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A facile synthetic method for p-guanidinophenyl esters derived from a variety of amino acids and peptides,
including D-amino acids, is presented. The kinetic behavior of trypsin towards these synthetic esters, inverse substrates,
was analyzed. The spatial requirement of the enzyme active site for catalytic efficiency is discussed based on the

steric characteristics of the substrates.
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Previously we reported® that the p-guanidinophenyl
esters behave as specific substrates for trypsin and trypsin-
like enzymes. In these esters the site-specific group (a
charged guanidinium) for the enzyme is included in the
leaving group portion instead of being in the acyl moiety.
Such a substrate is termed® an “inverse substrate.” Such
substrates allow the specific introduction of an acyl group
carrying a non-specific residue into the trypsin active site
without recourse to a cationic acyl moiety characteristic
of conventional substrates. Thus, the enzymatic deacyla-
tion step can be analyzed separately from the acylation
step. Moreover, we showed that inverse substrates were
applicable to enzymatic peptide synthesis.*) Therefore, a
general method for the preparation of a variety of inverse
substrates would be valuable. However, synthesis of these
inverse substrates is usually difficult, because acylation
reaction of the guanidinophenol hydroxy group fails due
to the poor nucleophilicity of the hydroxy group. During
the course of our investigation of alternative synthetic
methods for inverse substrates,” we have succeeded in
developing a practically useful method.

In this paper, an additional synthetic method for N*-
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Boc-amino acid p-guanidinopheny! esters was studied and
the kinetic properties of inverse substrates in the trypsin-
catalyzed reaction were determined.

Synthesis of Inverse Substrates For the synthesis of
guanidinophenyl esters, introduction of a guanidino
group seems to be the key step. One possible approach is
to carry out the key step at the final stage, as reported in
our previous paper.> Another is to carry out the key step
at the first stage, i.e., N-blocked p-guanidinophenol is
used as the starting material. In this study, the latter
route was investigated, because it was considered that the
intermediary N-blocked p-guanidinophenol should be
sufficiently reactive to acylation reagents. We therefore
tried amidination of p-aminophenol (1) with a newly
developed reagent, 1-[N,N’-bis(Z)amidino]pyrazole,
which was proposed as a specific tool for the preparation
of N-blocked guanidine derivatives.® Compound 1 was
reacted with 1-[N,N’-bis(Z)amidino]pyrazole. Pure p-
[N’,N"-bis(Z)guanidino]phenol (2) was easily obtained
in 92% yield. Condensation of 2 with N-Boc-amino acids
by using DCC and DMAP in DMF was successful.
Reaction yields of the esters (3a—h) were 64—71%, as

Nz
N"-Boc—AA—OQNH—C\

NHZ
3a~h
AA yield(%)
a Gly 32 68 4a 94
b L-Ala 3b 68 4b 91
¢ D-Ala 3¢ 67 4c 90
d L-Leu 3d 71 4d 92
e D-Leu 3e 67 4e 92
f L-Phe 3f 68 4f 93
g D-Phe 3g 65 4g 92
h B-Ala 3h 64 4h 86

Chart 1
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shown in Chart 1. The next deprotection step was carried
out by catalytic hydrogenation to give N®Boc-amino
acid p-guanidinophenyl esters (4a—g) as the TsOH salts
in essentially quantitative yields. These results are
summarized in Chart 1. The total yields of the inverse
substrates by this method were approximately twice that
by the previous method.> This improvement is due to the
decrease in the number of reaction steps, i.e., to three from
eight in the previous method.”

The proposed method will provide a variety of inverse
substrates which are useful not only for the mechanistic
analysis of tryptic catalysis, but also for enzymatic peptide
synthesis.

