-incubated with 130 .M of sach compstilor, and the Jurkat cell lysalas were pre-trealed
with o7 withoul 70 M ETB, followed by 13 ;24 bio-ETB. The bound proteins were precipit-
aled with streptavidin beads, These protains were analysed by immunobiotting with the anti-
Hsp60 aniitody. (B) Binding experiment of bio—~ETB with HspéG, Hsp?0and Hsp80 in vitro. An
equirolar mixture of hurman HspB0, Hsp?0 and Hsp80 was incubated with bio—ETB for th at
4°C. The proteins were separated by SDS/PAGE and analysed by HRP-conjugated avidin blotting
and Coomassie Brilliant Blue (CBB) staining. (€} Binding of bic—ETB to Hsp60 i sify. Jurkat
cells in cutiure were treated with biotin-conjugated derivalives for 2 h, The cells were collecled
in a lysis buffer. Immobilized streptavidin was added lo the tysales, and the mixtures wese incub-
aled for 3h at 4°C. The bound pioteins (upper panel) and whole fysates (lower panel) were
analysed by immunobiolting wilh tha anti-Hsp60 antibady.

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 4+ 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 vitre, Hsp60 was mainly labelled by
bio—ETB (Figure 3B).

To examine whether the binding between epolactaene/ETB and
Hsp60 can occur in the cells, we analysed this association in sir
using bio—ETB derivatives. Jurkat cells were cultured with bio-
ETB or bic—i-ETB for 2 h. The biotin-containing complexes were
then isolated by streptavidin-immobilized beads, and the bound
proteins 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
epolactacne/ETB can bind to Hsp60 in living cells.

& 2005 Biochemics! Sociely
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Inhibition by epolactaene/ETB of the chaperone activity of Hsp60

Hsp60 is a molecular chaperenc 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 fermer has a signal sequence in the N-ter-
minus of the protein (1-26 amino acid residues), while the latter
does not, 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 epolactacne/ETB affects the chaperone
activity of Hsp60, we assessed the effect of epolactacne/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 spontanecous reactivation could not
occur. As shown in Figure 4(A), CS refolded to its native state in
a chaperenin-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 HsplO, a remarkable recovery of active CS was observed.
When we pre-treated Hsp60 with ETB (a final concentration of
2 1M at the refolding step), the reactivation was almost com-
pletely blocked. Tn 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 Hspl0
(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
of extra 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 epolactacne/ETB is sufficient to affect
Hsp60 chaperone activity.

Cys** of HspB0 is responsible for binding 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 vitre 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 «,f-unsaturated
ketone, cpoxide and hemi-aminal carbon of epolactaene/ETB
have an electrophilic character that is potentially reactive with bio-
logical nucleophiles, such as the thiols of cysieine residues.
Human Hsp60 has three cysteine residues in the molecule. To
confirm that the medification of Hsp60 function occurs as des-
cribed above, the alanine mutant proteins of each of three cysteine
residues (C237A, C442A and C447A) in Hsp6Q were prepared
in E. coli with a C-terminal Hise-tag. They were then tested for
the ability to bind with bio-ETB. As shown in Figure 5(B), the
wild-type HspoO-His,, C237A and C447A mutants bound with
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Tha chaperone activity of Hsp60 was analysed under the foflowing conditions. {A) Effects of ETB
on CS reactivation al permissive condilions, Denalured GS was rapidly diluted to a concentralion
61015 z2Minio 2 butfer (50 mM TrisfHCI, pH 7.5, 10 mM MgClz, 10 mM KCi and 15 % glyceral)
with varicus concentrations of ETB at 20°C. (B} Under non-permissive £enditions, denatured
CS was rapidly difuted 1o & concentration of 0.15 .M irdo a bufter (50 mM Tris/HC!, pH 7.5,
10mM MgCl; and 10 mM KCI) containing additives (1.1 .M Hsp60 or 3.2 M Hsp10, or
both) at 35 °C. Hsp60 ai 14 ..M was pre-incubated with or without 2 molar equivalents of ETB
in PBS al 4°C overnight, AT? (2 mM) was added to lhe mixture, and after 2 h of incubation, the
teaclivalion of C3 was measured. Bar 1, no addilives; har 2, Hsp10alone; bar 3, Hsp60 alone; har
4, Hsp60 and Hsp1Q; bar 5, ETE-pre-treated Hspf and Hsp10, {C) Effects of ETB using MDH
2s a subsleate. Deratured MOH was rapidiy diluled lo a concentration of 0.5 M into a bufter
(0.1 MTris/HCI, pH 7.6, 7 mMKCI, 7 mM MgCl, and 10 mM dithiothreitei) conlaining additives
(2.1 72M HapB0 or 4.2 ;M Hsp10, or both} at room temperalure. HspBO was pee-treated with or
without ETB, as desctibed in (B). ATP {2 mM) was added to the mixlure, and, atter 30 min, the
reactivation of MDH was measured. Bar 1, no additive; bar 2, Hsp30 alone: bar 3, Hsp6? alone:
bar 4, Hspal and Hsp10; bar 5, ETB-pre-treated 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 Hsp6&0 are not
known, we first examined the ability of each mutant to facilitate
produciive 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-His, proteins. When each protein
was pre-treated with ETB, the chaperone activities of the C237A
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A NEM - - +
bio-ETB - + +

