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The synthesis of oligopeptides using stable carbohydrate protease conjugates (CPCs) was examined 
in acetonitrile solvent systems. CPC[a-chymotrypsin] was used for the preparation of peptides 
containing histidine, phenylalanine, tyrosine, and tryptophan in the PI position in 60-93% yield. 
The CPC[a-chymotrypsin]-catalyzed synthesis of octamer Z-Gly-Gly-Phe-Gly-Gly-Phe-Gly-Gly-OEt 
from Z-Gly-Gly-Phe-Gly-Gly-Phe-OMe was achieved in 71% yield demonstrating that synthesis 
was the dominant kinetic process relative to amide hydrolysis. CPC[papainl was used to synthesize 
peptides containing both hydrophilic and hydrophobic amino acids. The PZ specificity of papain 
for aromatic residues was utilized for the 2 + 3 coupling of Z-Tyr-Gly-OMe to HzN-Gly-Phe-Leu- 
OH to generate the leucine enkephalin derivative in 79% yield. Although papain is nonspecific for 
the hydrolysis of N-benzyloxycarbonyl amino acid methyl esters in aqueous solution, the rates of 
synthesis for these derivitives with nucleophile leucine tert-butyl ester differed by nearly 2 orders 
of magnitude. CPC[thermolysinl was used to prepare the aspartame precursor Z-Asp-Phe-OMe in 
90% yield. The increased stability of CPCs prepared from periodate-modified poly(2-methacryl- 
amido-2-deoxy-~-glucose), poly(2-methacrylamido-2-deoxy-~-galactcose~, and poly(5-methacryl- 
amido-5-deoxy-~-ribose), carbohydrate materials designed to increase the aldehyde concentration 
in aqueous solution, suggests that the stability of CPCs is directly related to the aldehyde 
concentration of the carbohydrate material. Periodate oxidation of poly(2-methacrylamido-2-deoxy- 
D-glucose) followed by covalent attachment to a-chymotrypsin gave a CPC with catalytic activity 
in potassium phosphate buffer a t  90 "C for 2 h. 

Introduction 

The protease-catalyzed synthesis of peptides and pro- 
teins for structure/fimction studies or for the preparation 
of amino acid-based materials could prove to be a useful 
alternative to established methods such as site-directed 
mutagenesis,l unnatural amino acid mutagenesis,2 and 
the expression of artificial genes.3 Peptides and proteins 
are prepared by solid phase or solution phase methods4r5 
and by expression in a foreign host, such as bacteria or 
yeast. However, these methods can be difficult or impos- 
sible due to inefficient peptide or amino acid couplings 
during chemical synthesis, problems associated with the 
expression of soluble proteins in a foreign host, and 
difficulties in the purification of the target peptides and 
proteins. In contrast, methodology employing the enzy- 
matic ligation of oligopeptides routinely prepared through 
solid or solution phase methods potentially eliminates or 
reduces these problems. The combined chemical and 
enzymatic synthesis of proteins has recently been dem- 
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onstrated for the synthesis of RNase A,6 and promising 
results have been obtained for the synthesis of oligopep- 

A representative protease-catalyzed synthesis of a 
tripeptide is shown in Scheme 1 for the a-chymotrypsin 
(CT)-catalyzed preparation of Z-Tyr-Gly-Gly-OEt (Z, ben- 
zyloxycarbonyl; Tyr, tyrosine; Gly, glycine; Et, ethyl). 
After the binding of the substrate to the protease (not 
shown), a covalent acyl-enzyme intermediate is formed 
between P1 substrateg Z-Tyr-OMe and active site serine- 
195 resulting in the loss of methanol from the substrate. 
The peptide bond is formed when nucleophile glycylgly- 
cine ethyl ester (HzN-Gly-Gly-OEt) adds to the acyl- 
enzyme intermediate to generate the tripeptide and 
regenerate the hydroxyl side chain of serine-195. Alter- 
natively, water can add to the acyl-enzyme intermediate 
to generate unreactive N-(benzyloxycarbony1)tyrosine. 

Protease-catalyzed peptide synthesis has been inves- 
tigated in both aqueous solutions and organic solvent 
systems for the thermodynamic and kinetic synthesis of 
peptides.aJOJ1 The advantages of protease-catalyzed 
peptide synthesis are established and include the ability 
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for the preparation of a leucine enkephalin derivative and 
a peptide octamer containing potential sites for amide 
and ester hydrolysis. 

I 

of the protease to effect highly regio- and stereoselective 
transformations in the absence of side chain protecting 
g r o u p ~ . ~ J ~ - ' ~  However, general methodology for the 
enzymatic synthesis of oligopeptides in organic solvents 
has not been achieved. 

The use of organic solvents is often necessary for the 
reduction of the hydrolysis of peptide precursors in favor 
of peptide ligation12J5J6 and also for the solubility of 
peptide precursors.12 However, a limitation of the use 
of proteases for peptide synthesis is the instability of the 
enzymes in the presence of organic solvents.12 In order 
to provide stability for proteases, we have developed a 
series of carbohydrate-based materials that can be co- 
valently attached to the surface of proteins by reductive 
amination to generate carbohydrate protease conjugates 
(CPCs) which catalyze peptide synthesis in organic 
solvent systems (Scheme 2).l7JS This mild, multisite 
attachment does not affect the activity of proteases, as 
determined by measuring the Michaelis-Menten param- 
eters kcat and KM for chymotrypsin, subtilisin BPN, and 
trypsin in aqueous s~ lu t ion . '~  We have previously dem- 
onstrated that CPCs are efficient catalysts for the 
preparation of peptides in organic solvents and are 
remarkably stable in aqueous solution at  elevated tem- 
p e r a t u r e ~ . ~ ~  

Successful protease-catalyzed peptide synthesis re- 
quires protease stability and favorable kinetics for pep- 
tide ligation relative to amide hydrolysis and ester 
hydrolysis. Additionally, many proteases have specificity 
for certain amino acid side chains, and the direct ap- 
plication of the known specificity for substrate hydrolysis 
in aqueous solution to peptide synthesis in organic 
solvent systems is desirable. In order to address these 
important issues and to develop efficient strategies for 
the preparation of peptides and proteins through the 
enzymatic ligation of peptide oligomers, we report the 
development of a small library of stable CPC[proteasesl 
and their use as catalysts for the synthesis of peptides 
in acetonitrile solvent systems. After determining the 
PI selectivity of the CPCs in acetonitrile, CPCs were used 
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Results and Discussion 
Preparation of CPCs. As part of our strategy to  

develop stabilized enzymes for peptide bond formation, 
we explored a series of materials that we expected to 
differ in the concentration of free aldehyde available for 
reaction with the +amine of lysine residues on the 
surface of enzymes. Previous studies have shown that 
the stability of trypsin attached to aldehyde-containing 
agarose was directly related to the aldehyde content of 
the agarose support.lg In order to determine if the 
concentration of free aldehyde available from the carbo- 
hydrate based macromolecule could be a limiting factor 
for CPC stability, we prepared galactose (Gal)-based 
material 2 and ribose (Rib)-based material 3. In addition, 
the glucose-based material was chemically modified by 
periodate oxidation to increase the aldehyde concentra- 
tion of the material. The concentration of the open chain 
aldehyde form of D-ribose is approximately 25 times that 
of D-glucose and that of D-galactose is 10 times that of 
D-glUCOSe.20 This observation is consistent with the rates 
of tritium exchange at  C2 of the carbohydrate, which 
must occur through the enol tautomer. D-Ribose ex- 
changes tritium 28 times faster than D-glucose.21 

Glucose-, galactose-, and ribose-based methacrylamide 
materials 1-3 were prepared from the corresponding 
methacrylamide-based monomers by reaction of the 
amino deoxy carbohydrates with methacryloyl chloride 
as illustrated for the preparation of poly(2-methacryla- 
mido-2-deoxy-~-glucose) (1) in Scheme 3. Glucose-based 
monomer 4 and galactose-based monomer 6 were char- 
acterized as the trimethylsilyl derivatives 5 and 7. 

&OH 
HO 

HO 

"'&OH +p 0 OH 

HO OH 

1 2 3 

I 
HN. 

RO HA 

6 R=H 4 R = H  
5 R=TMS 7 R=TMS 

The ribose-based material 3 was prepared from D- 
ribose according to Scheme 3. Methyl 2,3-O-isopropy- 
lidene-D-ribofuranoside (8) was converted to mesylate 9, 
followed by displacement with azide to give 10. The azide 
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Scheme 2 
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was reduced to the amine 11 by hydrogenation and the 
amine was subsequently treated with methacryloyl chlo- 
ride to give the protected monomer 12. Removal of the 
isopropylidene and the methyl glycoside protecting groups 
with acidic resin afforded the highly reactive monomer 
5-deoxy-5-methacrylamido-~-ribofuranose, which was not 
stable as  a concentrated solution a t  room temperature. 
The deprotected monomer was polymerized in aqueous 
solution using ammonium persulfate as  the initiator, 
resulting in the formation of poly(5-deoxy-5-methacryla- 
mido-D-ribofuranose) (3) with a molecular weight of 
approximately lo6 daltons. 

