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Tyropeptin A: (R=CH(CHjz)2)
TP-101: 69% (R=CgH11)
TP-102: 36% (R=CgHs)

TP-105: 94% (R=CH(CHy)3CHa)
TP-111: 56% (R=N{CHg),)

Scheme 1. Modification at the N-Terminal of Tyropeptin A.
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Scheme 2. Synthesis of TP-103 and TP-104.
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TP-104: 55% (R=1-Naphthyl)
TP-103: 69% (R=2-Naphthyl)

(a) Hy, Pd/C, MeOH, EtOAc, 1t, 18h; (b) AcyO, pyridine, rt, 181; (¢) i. TFA, CHyCly, 1t, 1 h; ii. acid, WSC-HCl, HOBt, TEA, DMF, 1t, 18 h;

(d) K»COs, MeOH, 1t, 24; (e) SO3-pyridine, TEA, DMSO, 1t, 3h.

4, having acetates and benzyl ethers as the protective
groups of the alcohols (Scheme 2).

The inhibitory activities of the 208 proteasome by the
tyropeptin A derivatives are summarized in Table 1.
Replacement of the isopropyl group of tyropeptin A by a
cyclohexyl group (TP-101) resulted in a 4-fold enhance-
ment of its inhibitory potency for chymotrypsin-like
activity compared to tyropeptin A. Aromatization of the
cyclohexyl group (TP-102) resulted in a 5-fold enhance-
ment of its inhibitory potency for chymotrypsin-like
activity compared to tyropeptin A. Moreover, TP-103,

having two aromatic rings (i.e., a 2-naphthyl group),
exhibited 10-fold enhancement of its inhibitory potency
for chymotrypsin-like activity. The inhibitory activity of
TP-104 having a 1-naphthyl group was stronger than
that of TP-103 having a 2-naphthyl group. TP-105
having a pentyl group, however, showed lower inhib-
itory activity than TP-104. The most potent compound
for the chymotrypsin-like activity was the 1-naphthyl
derivative, TP-104, which exhibited 20-fold enhance-
ment of its inhibitory potency for chymotrypsin-like
activity compared to tyropeptin A. The structural model
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Scheme 3. Synthesis of O-Methyl Derivatives of Tyropeptin A.
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Scheme 4. Synthesis of di-O-Methyl Derivatives of Tyropeptin A.
(a) TMSCHN,, DIEA, MeOH, CHCls; (b) SO;3-pyridine, TEA, DMSO.

of TP-104 bound to the site responsible for the
chymotrypsin-like activity of mammalian 20S protea-
some revealed that the increased inhibitory potency of
TP-104 would have come from the increased affinity for
the active site.!?) Additionally, TP-104 allowed enhance-
ment of the inhibitory potency for a digestive enzyme
such as a-chymotrypsin (Table 1).

In order to examine the role of the phenolic hydroxyl
groups in the inhibitory activity against 20S proteasome,
the O-methyl derivatives (TP-106, TP-107, TP-103,
TP-109 and TP-110) were synthesized, as illustrated
in Schemes 3 and 4. The O-methylated derivatives of
tyropeptin A, TP-106 and TP-107, inhibited the chymo-

trypsin-like activity of the 208 proteasome to the same
extent as tyropepiin A (Table 1). In contrast, their
inhibitory activities against the trypsin-like activity of
208 proteasome were decreased. We therefore attempted
to improve the selectivity for inhibition of the 20S
proteasome activity of TP-104 by O-methylation. TP-
108, TP-109 and TP-110 showed slightly lower inhib-
itory activities for the chymotrypsin-like activity com-
pared to TP-104. However, these compounds markedly
decreased the inhibition of trypsin-like activity. Notably,
TP-110 did not inhibit the trypsin-like and PGPH
activities, even at the concentration of 100 um. These
results indicate that O-methylation of the tyropeptins
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Table 1. Inhibitory Activities of the 20S Proteasome and o-Chymotrypsin by Tyropeptin A Derivatives

0 \@\O
OR, OR3

1Csp (M)

208 proteasome

PGPH activity

Compound Ry R, Rs

a-Chymotrypsin

Chymotrypsin-like activity Trypsin-like activity

Tyropeptin A CH(CH3), H H 0.14 68 5 2.3
TP-101 CeHyy H H 0.033 17 3 2.7
TP-102 CgH; H H 0.027 16 2 0.31
TP-103 2-Naphthyl H H 0.014 4.7 0.7 0.27
TP-104 1-Naphthyl H H 0.007 4.9 1.2 0.084
TP-105 CHy(CH2)sCHs H H 0.037 20 2 1.7
TP-106 CH(CHj3), H CH; 0.19 21 21 19
TP-107 CH(CH3), CH; CH; 0.12 56 37 52
TP-108 1-Naphthyl H CHs; 0.018 38 6 5.7
TP-109 1-Naphthy! CH; H 0.020 31 6 0.31
TP-110 1-Naphthyl CH; CH; 0.027 >100 >100 24
TP-111 N(CH3), H H 1.2 >100 7.8 >40
MGI132 0.068 14 4.5 >100

Table2. Growth Inhibitory Activities of the Tyropeptin A Deriva-

' activity. Moreover, O-methylation of the tyropeptins
fives

exhibited an effective increase in the growth inhibitory

ICen (LM activity. It is likely that the O-methyl derivatives might
c d s0 (UM) y Y y &
Oompourn 1 1 - raft i
p RPMIS226  SW-480  HT-1080 RKO be efficiently mcomqated into cells, .because of the
enhanced hydrophobicity by O-methylation. TP-110 was

Tyropeptin A 4.1 45 9.8 7.8 th t tent d th thesized
P01 07 036 |5 2 e most potent compound among the synthesize
TP-102 12 20 59 49 tyropeptins. Although tyropepgn A weakly inhibited
TP-103 0.87 16 3.0 1.8 the growth of various cell lines, TP-110 strongly
TP-104 0.20 0.27 0.72 0.35 inhibited the growth of the cells.
TP-105 033 0.74 L5 1.2 We successfully obtained two compounds. The most
g;gg 823 ig ;i ég . potent compound, TP-104, exhibited a 20-fold inhibitory
TP-108 0.062 021 038 0.084 potency enhancement for the chymotrypsil?—like activity
TP-109 0.021 0.087 0.22 0.059 of 20S proteasome compated to tyropeptin A. TP-110
TP-110 0.012 0.059 0.1 0.014 specifically inhibited the chymotrypsin-like activity of
TP-111 >20 >20 >20 >20 the 20S proteasome and had strong activity toward cell
MGI32 15 2.3 6.5 1.7

growth inhibition. Thus, such proteasome inhibitor as
TP-104 and TP-110 might be useful for the treatment of
cancer, inflammatory diseases and other diseases. An
evaluation on the anticancer activity of these compounds
will be reported elsewhere.

Cells were incubated with a test sample for 72 hours, and cell growth was
determined by the MTT method.

enhanced the specificity for inhibition of the chymo-

trypsin-like activity of the 20S proteasome. We found
that TP-110 specifically inhibited the chymotrypsin-like
activity of the 20S proteasome and varied in its
inhibitory selectivity from tyropeptin A or the known
proteasome inhibitor MG132.61% Additionally, O-meth-
ylation of the tyropeptins attenuated the inhibitory
activity for a-chymotrypsin activity, and TP-110 hardly
inhibited the a-chymotrypsin activity.

The growth inhibitory activities of the tyropeptin A
derivatives against various cancer cell lines are summa-
rized in Table 2. Enhancement of the proteasome
inhibitory activity enhanced the growth inhibitory

Experimental

NMR spectra were obtained with a JEoL INM-A 500
spectrometer at 500MHz and a JeoL JINM-EX 400
spectrometer at 400 MHz. UV absorption spectra were
determined with a Hitacm U-3210 spectrophotometer,
IR absorption spectra were determined with a HORIBA
FT-210 spectrometer, and FAB-MS and HRFAB-MS
data were measured with a JeoL JMS-SX 102 spec-
trometer. APCI-MS data were measured with a HITACHI
M-1200H spectrometer, and optical rotation data were
determined with a Perkin-Elmer 241 polarimeter.
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Chemical synthesis. We had previously synthesized
tyropeptin A in order to determine the structures,'? and
various tyropeptin A derivatives were synthesized by a
similar procedure. The synthetic routes to the tyropep-
tin A derivatives modified in the N-terminal group are
shown in Schemes 1 and 2, while the preparation
procedures for the O-methyl derivatives of tyropeptin A
and TP-104 are illustrated in Schemes 3 and 4. An
aldehyde group was observed as a methyl hemiacetal in
the NMR specirum of each compound in CD;0D.

Cyclohexylacetyl-L-tyrosyl-L-valyl-DL-tyrosinal  (TP-
101). TP-101 was synthesized by a similar procedure
to that for tyropeptin A in a 59% yield from 1. Mp
153-155°C. [alp® —33.3° (¢ 0.33, MeOH). Rf
0.32 (CHCl3/MeOH = 10/1). APCI-MS m/z: 552
(M + H)*, 550 (M — H)". HRFAB-MS m/z: calcd. for
C31HypOeN3, 552.3074; found, 552.3082 (M + H)*. IR
(KBr) vpax cm™1: 3280, 2930, 1730, 1640, 1540, 1515,
1230, 825. 'H-NMR (400 MHz, CD;0D) §: 0.64-0.83
(2H, m, cyclohexyl-H>), 0.86 3H, d, J = 7.2 Hz, CHj),
0.88 (3H, d, J =7.2Hz, CH;), 1.10-1.65 (9H, m,
cyclohexyl-Hg), 1.97 (1H, m, Val-g-H), 1.98 (2H, d,
J =7.0Hz, CH,CO), 2.62 (1H, m, Tyral-g-H), 2.72
(1H, m, Tyr-8-H), 2.89 (1H, m, Tyral--H), 2.99 (1H,
dd, J = 4.4, 14.4Hz, Tyr-p-H), 405 (1H, m, Tyral-a-
H), 412 (1H, dd, J = 3.4, T4Hz, Val-a-H), 4.44 (1H,
dd, J=4.0, 7.2Hz, hemiacetal-H), 4.60 (1H, ddd,
J =28, 44, 104Hz, Tyr-a-H), 6.66 (2H, d, J=
8.4Hz, Tyr-e-H x 2), 6.67 2H, 4, J = 8.4Hz, Tyral-
e-H x 2),7.02 2H, d, J = 8.4Hz, Tyral-6-H x 2), 7.05
(2H, d, J = 8.4Hz, Tyr-8-H x 2). *C-NMR (100 MHz,
CD50D) é&: 18.6 (CH3), 19.7 (CH3), 27.2 (cyclohexyl-
CH,), 27.3 (cyclohexyl-CH,), 27.3 (cyclohexyl-CHp),
32.2 (Val-8-CH), 33.9 (cyclohexyl-CHy), 34.1 (cyclo-
hexyl-CHy), 35.3 (Tyral--CH,), 36.9 (cyclohexyl-CH),
37.8 (Tyr-B-CHj), 44.9 (CH,CO), 56.0 (Tyral-a-CH),
56.6 (Tyr-a-CH), 60.2 (Val-a-CH), 98.8 (hemiacetal-C),
116.2 (Tyr-e-CH), 116.2 (Tyral-s-CH), 129.4 (Tyr-y-C),
130.4 (Tyral-y-C), 131.3 (Tyr-6-CH), 131.4 (Tyral-é-
CH), 156.9 (Tyral-¢-C), 157.3 (Tyr-¢-C), 173.2 (Val-
CO), 173.9 (Tyr-CO), 175.5 (CH,CO).