Kinetic Parameters for Trypsin-Catalyzed Hydrolysis
The kinetics of tryptic hydrolysis of guanidinophenyl
ester substrates was analyzed. The N*-Boc-peptide p-
guanidinophenyl esters (4i—q), prepared by the previous
method,> were also subjected to kinetic analysis. De-
termination of kinetic parameters was carried out as
described,?®® and the values obtained are listed in Table
1. All compounds were found to have strong affinity for
trypsin, with K, values in the range of 10™*—10"°m.
These K, values are comparable to those of typical sub-
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strates such as L-lysine and L-arginine derivatives. In terms
of the acylation rate constant, k,, b-amino acid ester is a
less efficient substrate than the corresponding L-amino
acid ester. However, esters of the pD-amino acid series still
qualify as specific substrates. The m-isomer (4r) showed
a much slower acylation rate (ca. 1/1200 and 1/90), in
contrast with the p-isomers (4d and de, respectively),
although there was little difference in binding affinity. This
difference between m- and p-isomers is probably due to
the strict stereochemical requirements of the active site,
i.e., inaccessibility of the unfavorably positioned carbonyl
carbon of the m-isomer to the enzyme catalytic residue,
even though the binding itself is tight and specific. This
property is very similar to those of typical inverse sub-
strates such as amidinophenyl and aminomethylphenyl
esters.® The parameter, k,/K,, introduced by Brot and
Bender® was used for the evaluation of the specificity of
substrates. In terms of this k,/K, (or k./K,'?) value,
compounds 4a—q are nearly equivalent to the p-amidino-
phenyl ester series.’? The feasibility of analysis of the
deacylation process for a wide variety of acyl groups is
the most striking characteristic of inverse substrates.!®
Indeed, the deacylation rate constants have been suc-
cessfully determined. In Table 1, the overall catalytic rate,

NH k.., is included.! The deacylation rate constants of
N"-Boc—AA-OONH~C\ - TsOH N%-amino acids derived from aliphatic «-amino acids (4a,
NH, 4b, and 4d) were of the order of 107's. The rate con-
stant of the B-amino acid (4h) was shown to be of the
da~q same order of magnitude. This implies that the interaction
of small alkyl groups with the active site in the form of
the acyl-enzyme may not cause any significant perturba-
tion. Elongation of the peptide chain did not markedly
affect the deacylation (4a, 4i, and 4j). Substitution of
N*-Boc—AA-O NH aromatic side chain favored the deacylation (4f), and
NH—C// TSOH elongation of the peptide chain (4f, 4p, and 4q) had little
\ S influence on the deacylation efficiency. N*-Boc-D-amino
4r NH, . . . .
acid residues definitely underwent deacylation, though
Fig. 1. Structures of Inverse Substrates the rates were relatively slow: 1/3—1/165 of those of the
Table 1. Kinetic Parameters for the Trypsin-Catalyzed Hydrolysis of Inverse Substrates
Substrate K (K,) k, ky (kea) ky /K (keay/K)

NO. (M) (S~l) (SAI) (Sflel) ka (L)/k3 (D)
N*-Boc-Gly-OGp (4a) 3.17x 1074 2.69 x 102 3.55x 1071 8.49 x 103
N*-Boc-Gly-Gly-OGp (4i)? 3.23x 1073 1.99x 10 3.10x 107! 6.16 x 10°
N*-Boc-Gly-Gly-Gly-OGp (4j)® 3.76x 107 8.72x 10 127x 107! 232x10°
N*Boc-L-Ala-Gly-OGp (4k)? 493x107° 1.40 x 102 1.37x107* 2.84 %107 270
N*-Boe-p-Ala-Gly-OGp (d1)" 5.90% 1073 7.13 5.07x1072 121 x 10° :
N*Boc-L-Ala-OGp (4b) 2.77x 1074 1.23 x 10? 4.09x 1071 4.44 x 10° 1.7
N*-Boc-D-Ala—OGp (4c) 6.62x 1074 6.71 x 10 3.51x 1072 1.01 x 103 ’
N*Boc-L-Ala-L-Ala-OGp (4m)*? (5.73x107%) — (4.88x 1071 (8.52x 10%) 16.1
N*-Boc-D-Ala-D-Ala-OGp (4n)® 9.57x 1073 2.10x 10 3.03x 1072 2.19x 10° ’
N*Boc-L-Phe-D-Ala-OGp (40)? 244 x107° 6.37 2.80x 1072 2.61 x10°
N*-Boc-L-Leu-OGp (4d) 3.60x 1074 1.70 x 107 6.19x 107! 4.72x 10° 6.83
N*-Boc-D-Leu-OGp (4e) 7.41x1073 1.28x 10 9.06 x 1072 1.73 x 10° ’
N“-Boc-L-Phe-OGp (4) (2.52%1075) — (2.68 x 10) (1.06 x 10) 165
N*-Boc-D-Phe-OGp (dg) 1.74% 1074 37210 1.62x 107 2.14% 103
N*-Boc-L-Phe-1-Phe-OGp (dp)** (2.21x 1079) — (2.64) (1.19 x 10%)
N*-Boc-L-Tyr-Gly-Gly-L-Phe-OGp (4q)>° (3.60x 107%) — (1.01 x 10) (2.81 x 10%)

N-Boc-f-Ala-OGp (4h) 2.77x1075 46110 2.09%107! 1.66 x 105
N*-Boc-L-Leu-OGp (meta form) (4r)? 1.36x 1074 (14110799 (1.15x 1071 8.46 x 102

a) See reference 5. b) Kinetic parameter determined with a pH-stat.
with the following equation: k., =k,k;/(k,+k3).

