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Thirty analogues of leupeptin were synthesized and examined for their inhibitory ac-
tivities against trypsin, papain, plasmin, kallikrein, thrombin and urokinase in vitro. Benzoyl-

and cr-naphthalenesulfonyl-L-leucyl-L-argininal were 8 times more inhibitory to papain,

benzyloxycarbonyl-L-pyroglutamyl-L-leucyl-L-argininal 1 0 times more to trypsin and plasmin,
and DL-2-pipecolyl-L-leucyl-L-argininal 25 times more to kallikrein than leupeptin. Against

urokinase, only L-pyroglutamyl-L-leucyl-L-argininal exhibited a potent inhibitory activity.
a-Naphthalenesulfonyl-, dansyl- and benzyloxycarbonyl-(25', 3 /?)- 3 -ammo-2-hydroxy-4-phenyl-

butyryl-L-leucyl-L-argininal were inhibitory to thrombin.

Leupeptin 1, a microbial peptide with a structure of Ac-L-Leu-L-Leu-L-Argal, was reported as a
strong inhibitor of trypsin-family proteases in 19691}. Since then 1 and its analogues have been chem-
ically synthesized2~4), but all the methods used were generally lacking in efficiency chiefly because of
racemization of the argininal moiety and instability of the aldehyde products. In the preceding paper,
we succeeded in exploring an efficient method to synthesize chemically and optically pure 1 containing
an Ac-L-[14C]-Leu moiety from H-L-Leu-L-Argal dibutylacetal that had been prepared by thermolysin
digestion of 1 dibutylacetal5). In the present study, this method was used for the synthesis of more
than 30 analogues having a general structure of acyl or sulfonyl (i?)-L-Leu-L-Argal, and the synthesized
analogues were examined for their inhibitory activity against trypsin-family proteases.

Materials and Methods

The analogues indicated in Tables 1 and 2 were synthesized as described previously50 except that
the R-OSu was replaced with R-Cl or R-OHplus diphenylphosphoryl azide (DPPA) in some cases.
Racemization during the synthesis was followed by the use of HPLCthat had been successful in in-
dication of all the optically different forms of 1 in the previous work. The synthesized analogues were
identified by using field desorption mass spectrometry (FD-MS)or fast atom bombardment mass spec-
trometry (FAB-MS) as described previously. Mass spectrometry was carried out on a Jeol-DX300
(for FD-MS) and Jeol-D300 (for FAB-MS)mass spectrometers equipped with a Jeol-JMS-2000S
mass data analysis system, emitter current, 15~25 mA; acceleration voltage, 3 kV for FD-MS, and
acceleration voltage, 3 kV using argon gas and glycerol matrix for FAB-MS.Specific optical rota-
tions were measured on a Perkin-Elmer 241 polarimeter. Columnchromatography was performed
using Silica gel 60 (Merck) and TLC was done by a precoated Silica gel 60 F254 plate (Merck), visualizing
with Sakaguchi and ninhydrin reagents and iodine. The physico-chemical data were shown in Table 2.

r Argininal derivatives used in this study were hydrochlorides. Following abbreviations were used: Argal;
argininal, R-OSu ; acid 7V-hydroxysuccinimide ester, R-Cl ; acid chloride.

n Deceased.
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Table 1. Inhibitory activities of analogues against various proteases.

