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acid precursor relative to 2, a mixture of [1-*C]-p-erythrose (5.5
uCi), 13a, and [1-1*C]-p-erythrose (336 mg), 13b,!8 was admin-
istered and afforded 8 mg of 2¢. From the 3C NMR spectrum
it was clear that 2c was only labeled at C-1 (5.13%), rather than
at C-5. Thus, the nitrogen substituent of 2 had been introduced
at C-6 of the shikimate intermediate, rather than at C-2. This
is consistent with the involvement of either 4, 10,!° or anthranilic
acid, 14.2°

S. LL-C10037 was next fermented (2 X 200 mL broths) in the
presence of *O molecular oxygen,?! yielding 10 mg of 2d. The
13C NMR spectrum exhibited *O-induced isotope shifts? for C-4
(2.0 Hz), C-5 (3.5 Hz), and C-6 (3.0 Hz), revealing that the
secondary alcohol and epoxide oxygens had been introduced by
oxidative processes rather than having been retained from the
organic precursor. The origin of the C-4 hydroxy! from molecular
oxygen ruled out 4 as an intermediate.

[5-2H]-3-Hydroxyanthranilic acid 15?3 was then fed (200 mg
to 200 mL of broth) yielding?* 5.0 mg of 2e that was analyzed
by ZH NMR.?2 A 67% enrichment of the signal at § 3.8 (H-5)
was observed, representing a 2.2% incorporation of 15 (50 mg was
recovered).

The biosynthesis of 2 represents a novel aromatic amino acid
metabolism. In view of our work, metabolites such as paulomycin
A% the enaminomycins,?” MM 14201,% and G7063-2% are most
likely also derived from the shikimate pathway. We are currently
investigating the biosynthesis of the latter two.
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Human plasma contains a number of proteins (zymogens) which
are precursors of serine proteases with trypsin-like specificity. The

* Dedicated to Professor George Biichi on the occasion of his 65th birthday.
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Figure 1. Proposed mechanism of inactivation of serine proteases by
substituted isocoumarins.

interaction of activated serine proteases with these zymogens and
with natural plasma protease inhibitors in a cascade of enzymatic
reactions forms the basis of the blood coagulation pathway.
Although intravascular clotting is a major health problem in the
United States, almost no new anticoagulant drugs have been
developed in recent years. A number of heterocyclic compounds
have previously been shown to be suicide substrates of serine
proteases.'® Substituted isocoumarins have been reported to be
mechanism-based inhibitors for elastases and a variety of chy-
motrypsin-like enzymes.** Here we report the synthesis of three
new isocourmarins with basic functional groups (guanidino or
isothiureidoethoxy) attached to the isocoumarin ring system.
These compounds are potent inhibitors of coagulation enzymes
and are the first effective mechanism-based inhibitors of clotting
in human plasma.

Incubation of 4-chloro-3-(2-isothiureidoethoxy)isocoumarin (1),
7-guanidino-3-methoxyisocoumarin (2), and 4-chloro-7-
guanidino-3-methoxyisocoumarin (3)7 with several coagulation
enzymes and trypsin results in time-dependent loss of enzymatic
activity (Table I). Human protein D, human leukocyte elastase,
human leukocyte cathepsin G, porcine pancreatic elastase, chy-
motrypsin, and human plasma plasmin were also inactivated by
compound 3 with kg4/[1] values of 120, 6400, 11000, 860, 7200,
and 3600 M~'s™!, respectively. Compound 3 was quite selective
among serine proteases and has its most potent inhibitory activity
toward trypsin, thrombin, and human plasma kallikrein with
Kosa/ [1] values of 2-3 X 105 M~ 571, It was an order of magnitude

(1) Westkaemper, R. B.; Abeles, R. H. Biochemistry 1983, 22, 3256--3264.

(2) Daniels, S. B.; Cooney, E.; Sofia, M. J.; Chakravarty, P, K.; Katzen-
ellenbogen, J. A. J. Biol. Chem. 1983, 258, 15046-15053.

(3) Hedstrom, L.; Moorman, A. R.; Dobbs, J.; Abeles, R. H. Biochemistry
1984, 23, 1753-1759.

(4) Harper, J. W.; Hemmi, K.; Powers, J. C. Biochemistry 1985, 24,
1831-1841.

(5) Harper, J. W.; Powers, J. C. Biochemistry 1985, 24, 7200-7213.

(6) Gelb, M. H.; Abeles, R. H. J. Med. Chem. 1986, 29, 585-589.