Phenylacetyl-L-tyrosyl-L-valyl-pL-tyrosinal (TP-102).
TP-102 was synthesized by a similar procedure to that
for tyropeptin A in a 31% yield from 1. Mp 103-107 °C.
[lp?® —37.4° (c 0.27, MeOH). Rf 0.29 (CHCl3/
MeOH = 10/1). APCI-MS m/z: 546 (M +H)*, 544
(M — H)~. HRFAB-MS m/z: caled. for C31H3606 N5,
546.2604; found, 546.2625 (M + H)T. IR (KBr) vpmax
cm~!: 3300, 2960, 1730, 1640, 1550, 1515, 1240, 830.
IH-.NMR (400MHz, CD;OD) §: 0.81 (BH, d, J =
6.8 Hz, CH;3), 0.85 (3H, dd, J = 2.0, 6.8 Hz, CH3), 1.92~
2.00 (IH, m, Val-g-H), 2.62 (1H, m, Tyral-g-H), 2.74
(1H, ddd, J = 2.3, 10.1, 14.2 Hz, Tyr-8-H), 2.89 (1H, m,
Tyral-g-H), 2.98 (1H, dd, J = 4.6, 14.2Hz, Tyr--H),
3.45 (2H, d, J = 12.4Hz, CH,CO), 4.04 (1H, m, Tyral-
a-H), 4.10 (1H, dd, J = 2.8, 7.2Hz, Val-a-H), 4.43 (1H,
dd, J = 4.2, 6.6 Hz, hemiacetal-H), 4.60 (1H, m, Tyr-a-
H), 6.64 (2H, d, J = 8.0Hz, Tyr-¢-H x 2), 6.65 (2H, d,

J = 8.0Hz, Tyral-e-H x 2), 6.96-7.08 (5H, m, Ph-Hs),
7.21 (4H, 4, J = 8.0Hz, Tyr-8-H x 2, Tyral-5-H x 2).
BC.NMR (100MHz, CD;0OD) & 18.6 (CHjz), 19.7
(CH3), 32.2 (Val-B-CH), 35.4 (Tyral-g-CH>), 37.8 (Tyr-
B-CH,), 43.6 (CH,CO), 56.1 (Tyral-a-CH), 56.7 (Tyr-a-
CH), 60.3 (Val-a-CH), 98.7 (hemiacetal-H), 116.2 (Tyr-
e-CH), 116.3 (Tyral-e-CH), 127.9 (Ph-CH), 129.1 (Tyr-
y-C), 129.6 (Ph-CH), 130.1 (Ph-CH), 130.5 (Tyral-é-
CH), 131.3 (Tyr-6-CH), 131.4 (Tyral-6-CH), 136.6 (Ph-
0), 156.8 (Tyral-¢-C), 157.3 (Tyr-¢-C), 173.1 (Val-CO),
173.6 (CH,CO), 174.0 (Tyr-CO).
Heptanoyl-L-tyrosyl-L-valyl-DL-tyrosinal ~ (TP-105).
TP-105 was synthesized by a similar procedure to that
for tyropeptin A in a 77% yield from 1. Mp 135-142°C.
[e]p® —32.6° (¢ 0.38, MeOH). Rf 0.32 (CHCls/
MeOH = 10/1). APCI-MS m/z: 540 (M + H)™, 538
(M — H)~. HRFAB-MS m/z: calcd. for CsoHspOgNs,
540.3074; found, 540.3080 M + H)T. IR (KBr) vpax
em™ ! 3280, 2960, 1730, 1640, 1540, 1515, 1230, 825.
'H-NMR (400MHz, CD;0OD) §: 0.86 (3H, d, J =
6.8Hz, CH3), 0.87 (3H, t, J=6.8Hz, CH;3), 0.88
(3H, d, J=6.8Hz, CHj;), 1.10-130 (6H, m,
CH;CH,(CH,)3), 1.45 (2H, m, CH3CH>), 1.95 (1H, m,
Val-g-H), 2.12 (2H, t, J = 7.4Hz, CH,CO), 2.62 (1H,
m, Tyral-g-H), 2.72 (1H, m, Tyr-8-H), 2.89 (1H, m,
Tyral-B-H), 2.98 (1H, dd, J = 4.4, 14.0Hz, Tyr--H),
4.04 (1H, m, Tyral-a-H), 4.12 (1H, m, Val-a-H), 4.43
(1H, dd, J = 4.0, 6.8 Hz, hemiacetal-H), 4.58 (1H, m,
Tyr-a-H), 6.60-6.70 (4H, m, Tyr-e-H x 2, Tyral-¢-
Hx2), 699708 (4H, m, Tyr-8-H x 2, Tyral-é-
H x 2). BC-NMR (100 MHz, CD;0D) é: 14.4 (CHs),
18.6 (CH3), 19.7 (CH3), 23.6 (Heptanoyl-CH,), 27.0
(Heptanoyl-CHy), 29.8 (Heptanoyl-CH,), 32.2 (Val-g-
CH), 32.7 (Heptanoyl-CH,), 35.3 (Tyral-g-CH,), 36.9
(Heptanoyl-CHy), 37.8 (Tyr-p-Cty), 56.0 (Tyral-o-CH),
56.6 (Tyr-a-CH), 60.2 (Val-a-CH), 98.7 (hemiacetal-C},
116.2 (Tyr-e-CH, Tyral-e-CH), 129.3 (Tyr-y-C), 130.4
(Tyral-y-C), 131.3 (Tyr-6-CH), 131.4 (Tyral-6-CH),
156.8 (Tyral-¢-C), 157.2 (Tyr-¢-CH), 173.1 (Val-CO),
173.9 (Tyr-CO), 176.3 (CH,CO).
N,N-Dimethyl-glycyl-L-tyrosyl-L-valyl-DL-tyrosinal
(TP-111). TP-111 was synthesized by a similar proce-
dure to that for tyropeptin A in a 27% yield from 1.
Mp 104-108°C. [alp** —18.2° (¢ 0.55, MeOH). Rf
0.1 (CHCl3/MeOH = 10/1). APCI-MS m/z: 513
M+ H)", 511 (M — H)”. HRFAB-MS m/z: calcd. for
CyyH3706Ny, 513.2713; found, 513.2712 (M + H)*. IR
(KBr) vmax cm™!: 3290, 2960, 1720, 1640, 1550, 1520,
1240, 830. 'H-NMR (400 MHz, CD3;0D) é: 0.64 (3H, d,
J = 6.8Hz, CHj3), 0.88 (3H, d, J = 6.8Hz, CHj3), 1.99
(1H, m, Val-p-H), 2.20 (6H, s, N(CH3),), 2.62 (1H, m,
Tyral-g-H), 2.78 (1H, dd, J = 9.0, 14.0Hz, Tyr-g-H),
2.94 (1H, dd, J = 4.0, 15.0 Hz, Tyral-p-H), 3.02 (1H, d,
J = 14.0Hz, Tyral-g-H), 3.47 (1H, d, J = 5.6 Hz, Gly-
a-H), 4.05 (1H, m, Tyral-a-H), 4.10 (1H, d, / = 5.6 Hz,
Gly-a-H), 4.12 (1H, d, J = 7.2 Hz, Val-a-H), 4.48 (1H,
dd, J = 3.6, 5.6 Hz, hemiacetal-H), 4.62 (1H, m, Tyr-a-
H), 6.64-672 (4H, m, Tyr-e-H x 2, Tyral-e-H x 2),
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7.00-7.08 (4H, m, Tyr-6-H x 2, Tyral-6-H x 2). 3C-
NMR (100 MHz, CD;0D) §: 18.7 (CHj), 19.7 (CH3),
32.2 (Val-B-CH), 34.8 (Tyral-g-CH,), 37.0 (Gly-o-
CHy), 38.1 (Tyr-8-CHy), 45.8 (N(CHs),), 55.6 (Tyral-
a-CH), 56.6 (Tyr-a-CH), 60.1 (Val-o-CH), 98.7 (hemi-
acetal-C), 116.1 (Tyr-e-CH), 116.2 (Tyral-e-CH), 128.8
(Tyr-y-C), 1304 (Tyral-y-C), 131.1 (Tyr-6-CH), 131.2
(Tyral-8-CH), 156.8 (Tyral-¢-C), 157.3 (Tyr-¢-C), 172.0
(Gly-C0O), 173.0 (Val-CO), 173.5 (Tyr-CO).

Synthesis of the naphthyl derivatives.

(N-t-Butoxycarbonyi-O-benzyl)-L-tyrosyl-L-valyl-(di-
O-acetyl)-L-tyrosinol (4). Compound 4 was synthesized
by a similar procedure to that for (N--butoxycarbonyl-
O-benzyl)-L-tyrosyl-L-valyl-(di-O-benzyl)-L-tyrosinol.
In brief, (N-t-butoxycarbonyl)-L-tyrosinol was treated
with acetic anhydride in pyridine to give (N-t-butoxy-
carbonyl-di-O-acetyl)-L-tyrosinol. This compound was
treated with trifluoroacetic acid (TFA), and then coupled
with z-butoxycarbonyl-L-valine in the presence of water-
soluble carbodiimide hydrochloride (WSC-HCI) and 1-
hydroxybenzotriazole (HOBt) to yield the dipeptide.
Removal of the r-butoxycarbonyl group of the dipeptide
and subsequent coupling with (N-£-butoxycarbonyl-O-
benzyl)-L-tyrosine gave tripeptide 4. APCI-MS m/z 704
M + H)". "H-.NMR (400 MHz, CDCl3) 8: 0.76 (3H, d,
J = 6.8Hz, CHs), 0.85 (3H, d, J = 6.8 Hz, CHj3), 1.41
(9H, s, C(CH3)3), 2.07 (3H, s, COCHj3), 2.16 (1H, m,
Val-g-H), 2.26 (3H, s, COCHjs), 2.78 (2H, m, Tyrol-8-
Hy), 3.03 (2H, m, Tyr--H,), 4.04 2H, d, / = 5.2 Hz,
CHCH,0), 4.14 (1H, m, Val-a-H), 4.25 (1H, m, Tyr-a-
H), 442 (1H, m, Tyrol-a-H), 4.93 (1H, d, / = 6.4 Hz,
NH), 5.02 (2H, s, OCH,Ph), 6.41 (1H, br, NH), 6.48
(1H, d, J = 8.8 Hz, NH), 6.91 (2H, d, J = 8.8 Hz, Tyr-¢-
H x2), 699 (2H, d, J = 8.8Hz, Tyrol-e-H x 2), 7.11
(?H, d, J =88Hz, Tyr-6-Hx2), 718 (2H, 4, J =
8.8 Hz, Tyrol-8-H x 2), 7.30-7.45 (5H, m, Ph-Hs).

(N-t-Butoxycarbonyl)-L-tyrosyl-L-valyl-(di-O-acetyl)-
L-tyrosinol (5). To a solution of 4 (2.3 g, 3.3 mmol) in
30 ml of MeOH and 10ml of EtOAc was added 230 mg
of 10% palladium on charcoal (Pd/C), and the mixture
was stirred under a hydrogen atmosphere for 18h at
room temperature. The catalyst was filtered off through
a Celite layer, and the resulting filtrate was concentrated
under reduced pressure. The residue was purified by
silica gel column chromatography (CHCl; /MeOH, 5:1)
to give 5 (927 mg) as a white powder in a 97% yield.
APCI-MS m/z 614 (M+H)". 'H-NMR (400 MHz,
CDCl;/CD3;OD) 8: 0.89 (3H, d, J = 7.2Hz, CH3), 0.93
(3H, d, J = 7.2Hz, CH3), 1.39 (9H, s, C(CH3)3), 2.04
(1H, m, Val-g-H), 2.06 (3H, s, COCH3), 2.25 (3H, s,
COCH3), 2.70-2.85 (3H, m, Tyrol-p-H,, Tyr-pH), 2.99
(1H, dd, 5.4, 13.7Hz, Tyr-§-H), 3.97 (1H, d, ] = 6.8 Hz,
Val-a-H), 4.09 (2H, dd, 8.2, 14.7Hz, CHCH,0), 4.24
(1H, m, Tyr-a-H), 4.37 (1H, m, Tyrol-a-H), 6.74 (ZH, d,
J=82Hz, Tyre-H x2), 7.01 (2H, d, J=8.2Hz,
Tyrol-s-H x 2), 7.04 (2H, d, J = 8.2Hz, Tyr-6-H x 2),
7.23 (2H, d, J = 8.2 Hz, Tyrol-§-H x 2).

(N-t-Butoxycarbonyl-O-acetyl)-L-tyrosyl-L-valyl-(di-
O-acetyl)-L-tyrosinol (6). To a solution of 5 (600 mg,
0.98 mmol) in 5ml of pyridine was added 2.5ml of
acetic anhydride (26.6mmol), and the mixiure was
stirred for 18 h at room temperature. The solvent was
evaporated with toluene, and then the resulting residue
was purified by silica gel column chromatography
(CHCl3) to give 6 (542mg) as a white powder in an
83% vyield. APCI-MS m/z 656 (M +H)T. 'H-NMR
(400 MHz, CDCl3) 6: 0.79 (3H, d, J =7.0Hz, CH3),
0.86 (3H, d, J = 7.0Hz, CH3), 1.41 (9H, s, C(CH3)3),
2.07 (3H, m, COCH3), 2.15 (1H, m, Val-g-H), 2.26 (6H,
s, COCH3 x 2),2.76 (1H, dd, J = 8.0, 13.6 Hz, Tyrol-g-
H), 2.84 (1H, dd, J = 6.4, 13.6Hz, Tyrol-g-H), 3.09
(2H, m, Tyr-B-H,), 4.05 (2H, d, J = 5.2 Hz, CHCH,0),
4.14 (1H, t, J = 7.8 Hz, Val-a-H), 4.29 (1H, m, Tyr-a-
H), 441 (1H, m, Tyrol-a-H), 498 (1H, d, / = 7.2 Hz,
NH), 6.42 (1H, br, NH), 6.56 (1H, d, J = 8.4Hz, NH),
7.00 (2H, d, J = 8.2Hz, Tyr-e-H x 2), 7.02 (2H, d,
J = 8.2Hz, Tyrol-e-H x 2), 7.19 (2H, d, J = 8.2Hz,
Tyr-8-H x 2), 7.20 (2H, d, J = 8.2 Hz, Tyrol-§-H x 2).