221

IC50 (x10-5 m)
Analogues of leupeptin

Papain Tryp s in Pl asmin Kallikrei n
Ac-L-Leu-

Bz-

Benzenesulfo nyl-
.p-CHs-Bz-

^ -To luenesulfo nyl-
;?-CH3O- Bz-

p-NO2-Bz-

/3 -Naphthalenecarb o nyl-
a-Naphthalenesulfonyl- e
Dansyl- f

Phenylacetyl-
DL-Mandelyl

CH3(CH2)2CO -
CH3(CH2)4CO-
CH3(CH2)7CO-
Cyclopropanecarbonyl-

Cyclohexanecarb ony l-
Nicotinyl-

/.w-Nicotinyl-
Pyridine-2-carb onyl-
Ethoxycarb o nyl-

Phthalyl-
Z-L-Leu-

Z-L-Phe -
Z-(2S, 3R)-AH¥A-z > h
Z-L-Pyr- 1

L-Pyr- J
Z-L-Pro -

L-Pro-
Z-DL-Pip- k

DL-Pip-

0.086

0.012

0.029

0.021

0.022

0.025

0.024

0.022

0.012

0.026

0.033

0.068

0.053

0.037

0.025

0.045

0.055

0.034

0.075

0.09

0.ll
0.94

0.027

0.068

0.076

0.031

0.18

0.02

0.15

0.6
1.1

0.22

3.4

0.27

2.6
0.17

3.0

3.2

1.4
0.84

0.16

0.33

0.16

1.3
0.37

0.18

6.9

3.6
1.2

3.9
10.0

20.0

18.0

0.14

0.14

0.ll

0.027

0.12

1.1

2.5

1.1
1.2

1.0

4.4

2.4

3.3
1.5

3.9

3.1

d

2.6

2.3

1.5

0.34

3.8

1.5

0.27

d

5.6
2.2

8.1
d

0.12

0.23

0.10
0.12

d

1.0
0.37

9.0
1.8

15
2.0

0.70

0.97

20

7.4

1.4

3.2

0.53

7.4

1.3

3.3
0.43

0.18

0.61

1.9

17

0.57

1.3

0.17

0.53

2.5

0.26

1.4

0.10

3.3
0.04

a Prepared by an acid chloride method, b prepared by an acid plus DPPAmethod, c prepared by an acid
Af-hydroxysuccinimide ester method, d not tested, e IC50 against thrombin, 9.0x 10"5 m, f IC50 against
thrombin, 1.5 x 10"5 m, g benzyloxycarbonyl-(25,3i?)-3-amino-2-hydroxy-4-phenylbutyryl-, h IC50 against
thrombin, 1.0x 10~4 m, l benzyloxycarbonyl-L-pyroglutamyl-, j IC50 against urokinase, 1.1 x 1Q~5 m, k 2-
pipecolyl, 1 phthalated with carboethoxy phthalimide.

Compounds 27, 29, and 31 were synthesized from the intermediates of 26, 28, and 30, respectively, by
catalytic hydrogenation followed by an acid hydrolysis.

Protease activities were conventionally assayed. Milk casein was used for assay of both papain
and trypsin activities as the substrate, and Bz-L-Arg-QEt for assay of kallikrein and thrombin6).
Fibrinogen, and glutaryl (Glt)-Gly-Arg-4-methylcurnaryl-7-amide (MCA) were used for assay of

plasmin6) and urokinase70 activities, respectively.
Inhibition was expressed in IC50, the inhibitor concentration to give 50%inhibition of protease

activity.

For details of the assay methods see refs 7 and 8.

Synthesis

Bz-L-Leu-L-Argal Hydrochloride (Compound 2)
Benzoic acid (146 mg5 1.2 mmol) and 437 mg (1 mmol) of L-Leu-L-Argal dibutylacetal hydrochlo-

ride were dissolved in 5 ml of DMF,and the resulting solution was chilled in an ice bath. To the



Table 2. Physico-chemical data on analogues.

Wb

Rfc
MF(-HC1)

MW

(mlz)
MSd, m/z (relative intensity, %)

Method (M+H)+ (M- 18 +H)+ Other
1

2

3

4

5

6

7

8

9

10
ll
12
13
14
15
16
17
18
19
20

0.41-0.28

38.2 -13.2 0.59-0.40

23.7 -30.7 0.55-0.39

38.2 -1.6 0.56-0.43

30.3 -35.6 0.54-0.40

47.0 +3.2 0.51-0.37

39.6 +6.7 0.58-0.45

48.7 +24.6 0.53-0.42

57.8

43.4

30.8

38.3

70.2

70.9

56.4

32.2

43.1

43.4

42.4

63.6

-62.6 0.58-0.44
+20.9 0.57-0.43
-42.7 0.58-0.38

-63.2 0.50-0.38
-44.2 0.41-0.33

Q1.9H29O3N5

C18H29O4N5S

C2oH3103N5

C19H31O4N5S

C20H31O4N5

C19H28O5N6

C23H31O3N5

375.46
411.27
389.29
425.43

405.29

420.27

425.29

C22H31O4N5S
C24H36O4N6S
C20H31O3N5
C20H31O4N5
C16H31O3N5

461.29
504. 34
389.29
405.29
341.29

0.56-
0.64-
0.48-
0.54-
0.40-
0.30-
0.37-0.44

0.46
0.34
0.40
0.19
0.20
0.29

C18H35O3N5C21H41O3N5
C16H29O3N5
C19H35O3N5
C18H28O3N6
C18H28O3N6
C18H28O3N6

21 65.9 +ll. 3 0.42-0. 32 C15H29O4N5 343.27

22 36.8 -0.9 0.51 -0.40 C20H27O4N5 401. 33
23 40.5 -37.9 0.56-0.47 C26H42O5N6 518.53

24 36.5 -24.7 0.67-0.51 C29H40O5N6 552.55
25 21.0 -17.2 0.58-0.39 C30H42O6N6 582.57
26 29.8 -46. 3 0. 36-0.20 C25H36O6N6 516.42
27 27.7 -48.6 0.28-0. 13 C17H30O4N6 382.29