(7) The precursor of the isocoumarin, 2-bromoethyl 2-carboxyphenyl-
acetate was synthesized from homophthalic acid and 2-bromoethanol. Methyl
2-carboxy-4-guanidinophenylacetate was prepared from guanidination of
methyl 4-amino-2-carboxyphenylacetate with 3,5-dimethylpyrazole-1-
carboxamidine nitrate by a standard method described previously: Tsune-
matsu, H.; Makismi, S. J. Biochem. 1980, 88, 1773-1783. 3-(2-Bromoeth-
oxy)- -4-chloroisocoumarin and compound 2 were prepared by cyclization of
the corresponding ester with PCls according to the previous method: Tirodkar,
R. B.; Usganokar, R. N. Indian J. Chem. 1969, 7, 1114-1116. Compound
1 was obtamed by refluxing 1 equiv of 3-(2-bromoethoxy)-4-chloroisocoumarin
with 2.5 equiv of thiourea in THF for 2 days. Compound 3 was obtained by
chlorination of 1 equiv of compound 2 with 1.1 equiv of N-chlorosuccinimide
in DMF at room temperature for 24 h. Satisfactory NMR, UV, mass spectra,
and elementary analysis were obtained for all new compounds. Additional
experimental details are given in the Supplementary Material.
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Table I, Rates of Inhibition of Trypsin-Like Serine Proteases by Substituted Isocoumarins®
kcbsd/[l] (M_l S_l)

bovine bovine porcine pancreatic human plasma human human bovine

inhibitor thrombin factor Xa kallikrein kallikrein factor Xla factor XIla trypsin

1 4700 5600 12000 280000° 44000 39000 32000

2 4900 460 1900 13000 1 400 520 3300

3 290000° 3100 45 000° 240000° 36 000 20000 310000°

¢Enzyme (0.06-2.3 uM) was incubated with inhibitor (0.4-11 M) in 0.25-0.6 mL of 0.1 M Hepes, 0.0l M CaCl,, pH 7.5, and 8-12% Me,SO
at 25 °C. Aliquots (50 uL) were withdrawn at various intervals, and the residual enzymatic activity was measured as previously described.® Residual
activity was measured with Z-Phe-Phe-Arg-NA (26 uM) as a substrate for trypsin, Boc-Phe-Phe-Arg-SBzl (18 uM) for thrombin, Z-Gly-Arg-SBu-i
(73 uM) for factor Xa and porcine pancreatic kallikrein, Z-Trp-Arg-SBzl (89 uM) for factor XIla and human plasma kallikrein, Z-Phe-Arg-SBu-i
(83 uM) for factor XIa. The ko values were calculated from plots of In /v, vs. time with » > 0.98. ?Inactivation was extremely rapid, and the
kopsa/ [1] values were based on the residual enzymatic activity at 0.2 min. °Inactivation rate was measured by using the progress curve method.'?

less reactive toward porcine pancreatic kallikrein, human factor
XIa, and human factor XIIa, while the other serine proteases
tested were 30-2000-fold less reactive, Compound 1 is equally
potent as 3 toward human plasma kallikrein, human factor XIa,
and human factor XIIa. Loss of the isocoumarin chromophore
of 1 (&350 = 3620 M™! cm™!) and 3 (€340 = 3650 M™! cm™!) was
complete within 0.3 min upon the addition of 1.2 equiv of trypsin.
In the case of 2 (€350 = 3400 M™! cm™), complete loss of the
isocoumarin absorbance occurred in 10 min. The inactivation of
trypsin by compounds 1, 2, and 3 occurred concurrently with the
loss of the isocoumarin absorbance.

Trypsin (0.9 uM) inactivated by 3 (4.3 uM, ¢,/, = 44 min for
spontaneous hydrolysis) regained only 35% activity after standing
for 68 h; however, trypsin (0.9-1.3 uM), inactivated by compounds
1and 2 (9.8 and 8.6 uM, ¢,, = 83 and 252 min for spontaneous
hydrolysis, respectively), regained 70-100% activity after 6—68
h, Addition of buffered hydroxylamine (0.29 M) to trypsin in-
activated by 3 results in the regeneration of 51% activity after
68 h, while addition of hydroxylamine to trypsin inactivated by
1 and 2 resulted in the recovery of 100% activity (¢,/, = 7-9 min).
Bovine thrombin (1.8 uM) inactivated by 3 (4.4 uM) regained
11% activity after standing for 47 h, while thrombin inactivated
by 2 (8.9 uM) regained 85% activity after standing for 47 h.
Addition of buffered hydroxylamine (0.29 M) to thrombin in-
activated by 3 results in only 27% recovery of activity after 25
h, even though thrombin maintained 63% of its activity under the
same conditions.