¢) See reference 7.

d) Calculated value using k;=0.61957" for N*-Boc-L-Leu-OGp (4d),
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L-enantiomer. The enantiomeric preference (k5(L)/k5(D))
was more pronounced for more effective substrates. Ac-
cumulation of further observations should lead to a better
understanding of the enzyme action at the molecular
level.

Experimental

The melting points were measured on a Yanagimoto micro melting
point apparatus. The optical rotations were measured with a JASCO
DIP-360 digital polarimeter in a 5cm cell. The FAB-MS were taken with
a JEOL JMS-HX-110 spectrometer. Kinetic parameters were determined
with a Union Giken RA-401 stopped flow-spectrometer, a Hitachi
U-2000 UV spectrophotometer, and a Radiometer TTT-80 pH-stat.
Bovine pancreas trypsin (EC 3.4.21.4) was purchased from Worthington
Biochemical Corp. (twice crystallized, lot TRL).

p-[N’,N"-Bis(benzyloxycarbonyl)guanidino]phenol (2) A solution of
p-aminophenol (1) (2.18 g, 20mmol) and 1-[N,N’-bis(Z)amidino]pyr-
azole (7.54g, 20mmol) in absolute THF was stirred at room tem-
perature for 12h in an atmosphere of nitrogen. The reaction mixture
was diluted with benzene-AcOEt (6:1) and the solution was passed
through a silica gel column. The benzene-AcOEt (6:1) eluate was
evaporated to dryness in vacuo and the solid residue was recrystallized
from EtOH to give 2 (7.71g, 92%) as colorless needles. mp 145—
146.5°C. Anal. Caled for C,3H, N3O C, 65.86; H, 5.05; N, 10.02.
Found: C, 65.71; H, 4.95; N, 9.85.

m-[N’,N”’-Bis(benzyloxycarbonyl)guanidino]phenol (5) Compound §
(87%) was obtained from m-aminophenol by a procedure similar to that
described for compound 2. mp 148—149°C, colorless columns after
recrystallization from EtOH. Anal. Caled for C,;H,(N;O4: C, 65.86;
H, 5.05; N, 10.02. Found: C, 65.97; H, 5.04; N, 9.97.

N’(tert-Butyloxycarbonyl)amino Acid p-[N’,N”-Bis(benzyloxycarbon-
yl)guanidino]phenyl Ester (3) General Procedure: A solution of N*
Boc-amino acid (2.4mmol), p-[N’,N"-bis(Z)guanidino]phenol (2)
(838 mg, 2mmol) and DMAP (24.4mg, 0.2 mmol) in DMF (6 ml) was
treated with DCC (495mg, 2.4mmol) at 0°C. The reaction mixture
was stirred for 1h at the same temperature, then warmed to room tem-
perature, and stirring was continued for 20h. The resulting precipitate
of DCUrea was filtered off, and the filtrate was evaporated to dryness
in vacuo. The residue was diluted with benzene-AcOEt (6: 1) and purified
on a silica gel column. The pure compounds 3a—g were obtained by
recrystallization from EtOH. 3a: Colorless fine needles. mp 125—126°C.
Anal. Caled for C30H4,N,Oq: C, 62.49; H, 5.59; N, 9.72. Found: C,
62.49; H, 5.64; N, 9.57. 3b: Colorless fine needles. mp 132—133°C. [a]3’
—28.0° (¢=1.0, CH3CN). Anal. Caled for C3,H3,N,Oq: C, 63.04; H,
5.80; N, 9.49. Found: C, 63.06; H, 5.82; N, 9.50. 3c: Colorless needles.
mp 133—134°C. [aJ3® +27.2° (¢=1.0, CH;CN). Anal. Calcd for
C;;H;3,N,Oq4: C, 63.04; H, 5.80; N, 9.49. Found: C, 63.19; H, 591; N,
9.41. 3d: Colorless needles. mp 128—129°C. [«]3® —25.0° (¢=1.0,
CH,CN). dnal. Caled for C3,H,oN,Oq: C, 64.54; H, 6.37; N, 8.86.
Found: C, 64.54; H, 6.51; N, 8.76. 3e: Colorless needles. mp 128—129°C.
[0]3° +24.8° (c=1.0, CH;CN). Anal. Caled for C,,H,oN,Oq: C, 64.54;
H, 6.37; N, 8.86. Found: C, 64.49; H, 6.49; N, 8.80. 3f: Colorless needles.
mp 157—159°C. [«J3® —11.6° (¢=1.0, CH,CN). A4nal. Calcd for
C;,H33N,O4: C, 66.65; H, 5.75; N, 8.40. Found: C, 66.50; H, 5.88; N,
8.24. 3g: Colorless fine needles. mp 157—158 °C. [«]3® +11.4° (¢=1.0,
CH,CN). 4nal. Caled for C3,H;33N,Oq: C, 66.65; H, 5.75; N, 8.40.
Found: C, 66.48; H, 5.61; N, 8.37. Compounds 3h and 3r were synthe-
sized by the same procedure as employed for the p-compounds (3a—g).
3h: Colorless powder. mp 79—=80.5°C. Anal. Caled for C;;H;3,N,Oy:
C, 63.04; H, 5.80; N, 9.49. Found: C, 62.75; H, 5.84; N, 9.39. 3r: Colorless
needles. mp 128—129°C. [a]3’ —21.6° (¢=1.0, CH;CN). Anal. Calcd
for C3,H 0 N,Og: C, 64.54; H, 6.37; N, 8.86. Found: C, 64.59; H, 6.50;
N, 8.75.