The free radical polymerization of the carbohydrate 
monomers in aqueous solution at  room temperature using 
initiator ammonium persulfate resulted in the generation 
of water-soluble carbohydrate based materials 1-3 with 
molecular weights of 105-106 daltons as determined by 
light scattering measurements. These materials were 
used directly for the attachment of proteins to  form 
carbohydrate protein conjugates (CPC) or were chemi- 
cally modified with sodium periodate in order to increase 
the aldehyde density of the material.22 

The covalent attachment of the carbohydrate materials 
to  proteases was achieved by reductive amination of the 
imine that is formed between the e-amino group of a 
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(24) Schwartz, B. A.; Gray, G. R. Arch. Biochem. Biophys. 1977,181, 
542-549. 

Ho\ 

0 
ZHN-AA1--ILN-AA2-OR' 

H 

Scheme 4 

Ho\ 

surface lysine residue and the open-chain aldehyde form 
of the  carbohydrate^^^^^^ (Scheme 4). This method can 
be performed in aqueous solution under mild conditions 
of temperature and pH and results in the multisite 
attachment of the carbohydrate-based materials to the 
protein.17 

Stability of CPC[proteasesl. The stability of CPC- 
[CTI was evaluated by assay in aqueous solution with 
the expectation that the stability of CPCs observed in 
aqueous solution would correlate with the stability 
observed during the enzymatic synthesis of peptides in 
organic solvents. CPC*[CTl, a CPC prepared from 
sodium periodate oxidized glucose-based macromolecule 
1, was active at  90 "C for 1-2 h (Figure 1A) while native 
chymotrypsin lost all activity a t  50 "C within 10 min. 
Approximately 90% of the original activity remained for 
CPC*[CT] at  50 "C after 3 h. CPC[CT] materials Rib- 
CPC[CT], Glc-CPC[CT], and Gal-CPC[CTl were prepared 
under identical reaction conditions, and the stability of 
the conjugates was evaluated in pH 7 phosphate buffered 
solution a t  50 "C. Rib-CPC[CTl was the most stable 
conjugate with 45% activity remaining after 20 h (Figure 
1B). Glc-CPC[CTl retained 33% activity, and Gal-CPC- 
[CT] retained 23% activity for the same period of time. 
The greater stability of CPC*[CTl and Rib-CPC[CTl 
supports the hypothesis that the stability of CPCs is 
directly related to the available aldehyde content of the 
carbohydrate material from which the CPC is prepared. 

We found that the increased stability of CPCs in 
aqueous solution correlated with the activity of CPCs in 
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Figure 1. Stability of chymotrypsin conjugates in 0.1 M potassium phosphate at pH 7 .  (A) Stability of CPC*[CT] at 50 "C (01, 
60 "C (e), 70 "C (O), 80 "C (A), and 90 "C (v) and nativee chymotrypsin at 50 "C (m). (B) Comparison of thermal stability of 
Rib-CPC[CT] (B), Glc-CPC[CT] (O), Gal-CPC[CT] (O), and native chymotrypsin (0) in 0.1 M potassium phosphate at pH 7 at 50 
"C. 

acetonitrile solvent systems. CPC[chymotrypsinl and 
CPC[papainl efficiently catalyzed the synthesis of pep- 
tides while the native proteases were inefficient catalysts 
under the conditions of this study. 

CPCtproteasel-Catalyzed Peptide Synthesis. CPC- 
[chymotrypsin] (CPC[CTI), CPC[papainl (CPC[PI), CPC- 
[proteinase Kl (CPC[pKI), CPC[subtilisin BPNI (CPC- 
[BPN]), and CPC[thermolysin] (CPC[Th]) were prepared 
by the attachment of glucose-based macromolecule 1, 
which was chosen because it could be easily prepared in 
sufficient quantities, to the native protease. The result- 
ing conjugates were sufficiently stable as catalysts for 
peptide bond formation at  35-40 "C in acetonitrile 
solvent systems containing 10-20% water and 5-10% 
triethylamine. 

The successful ligation of peptide fragments by a 
protease requires that the rate of synthesis of the desired 
peptide or protein be approximately 1 order of magnitude 
faster than the amide hydrolysis of the peptide precursors 
or products, transpeptidation, or ester hydrolysis. In 
aqueous solution, the kinetics for the latter processes are 
sometimes favorable, and undesirable side products have 
been observed.8 In order to qualitatively evaluate the 
relative kinetics of these undesirable side-reactions dur- 
ing protease catalyzed oligopeptide synthesis in acetoni- 
trile, the octamer Z-GGFGGFGG-OEt (Z, benzyloxycar- 
bonyl; G, glycine; F, phenylalanine; Et, ethyl) was 
prepared by the CPCTCTI catalyzed 6 + 2 coupling of 
hexamer Z-GGFGGF-OMe (13) t o  glycylglycine ethyl 
ester. This hexamer, which was prepared using standard 
solution phase meth~dology,~~ contains only two possible 
sites for activation by a-chymotrypsin, the Phe-Gly amide 
and the C-terminus methyl ester. The possible reactions 
of hexamer 13 during the synthesis of the octamer 
Z-GGFGGFGG-OEt (14) are shown in Scheme 5 .  These 
reactions are synthesis, ester hydrolysis, amide hydroly- 
sis, and transpeptidation. The CPCrCTl-catalyzed syn- 
thesis of the desired octamer 14 was achieved in 71% 

Scheme 5 
7 2-GGFGGFGG-OM + MeOH 

Z-GGFGGF-OH + MeOH 
ZOGF-OH + H2N-GGF-OH 

Z-GGFGG-OEt + H2N-GGF-OH 

yield (unoptimized) demonstrating that synthesis was the 
dominant kinetic process under the conditions of this 
study. Tripeptide and pentamer products, formed from 
the activation of the C-terminal carboxyl group of the 
internal phenylalanine residue followed by the addition 
of water or nucleophile glycylglycine ethyl ester, were not 
observed a t  a detection limit of 1-2%. Clearly amide 
hydrolysis and transpeptidation were not kinetically 
favorable processes for this peptide under the conditions 
of this study. 

The PI selectivity of CPC[CT] for the aromatic side 
chains is consistent with that previously determined for 
native a-chymotrypsin-catalyzed peptide synthesis.26 N- 
benzyloxycarbonyl methyl esters of phenylalanine, ty- 
rosine, and tryptophan were efficiently coupled to  nu- 
cleophile glycylglycine ethyl ester during the CPC[CTl- 
catalyzed synthesis of tripeptides Z-Phe-Gly-Gly-OEt 
(15),Z-Tyr-Gly-Gly-OEt (161, and Z-Trp-Gly-Gly-OEt (18) 
in 60-93% yield (Table 1). In addition to the aromatic 
substrates, we also observed that N-benzyloxycarbonyl 
histidine methyl ester was efficiently coupled to glycyl- 
glycine ethyl ester to give the desired product Z-His-Gly- 
Gly-OEt (17) in 83% yield. However, N-benzyloxycarbo- 
nyl leucine methyl ester was a poor substrate under the 
same conditions. The other product isolated for these 
reactions was the corresponding N-benzyloxycarbonyl 
amino acid which was generated by the CPC-catalyzed 
hydrolysis of the ester substrates. Although a-chymo- 
trypsin has P2 specificity for aromatic residues,8 products 
resulting from activation of the Gly-Gly amide bond of 

(25) Slomczynska, U.; Beusen, D. D.; Zabrocki, J.; Kociolek, K.; 
Redlinski, A.; Reusser, F.; Hutton, W. C.; Leplawy, M. T.; Marshall, 
G. R. J .  Am. Chem. SOC. 1992, 114, 4095-4106. 