These results are consistent with mechanism shown in Figure
1 where serine proteases inactivated by isocoumarins 1 and 2 form
acyl enzymes which deacylate slowly at varying rates or quickly
upon the addition of hydroxylamine. However, the acyl enzyme
formed from 3 decomposes further probably through a quinone
imine methide® to give an irreversibly inactivated enzyme by
reaction with an active site nucleophile such as His-57. The
quinone imine methide intermediate could also react with a solvent
nucleophile to give an acyl enzyme which can be reactivated by
hydroxylamine.*®

Compound 3 is an effective anticoagulant in human plasma.
The prothrombin time'® was prolonged from 12 s (first appearance
of clotting) to 2.8 min in the presence of 33 uM 3. The general
serine protease inhibitor 3,4-dichloroisocoumarin prolonged the
prothrombin time to 2 min at 330 uM. The isocoumarin 3 de-
composes quite rapidly in human plasma (#,,; = 7 min), and
preincubation of the inhibitor in plasma for 3 min resulted only

(8) Direct alkylation of the benzylic chloride would yield the same result
and cannot be distinguished from a mechanism involving a quinone imine
methide. A quinone imine methide mechanism has been postulated to explain
the high reactivity of aminobenzy! halides, which decompose rapidly to 4-
quinone imine methides and alkylate nucleophiles such as imidazole: (a)
Wakselman, M.; Dome, M. Bull. Soc. Chim. Fr. 1978, 571-575. (b) Dome,
M.; Wakselman, M. Bull. Soc. Chim. Fr. 1975, 576-582.

(9) Meyer, E. F., Jr.; Presta, L. G.; Radhakrishman, R. J. Am. Chem. Soc.
1985, 107, 4091-4093. At low pH in an acetate buffer 7-amino-4-chloro-3-
methoxyisocoumarin reacts with porcine pancreatic elastase to give an acyl
enzyme where the nucleophile has been shown by X-ray crystallography to
be acetate. The acetate occupies the primary substrate binding site, and the
His-57 is hydrogen bonded to the newly formed carbomethoxy group.

(10) Quick, A. J.; Stanley-Brown, M.; Bancroft, F. W. Am. J. Med. Sci.
19358, 190, 501-511.
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in an 80% increase in prothrombin time.

The isocoumarins 1 and 3 developed in this study are the most
potent inactivators yet reported for several of the coagulation
enzymes studied, and 3 is the first mechanism-based serine pro-
tease inactivator which is active as an anticoagulant in human
plasma,!! Our future efforts will be directed at improving the
selectivity and stability of the inhibitors in plasma and further
clarifying the mechanism by structural studies of inhibitor—
protease complexes.
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Supplementary Material Available: Experimental details for
the synthesis of the new isocoumarins (3 pages). Ordering in-
formation is given on any current masthead page.

(11) Gelb, M. H.; Abeles, R. H. J. Med. Chem. 1986, 29, 585-589. 7-
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increase the partial thromboplastin time by 2.6-fold at a concentration of 500
uM. However, if this compound was preincubated in serum for several
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Substrate recognition and binding have long been recognized
as a means to induce regioselectivity and stereoselectivity in en-
zyme-mediated reactions. We have sought to develop synthetic
biomimetic approaches to similar selectivity by using the organ-
ization intrinsic to phospholipid bilayers.! It has been shown by
Tsuchida et al.? that amphiphilic metalloporphyrins can be en-
capsulated in synthetic liposomes. More recently, Nolte et al.’
have demonstrated that hydrophobic membrane-bound metallo-

(1) For other examples of selective reactivity in vesicular micro environ-
ments, see: (a) Czarniecki, M. F.; Breslow, R. J. Am. Chem. Soc. 1979, 101,
3675-3676. (b) Moss, R. A.; Schreck, R. P. J. Am. Chem. Soc. 1985, 107,
6634-6639. (c) Fuhrhop, J.-H.; Mathieu, J. Angew. Chem. Int. Ed. Engl.
1984, 23, 100~113. (e) Fendler, J. H. Membrane Mimetic Chemistry; John
Wiley: New York, 1982.

(2) (a) Matushita, Y.; Hasegawa, E.; Eshima, K.; Tsuchida, E. Chem. Lett.
1983, 1387. (b) Hasegawa, E.; Matsushita, Y.; Kaneda, M.; Ejima, K.;
Tsuchida, E. Biochem. Biophys. Res. Commun. 1982, 105, 1416. (c) Tsu-
chida, E.; Kaneko, M.; Nishide, H.; Hoshino, M. J. Phys. Chem. 1986, 90,
2283.

(3) van Esch, J.; Roks, M. F.M.; Nolte, R. J. M. J. Am. Chem. Soc. 1986,
108, 6093.
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