I-Naphthylacetyl-(O-acetyl)-L-tyrosyl-L-valyl-(di-O-
acetyl)-L-tyrosinol (7). To a solution of 6 (522mg,
0.8 mmol) in 4 ml of CH,Cl, was added 4 ml of TFA at
0°C, and then the solution was stirred for 1h at room
temperature. The solvent was evaporated, and the
residue was coevaporated twice with toluene. To the
residue in 14ml of CH,Cl, were added 242mg of
triethylamine (TEA, 2.4 mmol), 447 mg of 1-naphthyl-
acetic acid (2.4 mmol), 164 mg of HOBt (1.2 mmol) and
201 mg of WSC-HC! (1.1 mmol) at 0°C. The reaction
mixture was stirred for 18 h at room temperature. Then
the reaction mixture was diluted with EtOAc, and
successively washed with 5% aq. NaHCOs3, 4% aq. citric
acid and H,O. The organic layer was dried over Na; SOy
and concentrated under reduced pressure. The residue
was purified by silica gel column chromatography
(CHCI3) to give 7 (300mg) as a white solid in a 75%
yield. APCI-MS m/z 724 (M + H)*. 'H-NMR (400
MHz, CDCls) 6: 0.74 (3H, d, J = 6.8 Hz, CH3), 0.81
(3H, d, J = 6.8 Hz, CH3), 1.93 (1H, m, Val-g-H), 2.05
(3H, s, COCHs), 2.24 (3H, s, COCHs), 2.28 (3H, s,
COCH,), 2.75-2.80 (3H, m, Tyrol-B-H,, Tyr-g-H), 2.88
(1H, dd, J =54, 142Hz, Tyr-g-H), 395 (2H, d,
J =72Hz, CHCH,0), 3.98 (2H, s, CH,CO), 4.07
(1H, dd, J = 4.4, 11.2 Hz, Val-a-H), 4.37 (1H, m, Tyrol-
a-H), 459 (1H, dd, J =7.9, 13.2Hz, Tyr-p-H), 6.48
(1H, d,J = 8.0Hz, NH), 6.75 (2H, d, J = 8.6 Hz, Tyr-¢-
H, x2),6.78 (2H, d, J = 8.6 Hz, Tyrol-e-Hy x 2), 6.97
(2H, d, J = 8.6Hz, Tyr-§-H, x2), 7.19 CH, d, J =
8.6 Hz, Tyrol-8-H, x 2), 7.32 (1H, d, J = 7.2, naphthyl-
H), 743 (1H, d, J = 7.6 Hz, naphthyl-H), 7.49 (2H, m,
naphthyl-H>), 7.81-7.90 (3H, m, naphthyl-I13).

I-Naphthylacetyl-1-tyrosyl-L-valyl-L-tyrosinol (9). To
a solution of 7 (293 mg, 0.4 mmol) in 15ml of MeOH
was added 300 mg of K,CO3 (2.17 mmol), and then the
solution was stirred for 2 days at room temperature. The
solvent was evaporated, and the residue was diluted with
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EtOAc, and successively washed with 5% aq. NaHCO3,
4% aq. citric acid and H,O. The organic layer was dried
over Na; SO, and concentrated under reduced pressure.
The residue was purified by silica gel column chroma-
tography (CHCl3/MeOH, 25:1) to give 9 (184mg) as a
white solid in a 55% yield. APCI-MS m/z 598
(M +H)*. '"H-NMR (400 MHz, CD;0D) &: 0.78 (3H,
d, J =6.8Hz, CHs), 0.83 (3H, d, J = 6.8Hz, CHj3),
1.93 (1H, m, Val-gH), 2.61 (1H, dd, J = 7.6, 14.0Hz,
Tyrol-g-H), 2.76 (2H, m, Tyrol-g-H), 2.95 (1H, dd,
J =150, 140Hz, Tyr-B-H), 345 (CH, 4, J =5.2Hz,
CHCH,0), 3.97 (2H, s, CH,CO0), 4.01 (1H, m, Tyrol-a-
H), 408 (1H, d, J = 7.2Hz, Val-«-H), 4.62 (1H, dd,
J =428,9.2Hz, Tyr-a-H), 6.59 (2H, d, J = 8.4 Hz, Tyr-
e-H x 2), 6.66 (2H, d, J = 8.4 Hz, Tyrol-e-H x 2), 6.89
(2H, d, J=84Hz, Tyr-8-H x2), 701 2H, d, J =
8.4 Hz, Tyrol-8-H x 2), 7.25 (1H, d, J = 6.4 Hz, naph-
thyl-H), 7.38 (1H, t, J = 7.6 Hz, naphthyl-H), 7.45 (2H,
m, naphthyl-H,), 7.75-7.88 (3H, m naphthyl-H3).
I-Naphthylacetyl-L-tyrosyl-L-valyl-DL-tyrosinal ~ (TP-
104). To a solution of 9 (76 mg, 0.13 mmol) in 0.8 ml
of DMSO was added 51 mg of TEA (0.51 mmol) at room
temperature, and the solution was stirred for 5 minutes at
0°C. An 81mg amount of a sulfur trioxide-pyridine
complex (SOjs-pyridine, 0.51 mmol) in 0.8 ml of DMSO
was added to the reaction mixture at 0°C, and the
solution was stirred for an additional 3h at room
temperature. The reaction mixture was diluted with
EtOAc, and successively washed with 4% ag. citric acid,
H,0, 5% aq. NaHCO; and brine. The organic layer was
dried over Na,SO4 and concentrated under reduced
pressure. The residue was purified by silica gel column
chromatography (CHCl;/MeOH, 25:1) to give TP-104
(74mg) as a white powder in a 55% yield. Mp 154—
156°C. [alp® —18.2° (c 0.33, MeOH). Rf 045
(CHCl3/MeOH = 10/1). APCI-MS m/z: 596 (M +
H)*, 594 M —H)". HRFAB-MS m/z: caled. for
C35H33O6N3, 596.2761; found, 596.2764 (M + H)*. IR
(KBr) vax cm™': 3410, 3290, 1720, 1640, 1540, 1520,
1230, 780. "H-NMR (400 MHz, CDCl;/CD;0D) é: 0.74
(3H, dd, J = 3.2, 6.6Hz, CH3), 0.81 (3H, dd, J = 3.2,
6.6 Hz, CH3), 1.94 (1H, m, Val--H), 2.63-2.79 (2H, m,
Tyr-p-H, Tyral--H), 2.84-2.91 2H, m, Tyr-g-H, Tyral-
B-H), 3.97 (2H, s, CH,CO), 4.03 (I1H, dd, J = 6.8,
9.2 Hz, Tyral-a-H), 4.13 (1H, m, Val-a-H), 4.42 (1H, d,
J = 2.4Hz, hemiacetal-H), 4.55 (1H, m, Tyr-a-H), 6.56
(2H, t, J =8.4Hz, Tyre-H x2), 671 (4H, t, J =
8.4 Hz, Tyr-e-H x 2, Tyral-e-H x 2), 7.02 (2H, dd, J =
3.2, 8.4Hz, Tyral-8-H x 2), 727 (1H, d, J =8.0Hz,
naphthyl-H), 7.41 (1H, t, J = 8.0 Hz, naphthyl-H), 7.49
(2H, m, naphthyl-H,), 7.81 (2H, d, J = 8.0Hz, naph-
thyl-H,), 7.87 (1H, d, J = 8.0Hz, naphthyl-H). BC.-
NMR (100 MHz, CDCl;/CD50D) §: 18.0 (CHs), 19.2
(CHs), 31.1 (Val-8-CH), 34.8 (Tyral-p-CH»), 36.9 (Tyr-
B-CHy), 40.9 (CH,CO), 55.0 (Tyral-o-CH), 55.7 (Tyr-a-
CH), 59.6 (Val-a-CH), 97.7 (hemiacetal-C), 115.6 (Tyr-
g-CH), 115.7 (Tyral-e-CH), 123.9 (naphthyl-CH), 126.0
(naphthyl-CH), 126.4 (naphthyl-CH), 127.1 (naphthyl-

CH), 1274 (Tyr-y-C), 128.5 (naphthyl-CH), 128.6
(naphthyl-CH), 129.2 (naphthyl-CH), 129.3 (Tyral-y-
C), 130.4 (Tyr-3-CH), 130.6 (Tyral-5-CH), 131.1 (naph-
thyl-C), 132.5 (naphthyl-C), 1344 (naphthyl-C), 155.8
(Tyral-¢-C), 156.1 (Tyr-¢-C), 172.0 (Val-CO), 172.6
(Tyr-CO), 172.7 (CH,CO).

2-Naphthylacetyl-1-tyrosyl-L-valyl-Di-tyrosinal ~ (TP-
103). TP-103 was synthesized by a similar procedure
to that for TP-104 in a 45% yield from 6. Mp 176~
181°C. [a]p?® —38.8° (¢ 0.4, MeOH). Rf 0.50 (CHCl3/
MeOH = 10/1). APCI-MS m/z: 596 (M + H)*, 594
(M — H)". HRFAB-MS m/z: calcd. for CssHigOgNs,
596.2761; found, 596.2756 M+ H)". IR (KBr) vmax
cm™!: 3280, 2965, 1725, 1640, 1540, 1515, 1230, 825.
IH-NMR (400MHz, CD;0OD) §: 0.77 (3H, d, J =
6.8Hz, CH;3),0.82 (3H, dd, J = 2.4, 6.8 Hz, CH3), 1.88—
1.95 (1H, m, Val-g-H), 2.62 (1H, m, Tyral-8-H), 2.76
(1H, ddd, J = 2.4, 10.0, 14.0Hz, Tyr-g-H), 2.88 (1H, m,
Tyral-g-H), 2.98 (1H, dd, J = 4.4, 14.0Hz, Tyr-$-H),
3.63 (2H, d, J = 9.4 Hz, CH,CO), 4.05 (1H, m, Tyral-a-
H), 4.10 (1H, 44, J = 2.6, 74 Hz, Val-a-H), 443 (1H,
dd, J = 4.2, 6.2 Hz, hemiacetal-H), 4.62 (1H, m, Tyr-o-
H), 6.60 (2H, dd, J = 2.2, 8.6Hz, Tyr-e-H x 2), 6.65
(2H, 4, J = 8.4Hz, Tyral-e-H x 2), 698 2H, d, J =
3.2, 8.6Hz, Tyral-8-H x2), 7.01 (2H, dd, J =14,
8.4 Hz, Tyr-6-H x 2),7.18 (1H, d, J = 8.4 Hz, naphthyl-
H,), 7.41-7.46 (2H, m, naphthyl-H,), 7.59 (1H, s,
naphthyl-H), 7.72 (1H, d, J = 8.4Hz, naphthyl-H),
7.74-7.81 (2H, m, naphthyl-H,). 3C-NMR (100 MHz,
CD;0D) 68: 18.6 (CHs), 19.7 (CHj3), 32.2 (Val-g-CH),
34.9 (Tyral-8-CHyp), 37.7 (Tyr-B-CH,), 43.8 (CH,CO),
56.2 (Tyral-a-CH), 56.7 (Tyr-a-CH), 60.3 (Val-a-CH),
98.7 (hemiacetal-C), 116.2 (Tyr-e-CH), 116.3 (Tyral-¢-
CH), 126.8 (naphthyl-CH), 127.1 (naphthyl-CH), 128.3
(naphthyl-CH), 128.6 (naphthyl-CH), 128.8 (naphthyl-
CH), 129.1 (Tyr-p-C), 1292 (naphthyl-CH), 130.3
(naphthy!l-CH), 130.5 (Tyral-y-C), 131.3 (Tyr-5-CH),
131.4 (Tyral-8-CH), 133.9 (naphthyl-C), 134.1 (naph-
thyl-C), 135.0 (naphthyl-C), 156.8 (Tyral-¢-C), 157.3
(Tyr-¢-C), 173.1 (Val-C0), 173.6 (Tyr-CO), 173.9
(CH,CO).

Synthesis of the methyl derivatives.