(26) Kise, H.; Tomiuchi, Y.; Nagashima, T. Biomed. Biochim. Acta 
1991, 50, S127-Sl30. 
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Table 1. CPC[proteasel-Catalyzed Peptide Synthesis 
entry CPC acyl donor nucleophile product % yieldu 

1 CPC[CTl Z-Phe-OMe HZN-Gly-Gly-OE t Z-Phe-Gly-Gly-OEt (15) 93 
2 CPC[CTl Z - Tyr - 0 Me HZN-Gly-Gly-OE t Z-Tyr-Gly-Gly-OEt (16) 90 
3 CPC[CTl Z-His-OMe HZN-Gly-Gly-OE t Z-His-Gly-Gly-OEt (17) 83 
4 CPC[CTl Z-Trp-OMe HZN-Gly-Gly-OE t Z-Trp-Gly-Gly-OEt (18) 60 
5 CPC[CTl Z-Tyr-OMe HZN-Gly-OMe Z-Tyr-Gly-OMe (19) 41 
6 CPC[Pl Z-Phe-Gly-OMe HzN-Leu-OtBu Z-Phe-Gly-Leu-OtBu (20) 85 
7 CPCLPI Z-Phe-Gly-OMe HzN-Leu-OMe Z-Phe-Gly-Leu-OMe (21) 77 
8 CPC[Pl Z-Gly-OMe HzN-Leu-OtBu Z-Gly-Leu-OtBu (22) 74 
9 CPC[P] Z-Ala-OMe HzN-Leu-OtBu Z-Ala-Leu-OtBu (23) 72 

10 CPC[Pl Z-Phe-Gly-OMe HzN-Phe-OtBu Z-Phe-Gly-Phe-OtBu (24) 70 
11 CPCLPI Z-Ser-OMe HzN-Leu-OtBu Z-Ser-Leu-OtBu (25) 50 
12 CPC[Pl Z-Gln-OMe HzN-Leu-OtBu Z-Gln-Leu-OtBu (26) 44 
13 CPC[Pl Z-Leu-OMe HzN-Leu-OtBu Z-Leu-Leu-OtBu (27) 41 
14 CPC[Pl Z-Met-OMe HzN-Leu-OtBu Z-Met-Leu-OtBu (28) 35 
15 CPC[Pl Z-Gly-Gly-OMe HzN-Leu-OtBu Z-Gly-Gly-Leu-OtBu (29) 31 
16 CPC[PI Z-Gln-OMe HzN-Phe-OtBu Z-Gln-Phe-OtBu (30) 23 
17 CPC[Pl Z-Phe-OMe HzN-Leu-OtBu Z-Phe-Leu-OtBu (3 1) 12 
18 CPC[Pl Z-Tyr-Gly-OMe HzN-Gly-Phe-Leu-OH Z-Tyr-Gly-Gly-Phe-Leu-OH (32) 79 
19 CPC[pKl Z-Tyr-Gly-Gly-OEt HzN-Phe-Leu-OH Z-Tyr-Gly-Gly-Phe-Leu-OH (32) 32 
20 CPC[BPN] Z-Tyr-Gly-Gly-OEt HzN-Phe-Leu-OH Z-Tyr-Gly-Gly-Phe-Leu-OH (32) 28 
21 CPC[!rhl Z-Asp-OH HzN-Phe-OMe Z-Asp-Phe-OMe (33) 90 
22 CPC[BPNl Z-Ala-OMe HzN-Phe-Leu-OH Z-Ala-Phe-Leu-OH (34) 39 

a All reactions were performed as described in the Experimental Section. Yields were determined by reverse phase HPLC analysis. 
Abbreviations: CT, chymotrypsin; P, papain; BPN, subtilisin BPN, pK, proteinase K, Th, thermolysin; Ala, alanine; tBu, tert-butyl; Gly, 
glycine; Et, ethyl; His, histidine; Leu, leucine; Me, methyl; Phe, phenylalanine; Trp, tryptophan; Tyr, tyrosine; Z, benzyloxycarbonyl. 

the products were not observed under the conditions of 
this study. Control reactions using an equivalent amount 
of native chymotrypsin as found in CPC[CT] resulted in 
yields of 8-38% for the desired product. The other 
product isolated during the reactions catalyzed by the 
native protease was the unreacted methyl ester. When 
the D isomer of Z-Tyr-OMe or Z-Phe-OMe was used, no 
product was observed under the conditions of this study. 

Use of CPC[papainl for peptide synthesis in acetonitrile 
in catalytic quantities has resulted in the preparation of 
the leucine enkephalin derivative N-Z-Tyr-Gly-Gly-Phe- 
Leu-OH, described in further detail below, and the 
preparation of dipeptides and tripeptides in yields rang- 
ing from 85-12% (Table 1, entries 6-18). Peptides 
prepared in high yield (70-85%) were Z-Phe-Gly-Leu- 
OtBu (201, Z-Phe-Gly-Leu-OMe (211, Z-Gly-Leu-OtBu 
(22),Z-Ala-Leu-OtBu (231, and Z-Phe-Gly-Phe-OtBu (24). 
Peptides prepared in modest yield (44-23%) were Z-Ser- 
Leu-OtBu (25), Z-Gln-Leu-OtBu (26), Z-Leu-Leu-OtBu 
(27),Z-Met-Leu-OtBu (28),Z-Gly-Gly-Leu-OtBu (291, and 
Z-Gln-Phe-OtBu (30). The preparation of Z-Phe-Leu- 
OtBu (31) was achieved in poor yield (12%). The other 
product generated during these syntheses was the cor- 
responding N-benzyloxycarbonyl amino acid, except for 
syntheses with Z-Phe-OMe and Z-Leu-OMe which re- 
sulted in the recovery of the unreacted esters in 51 and 
32% yields after 72 h. The synthesis of Z-Phe-Gly-Leu- 
OtBu using native papain lyophilized from 0.05 M sodium 
phosphate a t  pH 6.0 resulted in a yield of 3%.27 Ad- 
ditionally, the rate of amide hydrolysis for tripeptide 
Z-Phe-Gly-Leu-OtBu to Z-Phe-Gly-OH was determined 
in acetonitrile and found to be 1 order of magnitude less 
than the rate of synthesis. 

Although we determined that papain is a relatively 
nonspecific protease for the hydrolysis of N-benzyloxy- 
carbonyl amino acid methyl esters in aqueous solution, 
the initial rates of synthesis using CPC[P] in acetonitrile 
differed by approximately 2 orders of magnitude. The 
initial rates of ester hydrolysis in aqueous solution were 

(27) Zaks, A.; Klibanov, A. M. Proc. Natl. Acad. Sei. U.S.A. 1985, 
82, 3192-3196. 

0.7-2.4 pmol min-l mg papain-l while the rates of 
synthesis with nucleophile leucine tert-butyl ester varied 
from 1.4 pmol min-' mg papain-l to 19 nmol min-l mg 
papain-'. The highest rates of synthesis were observed 
for N-benzyloxycarbonyl amino acid methyl esters of 
alanine, glycine, methionine, and glutamine with rates 
of synthesis of 0.57-1.4 pmol min-l mg papain-'. For 
synthesis with the leucine and phenylalanine derivatives, 
the rates were 0.17 and 0.019 pmol min-I mg papain-l. 
These results suggest that the specificity of a protease 
in aqueous solution may not be directly applied to rates 
of the synthesis of peptides under the conditions of this 
study. 

Comparison of the initial velocities of synthesis to 
hydrolysis during the CPC[papainl-catalyzed synthesis 
of peptides with nucleophile leucine tert-butyl ester 
showed that for the synthesis of Z-Phe-Gly-Leu-OtBu, the 
rate of synthesis is 48 times faster than that of hydroly- 
sis. For derivatives of glycine, alanine, leucine, and 
methionine, the ratio is 7.3-2.9, for serine and glutamine, 
the ratio is nearly equal, and for phenylalanine, hydroly- 
sis is the favored by a factor of 3. 

The specificity of CPC[proteasesl in acetonitrile solvent 
systems was applied to the convergent synthesis of the 
N-benzyloxycarbonyl leucine enkephalin Z-Tyr-Gly-Gly- 
Phe-Leu-OH (32). This synthesis was achieved utilizing 
CPC[CTl to prepare the fragment Z-Tyr-Gly-OMe (19) 
in 41% yield (unoptomized) and CPC[Pl to couple this 
fragment to HZN-Gly-Phe-Leu-OH in 79% yield (32% for 
two steps). Attempts to use CPC[BPNl and CPC[pKl for 
the 3 + 2 coupling of Z-Tyr-Gly-Gly-OEt to HzN-Phe-Leu- 
OH resulted in poor yields of 28-32%. 