N°-(tert-Butyloxycarbonyl)amino Acid p-Guanidino]phenyl Ester p-
Toluenesulfonic Acid Salt (4) General Procedure: Catalytic 10% Pd on
carbon (20mg) was added to a solution of N*-Boc-amino acid p-
[N',N"-bis(Z)guanidino]phenyl ester (3a—g) (1 mmol) and p-toluene-
sulfonic acid monohydrate (1 mmol) in EtOH (10 ml) and Et,O (10ml),
and the mixture was vigorously stirred in an atmosphere of hydrogen
at room temperature for 12 h, The catalyst was filtered off, and the filtrate
was evaporated to dryness in vacuo. The residue was washed with dry
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Et,O to give N*-Boc-amino acid p-guanidinophenyl ester (4da—g) as
the p-toluenesulfonic acid salt and a colorless amorphous solid. 4a:
FAB-MS mj/z: 309 (M+H)*. 4b: [¢]3° —37.4° (c=1.0, MeOH). FAB-
MS mjz: 323 (M+H)*. de: [e]3® +36.0° (¢=1.0, MeOH). FAB-MS
mjz: 323 M+H)*. dd: [0]35 —31.2° (¢=1.0, MeOH). FAB-MS m/z:
365 M+H)". de: [o]3% +28.0° (¢=1.0, MeOH). FAB-MS m/z: 365
(M+H)*. 4f: [0]3° —7.4° (c=1.0, MeOH). FAB-MS m/z: 399 M +H)™.
dg: [0]3° +6.8° (¢=1.0, MeOH). FAB-MS m/z: 399 (M+H)"*. Com-
pounds 4h and 4r were synthesized by the same procedure as employed
for the p-compounds (4a—g). 4h: Colorless plates (EtOH-Et,0). Anal.
Caled for C,,H;,N,O, S: C, 52.47; H, 6.20; N, 11.12; S, 6.37. Found:
C, 52.59; H, 6.05; N, 11.11; S, 6.30. 4r: Colorless amorphous solid. [o]3°
—26.8° (¢= 1.0, MeOH). FAB-MS m/z: 365 (M +H)".

Kinetic Measurements Enzyme concentration was determined by
active site titration using p-nitrophenyl p’-guanidinobenzoate.'® Anal-
ysis of kinetic parameters was carried out by the thionine displacement
method.'® Optical density changes at 620nm were monitored with a
stopped-flow spectrophotometer. The determination of k, and K| was
carried out in 0.05M Tris—~HCI buffer, pH 8.0, containing 0.02m CaCl,
at 25°C. In these experiments, the concentrations were: enzyme,
3.31 x 107°—7.83 x 10~ ° m; substrate, 2.40 x 107 5—1.04 x 103 m; thio-
nine; 2.50 x 107> M. Compounds 4m, 4f, 4p, 4q, and 4r were analyzed
potentiometrically using a pH-stat under steady-state conditions follow-
ing the reported procedure.® Determination of k,,, and K, was carried
out in 0.1M KCI, pH 8.0, containing 0.02M CaCl, at 25°C. In these
experiments the enzyme concentration was 1.95x 1078—1.50 x 10~ m,
and the substrate concentration was 1.76 x 1075—1.07 x 10~ %M.
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