Isovaleryl-(O-benzyl)-L-tyrosyl-L-valyl-(di-O-acetyl)-
L-tyrosinol (11). Compound 11 was synthesized by a
similar procedure to that for 7 in an 88% yield from 4.
APCI-MS m/z 688 (M+H)*. 'H-NMR (400 MHz,
CDCls) 8: 0.75 (3H, d, J = 6.8 Hz, CH3), 0.85 (3H, d,
J = 6.8Hz, CH;), 0.86 (3H, d, J = 6.8 Hz, CH3), 0.87
(3H, d, J=6.8Hz, CH;3), 2.02 (2H, d, J =2.0Hz,
(CH;3),CHCH,CO), 2.07 (3H, s, COCHj3), 2.13 (2H, m,
Val-g-H, (CH3),CHCH,CO), 2.25 (3H, s, COCH3), 2.77
(1H, dd, J = 7.2, 14.0Hz, Tyrol-g-H), 2.84 (1H, dd,
J =6.8, 14.0Hz, Tyrol-g-H), 2.97 (1H, dd, J =17.8,
14.2 Hz, Tyr--H), 3.05 (1H, dd, J = 6.2, 14.2Hz, Tyr-
B-H), 4.06 (2H, d, J = 5.2Hz, CHCH,0), 4.12 (1H, dd,
J =64, 84Hz, Val-a-H), 438 (1H, m, Tyrol-o-H),
4,60 (1H, dd, J = 7.2, 14.0Hz, Tyr-a-H), 5.00 (2H, s,
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OCH,Ph), 6.01 (1H, d, J = 7.2Hz, NH), 6.34 (1H, 4,
J =84Hz, NH), 6.60 (1H, d, J = 8.8Hz, NH), 6.90
(2H, d, J =8.8Hz, Tyre-H x2), 698 (2H, d,
J = 8.8Hz, Tyrol-s-H x 2), 7.11 (2H, d, J =8.8Hz,
Tyr-6-H x 2),7.19 (2H, d, J = 8.8, Tyr-6-H x 2), 7.30-
7.40 (5H, m, Ph-Hs).
Isovaleryl-(0-benzyl)-1-tyrosyl-L-valyl-(O-methyl)-1-
tyrosinol (12). Compound 11 was deacetylated by a
similar procedure to that for 9. To a solution of
deacetylated 11 (172 mg, 0.28 mmol) in 6 ml of MeOH
was added 2 mi of CHCl;, 14.8 mg of N,N-diisopropyl-
ethylamine (DIEA, 0.11 mmol) and 300 mg of trimeth-
ylsilyldiazomethane (2.63 mmol). The reaction mixture
was stirred for 24h at room temperature. The solvent
was evaporated to give 12 (294 mg) as a white powder
in a quantitative yield from 11. APCI-MS m/z: 618
M+, 616 M+H™. 'HNMR (400MHz,
CDs0OD) é: 0.81 (3H, d, J = 6.4Hz, CHs), 0.85 (3H,
d, J=6.8Hz, CHs3), 0.86 (3H, d, J = 6.4Hz, CH),
0.89 (3H, d, J = 6.8 Hz, CH3), 1.97-2.02 (4H, m, Val-g-
H, (CH3),CHCH,CO), 2.71 (1H, dd, J = 7.2, 14.0Hz,
Tyrol-p-H), 2.82 (2H, m, Tyrol-pH, Tyr-B-H), 3.03 (1H,
dd, J = 5.8, 142Hz, Tyr-$-H), 3.49 (2H, m, CHCH,0),
3.72 (3H, s, OCH3), 4.05 (1H, m, Tyrol-a-H), 4.07 (1H,
d, J = 7.2Hz, Val-a-H), 461 (1H, dd, J = 6.0, 8.8 Hz,
Tyr-a-H), 5.00 (2H, s, OCH3Ph), 6.79 (Z2H, d, J =
8.8 Hz, Tyr-s-H x 2), 6.88 (2H, d, J = 8.8 Hz, Tyrol-¢-
H x?2), 712 (2H, d, J = 8.8Hz, Tyr-6-H x 2), 7.14
(2H, d, J = 8.8, Tyrol-8-H x 2), 7.30-740 (5H, m,
Ph-Hs).
Isovaleryl-1-tyrosyl-L-valyl-(O-methyl)-DL-tyrosinal
(TP-106). TP-106 was synthesized by a similar proce-
dure to that for 5 and TP-104 in a 38% yield from 12.
Mp 145-147°C. [alp?* —32.1° (c 0.43, MeOH). Rf
0.50 (CHCl3/MeOH = 10/1). APCI-MS m/z: 526
(M +H)*, 524 (M — H)~. HRFAB-MS m/z: calcd. for
CaoHagONs, 526.2917; found, 526.2917 (M + H)*. IR
(KBr) vmex cm™': 3280, 2960, 1735, 1635, 1545, 1515,
1245, 1035, 830. '"H-NMR (400 MHz, CD;0D) &: 0.75
(3H, d, J =64Hz, CH;), 0.81 (3H, d, J=64Hz,
CH3), 0.86 (3H, d, J =6.8Hz, CH3), 0.89 (3H, d,
J = 6.8Hz, CH;3), 1.90 (1H, m, (CH;3),CHCH,), 1.98
(1H, m, Val--H), 1.99 (2H, d, J = 6.8Hz, CH,CO),
2.61-2.75 (2H, m, Tyr-8-H, Tyral--H), 2.89-3.05 (2H,
m, Tyr-g-H, Tyral--H), 3.65 (3H, s, OCHj;), 4.06-4.14
(2H, m, Tyral-o-H, Val-a-H), 4.44 (1H, dd, J =4.2,
7.0 Hz, hemiacetal-H), 4.59 (1H, m, Tyr-a-H), 6.67 (2H,
m, Tyr-e-H x2), 677 (2H, d, J =82Hz, Tyral-&-
H x?2), 7.04 (2H, m, Tyr-6-H x 2), 7.11 2H, d, J =
8.2Hz, Tyral-8-H x 2). PC-NMR (100 MHz, CD;0D)
§: 17.7 (CH3), 18.1 (CH3), 22.3 (CH3), 22.4 (CHz), 26.2
(CH3),CHCH,), 30.7 (Val-8-CH), 34.3 (Tyral-8-CHa),
37.1 (Tyr-B-CHp), 45.6 (CH,CO), 54.5 (Tyral-o-CH),
55.3 (OCH3), 55.6 (Tyr-a-CH), 59.2 (Val-«-CH), 96.9
(hemiacetal-C), 114.0 (Tyr-e-CH), 115.6 (Tyral-e-CH),
127.4 (Tyr-y-C), 129.8 (Tyral-y-C), 130.0 (Tyr-6-CH),
130.2 (Tyral-8-CH), 155.9 (Tyral-¢-C), 158.3 (Tyr-¢-O),
171.7 (Val-CO), 172.8 (Tyr-CO), 173.6 (CH,CO).

(N-t-Butoxycarbonyl-O-benzyl)-L-tyrosyl-L-valyl-(O-
methyl)-L-tyrosinol (13). Compound 13 was synthesized
by a similar procedure to that for 2 in an 82% yield
from 4. APCI-MS m/z 634 (M + H)T. '"H-NMR (400
MHz, CDCl3) 8: 0.75 (3H, d, J = 6.8Hz, CH3), 0.85
(3H, d, J = 6.8 Hz, CH,), 1.43 (9H, s, C(CH3)3), 2.23
(1H, m, Val-8-H), 2.73 (1H, dd, J = 6.8, 13.7 Hz, Tyrol-
B-H), 2.81 (1H, dd, J = 8.0, 13.7Hz, Tyrol-g-H), 2.98
(1H, dd, J = 7.0, 142Hz, Tyr-p-H), 3.06 (1H, dd,
J =359, 142Hz, Tyr-g-H), 3.50 (1H, dd, J =6.1,
11.2Hz, CHCH,0), 3.66 (1H, dd, 2.5, 11.2Hz), 3.76
(3H, s, OCH3), 4.13 (2H, m, Tyrol-a-H, Val-a-H), 4.23
(1H, dd, J=6.1, 12.0Hz, Tyr-o-H), 493 (1H, d,
J =4.9Hz, NH), 5.03 (2H, s, OCH,Ph), 6.35 (1H, br,
NH), 6.55 (1H, br, NH), 6.80 (2H, d, J = 8.8 Hz, Tyr-¢-
H x?2), 693 (2H, d, J = 8.8Hz, Tyrol-e-H x 2), 7.11
(2H, d, J = 8.8Hz, Tyr-6-H x2), 7.12 (2H, d, J =
8.8 Hz, Tyrol-8-H x 2), 7.30-7.40 (5H, m, Ph-Hs).

(N-t-Butoxycarbonyl-O-acetyl)-L-tyrosyl-L-valyl-(O-
acetyl-O-methyl)-1-tyrosinol (14). Compound 14 was
synthesized by a similar procedure to that for 5 and 6
in a 92% yield from 13. APCI-MS m/z 628 (M + H)™.
TH-NMR (400 MHz, CDCl,) §: 0.79 (3H, d, J = 7.2 Hz,
CH3), 0.86 (3H, d, /=7.2Hz, CH3), 1.42 (OH, s,
C(CH3)3), 2.07 (3H, s, COCHj3), 2.14 (1H, m, Val-8-H),
2.26 (3H, s, COCHj3), 2.70 (1H, dd, / = 8.0, 14.0Hz,
Tyrol-$-H), 2.80 (1H, dd, J = 6.0, 14.0Hz, Tyrol-B-H),
3.08 (2H, m, Tyr-8-H,), 3.77 (3H, s, OCHs), 4.03 (2H,
d, J = 5.2Hz, CHCH,0), 4.13 (1H, m, Val-a-H), 4.30
(1H, m, Tyr-a-H), 4.38 (1H, m, Tyrol-a-H), 4.92 (1H, 4,
J =6.4Hz, NH), 6.25 (1H, b, NH), 6.52 (1H, d, J =
8.4Hz, NH), 6.82 (2H, d, J = 8.6Hz, Tyr-e-H x 2),
7.02 (28, 4, J = 8.6 Hz, Tyrol-¢e-H x 2), 7.09 (2H, d,
J=8.6Hz, Tyr-8-H x2), 720 (2H, d, J=8.6Hz,
Tyrol-6-H x 2).