Figure 8 Cys** of Hspb0 Is responsible for binding to epolactaene/ETB

(A) Competitive effect of NEM on the binding of HspBO-Hisg to bio~ET8B. Wild-type Hspa0-Hiss
(1 12M) was pre-incubated with oe without 10 ..M NEM at 4°C. Alter 4 h, 14 .M bio-ETB was
added {0 Ihe mixture, which vwas then incubated for an additianal 1 5. The proteins were resolved
hy SDS/7.5% PAGE and analysed by blotting with HRP-conjugated avidin (uppes pane!) and
CBB slaining {lower panef). (B) Binding experiments of the HspB0 mutanls with bio~ETB.
The wild-type (wiid) and the Hsp60-Hiss mutants (14 M) wers each incubaled with 2 mofar
equivalents of bio~ETB at 4 °C for 12 h. Blelting with HRP-conjugated avidia (upper parel) and
Coomassie Brilliant Blue staining (lower panel) wese performed as descrived in (A).
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Figure 6 Inhibition by ETB of HspS0 mmutant chaperone aclivity on the
chaperone-dependent MDH refolding

Denatured MDH was diluted 10-foid t6 0.1 .M at room temperalure by suspending in the bulfer
containing 2.1 ;2M each of Hsp§0-Hiss mulanis and 4.2 1M Hsp10-His; or BSA at the same
orotein soncentration. After incubation for 5 min, ATP (2 mM, final concentralion) was added to
the mixture. At 30 min atter the addition of ATP, an aliquot of the mixture was withdiawn, and the
1ecovered MOH activity was measured. The reactivation by each HspB0-Hiss mutant pre-treated
with £TB (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 shcwn, The reactivation oy
ihe wild-type (wild) Hsp63-Hisg pre-treated with 1.8 moiar equivalents of NEM and 1.8 molar
equivalenls of mizoribing under the same conditions as ETB are shown by a halched and a dotted
bar respeclively, The aclivity of the same amount of native MDH was taken as 100%, and then
Ihe reactivation (%) by BSA was subiracted as the baseline. The resulls are the means + S.0.
for three independent experiments.

and C447A mutants, and of the wild-type Hsp60-His,, were
considerably inhibited (Figure 6, grey bars). In contrust, 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 [281
Under our experimental conditions, epolactaene/ETB inhibited
Hsp60 chaperone activity at a concentration of 2—4 M in the
refolding reaction mixture. Under the same conditions as epo-
lactaene/ETB (3.8 uM in the refoiding 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 Jac-
tacystin [29], famagillin [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 IC,; values of the DNA polymerase ¢ and g inhibition by epo-
lactaene were reported to be 25 and 100 p:M 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 Hsp6Q 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 sirr 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 Hsp6( 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-His, (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 C442A 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 Supplementa! Figure 1 at hitp://www.
Biochem.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 cligomerization [14,32]. Therefore interaction with
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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 natwral 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 a8,
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 epolactacne/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 Hsp6( 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
chapercnes.
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ECH, an Epoxycyclohexenone Derivative That Specifically
Inhibits Fas Ligand-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 tumer cells by two distinet 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-({ E}-propenyl-cyclohex-S-en-1-one (ECH) specifically inhibits the FaskL-
dépendent 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. Consistent with
this finding, ECH profoundly inhibited Fas-mediated DNA fragmentation and cytolysis of target cells induced by perforin-negative
mouse CD4* CTL and alioantigen-specific mouse CD8" CTL pretreated with an inhibitor of vacuolar type HY-ATPase
concanamycin A that selectively induces inactivation and proteolytic degradation of perforin in lytic granules. However, ECH
barely 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
apoptoesis 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 settings.