Other CPC[proteasel-catalyzed syntheses include the 
preparation of the aspartame precursor Z-Asp-Phe-OMe 
(33) in 90% yield using CPC[thermolysinl. Native ther- 
molysin has PI' specificity for hydrophobic amino acids 
such as phenylalanine, leucine, valine, and isoleucine.2s 
We also prepared Z-Ala-Phe-Leu-OH (34, 39%) from 
Z-Ala-OMe and the unprotected dipeptide phenylala- 
nylleucine using CPC[BPNl. However, CPC[BPN'l was 

(28) Morihara, K.; Tsuzuki, H. Eur. J. Biochem. 1970,15,374-380. 
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not a good catalyst for the synthesis of peptides from acyl 
components Z-Gly-OMe, Z-Gly-Gly-OMe, Z-Phe-OMe, 
Z-Tyr-OMe, and Z-Ala-OMe with nucleophiles HzN-Gly- 
Gly-OEt or HzN-Leu-OtBu due to the hydrolysis of the 
PI ester to  the unreactive acid. Although CPC[BPN] was 
not an efficient catalyst with single amino acid sub- 
strates, we have previously demonstrated that CPC- 
[BPN]  is an efficient catalyst for the synthesis of 
oligopeptides Z-Leu-Leu-Phe-Leu-OtBu (95%) and Z-Val- 
Leu-Phe-Leu-OtBu (90%) from Z-Leu-Leu-OMe and Z- 
Val-Leu-OMe.17 This suggests that for CPC[BPNl, syn- 
thesis is favorable for dipeptide acyl components bu t  not 
single amino acid acyl components. 
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Por CE membrane, 3 x 2 L water, 24 h) and lyophilized to 
give 3 g (75% monomer conversion) of a water soluble (100 
mg/mL) white powder: lH NMR (500 MHz, DzO) 6 0.50-2.40 
(bm), 3.25 (bs), 3.57 (bm), 4.80-5.1 (bm); 13C NMR (125 MHz, 

78.21, 92.55, 97.54, 181.35. 
Poly(2-methacrylamido-2-deoxy-~-galactose) (2). To a 

solution of D-galaCtOSamine hydrochloride (5 g, 23 mmol) in 
water (50 mL) was added sodium methoxide solution (25% w/w 
in methanol, 3.7 mL, 23 mmol) to  give a pH of 8.8 as 
determined by pH meter. Methacryloyl chloride (2.4 g, 23.2 
mmol, 2.2 mL) and sodium methoxide solution (3.7 mL, 23 
mmol) were added in alternating portions over 3 h to  give a 
final pH of 7.2. The pH was adjusted to 4, and the solution 
was extracted with ethyl acetate (3 x 50 mL). The pH was 
adjusted to 7 with sodium bicarbonate, and the solution was 
freeze thaw degassed. To this solution was added a freeze 
thaw degassed solution of ammonium persulfate (0.52 g, 2.3 
mmol in 3 mL of water), and the solution was stirred at room 
temperature for 24 h. The solution was added to methanol 
(300 mL), and the resulting white precipitate was collected 
by vacuum filtration, dissolved in water (100 mL), dialyzed 
(Spectra Por 12-14k MWCO, 3 x 2 L water, 48 h), and 
lyophilized to give 2.5 g (63% monomer conversion) of white 
powder: lH NMR (500 MHz, DzO) 6 0.40-2.30 (bm), 3.2-4.2 
(bm), 4.8-5.2 (bm); 13C NMR (125 MHz, DzO) 6 19.51, 47.70, 
53.35, 56.74, 63.67, 65.06, 69.36, 71.16, 72.82, 77.40, 92.74, 
97.76, 181.81. 
Poly(5-methacrylainido-5-deoxy-~-ribose) (3). To a 

solution of methyl 2,3-O-isopropylidene~.5-methacrylamido-5- 
deoxy-D-ribofuranoside (12) (2.83 g, 10.4 mmol) in water, (50 
mL) was added 1.3 g of acidic ion exchange resin (Amberlite 
IR-1201, and the solution was stirred at 50 "C for 30 h. The 
heterogeneous solution was filtered, and the solution was 
concentrated to 15 mL under reduced pressure and freeze thaw 
degassed, and a solution of freeze thaw degassed ammonium 
persulfate (154 mg, 0.66 mmol in 1.5 mL of water) was added. 
The solution was stirred at room temperature for 18 h, dialyzed 
against water (Spectra Por 1000 MWCO membrane), and 
lyophilized to  give 0.373 g (16%) of a white solid: lH NMR 
(200 MHz, DzO) 6 0.7 (bs, 3 H), 1.7 (bm, 2 H), 3.2 (bs, 2 HI, 5.2 
(bm, 3 H), 7.5 (bs, 1 H); 13C NMR (125 MHz, DzO) 6 18.50, 
43.43, 47.41, 56.44, 70.59, 71.77, 74.18, 74.90, 94.75, 98.86, 
181.69. 
2-Methacrylamido-2-deoxy-~-glucose (4).17 To a stirred 

slurry of 2-deoxy-D-glucosamine hydrochloride (25 g, 0.12 mol) 
in anhydrous methanol (100 mL) at 2 "C was added 1.5 M 
sodium methoxide in methanol (80 mL, 0.12 mol, prepared 
within 24 h of use from sodium metal) to give a final pH of 8. 
Distilled methacryloyl chloride was added in 1 mL portions 
(14 mL total, 13.1 g, 0.13 mol) over 2 h. After each addition, 
the pH was adjusted to  8-9 with 1.5 M sodium methoxide in 
methanol. After the addition of methacryloyl chloride was 
complete, TLC analysis (silica, methanol eluent) showed 
2-methacrylamido-2-deoxy-D-glucose (Rf 0.8) and 2-deoxy-~- 
glucosamine (Rf 0.4). An additional 5.5 mL of methacryloyl 
chloride (5.1 g, 0.05 mol) was added in 1 mL portions. The 
pH was adjusted to 8-9 after each addition with 1.5 M sodium 
methoxide in methanol. After the final 0.5 mL of methacryloyl 
chloride was added, TLC analysis showed no remaining 
2-deoxy-D-glucosamine and the pH was adjusted to  7. The 
methanol was removed by rotary evaporation to give 35 g 
(100%) of 2-methacrylamido-2-deoxy-~-glucose as a mixture of 
a and /3 anomers containing sodium chloride which was used 
without further purification: lH NMR (200 MHz, DzO) 6 1.79 
(s, 3 H), 3.30-3.85 (m, 6 H), 5.08 (bs, a), 5.10 (s, 1 H), 5.56 (s, 
1 HI. 
2-Deoxy-2-methacrylamidotetra-O-(trimethylsilyl)-~- 

glucopyranose (5). This derivative was prepared according 
to Sweeley and c o - w ~ r k e r s . ~ ~  To a solution of 2-methacryla- 
mido-2-deoxy-~-glucose (4,50 mg, 0.2 mmol) in pyridine (5 mL) 
was added 1,1,1,3,3,3-hexamethyldisilazane (1 mL, 4.7 mmol) 
followed by trimethylsilyl chloride (0.5 mL, 4.0 mmol), and the 

(29) Sweeley, C. C.; Bentley, R.; Makita, M.; Wells, W. W. J .  Am. 

DzO) 6 14.04, 46.93, 56.76, 59.34, 63.00, 72.69, 73.90, 76.05, 

Chem. SOC. 1963,85, 2497. 

Conclusion 

In summary, we have investigated the use of a small 
library of stabilized CPC[proteasesl for the catalytic 
formation of peptides containing 2-8 amino acids in 
acetonitrile solvent systems. The selectivity of CPC[a- 
chymotrypsin] for peptide synthesis was consistent with 
the specificity known for the hydrolysis of aromatic amino 
acid containing substrates in aqueous solution. The 
histidine-containing peptide Z-His-Gly-Gly-OEt was also 
prepared using CPC[a-chymotrypsin]. The known speci- 
ficity of CPC[papainl for aromatic amino acids in the  PZ 
position was observed during peptide synthesis, and  PI 
selectivity was observed for single amino acid substrates 
during peptide synthesis in acetonitrile, although no 
selectivity was observed for the papain-catalyzed hy- 
drolysis of N-benzyloxycarbonyl methyl esters in aqueous 
solution. The aspartame precursor Z-Asp-Phe-OMe was 
prepared using CPC[thermolysin]. CPC[BPN] was a 
useful catalyst for the preparation of tetramers from 
dipeptide acyl components, but  was not an efficient 
catalyst for the  preparation of tri- and  dipeptides from 
single amino acid acyl components. The selectivities of 
CPCs observed in acetonitrile was applied to  the conver- 
gent synthesis of a leucine enkephalin derivative Z- 
YGGFL-OH and the octamer Z-GGFGGFGG-OEt. The 
increased stability of CPCs prepared from carbohydrate 
materials designed to  increase the aldehyde concentra- 
tion in aqueous solution suggests that the stability of 
CPCs is directly related to aldehyde concentration. 