1-Naphthylacetyl-L-tyrosyl-L-valyl-(O-methyl)-DL-tyro-
sinal (TP-108). TP-108 was synthesized by a similar
procedure to that for 7, 9 and TP-104 in a 64% yield
from 14. Mp 208-210°C. [alp?® —27.4° (¢ 0.19,
MeOH). Rf 0.47 (CHCl3/MeOH = 10/1). APCI-MS
m/z: 610 (M + Hy*, 608 (M — H)~. HRFAB-MS m/z:
caled. for CssH4006N3, 610.2917; found, 610.2930
M +H)*. IR (KBr) vpmxcm™': 3280, 2960, 1730,
1640, 1540, 1510, 1250, 780. 'H-NMR (400 MHz,
CDCl3/CD;0D) 8: 0.75 (3H, dd, J = 2.4, 6.8 Hz, CH3),
0.82 (3H, dd, J = 2.4, 6.8 Hz, CH3), 1.94 (1H, m, Val-8-
H), 2.64-2.72 (2H, m, Tyr-B-H, Tyral-g-H), 2.81-2.97
(2H, m, Tyr-B-H, Tyral-§-H), 3.66 3H, d, J = 3.2 Hz,
OCH3), 3.96 (2H, s, CH,CO), 4.03 (1H, t, J = 7.0Hz,
Tyral-a-H), 4.12 (1H, m, Val-a-H), 444 (1H, dd,
J = 2.4, 40Hz, hemiacetal-H), 4.56 (1H, m, Tyr-o-
H), 6.57 (2H, dd, J = 5.6, 8.6Hz, Tyr-e-H x 2), 6.76
(4H, m, Tyr-8-H x 2, Tyral-e-H x 2), 7.10 (2H, dd,
J =22, 8.6Hz, Tyral-8-H x 2), 7.27 (1H, d, J = 8.0
Hz, naphthyl-H), 7.40 (1H, t, J = 8.0 Hz, naphthyl-H),
7.48 (2H, m, naphthyl-Hy), 7.79 (2H, d, J =8.0Hz,
naphthyl-H,), 7.86 (1H, d, J = 8.8Hz, naphthyl-H).
BC.NMR (100MHz, CDCl;/CD;0D) §: 18.2 (CHjy),
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19.3 (CH3), 31.2 (Val-B-CH), 34.8 (Tyral-g-CH,), 37.2
(Tyr-B-CHy), 41.2 (CH,CO), 55.3 (Tyral-a-CH), 55.5
(OCH;), 55.8 (Tyr-o-CH), 59.8 (Val-o-CH), 98.0
(hemiacetal-C), 1144 (Tyr-¢-CH), 116.0 (Tyral-e-CH),
124.1 (naphthyl-CH), 126.1 (naphthyl-CH), 126.5
(naphthyl-CH), 127.2 (naphthyl-CH), 127.7 (Tyr-y-C),
128.7 (naphthyl-CH), 128.8 (naphthyl-CH), 129.3
(naphthyl-CH), 130.7 (Tyr-6-CH), 130.8 (Tyral-6-CH),
130.9 (Tyral-y-C), 131.4 (naphthyi-C), 132.8 (naphthyl-
), 134.7 (naphthyl-C), 156.4 (Tyral-¢-C), 158.9 (Tyr-¢-
), 172.3 (Val-CO), 172.5 (Tyr-CO), 172.8 (CH,CO).
(N-t-Butoxycarbonyl-O-methyl)-L-tyrosyl-L-valyl-(di-
O-acetyl)-L-tyrosinol (15). Compound 15 was synthe-
sized by a similar procedure to that for 12 in a 40% yield
from 5. APCI-MS m/z 628 (M+H)". 'H-NMR
(400MHz, CDCl3) 8: 0.76 (3H, d, J = 7.0Hz, CH3),
0.85 (3H, d, J = 7.0Hz, CHj3), 1.41 (9H, s, C(CH3)3),
2.07 (3H, m, COCH3), 2.15 (1H, m, Val-8-H), 2.27 (3H,
s, COCH3), 2.73-2.85 (2H, m, Tyrol-8H>), 3.03 (2H, t,
J = 5.8 Hz, Tyr-B-H>), 3.76 (3H, s, OCH3), 4.02 (2H, 4,
J = 4.4Hz, CHCH,0), 4.13 (2H, dd, 6.6, 7.4 Hz, Val-a-
H), 424 (1H, dd, J = 7.4, 14.0Hz, Tyr-o-H), 441 (1H,
m, Tyrol-a-H), 4.90 (1H, br, NH), 6.36 (1H, br, NH),
6.44 (1H, 4, J = 8.4Hz, NH), 6.83 (2H, d, / = 8.6 Hz,
Tyr-¢-H x 2), 7.00 (2H, d, J = 8.6 Hz, Tyrol-e-H x 2),
7.11 (2H, d, J =8.6Hz, Tyr-8-H x2), 7.19 (2H, d,
J = 8.6Hz, Tyrol-§-H x 2).
1-Naphihylaceryl-(O-methyl)-L-tyrosyl-L-valyl-DL-tyro-
sinal (TP-109). TP-109 was synthesized by a similar
procedure to that for TP-108 in a 14% yield from 15. Mp
150-153°C. [a]p?® —18.2° (¢ 0.17, MeOH). Rf 0.45
(CHCI3/MeOH = 10/1). APCI-MS m/zz 610 (M +
™", 608 (M —H)". HRFAB-MS m/z: caled. for
C36HaoOgN3, 610.2917; found, 610.2901 (M + H)*. IR
(KBY) vpax cm™ 1 3270, 2960, 1740, 1640, 1540, 1510,
1250, 780. 'H-NMR (400 MHz, CDCl3/CD5;0D) 8: 0.75
(3H, dd, J = 4.0, 6.8 Hz, CH3), 0.81 (3H, dd, J = 4.0,
6.8 Hz, CH3), 1.95 (1H, m, Val-8-H), 2.60-2.92 (4H, m,
Tyr-B-H x 2, Tyral-8-H x 2), 3.73 3H, d, J = 4.4 Hz,
OCHy3), 3.97 (2H, s, CH,CO), 4.02 (1H, m, Tyral-a-H),
4.03-4.08 (1H, br, Val-a-H), 441 (1H, d, J = 4.0Hz,
hemiacetal-H), 4.59 (1H, m, Tyr-a-H), 6.56 (2H, dd,
J =188, 10.8Hz, Tyr-e-H x2), 6.72 (4H, m, Tyr-é-
H x 2, Tyral-e-H x 2), 7.03 (2H, dd, J = 3.2, 8.8 Hz,
Tyral-8-H x 2), 7.30 (1H, d, J = 8.8 Hz, naphthyl-H),
7.41 (1H, t, J = 8.8 Hz, naphthyl-H»), 7.45-7.53 (2H,
m, naphthyl-A>), 7.81 (2H, d, J = 8.8 Hz, naphthyl-f1),
7.88 (1H, d, J = 8.8 Hz, naphthyl-H). *C-NMR (100
MHz, CDCl;/CD30D) é: 18.0 (CHs), 19.1 (CHj3), 30.9
(Val-g-CH), 34.8 (Tyral-8-CH,), 36.8 (Tyr-g-CHy),
41.0 (CH,CO), 54.7 (Tyral-a-CH), 55.3 (OCHj3), 55.6
(Tyr-a-CH), 59.3 (Val-a-CH), 97.6 (hemiacetal-C),
114.1 (Tyr-e-CH), 115.5 (Tyral-e-CH), 123.8 (naph-
thyl-CH), 125.9 (naphthyl-CH), 126.3 (naphthyl-CH),
127.0 (naphthyl-CH), 128.2 (Tyr-y-C), 128.5 (naphthyl-
CH), 128.6 (naphthyl-CH), 128.9 (Tyral-y-C), 129.0
(naphthyl-CH), 130.2 (Tyr-6-CH), 130.4 (Tyral-§-CH),
130.8 (naphthyl-C), 132.3 (naphthyl-C), 134.3 (naph-

thyl-C), 155.6 (Tyral-¢-C), 158.6 (Tyr-¢-C), 171.8 (Val-
CO), 172.3 (Tyr-CO), 172.4 (CH,CO).
Isovaleryl-(O-methyl)-L-tyrosyl-L-valyl-(O-methyl)-DL-
tyrosinal (TP-107). TP-107 was synthesized by a similar
procedure to that for 12 and TP-104 in a 27% yield from
tyropeptinol A. Mp 158-161°C. [a]p?* —28.0° (¢ 0.25,
MeOH). Rf 0.41 (CHCl3/MeOH = 10/1). APCI-MS
m/z: 540 (M + H)*, 538 (M — H)~. HRFAB-MS m/z:
caled. for C3oHgpOgN3, 540.3074; found, 540.3109
M+ H)*. IR (KBr) vpcm™': 3280, 2960, 1730,
1640, 1550, 1510, 1250, 1040. 'H-NMR (400 MHz,
CDCl3) 8: 0.79 (3H, m, CHj3), 0.86 (3H, m, CHj3), 0.87
(3H, m, CHj3), 0.88 (3H, d, J = 6.8Hz, CHj3), 2.03 (2H,
br, CH,CO), 2.04 (1H, m, (CH3);CHCH,), 2.13 (1H, m,
Val-g-H), 2.78 (1H, m, Tyral-8-H), 2.97-3.06 (3H, m,
Tyral-B-H, Tyr-8-H x 2), 3.76 (6H, s, OCH3 x 2), 4.21
(1H, m, Tyral-a-H), 4.62 (1H, m, Val-a-H), 4.64 (1H,
m, Tyr-a-H), 5.99 (1H, br, NH) 6.44 (1H, br, NH), 6.78-
6.86 (4H, m, Tyr-¢-H x 2, Tyral-e-H x 2), 7.06-7.18
(4H, m, Tyr-§-H x 2, Tyral-6-H x 2), 9.56 (1H, s,
CHO). BC-NMR (100MHz, CDCl;3) §: 17.5 (CHs),
19.1 (CH,), 22.3 (CHz), 224 (CHj), 26.1 (CHj),-
CHCH,), 30.3 (Val-8-CH), 34.2 (Tyral-g-CH,), 36.8
(Tyr-B-CHy), 45.8 (CH,CO), 54.6 (Tyral-a-CH), 55.3
(OCHj3), 55.4 (OCH3), 58.6 (Tyr-a-CH), 59.8 (Val-a-
CH), 114.2 (Tyr-e-CH), 114.3 (Tyral-e-CH), 127.5
(Tyr-y-C), 128.2 (Tyral-y-C), 130.2 (Tyr-6-CH), 130.3
(Tyral-86-CH), 158.7 (Tyral-¢-C), 158.8 (Tyr-¢-C), 170.7
(Val-CO), 171.3 (Tyr-CO), 173.0 (CH,CO), 198.9
(CHO).
1-Naphthylacetyl-(O-methyl)-L-tyrosyl-L-valyl-(O-
methyl)-pi-tyrosinal (TP-110). TP-110 was synthesized
by a similar procedure to that for TP-107 in a 52% yield
from 9. Mp 192-194°C. [a]p?® —12.0° (c 0.25, DMF).
Rf 0.62 (CHCl3/MeOH = 10/1). APCI-MS m/z: 624
M + H)*t, 622 (M ~ H)~. HRFAB-MS m/z: calcd. for
C37HaaO6N3, 624.3074; found, 624.3065 (M + H)T. IR
(KBr) vmax cm™': 3280, 2960, 1730, 1640, 1540, 1510,
1250, 1040, 780. '"H-NMR (400 MHz, CDCl;/CD3;0D)
8: 0.76 (3H, dd, J =4.8, 6.0Hz, CHj3), 0.82 (3H, dd,
J =438,6.0Hz, CH3), 1.95 (1H, m, Val-g-H), 2.66-2.73
(2H, m, Tyr-8-H, Tyral-8-H), 2.80-2.96 (2H, m, Tyr-p-
H, Tyral-g-H), 3.68 (3H, d, J = 5.2Hz, OCHj3), 3.74
(3H, d, J = 4.0Hz, OCHj3), 3.96 (2H, s, CH,CO), 4.00
(1H, t, J = 7.6 Hz, Val-o-H), 4.03-4.18 (1H, m, Tyral-
a-H), 4.42 (1H, d, J = 4.0 Hz, hemiacetal-H), 4.58 (1H,
m, Tyr-a-H), 6.58 (2H, t, J = 8.8Hz, Tyr-e-H x 2),
6.76 (4H, dd, J = 2.0, 8.8Hz, Tyr-§-H x 2, Tyral-e-
H x 2), 720 (2H, dd, J = 3.2, 8.8 Hz, Tyral-6-H x 2),
7.30 (1H, d, J = 8.4Hz, naphthyl-H), 741 (1H, ¢t
J == 8.4 Hz, naphthyl-H), 7.45-7.52 (2H, m, naphthyl-
H>), 7.81 (2H, d, J = 8.4 Hz, naphthyl-H,), 7.88 (1H, d,
J = 8.4 Hz, naphthyl-H). BC.NMR (100MHz, CDCls/
CD50D) §: 18.1 (CH3), 19.2 (CHs), 30.9 (Val-g-CH),
34.7 (Tyral-g-CHy), 36.9 (Tyr-B-CH,), 41.2 (CH,CO),
54.7 (Tyr-a-CH), 55.3 (OCHjs), 55.4 (OCHj3), 55.5 (Tyr-
a-CH), 59.6 (Val-a-CH), 97.6 (hemiacetal-C), 114.1
(Tyr-¢-CH), 114.2 (Tyral-e-CH), 123.9 (naphthyl-CH),
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1259 (naphthyl-CH), 126.3 (naphthyl-CH), 127.0
(naphthyl-CH), 1284 (Tyr-y-C), 128.5 (naphthyl-CH),
128.6 (naphthyl-CH), 129.1 (naphthyl-CH), 130.3 (Tyr-
8-CH), 130.4 (Tyral-y-C), 130.5 (Tyral-6-CH), 131.0
(naphthyl-C), 132.4 (naphthyl-C), 134.4 (naphthyl-C),
158.5 (Tyral-¢-C), 1587 (Tyr-¢-C), 171.9 (Val-CO),
172.4 (Tyr-CO), 172.5 (CH,CO).

Proteasome and o-chymotrypsin activity. The chymo-
trypsin-like, trypsin-like and PGPH activities of the 20S
proteasome and a-chymotrypsin were measured by
using fluorogenic substrates as previously described.”
The 20S proteasome was prepared from human leuke-
mia HL-60 cells.

Cells. RKO human colon carcinoma, SW-480 human
colon adenocarcinoma, HT-1080 human fibrosarcoma
and RPMI8226 multiple myeloma were obtained from
ATCC Cell Bank. RKO and HT-1080 cells were grown
in an RPMI1640 medium, RPMI8226 cells were grown
in an RPMI1640 medium containing 5.5 uM 2-mercap-
toethanol, 1 mm sodium pyruvate and a 0.1 mm MEM
non-essential amino acid solution (Invitrogen, Grand
island, NY, U.S.A)), and SW-480 cells were grown in an
L-15 medium supplemented with 10% fetal bovine
serum (Tissue Culture Biologicals, Tulare, CA, U.S.A)),
100U/ml of penicillin G, and 100pg/ml of strepto-
mycin at 37 °C with 5% CO;.