28 35.5 -76.0 0.43-0. 30 C25H38O5N6 502.49
29 39.9 -51.3 0. 10-0.01 C17H32O3N6 368.36
30 30.5 -40.0 0.53-0.44 C26H40O5N6 516.47

31 23. 1 - 36.2 0.09-0.02 C18H34O3N6 382.38

FD 376 (100) 358 (13)
FAB 412 (100) 394 (58)
FAB 390 (31)
FD 426 (100)
FAB 406 (76)

FAB 421 (51)
FAB 426 (83)

FAB 462 (64)
FD 505 (100)
FD 390 (100)
FD 406 (100)
FAB 342 (100)
FAB 370 (100)
FD 412 (100)
FAB 340 (100)
FD 382 (100)
FD 377 (28)
FD 377 (100)
FAB 377 (44)

FAB 344 (39)
FAB 402 (68)
FD 519 (100)
FD 553 (100)
FD 583 (100)
FD 517 (100)
FAB 383 (100)
FAB 503 (54)
FAB 369 (37)
FAB 517 (100)
FD

372 (28)
408 (7)
388 (100)

403 (100)
408 (53)

444 (100)

372 (18)

324 (98)
352 (51)

322 (87)

359 (100)
359 (23)
359 (100)

326 (100)
384 (73)
501 (22)
535 (7)

365 (10)
485 (100)
351 (100)
499 (32)
365 (100)

1 19 ((methylbenzoyl), 100)
248 ((M-Argal), 24),

1 35 ((methoxybenzoyl), 100)
1 50 ((nitrobenzoyl), 99)
268 ((M-Argal), 13),
155 ((C12H7CO+H), 100)

212 ((M-Argal), 9)
384 ((M-CO+H), 9)
182 ((M-Argal), 22)

1 9 1 ((pyridinecarbonyl-Leu-
CO), 100)
158 ((Argal+H), 53)
160 (100)

525 ((M-CO+H), 20)
555 ((M-CO+H), 14)
489 ((M-CO+H), 19)
243 ((Pyr-Leu-OH+ H), 22)
232 ((Z-Pro), 17)

246 ((Z-DL-Pip), 1 1)

a The numbering ofanalogues is defined in Table 1, b 578 nm, (c 0.5~1.5, AcOH), c leupeptin gave three spots on silica gel TLC using a solvent system
of BuOH- AcOH- H2O (4 : 2 : 1) because of its structural isomerismi:). All the other analogues here also carried the isomerism.

d FD-MS; acceleration voltage, 3 kV, emitter current, 15~25 mA. FAB-MS; argon gas, acceleration voltage, 3 kV, matrix, glycerol.

H

o

I

i

H*
V©
00
OH
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solution were added 215 (A of DPPAand 120 /A of triethylamine, and the resulting solution was stirred
for 8 hours at room temp. The reaction mixture was concentrated to dryness. The residue was
subjected to silica gel column chromatography (1.5x40 cm) using a mixed solvent of BuOH,n-
BuOAc, AcOHand H2Oin a ratio of 4:2:1 :1 as a eluting solvent. The fractions having the Rf
value of 0.7, and showing a positive reaction with Sakaguchi reagent and negative with ninhydrin
reagent were collected and concentrated to dryness. The resulting residue was treated with a mixture
of 1 n HC1and acetonitrile in a ratio of 1 :2 for 15 hours at room temp. After the reaction mixture
was diluted with 50 ml of water, it was neutralized with a weakly basic resin Dowex WGR(OH"
type). The resulting aqueous solution was freeze-dried to yield 157 mg of compound 2. Physico-
chemical data were shown in Table 2.

DL-Mandelyl-L-Leu-L-Argal Hydrochloride (Compound 12)
DL-Mandelic acid iV-hydroxysuccinimide ester (500 mg, 2.02 mmol) and 437 mg (1 mmol) of

L-Leu-L-Argal dibutylacetal hydrochloride were dissolved in 5 ml of DMFunder ice cooling. Then
110 jA of 7V-ethylmorpholine was added and the resulting solution was stirred for 8 hours at room
temp. The reaction mixture was treated in a same manner as the preparation of compound2 to give
169 mg of compound 12.

jp-Toluenesulfonyl-L-Leu-L-Argal Hydrochloride (Compound 5)
^?-Toluenesulfonyl chloride (191 mg, 1 mmol) and 437 mg (1 mmol) of L-Leu-L-Argal dibutylacetal

hydrochloride were dissolved in 5 ml of chloroform under ice cooling. Then 140 /A of triethylamine
was added and the resulting solution was stirred for 8 hours at room temp. The reaction mixture
was treated in a same manner as the preparation of compound 2 to give 140 mg of compound 5. Other
analogues were prepared in similar manners as compound2, compound12 or compound5.