ytotoxic T lymphocytes play a critical role in protection
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 tumor
rejection, and the Fas/FasL system is important for lymphocyte
homeostasis {1, 3~5). However, these two killing systems play
different regulatory roles in various physiological and pathogenic
situations.
CTL harbor lytic granules that store perforin and granzymes
under the acidic environment (6). Upon TCR stimulation, CTL
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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 cefl 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 (3-3). FADD subsequently binds to procaspase-8 via the
mutual interaction of their death cffector 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 subunits 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 cells (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 internal pH to around neutral (19). Neutralization of acidic pH
induces inactivation of perforin in 2 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 killing 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
modulators 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-{/ E}-prapenyl-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 through preventing activation of
procaspase-8 in the DISC (24). By contrast, death receptor-
independent apoptosis induced by chernical 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 CTE-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-2"-specific CD8™ CTL clone OE4 (26) and the keyhole limpet he-
mocyanin (KLH)-specific H-2¢ (I-E%-restricted CD4* CTL clone BX-]
(27) were maintained in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
supplemented with 10% (v/v) heat-inactivated FCS (JRH Biosciences, Le-
nexa, K8), 50 pM 2-ME, 5% (v/¥) rat spleen cell-conditioned medium
(culture supernatant of rat spleen cells stimulated with 5 up/m) CMA for
24 h), and penicillin-streptomycin-neomycin antibiotic mixture (Invitro-
gen). QE4 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/
mouse-derived B lymphoma (A20, A20.HL, A20.FO) 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
IgM Ab (28). A20.FO cells were the Fas-negative variant subcloned from the
Fas-positive parent cell line A20.27 (18). DBA/2 mouse-derived T lymphoma
L5178Y and the Fas-expressing transfectant of L5178Y (L5178Y-Fas) {29)
were maintained in RPMI 1640 medium containing 10% (v/v) FCS, 50 uM
2-ME, and penicillir-streptomycin-neomycin antibiotic mixture.

Reagents

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

DNA fragmentation assay

Target cells were labeled with 37 kBq of [*H]TdR (ICN Biomedicals, Costa
Mesa, CA) for 16 h and washed three times before use. The labeled cells (1 X
10% cells/ml, 100 wl} were preincubated with the indicated concentrations of
ECH for 1 or 2 h, then mixed with 100 ul 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 pl 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 epm)/(maximum cpm — spontaneous
cpm} ¥ 100,
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Oy velease assay

Target cells were labefed with 1850 kBq of [*'Crlsodium chromate (Am-
ersham Biosciences, Piscataway, NJ) in 100 ul of 50% (v/v) FCS for | h
and washed three times with the medium. The labeled cells {1 X 10%
cells/ml, 100 pl) were preincubated with indicated concentrations of ECH
for | h, then mixed with 100 u] of CTL in U-bottom, 96-well microtiter
plates. The plates were cenirifuged (300 X g, 3 min) and then incubated for
4 h1. 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)/naximum
cpm — spontaneous cpm) X 100.

Analysis of eflector/target conjugate formation

Analysis of conjugate formation was performed as described previously
(31). Target cells (5 X 10° cells/ml) were treated with or without ECH for
I'h, then stained with 62.5 pg/ml hydroethidine (Polysciences, Warrington,
PA) for 30 min on ice. Effector cells (5 X 10° cells/ml) were stained with
0.25 pM caleein-AM (Molecular Probes, Eugene, OR) for 30 min on ice.
Both types of stained cells (5 X 10% cells/ml, 250 ut) were washed twice
with the medium, then transferred in a single tube. The cell mixtures were
cither left untreated or centrifuged (300 X g, 3 min), then incubated at
25°C for 30 min. The cells were resuspended carefully by pipetting and
immediately analyzed by FACS.