Cell growth. The cells were incubated in 96-well
plates at 5,000 cells/well with a test sample for 72
hours. Cell growth was determined by the MTT (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide) method.
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Abstract

Megalin, a family of endocytic receptors related to the low-density lipoprotein (LDL) receptor, is a major pathway for proximal tubular
aminoglycoside accumulation. We previously reported that aminoglycoside antibiotics reduce SGLT1-dependent glucose transport in pig
proximal tubular epithelial LLC-PK, cells in parallel with the order of their nephrotoxicity. In this study, using a model of gentamicin C
(GMC)-induced reduction in SGLT! activity, we examined whether ligands for megalin protect LLC-PK, cells from the GMC-induced
reduction in SGLT1 activity. We employed apolipoprotein E3 (apoE3) and lactofertin as ligands for megalin. Then the cells were treated with
various concentrations of apoE3, lactoferrin and bovine serum albumin with or without 100 pg/mi of GMC, and the SGLT1-dependent
methyl e-D-glucopyranoside (AMG) uptake and levels of SGLT1 expression were determined. As a result, we demonstrated that the apoE3
significantly protects these cells from GMC-induced reduction in AMG uptake, but neither lactoferrin nor albumin does. In accord with a rise
in AMG uptake activity, the mRNA and protein levels of SGLT1 were apparently up-regulated in the presence of apoE3. Furthermore, we
found that the uptake of [°H] gentamicin is decreased by apoE3, and that apoE3 showed obvious protection against the GMC-dependent N-
acetyl-B-D-glucosamidase (NAG) release from LLC-PK; cells. Thus, these results indicate that apoE3 could be a valuable tool for the

prevention of aminoglycoside nephrotoxicity.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Apolipoprotein E3; SGLT1; Nephrotoxicity; LLC-PK; cell; N-acetyl-B-D-glucosamidase

1. Introduction

Aminoglycosides are commonly used antibiotics for
the treatment of serious. infections caused by various
bacteria including methicillin-resistant Staphylococcus
aureus (MRSA), while aminoglycosides often cause
damage to proximal tubular cells as a consequence of
their nephrotoxicity.

As it has been considered that the accumulation of
aminoglycosides in proximal tubular epithelial cells leads
to membrane structural disturbance and cell death, previous
studies had focused on the pathway of aminoglycoside

* Corresponding author. Tel.: +81 55 924 0601; fax: +81 55 922 6888.
E-mail address: numazu@bikaken.orjp (D. Ikeda).

0304-4165/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbagen.2004.12.006

uptake in proximal tubular apical membranes [1,2].
Recently, megalin has been implicated as a main route of
renal aminoglycosides uptake [1,3]. Megalin is a large
glycoprotein (about 600 kDa) to function as a multi-ligand
endocytic receptor related to the low-density lipoprotein
(LDL) receptor [1,3], and is expressed on apical surface in
proximal tubular cells, ependyma, lung alveoli, and yolk
sac [4]. The main function of megalin has been indicated as
a pathway for clearance of low molecular weight plasma
proteins, which are filtered from glomerulus [4-6]. Fur-
thermore, megalin mediates the uptake of apolipoproten
E3 (apoE3), a 34-kDa glycoprotein, which is the most
common isoform of apolipoprotein E (apoE) [4,7]. Recent
study has implicated that the primary function of apoE is a
lipid transport and promotion of cholesterol efflux from
cells [8].
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Kounnas et al. found that human milk protein known
as apolipoprotein J (apoJ) is a novel megalin ligand, and
demonstrated that several ligands for megalin block the
binding of apoJ to the receptor. In addition, they
suggested that apoJ, apoE3 and lipoprotein lipase
carboxyl-terminal receptor binding fragment might share
a common binding site on megalin, while other ligand
such as lactoferrin presumably binds to away from the
site of the receptor [9]. Therefore, if megalin is a main
route of aminoglycosides uptake as mentioned above,
there is a possibility that ligands for megalin sharing the
same binding sife might prevent the aminoglycoside
nephrotoxicity.

We previously reported that nephrotoxic aminoglyco-
sides significantly reduce Na'/glucose cotransporter
(SGLT1)-dependent glucose transport and down-regulate
mRNA and protein levels of the SGLT1 in pig proximal
tubular LLC-PK, cells [10]. We further demonstrated that
the mRNA expression of SGLT1 was down-regulated in
the gentamicin C (GMC)-treated murine kidney as well as
in vitro, and that was associated with the increase in
urinary glucose excretion in GMC-treated mice [10]. Here
we employed some ligands for megalin to study whether
these proteins protect LLC-PK; cells from GMC-induced
reduction in SGLT1 activity.

2. Materials and methods
2.1. Materials and cell culture

Methyl «-D-['*C] glucopyranoside (AMG) was pur-
chased from Moravek Biochemicals (Brea, CA). *H]
gentamicin sulfate was from American Radiolabeled
Chemicals, Inc. (St. Louis, MO). Human recombinant
apoE2, apoB3 and apoE4 were from CALBIOCHEM
(San Diego, CA). Lactoferrin from human milk and
bovine serum albumin-fraction V were obtained from
Sigma (St. Louis, MO). A rabbit polyclonal antibody
specific for a porcine SGLT1 was kindly provided by
Prof. Julia E. Lever (University of Texas Medical
School, Houston). This antibody reacts with a 75-kDa
porcine SGLT1 subunit [10]. A mouse anti-B-actin
monoclonal antibody (AC-74) was obtained from Sigma
(St. Louis, MO). An anti-rabbit Ig horseradish perox-
idase-linked whole antibody and an anti-mouse Ig
horseradish peroxidase-linked whole antibody were pur-
chased from Amersham Biosciences (Piscataway, NI).
GMC was prepared by us. LLC-PK; derived from
porcine proximal tubular cells were obtained from
American Type Culture Collection (Manassas, VA), and
the cells were maintained in a Dulbecco’s meodified
Bagle’s medium (DMEM; Nissui Pharmaceutical, Japan)
supplemented with 10% fetal bovine serum (FBS) at 37
°C in a 5% CO0,~95% air atmosphere without addition
of antibiotics.

2.2. AMG uptake study

Cells were inoculated into 24-well plates at 1 x10° cells/
ml (I ml/well) with various concentrations of GMC with or
without various concentrations of apoE2, apoE3, apoE4,
lactoferrin and albumin, and incubated in DMEM supple-
mented with 10% FBS at 37 °C for 4 days. '*C-labeled
AMG (0.4 uCi/ml) was added and after the incubation at 37
°C for 30 min, the medium was immediately removed and
the cells were washed twice with ice-cold PBS. The cells
were lysed in 0.5 mi of 0.1 N NaOH and 0.1% SDS, and the
aliquots of the lysates were employed for the determination
of radioactivity and protein concentration. Protein concen-
tration was measured using a protein assay kit (Bio-Rad,
Hercules, CA).

2.3. Detection of SGLT1 mRNA expression in LLC-PK; cells

Cells (1x10° cells/ml) were cultured in 10% FBS DMEM
with 0-100 pg/ml of GMC, with or without 4.3 pg/ml of
apoE3, 10 pg/ml of lactoferrin and albumin, and the total
RNAs were isolated at day 4 as previously described [10].
Subsequently, the RNA extracts were employed for syn-
thesis of cDNA. The primer sets were designed from the
GenBank database and the following primers were used for
RT-PCR. pig-SGLT1, sense, 5'-TGG ACG AAG TAT GGT
GTG GT-3, and anti-sense, 5'-CAT CAC TAT GAC AAA
CAT GG-3'; pig-GAPDH, sense, 5-GAT GAC ATC AAG
AAG GTG GTG AA-3, and anti-sense, 5'-CTC TTA CTC
CTT GGA GGC CAT GT-3'. The conditions for amplifica-
tion were as follows: 94 °C for 2 min followed by 25 cycles
of 94 °C for 30's, 56 °C for 30 s, and 72 °C for 1l min in a
TAKARA PCR Thermal Cycler MP (Takara Bio, Japan).
The expression levels of SGLT1 were quantified by Fluoro
Image Analyzer FLA-5000 (Fuji Photo Film, Japan).

2.4. Protein preparation from LLC-PK, cells and
immunoblotting

Cells (1x10° cells/ml) were plated onto 24-well plates
with 0-200 pg/ml of GMC with or without 4.3 ug/ml of
each of three apoE isoforms, 10 pg/ml of lactoferrin and
albumin, and cultured in 10% FBS DMEM for 4 days. The
cells were washed twice with ice-cold PBS and then lysed in
a lysis buffer (20 mM Hepes, pH 7.5, 150 mM NaCl, 1%
Triton X-100, 10% glycerol, I mM EDTA, 50 mM NaF, 50
mM p-glycerophosphate, 1 mM NazVO,, and 25 pg/ml
each of antipain, leupeptin, and pepstatin). The cell lysates
were collected and centrifuged at 15,000xg for 10 min. The
supernatants were retrieved and stocked at —20 °C until just
before use.

Equal amounts of protein extracts (approximately 10
ug) were electrophoretically separated by 7.5% SDS-
polyacrylamide gel and transferred onto Immobilon poly-
vinylidine difluoride membranes (Millipore) as previously
described [10]. Thereafter, the membrane was incubated
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with appropriate antibodies and the membrane was
developed by enhanced chemiluminescence system (Amer-
sham Bioscience).

2.5. GMC uptake study

Cells (1x10° cells/ml) were inoculated into 24-well
plates as described above. After 1 day or 4 days culture,
[’H] gentamicin (1 pCi/ml) was added and incubated at 37
°C for 10~120 min with or without 4.3 ug/ml of apoE3 and
100 pg/ml of unlabeled GMC. The cells were washed twice
with 0.5 ml of ice-cold PBS, and then cells were lysed in 0.5
ml of 0.1 N NaOH and 0.1% SDS. The radioactivities and
protein concentrations were determined as previously
described [10].

2.6. Detection of NAG levels

Cells (1x10° cells/ml) were inoculated into a 24-well
plate with 0100 pg/ml of GMC, with or without 4.3 jig/ml
of apoE3, 10 pg/ml of lactoferrin and albumin, and cultured
in 10% FBS DMEM for 4 days. Thereafter, the respective
supernatants of the medium were retrieved for a measure-
ment of N-acetyl-p-D-glucosamidase (NAG) activity. NAG
levels were detected by NAG-TEST SHIONOGI according
to manufacture’s instructions (Shionogi and Co., Ltd.,
Japan).

2.7. Statistical analysis

After the results were obtained, sets of data were
assigned to their respective groups. The significance of the
differences between the seis of data was assessed by
Student’s f-test.

3. Results

3.1. Assessment of GMC-induced reduction in SGLTI
activity

Previously, we demonstrated that nephrotoxic amino-
glycosides decrease the glucose transport specifically from
apical to basolateral side in LLC-PK; cells, and that the
reduction of AMG uptake was SGLT1-dependent. In our in
vitro model, treatment of the cells with 100 pg/ml of GMC
or neomycin for 4 days exhibited a striking reduction in the
AMG uptake [10]. To establish an appropriate model of
GMC-induced reduction in SGLT1 activity, LLC-PK}; cells
were cultured with various concentrations of GMC, and
then assessed AMG uptake as a specific indicator of SGLT1
activity. As shown in Fig. 1A, GMC reduced the AMG
uptake dose-dependently and 100 pg/ml of GMC inhibited it
completely. Furthermore, we detected the protein expression
levels of SGLT1 and found that GMC decreases the protein
level of SGLT1 in agreement with AMG uptake (Fig. 1B).
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Fig. 1. GMC-induced reduction in SGLT1 activity in LLC-PK; cells. (A}
Cells were cultured for 4 days with various concentrations of GMC, and
then 0.4 pCi/ml AMG was added for AMG uptake study. Cells were
disrupted and the aliquots were employed for the determination of
radioactivity and protein concentrations. (B) Cells were cultured for 4
days, and then total protein extracts were separated by SDS-PAGE and
applied to immunoblotting. Membrane was incubated with a rabbit anti-
porcine SGLT1 polyclonal antibody and approximately 75-kDa bands were
detected. Anti-p-actin monoclonal antibody (42 kDa) was used as an
internal control.

Hence, we employed a concentration of 100 ug/ml of GMC
for following studies as a nephrotoxic model.

