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SUMMARY

Acyl carbazates (]) with appropriate substituents are analogs of acyl amino
acids in which the a-methine group has been replaced by a nitrogen atom. The
synthesis of three new carbazates Ac-Ala-Bzc-ONp, Ac-Ala-Mec-ONp and Z-Ala-Ala-
Pro-Mec-ONp (Bze= -NHN(CHZCGH )CO-, Mec= -NHN(CH.) CO-) was accomplished. ‘The
reaction of chymotrypsin, sugtilisin BPN', and &lastase{porcine and human leuko-
cyte) with the carbazates resulted either in a spectrophotometric burst of p-
nitrophenol or no reaction depending on the specificity of the enzyme. Carbazyl
chymotrypsin Aa crystals were isomorphous with the native protein. Acyl car-
bazates should find utility as inhibitors and active site titrants for serine
proteases.

Carbazates (1) with the appropriate substituents are analogs of amino acids
in which the u-methine group has been replaced by a nitrogen atom. They would
thus be expected to acylate a serine protease with the appropriate specificity
in much the same fashion as simple synthetic peptide substrates. The acylated
enzymes (carbazyl enzymes) should be considerably more stable toward deacylation
than a normal "acyl enzyme' due to the influence of the adjacent nitrogen atom.
A similar derivative, Ser-195 carbamyl chymotrypsin is completely stable to-
ward deacylation (1). Carbazyl derivatives of serine proteases should thus
be suitable for crystallographic study of the structure of the "acyl enzyme"
intermediate in the mechanism of peptide bond hydrolysis catalyzed by this
class of enzymes.

We now report the synthesis of several new peptide carbazates and in-
vestigation of their reaction with four serine proteases. Previous workers
have shown that ethyl 3-acetyl-2-benzyl carbazate was a predominately com-

petitive inhibitor of chymotrypsin while the corresponding p-nitrophenyl ester

(2) can be used as an active site titrant for chymotrypsin and trypsin (2). In
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addition, a peptide inhibitor of renin containing a carbazyl residue has been

synthesized (4)

Coupling of Ac-Ala—0H+ with benzylhydrazine using the mixed anhydride method

method (5) gave a mixture of Ac-Ala-NHNHBz (§, 27%, m.p. 157.5 - 1590, pmr (DMSO-

d6):N-CH

2 3.828) and the undesired isomeric hydrazide Ac-Ala-NH(Bz)NH2 (13%,

oil, pmr (CDClS):N-CH2-4.626) which were separated by silica gel chromatography.
The desired isomer (6) was independently synthesized by reduction (NaBH4, EtOH)
of the benzylidene derivative Ac—Ala-NHN:CHC6H5 fm.p. 198.5 - 200.50) which was
prepared from Ac~Ala-NHNH2(6). Reaction of p-nitrophenyl chloroformate with §
in CHCl3 containing (i;Pr)ZNEt gave p-nitrophenyl 3- (N-acetyl-L-alanyl)-2-benzyl

carbazate 3 (38%, m.p. 1480(d), pmr (CDClS):N-CHZ- 4.828. Coupling of Ac-Ala-OH

with t-butyl 2-methylcarbazate(7) gave t-butyl 3-(N-acetyl-L-alanyl)-2-methyl-

carbazate (38% m.p. 175-1770, pmr (CDClS):N—CH 3.078). Deblocking with CF3 -

3

CO,H followed by reaction with p-nitrophenyl chloroformate ((ifPr)zNEt in CHC1

2 %)

gave p-nitrophenyl 3-(N-acetyl-L-alanyl)-2-methylcarbazate 4, (51%, m.p. 162-

167(d), pmr (CFSCOCF ‘1.6 DZO):N-CH 3.388). Coupling of Z-Pro-OH (as the

3 3
dicyclohexylamine salt)(8) with t-butyl 2-methylcarbazate followed by hydrogeno-
lysis (5% Pd on C, 1 atm) and addition of methanolic HCl yielded HC1 Pro-NHN
3.058). Coupling with

(CHS)COZC(CH 3 (76%, m.p. 185.5(d), pmr (DZO):N—CH

3) 3
Z-Ala-Ala-OH by either a mixed anhydride or dicyclohexylcarbodiimide method
yielded, after silica gel chromatography, Z—Ala-Ala-Pro-NHN(CHs)

COZC(CH3)3 (82%, o0il). Deblocking with CFSCOZH followed by reaction with p-

nitrophenyl chloroformate ((i;Pr)zNEt in CHC13) and silica gel chromatography

+5tandard abbreviations are used for amino acid derivatives and peptide
except for Bzc (2-benzylcarbazic acid) and Mec (2-methylcarbazic acid).
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yielded p-nitrophenyl 3-(N-benzyloxycarbonyl-L-alanyl-L-alanyl-L-prolyl)-2-
methylcarbazate 5 (38%, m.p. 104-108°, pmr (CDCL,):N-CH, 3.038).

The reactions of the acyl carbazates were studied spectrophotometfically
at 347.5 nm. Typically carbazate in acetonitrile was added to 0.5 - 2.0 ml of
the appropriate buffer solution. After measuring the slow rate of carbazate

hydrolysis, 50 - 500 ug of enzyme in buffer was added. The final reaction

mixture contained 5 or 10% acetonitrile and a 24 to 1000 fold excess of carbazate
over enzyme. The kinetics were treated according to the following scheme where
E*S is the enzyme carbazate complex, E-S is the carbazyl enzyme, HONp is p-
nitrophenol and P is product (9).

E+S Kg ES K, E-S 3 E+P

= —_— _
+ HONp

In the majority of the cases where reaction was observed between the enzyme
and carbazate, a burst of p-nitrophenol occurred followed by an extremely slow
(if any) turnover of the carbazyl enzyme. The results are listed in Table I.