Experimental Section 

General Experimental. Sources. 2-Amino-2-deoxy~- 
glucopyranose (D-glUCOSamine hydrochloride) and 2-amino-2- 
deoxy-D-galactopyranose @-galactosamine hydrochloride) was 
purchased from the Sigma Chemical Co.  Amino acid deriva- 
tives and peptides were purchased from the Sigma Chemical 
Co. or Bachem California. Enzymes were obtained from the 
Sigma Chemical Co. N-benzyloxycarbonyl (Z) amino acid and 
peptide methyl esters were prepared using acetyl chloride 
(0.5% v/v) in methanol, except CBZ-His-OMe and CBZ-Met- 
OMe which were prepared using methanol acidified with HC1 
gas. All water used was purified using a Nanopure water 
purification system. Methacryloyl chloride, ammonium per- 
sulfate, sodium azide, palladium hydroxide on carbon, and 
sodium periodate were obtained from the Aldrich Chemical 
Co. Thin layer chromatography was performed using EM 
Science 0.2 mm precoated silica gel 60 plates. 
Poly(2-methacrylamido-2-deoxy-~-glucose) (l).17 Solu- 

tions of 2-methacrylamido-2-deoxy-~-glucose (5 g) in water (50 
mL) and ammonium persulfate (1 g, 4 mmol in 2 mL of water) 
were purged with argon for 30 min. The ammonium persulfate 
solution was added to the stirred monomer solution via 
gastight syringe at rt, and the mixture was stirred for 20 h. 
The solution was dialyzed against water (50k MWCO Spectra 
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solution was shaken for 30 s and stored at rt for 1 min. The 
solvent was removed by rotary evaporation and the residue 
was purified by silica gel chromatography using ethyl acetatel 
hexane (10/1) to give a Nhite solid: mp 105-107 "C; 'H NMR 
(250 MHz, CDCl3) 6 0.10 ( 8 ,  18 H), 0.14 (s, 9 H), 0.17 (s, 9 H), 
1.97 (s, 3 H), 3.60-3.74 (m, 5 H), 4.10 (dt, 1 H, J = 9.8, 3.5 
Hz), 5.06 (d, 1 H, J = 3.5 Hz), 5.37 (t, 1 H, J = 1.3 Hz), 5.69 
(s, 1 H), 5.78 (d, 1 H, J = 9.9 Hz); I3C NMR (125 MHz, CDC13) 
6 -0.37 (91, -0.19 (q),O.Ol(q), 0.27 (q),O.55 (q), 0.74 (41, 1.01 
(q), 1.30 (q), 18.52 (41, 18.57 (q),54.54 (d), 59.48 (d), 61.71 (d), 
62.25 (t), 71.80 (d), 72.01 (d), 72.65 (d), 74.06 (d), 76.50 (d), 
76.91 (d), 92.61 (d), 94.05 (d), 119.44 (t), 119.59 (t), 140.08 (91, 
140.43 (s), 167.65 (s), 168.18 (s); IR (CHzCLz) 3930,3742,3680, 
3439, 3041, 2978, 2950, 2920, 2895, 2830, 1665, 1620, 1544, 
1503,1415,1375,1260, 1140,1100,1055,970,865,730 cm-'; 
HRMS calcd for C22H49NO6Si4 535.2638, m / z  found 535.2669. 
Anal. Calcd for C&49NO6Si4: C, 49.30; H, 9.21. Found: c, 
49.20; H, 9.16. 
2-Methacrylamido-2-deoxy-~-galactose (6). This com- 

pound was prepared as described for 2-methacrylamido-2- 
deoxy-D-glucose (4). To a heterogeneous solution of D-galaC- 
tosamine hydrochloride (1.0 g, 4.7 mmol) in methanol (200 mL) 
was added 1 equiv of 1.3 M sodium methoxide in methanol (4 
mL) at 5-10 "C to give a pH of 9 as determined by pH paper 
wetted with water. Methacryloyl chloride (0.49 g, 4.7 mmol) 
and a second equivalent of sodium methoxide solution were 
added in alternating portions over 1 h. The methanol was 
removed by rotary evaporation to give 1.4 g (100%) of white 
powder: 'H NMR (200 MHz, DzO) 6 1.82 (s, 3 H), 3.5-4.1 (m, 
6 H), 5.34 (s, 1 H), 5.59 (s, 1 H). 
2-Deoxy-2-methacrylamidotetra-O-(trimethylsilyl)-~- 

galactopyranose (7). This derivative was prepared as 
described for 5. To a room temperature solution of 2-meth- 
acrylamido-2-deoxy-D-galactose (0.50 g, 1.6 mmol) in pyridine 
(20 mL) was added 1,1,1,3,3,3-hexamethyldisilazane (7.65 g, 
10 mL, 48 mmol) followed by trimethylsilyl chloride (6.9 g, 64 
mmol, 8 mL), and the solution was stirred for 1 h. The solvent 
was removed by rotary evaporation, and the residue was 
purified by silica gel chromatography (1O:l hexanedethyl 
acetate) to  give a white solid: mp 135-140 "C; 'H NMR (500 

0.27 (s, 9 H), 0.46 (s, 3 H), 3.80 (dd, 1 H, J = 9.5, 5.6 Hz), 
3.92-3.97 (m, 2 H), 4.09 (dd, 1 H, J =  13.4, 6.4 Hz), 4.15 (d, 
1 H, J = 2.0 Hz), 4.99-5.05 (m, 2 H), 5.32 (d, 1 H, J = 3.4 
Hz), 5.72-5.82 (m, 2 H); I3C NMR (125 MHz, DMSO&) 6 

(t), 71.13 (d), 71.67 (d), 72.26 (d), 94.06 (d), 118.43 (t), 141.53 
(s), 166.96 (9). IR (KBr) 3374, 2959, 2922, 1656, 1617, 1533, 
1458,1373,1251,1175,1134,1119,1095,1059,982,910,839, 
750 cm-'. Anal. Calcd for C22H49NO&4: C, 49.30; H, 9.21; 
N, 2.61. Found: C, 49.58; H, 9.22; N, 2.61. 

To a suspension of D-ribose (10 g, 67 mmol) in 2,2-dimethox- 
ypropane (20 mL, 0.16 mol) and acetone (80 mL) at 5 "C was 
added 60% perchloric acid (4.7 mL) dropwise over 5 min. The 
solution was stirred at room temperature for 2 h, methanol 
(14 mL) was added, and the solution was stirred for an 
additional 2 h. The solution was cooled to 5 "C and neutralized 
with sodium carbonate (3.2 g in 10 mL of water). The solution 
was filtered and the solvent was removed by rotary evapora- 
tion to give a yellow solid that was dissolved in diethyl ether 
(200 mL), extracted with water (100 mL) and saturated sodium 
chloride solution (100 mL), dried (NazSOd, and concentrated 
by rotary evaporation to give a colorless oil. The compound 
was purified by distillation at reduced pressure (85-89 "C, 
0.25 mm of mercury) to give 5.38 g (40%) of a colorless oil: 'H 
NMR (200 MHz, CDC13) 6 1.28 (s, 3 H), 1.43 (s, 3 HI, 3.27 (m, 
lH),3.39(~,3H),3.59(m,2H),4.38(t,lH,J=2.6Hz),4.54 
(d, 1 H, J = 6.3 Hz), 4.80 (d, 1 H, J = 6.3 Hz), 4.92 (s, 1 HI. 
Methyl 2,3-O-Isopropylidene-S-O-(methylsulfonyl)-~- 

ribofuranoside (9). This compound was prepared using a 

MHz, DMSO-de) 6 0.07 (s, 9 HI, 0.08 (s, 9 HI, 0.13 IS, 9 HI, 

-0.53 (q), -0.27 (q),O.37 (q), 0.87 (91, 18.83 (q), 50.75 (d), 61.77 

Methyl 2,3-O-isopropylidene-~-ribofuranoside 

Wartchow et  al. 