3.2. Protective effect of apoE3 on reduction in SGLTI
activity

In order to investigate the protective effect of apoE3 or
lactoferrin which is considered to be a ligand for megalin on
GMC-induced reduction in SGLT1 activity, the cells were
inoculated with various concentrations of apoE3, lactoferrin
and bovine serum albumin with or without GMC and
cultured for 4 days. As shown in Fig. 2A, confrol without
any addition displayed high AMG uptake (1.6361:0.133
nmol/mg protein/30 min) and other simple addition of the
megalin ligands retained the uptake as well as control.
While the addition of 100 pg/ml of GMC strongly
suppressed the AMG uptake (0.43820.043 nmol/mg
protein/30 min), the addition of 4.3 and 2.15 pg/ml of
apoE3 together with GMC significantly improved the
uptake (1.249+0.054 and 0.718+0.083 nmol/mg protein/
30 min, respectively) and the intensities of the protection
were dependent on the dose of apoE3 (Fig 2A). By contrast,
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Fig. 2. Effect of ligands for megalin on AMG uptake in LLC-PK, cells. (A)
Cells were cultured with various concentrations of the ligands with or
without 100 pg/ml of GMC, and AMG uptake study was carried out as
described in Fig. 1. Data represent a meantS.E. from three independent
experiments. *P<0.05; ***P<0.005 versus gentamicin C alone treated
group. (B) Western blot analysis was carried out and protein expression
levels of SGLT! were determined as described in Fig. 1. (C) Cells were
cultured as described above, and total RNAs were collected at day 4. The
amounts of used mRNAs were adjusted to be equally using GAPDH as
control. RT-PCR products of SGLT1 and GAPDH were 758 and 236 bp,
respectively. Numbers are relative amount of SGLT! to GAPDH and
expressing control as 1.0. Co, control; Lac, lactoferrin; Alb, albumin; and
GMC, gentamicin C.

lactoferrin, which may bind to different site of the receptor
from the site for apoE3 and albumin did not show any
increment in the uptake. Consistent with a rise in AMG
uptake activity, the protein and mRNA levels of SGLT1
were apparently up-regulated in the presence of 4.3 pg/ml of
apoE3 (Fig. 2B and C). Furthermore, to confirm that
common three isoforms of apoE can restore the GMC-
induced reduction in AMG uptake, the cells were incubated
with 4.3 pg/ml of apoE2, apoE3 and apoE4 with or without
GMC. As a result, not only did apoE3 improve the reduction

in AMG uptake as described above, but also the addition of
apoE2 and apoE4 showed significant increments in AMG
uptake and in SGLTI protein expression (Fig. 3). Because
apoE3 is the most prevalent isoforms of apoE, we employed
the apoE3 for following studies.

3.3. Effect of apoE3 on [ HJ gentamicin uptake

Since the addition of apoE3 protected the cells from
GMC-induced reduction in SGLT1 activity, the protective
effect is hypothesized to be a result from the interruption of
GMC binding and subsequent uptake into the cell. To
ascertain whether apoE3 disturbs the binding of GMC to the
cell surface as a consequence of inhibition with GMC for
binding to the site of the receptor, the cells were inoculated
and cultured for 1 or 4 days, and then [*H] gentamicin (1
uCi/ml) was added with or without apoE3 or unlabeled
GMC. As shown in Fig. 4, [PH] gentamicin was time-
dependently transported into the cells as reported by
Kiyomiya et al. [11]. Not merely the addition of 100 pg/
ml of unlabeled GMC significantly decreased the uptake of
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Fig. 3. Effect of three isoforms of apoE on AMG uptake in LLC-PK; cells.
(A) Cells were cultured with 4.3 pg/ml of apoE2, apoE3 and apoE4 with or
without 100 pg/ml of GMC, and AMG uptake study was. carried out as
described in Fig. 1. Data represent a mean+S.E. from three independent
experiments, *P<0.05; **P<0.01 versus gentamicin C alone treated group.
(B) Western blot analysis was carried out and protein expression levels of
SGLT! were determined as described in Fig. 1. Co, control; E2,
apolipoprotein E2; E3, apolipoprotein E3; and E4, apolipoprotein E4.
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[’H] gentamicin as observed in vivo [1], but the addition of
4.3 pg/ml of apoE3 showed the interruption of ’H]
gentamicin uptake both in subconfluent culture at day one
and in confluent culture at day 4. The result indicates that
apoE3 disturbs the [H] gentamicin uptake into the cell.

3.4. Improvement of extracellular release of NAG

Several studies have demonstrated that aminoglycosides
localize to lysosomes through endocytic incorporation
leading to eventual lysosomal and apical membrane
enzymes release [1,12], and that apoE has also shown to
be involved in lysosomal localization of high-density
lipoprotein (HDL) in a rat kidney [13]. Because we found
influence of apoE3 on binding or subsequent uptake of [*H]
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Fig. 4. Effect of apoE3 on [2H] gentamicin uptake in LLC-PK; cells. Cells
were inoculated and cultured for 1 day (A) and for 4 days (B), and I pCi/mi
of [°H] gentamicin was added and incubated for 10-120 min with or
without 4.3 pg/ml of apoE3 or 100 pg/ml of unlabeled GMC. Subsequently,
the radioactivities and protein concentrations were determined. Co, PH]
gentamicin alone; and GMC, unlabeled gentamicin. (C) Data represent a
mean+S.E. from three independent experiments. *P<0.05; *#*P<0.01;
###P<(),005 versus control group.
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Fig. 5. Effect of apoE3 on the extracellular release of NAG in LLC-PK;
cells. Cells were cultured for 4 days with 0—100 pg/ml of GMC, with or
without 4.3 pg/ml of apoE3, 10 pg/ml of lactoferrin and albumin. And then
respective supernatants of the medium were retrieved for measurement of
NAG activity. Data represent a mean+S.E. from three independent
experiments. *P<0.05 versus gentamicin C alone treated group.

gentamicin, we postulated that the apoE3 might moderate
lysosomal destabilization, which is induced by GMC
following intracellular incorporation. To study whether
apoE3 improves GMC-dependent extracellular release of
NAG, the cells were inoculated and incubated as described
above. Thereafter, the release of NAG from the cells into the
culture medium was determined. As expected, the GMC-
treated cells increased NAG release compared with control
cells, and the treatment of cells with 4.3 pg/ml of apoE3
resulted in significant protection against GMC-dependent
extracellular NAG release (Fig. 5).

4. Discussion

Aminoglycosides are worth using antibiotics for the
treatment of severe bacterial infections such as MRSA.
Since aminoglycosides accumulate in renal proximal tubular
cells and cause subsequent cell death as a result of
nephrotoxicity, therapeutic monitoring is essential for the
clinical treatment of aminoglycosides. Recent studies
demonstrated that megalin is a main route of aminoglyco-
side uptake in renal proximal tubular cells, and also
displayed the evidence that the lack of aminoglycoside
uptake is a direct consequence of megalin deficiency in an
animal model [1]. Hence, we have postulated that the ligand
for megalin might competitively inhibit or interfere the
binding of aminoglycosides to the site of the receptor, if
they share a common or proximate binding domain.

Our previous study demonstrated that aminoglycosides
significantly reduce SGLT1-dependent glucose transport
and uptake of AMG, a specific substrate of SGLT1, in
LLC-PK, cells [10]. In this study, we first established an
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appropriate model of GMC-induced reduction in SGLT!
activity to examine whether the AMG uptake study reflects
the assessment of GMC-dependent nephrotoxicity com-
pared with commonly used nephrotoxic indicator such as
LDH release (Fig. 1). Consequently, GMC dose-depend-
ently reduced SGLT1 activity and the result demonstrated
the inverse correlation with LDH leakage as reported by
Girton et al. [14,15]. This result also showed positive
correlation with reduction in Na'-dependent AMG and
phosphate transport in rabbit proximal tubular cells [15] and
with inhibitory activity of dome formation in LLC-PK; cells
as described previously [2,16]. Therefore, we investigated
whether ligands for megalin protect LLC-PK; cells from
GMC-induced reduction in SGLT1 activity. The protective
effect was only observed in an addition of apoE3, while it
was not observed when lactoferrin, which may bind to away
from the site of apoE3, or albumin was added (Fig. 2).
Though albumin constitutes the major plasma protein,
megalin indirectly mediates endocytosis of albumin through
the binding of albumin to cubilin [17]. Thus, it is considered
that the binding of albumin to megalin does not affect the
binding of aminoglycosides to the site of the receptor.
Furthermore, this improvement was at least not due to the
activation of SGLT1, because there was no influence on
AMG uptake by only the addition of apoE3 (Fig. 2). In
addition to the improvement of reduction in SGLT1 activity,
apoE3 could sustain the level of SGLT1 mRNA and protein
expression (Fig. 2). These results indicate that apoE3
safeguards LLC-PK, cells against GMC-induced reduction
in SGLT1 activity through the up-regulation of mRNA and
the subsequent rise in protein expression of SGLTI. We
further found that common three isoforms of apoE show
obvious improvement in GMC-induced reduction in AMG
uptake and in SGLT1 protein expression (Fig. 3). Although
these isoforms differ in two amino acid residues [8], they
might share common binding site on the cells.

Consistent with our result, clusterin had also been
demonstrated to protect LLC-PK; cells from gentamicin-
mediated cytotoxicity [14]. Clusterin synonymous with apoJ
and apoF are primarily involved in the transport of lipid and
cholesterol in the central nervous system, and it has also
been suggested that apoJ may play a similar role in lipid
trafficking when apoE function is impaired [18]. Moreover,
Kounnas et al. reported that these apol and apoE3 might
share a common binding site on megalin [9]. Therefore, it
was considered that the apoE3 and apoJ might potentially
impede aminoglycoside uptake as initially hypothesized. To
ascertain the inhibitory effect of apoE3 on GMC binding or
subsequent uptake, we examined [’H] gentamicin uptake
study in the presence of apoE3 or unlabeled GMC in LLC-
PK, cells (Fig. 4). As a result, 4.3 pg/ml of apoE3 showed
an inhibitory effect on [*H] gentamicin uptake both in
subconfluent and in confluent cell culture (Fig. 4), and the
addition of unlabeled GMC resulted in a significant
reduction. However, in contrast to the dramatic restoration
of reduction in AMG uptake, the addition of neither apoE3

nor unlabeled GMC shows a striking reduction in [°H]
gentamicin uptake. Moestrup et al. has suggested that
extracellular acidic phospholipids may interact with poly-
basic aminoglycosides as an initial epithelial binding site
[19]. Thus, [*H] gentamicin potentially binds to extracel-
lular surface of the cells independent of subsequent intra-
cellular uptake via endocytic receptor. Additionally, to
ascertain the direct influence of apoE3 on GMC, we
examined whether apoE3 binds to GMC. However, we
could not find any evidence for a direct binding of apoE3 to
GMC (data not shown). These results indicate that the
protective effect may mainly depend on the disturbance of
[PH] gentamicin uptake into the cells by apoE3.

A variety of ligands have been found for megalin such as
vitamin binding proteins, apolipoproteins and polybasic
drugs, which include aminoglycosides and polymixin B
[4,9]. At least in part, these exogenous ligands for megalin
have been demonstrated to be carried through endocytic
pathways to lysosomes [1,4,13,20]. Hence, we next studied
the effect of apoE3 on GMC-dependent extracellular release
of NAG, one of the lysosomal glycolytic enzymes, as a
marker of renal tubular damage {20]. In consequence,
treatment of cells with 4.3 pg/ml of apoE3 displayed
significant improvement of GMC-dependent NAG release
(Fig. 5). Previous studies demonstrated that aminoglyco-
sides and other cationic drugs cause lysosomal dysfunctions
including phospholipidosis [12,21]. Therefore, apoE3 may
exert the protective effect by interfering with the binding of
aminoglycoside to the site of megalin. While we could not
detect the expression of megalin using a commercially
available antibody, Malzoro et al. demonstrated that LLC-
PK, is expressing megalin [22]. Even though we did not
detect the expression of megalin, there is a possibility that
apoE3 might protect the cells from GMC-induced NAG
release related to lysosomal destabilization, which includes
intracellular phospholipidosis as a consequence of reduction
in GMC uptake, and would coincidentally or subsequently
improve SGLT! activity in LLC-PK; cells.

In conclusion, we demonstrated that apoE3 protects
LLC-PK,; cells from the reduction in SGLT1 activity.
ApoE3 thus could be a valuable tool for the prevention of
aminoglycoside nephrotoxicity.
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Abstract

Deficiency of Fas expression is one of mechanisms involved in the immune evasion by tumors. Several antitumor drugs,
such as doxorubicin (DOX) increase Fas expression in tumor cells and sensitize the cells to Fas-mediated apoptosis in vitro.
However, the significance of the Fas expression in vivo is still unclear. Therefore, we examined a role of Fas expression on
antitumor effect of DOX using a syngeneic tumor model of Lewis lung carcinoma (3LL) cells in C57BL/6-gld mice that lack
functional Fas ligand (FasL). In vitro, anti-Fas agonistic antibody, Jo2, did not decrease a viable cell number of 3LL cells in the
absence of DOX, whereas it significantly reduced the cell viability in the presence of DOX. The treatment with DOX alone at
the same dose did not induce cell death. Flowcytometric analysis of Fas expression revealed that 3LL cells expressed only a
marginal amount of Fas, but the treatment of the cells with DOX increased the expression of Fas in the cell surface. When
splenic T cells were prepared from 3LL-bearing C57BL/6 mice, the splenic T cells significantly killed DOX-pretreated 3LL
cells more than untreated 3LL cells. In the syngeneic models, DOX inhibited growth of 3LL solid tumor both in wild-type
C57BL/6 mice and in Fas-deficient C57BL/6-lpr mice, but it failed in C57BL/6-gld mice, suggesting that the interaction
between host FasL and tumor Fas is involved in the antitumor effect of DOX. Furthermore, Fas expression was increased in the
solid tumor by the treatment of DOX. These results suggest that the antitumor effect of DOX is partly exerted by the Fas
expression and host immune defense.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Fas; Fas ligand; Adriamycin; Chemotherapy; Tumor immunity

1. Introduction

Fas (CD95/APO-1) is a type-l membrane protein

and a member of tumor necrosis factor receptor family.