The reactivity of the serine proteases toward the four carbazates studied
is in general that expected on the basis of the substrate specificity of the
individual enzymes. Elastase only reacts with the methyl carbazate Z-Ala-Ala-
Pro-Mec-ONp(5) and not with the two benzyl carbazates or the dipeptide carbazate
Ac-Ala-Mec-ONp(4). Elastase has been shown to require an extended peptide chain

and a small amino acid residue (e.g. Ala) as the P, residue(l0) in a substrate

1
or inhibitor(11). Subtilisin BPN' which has a rather broad substrate specifi-
city, reacts with all of the carbazates. Chymotrypsin AY as expected reacted
rapidly with both of the benzyl carbazates (2 and 3), however it was also
inactivated, although more slowly, by the methylcarbazate (5). Possibly the
binding of the extended peptide chain of 5 to the extended substrate binding
region of chymotrypsin A(12) overpowers the lack of an aromatic side chain in
the P1 residue. This would also account for the lack of reactivity of the

dipeptide carbazate 4.

The reaction of Ac-Ala-Bzc-ONp(3) with either chymotrypsin Ay’Aa or subti-

641



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Vol. 67, No. 2, 1975

‘aseatel jousydoaltu-d Fo a1eva oyl Sutazesqo pue dNO-eIYy-dog pue suwkzuo Jo

UOTINTOS B 01 33BZBQIBO FO UOTITPPE 9yl Aq powiojzod sem juswtisdxe STY3 ‘oTqelTeA® sudzus Jo L3Tuenb [TEWS 3yl 01 ong |

POIBATIOBUT 9yl JO A1ITAT3OE auwkzud JO AIoA0d0X oyl Sutansesw Aq psurelqo SeMm YdTyM (

1-

*oTTI1TUO3AdR %G ‘oreydsoyd WI'0 m

"OITIITUOIAIE %G ‘9IBIITI WI'0 g
syl o Teaowsx xa3ye ursdAxjomfyo

3) 931BX UOT)BTAOBOD SNI) B ST mﬂsbw
or

.H-umm 2°0 "Bd < Y

*uotT3eIITII 198 4Aq s3eZRqIED §590Xa_

*9°1 ‘olBZEQIEY pUB SWAZUS XTW 01 Y001 3T "I95 6 oy3 ur s3101dwod 406 < sem fousydoxitu-d Jo 3sxnq 8yl PIIESTPUT ISE] s

298 vuoH *ed> umux *3°T “rUTW QS-S UT PSAIDSQO SBM ouwdkzUd [A0ZBQIEBD 3Y3 FO ISAOUING OU X0 STI2TT 3IBY3 SOIBITPUT MOTS p
*9TTIITUOIIDE 4G ‘931BIADE zH.oo
.mx < Nx uaym mx 03 Tenba ST YOTYM mmx + Nxv\mxmx = aaox q

*sjusutasdxs syl Jo 3souw ur 38w A7qeqoid ST UOTITPUOD ISITF S

o o s s o oe
My << °s] pue £y < Ty oxoum soses oz ur Oy o3 remba st ystum (°[s] + )/ (wEx + “[s1w + D) = Ty
- 0 8°S utsdAay
aselselo
- L35eF - 0 - 0 - 0 .59 934%03na1 uruNy
- o35%F - 0 - 0 - 0 8§
0l X 1°1 o358F - 0 - 0 - 0 ,0°5 9seIserd sutoxod
MI
- 53583 T SR 0T X T J3seF - JISBF  g8°S
MIOH X 19 opwmm v-oH X §°9 BN.M muoH Xz'L opmmm m-oﬁ X9y €0°0 50°S (N9 UTSTTTIqNnS
- o¥5%3 - wo-oﬁ Xz 53583 - o3stF g8'S N
. - s se MOTS 0 . v utsdA{xjowdys
vonm 950°0 0 uzoﬂ o7 F P T 0z uo S Y
[GEERD) ~ 095 ) (. 98s) ([, _993) (7.99s) 17.935) ﬁﬁnummg ({-99%]
Uies o Je0 T5e Teo e 1€ J® ud audzug
3 A ¥ i b} | b |
q ®
dNOD9N-03d~BTY-BIV-Z dNO-29-BTY-oV dNO-2zg-BTY-2V dNO-2zg-2V

S8580104J OUTIAS Y3TM sojezeqie) TAdy Jo uorioedy T T4Vl

642



Vol. 67, No. 2, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

lisin BPN, which had been titrated with 2-hydroxy-5-nitro-a-toluenesulfonic

(9¢)

acid sultone , was shown to give a stoichiometric burst of p-nitrophenol.
The carbazyl derivative of chymotrypsin AY was isolated by quenching the
reaction mixture to pH 3 followed by gel filtration on Sephadex G-25. Re-

generation of chymotryptic activity was followed using an Ac-Tyr-OEt assay

and deacylation rates (k3) at 26.0°C of 2 x 1078 sec_1 (pH 5.8) and 2 x 10—5
se(:_l (pH 7.45) were obtained. The observation that K2>>k3 in many of the
reactions, shows that acyl carbazates can be utilized as extremely effective
and sometimes specific inhibitors of serine proteases. 1In addition several
of the carbazates should find utility as active site titrants for serine pro-
teases and we are currently performing the appropriate kinetic experiments to
define their usefulness.

Reaction of crystals of chymotrypsin AY with Ac-Ala-Bzc-ONp(3) yielded
inactivated crystals with unit cell dimension a=b=69.61 A® and ¢=97.70 A°
(native(ls): a=b=69.6, c=97.7). A crystallographic investigation of this
derivative is in progress.
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