(30) Mi, S. M.; Ramesh, K.; Borchardt, R. T. Tetrahedron Lett. 1990, 
31, 1509-1512. 

modified p r ~ e d u r e . ~ '  To a stirred solution of 8 (1.0 g, 4.9 
mmol) in dichloromethane (12 mL) containing triethylamine 
(1.6 mL, 12 mmol) at 0 "C was added methanesulfonyl chloride 
(0.92 mL, 12 mmol) dropwise over 5 min, and the solution was 
stirred for 5 h. The solution was extracted with saturated 
sodium bicarbonate (2 x 7 mL) and water (2 x 7 mL), and the 
organic layer was dried (NazS04). The solvent was removed 
by rotary evaporation to give 1.18 g (86%) of a yellow solid 
that was used without further purification: mp 66-73 "C (lit. 
mp 73-74 "C);31 'H NMR (200 MHz, CDC13) 6 1.31 (s, 3 H), 
1.49 (s, 3 H), 3.09 (s, 3 H), 3.37 (s, 3 H), 4.20 (d, 2 H, J = 7.1 
Hz), 4.40 (t, 1 H, J = 7.1 Hz), 4.60 (d, 1 H, J = 5.6 Hz), 4.70 
(d, 1 H, J = 5.6 Hz), 5.00 (s, 1 HI. 
Methyl 2,3-O-Isopropylidene-5-azido-~-ribofuranoside 

(10). This compound was prepared as described previously 
except the reaction mixture was heated at reflux.32 To a 
stirred solution of 9 (1.0 g, 3.6 mmol) in dimethylformamide 
(21 mL) was added sodium azide (0.94 g, 14.5 mmol), and the 
solution was heated at reflux for 1 h to give a heterogeneous 
brown mixture. The mixture was cooled, 20 mL of water was 
added, and the mixture was extracted with diethyl ether (3 x 
20 mL). The ether layer was washed with water (40 mL) and 
dried (MgS04). The solvent was removed by rotary evapora- 
tion to  give 0.56 g (68%) of a light yellow liquid that was used 
without further purification: 'H NMR (200 MHz, CDC13) 6 1.30 
(s, 3 H), 1.40 (s, 3 H), 3.22 (m, 1 H), 3.36 (s, 3 H), 3.42 (m, 1 
H), 4.27 (t, 1 H, J = 7.6 Hz), 4.59 (s, 2 H), 4.98 (s, 1 HI. 
Methyl 2,3-O-Isopropylidene-5-amino-5-deoxy-~-ribo- 

furanoside (11). This compound was prepared using a 
modified procedure.33 To a solution of 10 (3.50 g, 15.3 mmol) 
in methanol (29 mL) containing 3.7 mL of a 25% w/w solution 
of sodium methoxide in methanol was added 424 mg of 
palladium hydroxide on carbon. The flask was purged with 
hydrogen and stirred for 20 h a t  room temperature under 
hydrogen stored in a balloon. The reaction mixture was 
filtered over Celite followed by silica gel, and the solvents were 
removed by rotary evaporation to  give 2.0 g (64%) of a yellow 
liquid which was purified by flash chromatography (1:l ethyl 
acetakhexanes, then methanol) as a colorless liquid: 'H NMR 
(300 MHz, CDC13) 6 1.20 (s, 3 H), 1.37 (s, 3 H), 1.59 (s, 2 H), 
2.68 (d, 2 H, J = 7.3 Hz), 3.25 (s, 3 H), 4.05 (m, 1 H), 4.48 (m, 
2 H), 4.87 (s, 1 H); I3C NMR (63 MHz, CDC13) 6 24.71, 26.24, 
45.25,54.84,81.94,85.22,88.58,109.36,112.03; IR (neat) 3382, 
3314, 2988, 2938, 2834, 1598, 1457, 1373, 1220, 1160, 1090 
cm-'. 
Methyl 2,3-O-Isopropylidene-5-methacrylamido-5- 

deoxya-ribofuranoside (12). To a solution of 11 (18.22 g, 
90 mmol) in dichloromethane (237 mL) under argon was added 
freshly distilled triethylamine (58 mL) at 0 "C followed by the 
dropwise addition of a solution of freshly distilled methacryloyl 
chloride (10.7 mL, 110 mmol) in dichloromethane (150 mL) 
over 2 h to give a cloudy, yellow solution that was stirred at 
room temperature for 9 h. Removal of the solvents by rotary 
evaporation gave a brown, viscous liquid that was purified by 
flash chromatography using 2:l hexanedethyl acetate to  give 
13.5 g (56%) of a white solid: mp 67-69 "C; 'H NMR (200 
MHz, CDC13) 6 1.29 (s, 3 H), 1.53 (s, 3 HI, 1.96 (m, 3 HI, 3.28- 
3.39 (m, 1 H), 3.41 (s, 3 H), 3.66-3.80 (m, 1 H), 4.43 (t, 1 H, 
J = 4.7 Hz), 4.56 (m, 2 H), 4.99 (s, 1 H), 5.34 (m, 1 H), 5.74 
(m, 1 H), 6.65 (bs, 1 H); I3C NMR (63 MHz, CDC13) 6 18.35, 
24.69,26.24,42.08, 55.10, 81.89,85.44, 85.94, 109.98, 112.21, 
119.71, 139.52, 168.12; IR (KJ3r) 3342,2986,2931, 2835, 1654, 
1614, 1534, 1445, 1215, 1107, 1048, 869 em-'. Anal. Calcd 
for C13H21N05: C, 57.61; H, 7.81; N, 5.17. Found: C, 57.61; 
H, 7.86; N, 5.10. 
General Method for the Preparation of Carbohydrate 

Protease Coqjugates (CPCs). CPCs were prepared accord- 
ing to the following example for CPC[a-chymotrypsin]. To a 
solution of poly(2-methacrylamido-2-deoxy-~-glucose) (23,2 g) 
in 0.1 M sodium tetraborate at pH 9.2 (40 mL) was added 

(31) Kissman, H. M.; Weiss, M. J. J. Am. Chem. Soc. 1958,80,5559- 

(32) Ohrui, H. J. Org. Chem. 1985,50, 3007-3009. 
(33) Secrist, J. A., 111; Logue, M. W. J. Org. Chem. 1972, 37, 335- 

5564. 

336. 
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a-chymotrypsin (Sigma type 11, 0.40 g, 16 pmol) followed by 
sodium cyanoborohydride (0.40 g, 6 mmol) which was purified 
from its dioxane complex.34 The solution was shaken at 35 
"C for 30 h at 60 osc/min in a linear shaking water bath. The 
solution was dialyzed (Spectra Por 50k MWCO. alternating 
0.1 M calcium chloride and water, 4 x 2 L, 24 h) to  give 1.5 g 
of a white powder after lyophilization. The yield was deter- 
mined by assay after isolation of the CPC by gel filtration 
chromatography (Pharmacia HR 16/50 with Sephacryl S-200 
gel, 0.05 M sodium tetraborate (pH 8) eluent at 1.5 mumin, 
254 nm). CPC eluted from 26 to 40 min and a-chymotrypsin 
eluted from 40 to  55 min. The yield was determined by assay 
for a-chymotrypsin as described below. Comparison of the 
activity in the CPC fraction with that in the initial solution 
before the addition of 23 and sodium cyanoborohydride 
resulted in a calculated 30% yield. 

a-Chymotrypsin Assay.35 This assay was performed 
using a modified procedure. a-Chymotrypsin (10 pglmL) was 
added to 1 mL of 5 x M N-succinyl-Ala-Ala-Pro-Phe-p- 
nitroaniline in 0.05 M sodium tetraborate pH 8 containing 10% 
methanol, and the absorbance was monitored at 410 nm and 
25 "C. A unit of activity for chymotrypsin is defined as the 
amount of enzyme or CPC required to hydrolyze 1 pmol of 
N-succinyl-Ala-Ala-Pro-Phe-p-nitroaniline in 1 min. The hy- 
drolysis is quantified by relating the slope observed at V,,, to 
the extinction coefficient ofp-nitroaniline (8800)36 at 410 nm. 

Subtilisin BPN assay.37 Subtilisin BPN and CPC[BPN] 
were assayed as described for a-chymotrypsin. 

Papain Assay. This assay was performed using a modified 
procedure.38 To a solution of Z-Phe-Gly-OMe (1.0 mL, 3.0 x 

M) in 0.05 M sodium phosphate at pH 6 containing 25% 
dimethylformamide or 20% acetonitrile at 35 "C was added 
papain (0.3 nmol) in 0.05 M sodium phosphate pH 6. The 
mixture was separated by reverse phase HPLC (Alltech 
Econosil CIS column, 1 x 25 cm; 260 nm; acetonitrile/water 
containing 0.1% trifluoroacetic acid, 30/70 to  90/10 over 18 
min). The amount of Z-Phe-Gly-OH that was formed was 
measured at 5-15% hydrolysis of Z-Phe-Gly-OMe. One unit 
of activity is the amount of enzyme or CPC required to 
hydrolyze 1 pmol of Z-Phe-Gly-OMe in 1 min. 

Determination of the Stability of CPC[CTl and Native 
a-Chymotrypsin in Aqueous Solution. The activity of 
CPC[CTl or the native protease in potassium phosphate buffer 
(0.1 M, pH 7.0) was monitored at various temperatures by 
assay as described above. 