# Corresponding author. Tel.: +81 55 924 0601; fax: +81 55 Bmd.mg of its 1nt1‘1n.s1c _hgan_d’ Fas ligand (FaSL)’.to
922 6888. Fas induces apoptotic signaling [1,2]. Recent studies
E-mail address: numazu@bikaken.orjp (M. Kawada). have demonstrated that Fas is down-regulated in some
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human malignancies, including lung, breast, and
esophageal cancer [3—5]. Deficiency of FFas expression
should contribute to escape from host immune
surveillance in those tumor cells because Fas/FasL
interaction is involved in the cytolysis of the tumor
cells mediated by cytotoxic T lymphocytes (CTLs)
[6,7]. Fas expression is in fact shown as a significant
prognostic factor in the human malignancies [3-5],
and 1t is demonstrated that Fas overexpression on solid
tumor cells delays the tumor growth in vivo in a
syngeneic model [8]. Therefore, sensitization of tumor
cells to CTLs by restoring Fas expression will be a
practical approach to cancer treatment.

It has been reported that several antitumor drugs
enhance susceptibility of tumor cells to Fas-mediated
apoptosis [9-11]. Recently, Kataoka et al. [12] have
shown that DNA-damaging agent, such as doxorubi-
cin (DOX), sensitizes murine thymoma EL-4 cells to
Fas-mediated apoptosis via an increase in the expres-
sion of Fas on the cell surface. These findings arise a
possibility that the chemotherapeutic effect of anti-
tumor drugs used clinically is mediated by the Fas
expression and altered susceptibility to CTL-mediated
cytolysis of tumor cells. However, significance of the
Fas expression by the drugs on antitumor effect in
vivo is still unclear. In the present study, we have
defined the role of DOX-induced Fas expression on
its antitumor effect using a syngeneic model of 3LL
cells in FasL~deficient C57BL/6-gld mice [13].

2. Materials and methods
2.1. Cell line and susceptibility to Fas stimuli

3LL cells (Lewis lung carcinoma, H-2%) were
grown in Dulbecco’s modified Eagle’s medium
(Nissui, Ohita, Japan) supplemented with 10% fetal
bovine serum (JRH Biosciences, Lenexa, KS), 100 U/
ml of penicillin G, and 0.1 mg/ml of streptomycin at
37 °Cin a 5% CO»-95% air atmosphere. To examine
the susceptibility to Fas-mediated apoptosis, the cells
were treated with an agonistic anti-Fas antibody
(clone Jo2, BD Bioscience, Stockholm, Sweden) in
the presence or absence of DOX for 48 h. After
the adherent and detached cells were combined
together, the cells were stained with 0.2% trypan
blue, and the percentage of viable cells was deter-

mined using a hemocytometer. Cell viability [%]
means the ratio of number of trypan blue impermeable
cells in total cell counts (number of both trypan blue
impermeable and permeable cells).

2.2 Detection of cell surface expression of Fas and
FasL

Cells were detached from plastic culture plates
using 5 mM EDTA in PBS and then were incubated
with 8 ug/ml of the appropriate antibody (for Fas,
clone Jo2; for FasL, clone MFL3, BD Bioscience) for
1 h at4 °C. The cells were washed and then incubated
with 10 pug/ml of a secondary antibody labeled with
FITC (Jackson ImmunoResearch, West Grove, PA).
After washing, 30,000 cells were analyzed by a
flowcytometer (FACScalibur, BD Systems).

2.3. CTL cytolysis assay

3LL-bearing C57BL/6 mice were sacrificed, and
nylon-wool-passed splenic T cells were prepared.
Target 3LL cells pretreated with or without 0.3 pg/ml
of DOX for 24 h were labeled with *'Cr (Na25 1Cr04,
14.3 GBg/mg, NEN, Boston, MA) and then incubated
with the splenic T cells at the indicated ratios for 20 h.
After incubation, the supernatant was collected, and
>1Cr radioactivity was counted in a gamma counter
(ARC-300, ALOKA, Tokyo, Japan). After the dis-
ruption of the target cells by 1% SDS, the maximum
counts in the target cells were determined. The mean
percentage of specific cytolysis was calculated as
follows: %cytolysis=[(test count—spontaneous count)/
(maximum count—spontaneous count)]X100. Maxi-
mum count and spontaneous count were 737+33.8
and 2904-12.9 cpm for control 3LL cells and 1422496
and 497+ 18 cpm for DOX-treated 3LL cells, respec-
tively. Although the counts in the DOX-treated 3LL
cells were higher than that in the untreated 3LL cells,
the ratios of spontaneous count/maximum count were
almost the same.

2.4. Detection of expression of Fas mRNA by RT-PCR

Total RNA was extracted from tumor cells by using
an RNeasy kit (Qiagen, Hilden, Germany) and reverse
transcribed to ¢cDNA using Reverse Transcription
System (Promega, Madison, WI) kit according to
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the manufacturers’ instructions. cDNA was amplified
by the following primers and conditions: Fas, 5-
ATGCACACTCTGCGATGAAG-3 (sense) and 5'-
TTCAGGGTCATCCTGTCTCC-3" (antisense), 30
cycles of 94 °C for 1 min, 58 °C for 40 s, 72 °C
for 40s; GAPDH, 5-GGTGAAGGTCGGT-
GTGAACGGA-3 (sense) and 5-TGTTAGTGGG-
GTCTCGCTCCTG-3' (antisense), 15 cycles of 94 °C
for 1 min, 58 °C for 40 s, 72 °C for 40 s. PCR products
(Fas, 313 bp; GAPDH, 221 bp) were analyzed by 2%
agarose gels and stained with SYBR Green I (Takara,
Shiga, Japan).

To detect expression of Fas in vivo, 6-week-old
female CS7BL/6J-lpr/lpr mice [14] (Japan SLC,
Shizuoka, Japan) were inoculated subcutaneously
(s.c.) with 5x10° of 3LL cells. DOX was injected
intraperitoneally (i.p.) when the tumor volume was
reached at 100 mm?® (day 8 after tumor inoculation),
and the mice were sacrificed, and the 3LL solid
tumors were obtained at day 9.

2.5. Experimental chemotherapy

C57BL/6] (H-2°), C57BL/6I-Iprilpr (H-2°), and
C57BL/6J-gld/gld (H-2°) mice were purchased from
Japan SLC, and maintained in a specific pathogen-free
barrier facility. Six-week-old female mice were
inoculated s.c. with 5x10° of Lewis lung carcinoma
3LL cells (H-2°) at day 0. DOX was injected ip.
Diameters of the tumors were measured every other
day with calipers, and the volume was calculated by
the formula, tumor volume=(longest diameter)-
X (shortest diameter)?x 1/2. When the tumor volumes
of control group were reached at 1000 mm?, the mice
were sacrificed, and the tumor weights were mea-
sured. Statistical significance was analyzed by Stu-
dent’s f-test, and differences were considered sta-
tistically significant at P<0.05.

3. Results

3.1. Doxorubicin-induced Fas expression and
enhanced sensitivity to Fas-mediated apoptosis in
vitro

First, we examined whether DOX sensitizes 3LL
cells to Fas-mediated apoptosis in vitro. 3LL cells
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Fig. 1. DOX-induced Fas expression and enhanced sensitivity. (A)
Sensitivity to Fas stimuli. Cells were treated with an agonistic anti-
Fas antibody (clone Jo2, 1 pg/ml) in the presence or absence of the
indicated concentrations of DOX for 48 h. After adherent and
detached cells were combined together, the cells were stained with
0.2% trypan blue, and the percentage of viable cells was determined
using a hemocytometer. Values are means for quadruplicate
determinations; bars, S.D. (B) Cell surface Fas expression. Cells
treated with 0.3 pg/ml of DOX for 24 h were recovered and stained
with anti-Fas antibody, immune fluorescence was quantified by
flowcytometric analysis. (C) Fas mRNA expression. Cells were
treated with 0.3 pg/ml of DOX for 24 h. mRNA expression was
analyzed by RT-PCR.
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treated with or without DOX were incubated with 1
pg/ml of anti-Fas agonistic antibody, Jo2, for 48 h,
and their viability was assessed by trypan blue dye
exclusion assay. As shown in Fig. 1A, DOX did
not decrease a viable cell number up to 1 pg/ml in
the absence of Jo2. But, it significantly reduced the
cell viability to 40% in the presence of Jo2. The
treatment with Jo2 alone did not induce cell death.
Flowcytometric analysis of Fas expression revealed
that 3LL cells expressed only a marginal amount of
Fas, but treatment of the cells with DOX (0.3 pg/
ml) caused an increase in the expression of Fas on
the cell surface (Fig. 1B). In addition, expression of
Fas mRNA was up-regulated by treatment with
DOX (Fig. 1C). When splenic T cells were
prepared from 3LL-bearing C57BL/6 mice, the
splenic T cells significantly killed DOX-pretreated
3LL cells more than untreated 3LL cells (Fig. 2).
These results indicate that DOX induces Fas
expression in 3LL cells and enhances sensitivity
to Fas-mediated apoptosis. FasL expression in 3LL-
cells was also examined by a flowcytometer;
however, it was at a marginal level, and the
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Fig. 2. Doxorubicin-induced sensitization of 3LL cells to cytotoxic
activity of CTL. 3LL-bearing C57BL/6 mice were sacrificed, and
splenic T cells were prepared. Target 3LL cells pretreated with or
without 0.3 pg/ml of DOX for 24 h were labeled with *'Cr and then
incubated with the splenic T cells at the indicated ratios for 20 h.
After incubation, the supematant was collected, and 3¢y radio-
activity was counted in a gamma counter. Values are means for
triplicate determinations; bars, S.D. ***P<0.005 in comparison with
control group.

expression level was not changed by the treatment
with DOX (data not shown).

3.2. Doxorubicin-induced Fas expression in vivo and
its role on the antitumor effect

Our current working hypothesis is that the
antitumor effect of DOX in vivo would be attributed
to not only its direct antiproliferative effect but also
host immune defense through enhancement of Fas
expression in tumor cells because CTL-mediated
cytolysis of tumor cells mainly occurs via Fas-
mediated apoptosis [6,7]. We tested this hypothesis
using a syngeneic tumor model of 3LL cells in FasL-
deficient C57BL/6-gld mice [13] in which CTL-
mediated cytolysis via Fas did not occur. 3LL cells
were inoculated into gld mice, and the mice were
treated with DOX, and then inhibition of the tumor
growth in the gld mice was compared with that in
C57BL/6 (wild type) mice. It was reported that
certain antitumor drugs can eliminate immune
suppressor cells and augment antitumor immune
responses [15,16], and that apoptosis of thymocytes
in vivo by antitumor drugs occurs through activation
of Fas/FasL system [17]. Thus, there is a possibility
that deficiency of Fas/FasL system in gld mice
affects the DOX-induced modification of antitumor
immune responses. To clarify this point, Fas-defi-
cient C57BL/6-Ipr mice carrying Jpr mutation in Fas
gene [14] were also used for this experiment in
addition to the two strains. The I[pr-derived defi-
ciency of Fas/FasL system affects immune system in
Ipr mice, as well as that in gid mice [17-20].

3LL cells were inoculated s.c. into syngeneic
C57BL/6 (wild type) mice, C57BL/6-lpr mice, or
C57BL/6-gld mice, and then the tumor growth was
measured. DOX was administered i.p. at days 1-5,
7-11, and 14-16. As shown in Fig. 3A, the treatment
with DOX showed no significant antitumor effect in
gld mice, while it exhibited inhibition of the tumor
growth both in wild-type C57BL/6 mice and in lpr
mice. Decrease in the tumor weights by DOX was
significant in wild-type group and Ipr group.
However, no significant decrease in the tumor weight
was observed in gld group (Fig. 3B). This result
clearly demonstrates that the antitumor effect of
DOX in vivo is exerted by the mechanisms through
host FasL.