Results and Discussion

Inhibition of Papain
Effect of the analogues of 1 on papain activity was examined. As shown in Table 1, arylacyl

and arylsulfonyl analogues, 2 to 10, strongly inhibited the activity. On an average, these inhibitions
were about 4 times stronger than that by 1. Amongthe nine analogues, benzoyl (2) and a-naphth-
alenesulfonyl (9) derivatives showed the highest inhibition. The dansyl derivative (10) was about
half as active as 2 and 9, but was useful as a fluorescent affinity-labeling reagent for trypsin-family
proteases (H. Sawada; unpublished data). Among three analogues with pyridine carbonyl substi-

tuents (18, 19 and 20), the nicotinyl derivative was the most inhibitory but 3 times less inhibitory than
2 and 9. Introduction of a prolyl residue as the P3 site residue8) leading to 29 and that of benzyloxy-
carbonylamino acids to a region occupied with P3 and P4 residues (leading to 23, 24, 26 and 28) caused
slightly improvement in the inhibitory activity of 1. Most of the other analogues were similar to or
slightly stronger than 1 in the activity. This may be compatible with the broad substrate specificity
ofpapain.

Inhibition of Trypsin

Arylsulfonyl derivatives (3, 5, 9 and 10) were inhibitory as 1 (Table 1). Arylacyl derivatives (2,
4, 6, 7 and 8) were much less inhibitory. However, insertion of one methylene unit between the phenyl
and the carbonyl group of the arylacyl moiety brought about increase in inhibitory activity. Thus,
phenylacetyl derivatives (ll and 12) were as inhibitory as arylsulfonyl ones. These results may be
an indication that trypsin has a stricter substrate specificity than papain. Insertion of the longer
chain endowed the alkylacyl derivatives (13 to 15) with the markedly stronger inhibitory activity.
Introduction of pyroglutamyl (Pyr) residue as the P3 residue and that of benzyloxycarbonylamino acids
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to a region consisting of the P3 and P4 residue resulted in further increase of the activity, except in
the case of 28. Z-L-Pyr-L-Leu-L-Argal (26) was the strongest inhibitor among all the derivatives

examinedhere.

Inhibition of Plasmin
Almost all of the inhibitions observed here were very similar in degree to the corresponding inhibi-

tions observed with trypsin (Table 1). Inhibitions by arylacyl and arylsulfonyl derivatives (2 to 10)
were less than that by 1, but that by an arylalkylacyl derivative (12) was 3 times more. The nona-
noyl derivative (15), an alkylacyl derivative with the highest lipophilicity, was as active as 12. Nota-
bly, the benzyloxycarbonylaminoacyl derivatives were 5 to 10 times more inhibitory, and 26 that was
the strongest inhibitor of trypsin was again the most inhibitory to plasmin. For an effective inhibitor
against both plasmin and trypsin activities, the P3 site is seemingly necessary to be occupied by an
aminoacid residue.

Inhibition of Kallikrein
Arylacyl analogues (2, 4, 6, 7 and 8) were inhibitory against kallikrein similarly to 1 (Table 1).

The inhibitions of w-butanoyl (13), cyclohexanecarbonyl (17), nicotinyl (18), iso-nicotiny\ (19) and

phthalyl (22) derivatives were 2 to 5 times stronger than 1, though comparatively weak against trypsin
and plasmin.

Thus these derivatives, especially 22, are considered to be highly specific inhibitors of kallikrein.
Among all the derivatives examined, DL-2-pipecolyl (31) derivative showed the strongest inhibition that
was also highly specific to kallikrein.

Inhibition of Thrombin and Urokinase

1 and most of the analogues were not inhibitory to both thrombin and urokinase activities (Table
1). Only tf-naphthalenesulfonyl (9), dansyl (10) and benzyloxycarbonyl-(25,3i?)-3-amino-2-hydroxy-

4-phenylbutyryl (25) derivatives were weakly inhibitory against thrombin as shown in the legends for
Table1.

Urokinase catalyses the conversion of plasminogen to plasmin by cleaving the Arg-Val linkage in
a Pro-Gly-Arg-Val sequence of plasminogen. Considering this fact, Ipsen and Christensen selected
Pyr-Gly-Arg-4-nitroanilide as a suitable model substrate for urokinase9). Pyr-L-Leu-L-Argal (27) that
is similar in structure to this substrate was included here in the analogues to be examined for inhibitory
activity. As expected, 27 inhibited urokinase activity.

In the present study, we found that some leupeptin analogues inhibited proteases more strongly
and more specifically than leupeptin. These selected inhibitors have already shown high utilities in
the wide field of protease studies in vitro or in vivo10>n). Preparation of affinity adsorbents for the
proteases is also being studied as an application. One of the successful result has been published12).
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