Periodate Oxidation of Poly(2-methacrylamido-2- 
deoxy-D-glucose). Periodate oxidation was performed using 
a modified procedure.39 To a solution of poly(2-methacryla- 
mido-2-deoxy-~-glucose) (1.2 g, 6 mmol of carbohydrate resi- 
dues) in water (120 mL) was added sodium periodate (0.33 g, 
1.5 mmol) to give a pH of 4. The flask was wrapped in 
aluminum foil and the solution was stirred for 4 h. The 
solution was dialyzed (Spectra Por 12-14K MWCO, 3 x 2 L 
water, 24 h) and lyophilized to give 1 g (0.83%) of a white 
powder. 

Z-Gly-Gly-Phe-Gly-Gly-Phe-OMe (13). The solution phase 
methodology used to synthesize hexamer 13 was identical to 
that reported for the synthesis of the emer imi~ ins .~~  To a 
solution of Z-Gly-Gly-Phe-OH (0.75 g, 1.8 mmol), dicyclohexy- 
lcarbodiimide (0.371 g, 1.8 mmol), and 1-hydroxybenzotriazole 
(0.243 g, 1.8 mmol) in DMF (10 mL) was added a solution of 
HC1-HzN-Gly-Gly-Phe-OMe (0.597 g, 1.8 mmol) and 4-meth- 
ylmorpholine (0.183 g, 1.8 mmol) in DMF ( 5  mL), and the 
solution was stirred for 6 h. The solution was filtered through 
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a fritted funnel and concentrated by rotary evaporation at 50 
"C and 0.25 mm of mercury to give a an off white semisolid. 
Addition of 1:l ethyl acetate/diethyl ether (100 mL) resulted 
in the formation of a precipitate that was collected by filtration 
through a fritted funnel to give 0.65 g of a white solid. An 
additional 0.12 mg of solid was isolated from the filtrate (total 
yield 62%). The peptide was purified using reverse phase 
HPLC on an Alltech Econosil 1 x 25 cm CIS column using 
gradient elution with acetonitrile/water containing 0.1% tri- 
fluoroacetic acid eluent (30/70 to 90/10,18 min, 3 mumin, 260 
nm detection) to  give a white solid after removal of the solvent 
at 40 "C and 0.25 mm of mercury: mp 138-142 "C; IH NMR 

(dd, 1 H, J = 13.7, 8.8 Hzj, 3.00-3.07 (m, 2 H), 3.58 (s, 3 H), 
3.59-3.77 (m, 8 H), 4.45-4.52 (m, 2 H), 5.02 (s, 2 H), 7.14- 
7.35 (m, 15 H), 7.46 (t, 1 H, J = 5.9 Hz), 7.92 (t, 1 H, J = 5.7 
Hz), 7.97 (s, 1 H), 8.10 (d, 1 H, J = 8.1 Hz), 8.29 (m, 2 H); I3C 

41.79 (t), 42.01 (t), 43.48 (t), 51.78 (q), 53.56 (d), 53.99 (d), 65.48 
(t,), 126.20 (d), 126.54 (d), 127.65 (d), 127.72 (d), 128.01 (d), 
128.22 (d), 128.27 (d), 129.01 (d), 129.01 (d), 136.97 (s), 137.79 
(s), 156.47 (s), 168.60 (SI, 168.68 (s), 168.78 (SI, 169.31 (SI, 
171.32 (s), 171.75 (s); HRMS calcd for C ~ & I ~ I N ~ O S  (M + H) 
689.2935, mlz found 689.2976. 
Z-Gly-Gly-Phe-Gly-Gly-Phe-Gly-Gly-OEt (14). Hexamer 

13 (68.8 mg, 0.1 mmol) and glycylglycine ethyl ester hydro- 
chloride (196.6 mg, 1 mmol) were dissolved in triethylamine 
(0.2 mL), water (0.15 mL), and acetonitrile (0.5 mL). CPC[a- 
chymotrypsin] (25 mg, 35 units) was added to give a hetero- 
geneous solution that was shaken in an orbital shaking water 
bath at 300 osc/min and 40 "C for 19 h. Acetonitrile (2 mL) 
was added, and the solution was filtered through a fritted 
funnel. Acetic acid (0.5 mL) was added, and the octamer 14 
was isolated by reverse phase HPLC as described for 13 t o  
give 14.9 mg (71% HPLC yield, 18% isolated) of a white solid: 

2.79 (m, 2 H), 3.05 (dd, 2 H, J = 13.9, 4.1 Hz), 3.59 (d, 1 H, J 
= 5.4 Hz), 3.62 (d, 3 H, J = 5.9 Hz), 3.69-3.78 (m, 6 HI, 3.83 
(d, 2 H, J = 6.0 Hz), 4.09 (9, 2 H, J = 7.1 Hz), 4.52 (m, 2 HI, 
5.02 (s, 2 H), 7.15-7.31 (m, 15 H), 7.45 (bs, 1 H), 7.89 (t, 1 H, 
J = 5.6 Hz), 7.97 (bs, 1 H), 8.09-8.13 (m, 3 H), 8.27-8.31 (m, 

40.60 (t), 41.76 (t), 42.02 (t), 43.47 (t), 53.99 (d), 60.38 (t), 65.49 
(t), 126.24 (d), 127.69 (d), 127.76 (d), 128.05 (d), 128.32 (d), 
129.14 (d), 136.99 (s), 137.82 (s), 156.52 (s), 168.62 (s), 168.90 
(s), 169.18 (s), 169.37 (s), 169.69 (s), 171.32 (s), 171.40 (SI; 
HRMS calcd for C ~ ~ H ~ S N B O I I  (M + H) 817.3521, m l z  found 
817.3504. 

Z-Phe-Gly-Gly-OEt (15). Z-Phe-OMe (313 mg, 1 mmol) 
and glycyl-glycine ethyl ester hydrochloride (589 mg, 3 mmol) 
was dissolved in a mixture of triethylamine (0.39 mL), water 
(0.3 mL), and acetonitrile (1.0 mL). CPC[CTl (50 mg, 250 
units) was added to give a heterogeneous solution that was 
shaken in an orbital shaking water bath at 300 osc/min and 
40 "C for 72 h. Acetonitrile (2 mL) and acetic acid (1 mL) were 
added, and the solution was filtered through a fritted glass 
funnel. Reverse phase HPLC analysis was performed by linear 
gradient elution with acetonitrile/water containing 0.1% tri- 
fluoroacetic acid eluent (30170 to 90/10,18 min, 3 mumin, 260 
nm). Z-Phe-Gly-Gly-OEt eluted at 12.3 min, and the yield was 
determined to be 93% by peak integration (% isolated). Z-Phe- 
OH (7%) eluted at 12.84 min. Z-Phe-Gly-Gly-OEt was isolated 
as a white solid after removal of t,he solvent by rotary 
evaporation at 0.25 mm of mercury and 40 "C. The compound 
was dried over PzOs a t  0.05 mm of mercury for 24 h at 80 "C: 
mp 90-92 "C; €260 (CH3CN) 301 M-I cm-'; 'H NMR (500 MHz, 

10.8 Hz), 3.06 (dd, 1 H, J =  13.8, 3.9Hz), 3.78 (d, 2 H , J =  5.7 
H z ) , 3 . 8 5 ( d d , 2 H , J = 5 . 8 , 2 . 4 H z ) , 4 . 0 9 ( q , 2 H , J = 7 . 1 H z ) ,  
4.31 (m, 1 H), 4.92 (d, 1 H, J = 12.8 Hz), 4.96 (d, 1 H, J = 12.8 
Hz), 7.19 (m, 10 H), 7.52 (d, 1 H, J = 8.5 Hz), 8.18 (t, 1 H, J 
= 5.7 Hz), 8.32 (t, 1 H, J = 5.6 Hz); 13C NMR (125 MHz, 

60.39 (t), 65.21 (t), 126.17 (d), 126.77 (SI, 127.37 (d), 127.61 
(d), 127.98 (d), 128.22 (d), 129.15 (dj, 136.94 (SI, 138.10 (SI, 
155.89 (s), 169.18 (SI, 169.63 (s), 171.78 (s); HRMS calcd for 

(500 MHz, DMSO-dtj) 6 2.79 (dd, 1 H, J = 13.7, 9.7 Hzj, 2.91 

NMR (125 MHz, DMSO-dtj) 6 36.73 (t), 37.38 (t), 41.47 (t), 

'H NMR (500 MHz, DMSO-dtj) 6 1.18 (t, 3 H, J = 7.1 Hz), 

2 H); NMR (125 MHz, DMSO-dtj) 6 13.98 (q), 37.43 (t), 

DMSO-&) 6 1.18 (t, 3 H, J = 7.10 Hz), 2.77 (dd, 1 H, J = 13.6, 

DMSO-ds) 6 14.00 (91, 37.33 (t), 40.61 (t), 41.79 (t), 56.12 (d), 
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C23H27N306 441.1900, mlz found (EI) 441.1874. Anal. Calcd 
for C23H27N306: C, 62.57; H, 6.16; N, 9.52. Found: C, 62.45; 
H, 6.17; N, 9.44. 