Western blotting

OE4 cells (1 % 10° cells) were washed with PBS and lysed with 1% Triton
X-100, 30.mM Tris-HC] (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), supernatants were collected, Postnuclear lysates (30
pg/lane) were separated by 10% SDS-PAGE and analyzed by Western
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) were washed with PBS and lysed with 0.5%
Triton X-100, 10 mM HEPES-NaOH (pH 7.4), 150 mM NaCl, | mM
CaCl,, and 1 mM MgCl, on ice for 15 min. After centrifugation (10,000 X
& 3 min), supematants were collected. Postnuclear lysates (5 pg) were
incubated with 200 p of the reaction mixture (200 M 5,5'-dithio-bis-(2-
nitrobenzoic acid) plus either 200 M CBZ-Gly-Arg-thiobenzylester for
the granzyme A substrate or Boc-Ala-Ala-Asp-thiobenzylester for the
granzyme B substrate (Enzyme Systems Produets, 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 p1) were transferred into 96-well micro-
titer plates coated with anti-mouse CD3 Ab 145-2C1] (10 pe/mi). 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 lymphoma AZ20 cells are sensitive to Fas-mediated apoptosis and
exhibited DNA fragmentation characteristic of apoptosis within
4 h upon exposure to cross-linked FasL, whereas Fas-negative
AZ0.FO cells were totally resistant to cross-linked FasL (Fig. 18).
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. 10). 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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FIGURE 1. ECH inhibits DNA fragmentation in-
duced by soluble Fasl. A, Structure of ECH. B-D,
[*H]TdR-labeled A20 (@) and A20.FO (O) cells were
incubated with various concentrations of cross-linked
FasL. for 4 h (B). *HJTdR-labeled A20 cells were pre-
incubated with serial dilutions of ECH for 1 h, and then
incubated with (@) or without (O) cross-linked FasL
(50 ng/ml) for 4 h (C). [*H]TdR-labeled A20 cells were
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preincubated with or without ECH (50 pM) for 1 h and 6
either untreated or washed with the medium to remove
ECH, followed by incubation with or without cross-
linked FasL (50 ng/m1) for 4 h (D). The radioactivity of
fragmented DNA was measured. Data points represent
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the mean * SD of triplicate cultures. £, A20 cels were
incubated in the presence of the indicated concentra-
tions of ECH for 24 k. The number of live cells was
counted by trypan blue dye exclusion. Data points rep-
resent the mean + SD of triplicate determinations.
F—H, [*H)TdR-labeled A20 cells were preincubated
with er without ECH (50 pM) for 1 h, and then incu-
bated in the presence or the absence of cross-linked
FasL (50 ng/ml} for 4 or 24 h (F). [*H]TdR-labeled
L5178Y-Fas (@) and L5178Y (O) cells were incubated
with various concentrations of cross-linked FasL for
4 h (G). *H]TdR-labeled L.5178Y-Fas cells were pre-
incubated with serial dilutions of ECH for 2 h and then
incubated with (@) or without (O) cross-linked FasL
(50 ng/ml) for 4 h (H). The radioactivity of fragmented
DNA was measured. Data points represent the mean %
SD of triplicate cultures.

SpecificH-DNA release (%)

0

40

None
ECH
ECH/wash

None

a0 50

M
<
1

10

Cell number (x 105)

Specilic3H-DNA release (%)

04 e B3 IO A
ECH _ 0 2550
&M} oh" zan

None
ECH
ECHAvash

o T
£33
- 1

ECH+FasL §
ECH+FaslL

FasL

S
=r
[\
-
-

I

B
o

30+

O L5178Y
@ L5178Y-Fas

O None
@ FasL

y

20

101

Specific®H-DNA release (%)

F). Less than 20% of the total cells were stained with trypan blue
when A20 cells were treated with 50 pM ECH for 24 h (data not
shown). In addition to A20 cells, the T lymphoma L3178Y cells
were used for the second cell line to study the biological activity
of ECH. Although L3178Y 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 compietely inhibited when
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L5178Y-Fas cells were pretreated with 100 pM ECH for 2 h, and
ECH alone did not induce DNA fragmentation (Fig. 1H).

FECH 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-l cells induced DNA
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FIGURE 2. ECH inhibits FasL-based DNA frapmentation mediated by
the CD4™ CTL clone. 4, PH]TdR-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, [PH]TdR-labeled KLH-pulsed A20.HL
cells were preincubated with (@) or without (C} 100 pM ECH for 1 h. 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.

3431

fragmentation in KLH-pulsed A20.HL cells, but not A20.HL cells
without Ag (Fig. 24). ECH markedly inhibited DNA fragmentation
induced by BK-1 cells when KLH-pulsed A20.HL cells were pre-
treated with 50-100 pM for 1 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 Iytic granules and
granule exocytosis in CD8™ CTL

The H-2"-specific CD8™ CTL clone QOE4 cells kill 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 M (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 granzymes A and B in ECH-treated OE4 cells
were also unimpaired (Fig. 45). Stimulation of OE4 cells with
plate-coated anti-CDD3 Ab induced exocytosis of lytic granules into
the culture medium, and ECH only marginally reduced granule
exocytosis even at 50 uM (Fig. 4C). In our experimental system,
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FIGURE 3. Effect of ECH or conjugate formation between CTL and target cells. 4, Hydroethidine-siained A20.HL cells were treated with the indicated

concentrations of ECH for 1 b, then mixed with calcein-AM-stained BK-1 cells in a singie tube. The cells were either left untreated (left panel) or briefly
centrifisged (other panels), and then incubated at 25°C for 30 min. 8, Hydroethidine-stained A20 cells were treated with the indicated concentrations of
ECH for | h, then mixed with calcein-AM-stained OE4 cells in a single tube, The cells were either left untreated (lefi panel) or briefly centrifuged (other
panels), then incubated at 25°C for 30 min. Conjugate formation was analyzed by FACS.