Z-Tyr-Gly-Gly-BEt (16). To a solution of Z-Tyr-OMe (758 
mg, 2.3 mmol) and glycylglycine ethyl ester hydrochloride 
(1080 mg, 5.5 mmol) in acetonitrile containing 10% water and 
10% triethylamine (10 mL) was added CPC[CTl (60 mg, 420 
units), and the solution was stirred for 20 h at 40 "C. TLC 
analysis (2:l hexaneslethyl acetate) showed no Z-Tyr-OMe (Rf 
0.4). The solution was filtered through a fritted glass funnel, 
and water (100 mL) was added. This peptide was isolated by 
precipitation, but could be purified by reverse phase HPLC 
as described for Z-Phe-Gly-Gly-OEt (15). After 1 h, a white 
precipitate formed that was filtered and dried over PzO5 at 
0.05 mm of mercury for 24 h at 80 "C to give 817 mg (90% 
HPLC yield, 78% isolated) of a white powder: mp 160-163 
"C; €260 (CH3CN) 664 M-I cm-'; 'H NMR (500 MHz, DMSO- 

Hz),2.92(dd,lH,J=13.8,4.1Hz),3.76(d,2H,J=5.8Hz), 
3.84 (dd, 2 H, J = 5.8, 2.8 Hz), 4.09 (9, 2 H, J = 7.1 Hz), 4.20 
(m, 1 H), 4.92 (d, 1 H, 12.7 Hz), 4.97 (d, 1 H, 12.8 Hz), 6.64 (d, 
2 H, J = 8.4 Hz), 7.05 (d, 2 H, J = 8.3 Hz), 7.22-7.34 (m, 5 
H), 7.43 (d, 1 H, J = 8.4 Hz), 8.13 (t, 1 H, J = 5.8 Hz), 8.26 (t, 

6 14.00 (q), 36.58 (t), 40.60 (t), 41.76 (t), 56.45 (d), 60.39 (t), 
65.16 (t), 114.82 (d), 127.33 (d), 127.59 (d), 128.06 (s), 128.22 
(d), 130.06 (d), 136.98 (s),' 155.72 (s), 155.88 (s), 169.19 (s), 
169.61 (s), 171.90 (s). Anal. Calcd for C23H27N307: C, 60.39; 
H, 5.95; N, 9.19. Found: C, 60.32; H, 5.91; N, 8.97. 

Z-His-Gly-Gly-OEt (17). To a solution of Z-His-OMeHC1 
(302 mg, 1 mmol) and glycylglycine ethyl ester hydrochloride 
(589 mg, 3 mmol) in acetonitrile (1 mL) containing triethyl- 
amine (0.4 mL) and water (0.3 mL) was added CPC[CTl (50 
mg, 70 units), and the solution was shaken in an orbital 
shaking water bath at 300 osclmin and 40 "C for 72 h. The 
solution was filtered and Z-His-Gly-Gly-OEt was isolated by 
reverse phase HPLC using isocratic elution with acetonitrile/ 
0.05 M ammonium bicarbonate (15 min) and acetonitrile (5  
min) at a flow rate of 3 mumin or gradient elution with 0.05 
M ammonium bicarbonatelacetonitrile 30l70 to  Ol100 over 18 
min. Removal of the solvent by rotary evaporation at 0.25 mm 
of mercury and 40 "C gave 100 mg (83% HPLC yield, 18% 
isolated) of a white solid that was dried over PzOs at 0.05 mm 
of mercury for 24 h at 80 "C: mp 150-156 "C dec; 'H NMR 

H, J = 15.2, 8.7 Hz), 3.12 (dd, 1 H, J = 15.2, 5.2 Hz), 3.73- 

de) 6 1.18 (t, 3 H, J = 7.1 Hz), 2.64 (dd, 1 H, J = 13.8, 10.5 

1 H, J = 5.7 Hz), 9.14 (5, 1 H); I3C NMR (125 MHz, DMSO-&) 

(500 MHz, DMSO-&) 6 1.18 (t, 3 H, J = 7.1 Hz), 2.95 (dd, 1 

3.86 (m, 4 H), 4.09 (q,2 H, J = 7.2 Hz), 4.38 (m, 1 HI, 4.98 (d, 
1 H, J =  12.6 Hz), 5.02 (d, 1 H, J = 12.6 Hz), 7.28-7.37 (m, 5 
H), 7.60 (d, 1 H, J = 8.3 Hz), 8.28 (t, 1 H, J = 5.6 Hz), 8.32 (t, 
1 H, J = 5.6 Hz), 8.88 (s, 1 H), 14.18 (bs, 2 HI; I3C NMR (125 

(d), 60.40 (t), 65.59 (t), 116.96 (d), 127.51 (4, 127.76 (d), 128.29 
(d), 129.57 (s), 133.81 (d), 136.73 (s), 155.85 (s), 169.25 (SI, 
169.59 (s), 170.43 (s); HRMS calcd for C20H26N506 (M + HI 
432.1883, mlz found 432.1898. 

Z-Trp-Gly-Gly-OEt (18). This peptide was prepared ex- 
actly as descried for Z-His-Gly-Gly-OEt (5) except Z-Trp-Gly- 
Gly-OEt (352 mg, 1 mmol) was used, and the product was 
isolated as described for Z-Phe-Gly-Gly-OEt (15) to give 290 
mg (56% HPLC yield, 60% isolated) of a white solid: mp 131- 

H z ) , 2 . 9 4 ( d d , l H , J = l 4 . 6 , 4 . 6 H z ) , 3 . 1 5 ( d d , l H , J = 1 4 . 6 ,  
4.6 Hz), 3.76 (dd,2 H , J  = 5.5, 3.3 Hz),3.83 (dd,2 H , J =  5.7, 
3.7 Hz), 4.09 (9, 2 H, J =  7.1 Hz), 4.32 (m, 1 H), 4.95 (s, 2 H), 
6.96 (t, 1 H, J = 7.4 Hz), 7.06 (t, 1 H, J = 7.2 Hz), 7.16 (d, I 
H, J = 1.5 Hz), 7.24-7.33 (m, 6 H), 7.41 (d, 1 H, J = 8.0 Hz), 
7.61 (d, 1 H, J = 7.9 Hz), 8.12 (t, 1 H, J = 5.6 Hz), 8.33 (t, 1 

6 14.01 (q), 27.56 (t), 40.60 (t), 41.87 (t), 55.51 (d), 60.39 (t), 
65.28 (t), 110.07 (s), 111.24 (d), 118.15 (d), 118.41 (d), 120.77 
(d), 123.78 (d), 127.25 (s), 127.43 (d), 127.62 (d), 128.24 (d), 
136.04 (s), 136.90 (s), 155.90 (s), 169.23 (s), 169.61 (s), 172.11 
(s). Anal. Calcd for C25H28N406: C, 62.49; H, 5.87; N, 11.66. 
Found: C, 62.50; H, 5.80; N, 11.49. 

Z-Tyr-Gly-OMe (19). To a solution of Z-Tyr-OMe (758 mg, 
2 mmol) and glycine methyl ester hydrochloride (1.25 g, 10 

MHz, DMSO-&) 6 14.00 (q), 27.06 (t), 40.59 (t), 41.82 (t), 53.67 

135 "C; 'H NMR (500 MHz, DMSO-&) 6 1.19 (t, 3 H, J = 7.0 

H, J = 5.6 Hz), 10.79 (s, 1 H); NMR (125 MHz, DMSO-&) 
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mmol) in acetonitrile (2 mL) containing triethylamine (1 mL) 
and water (0.5 mL) was added CPCFCT] (100 mg, 140 units), 
and the solution was shaken at 300 osdmin at 40 "C for 72 h. 
The solution was filtered and acetic acid (1 mL) was added. 
Z-Tyr-Gly-OMe was isolated as described for Z-Phe-Gly-Gly- 
OEt (3) to give 90 mg (41% HPLC yield, 12% isolated) of a 
white powder: mp 137-140 "C (lit.40 141-143 "C); 'H NMR 
(200 MHz, DMSO-&) 6 2.61 im, 1 H), 2.88 (dd, 1 H, J = 14.0, 
3.69 Hz), 3.41 (s, 3 H), 3.86 (m, 2 H), 4.14 (m, 1 H), 4.89 (d, 1 
H, J = 12.9 Hz), 4.97 (d, 1 H, J = 12.9 Hz), 6.66 (d, 2 H, J = 
8.2 Hz), 7.06 (d, 2 H, J = 8.2 Hz), 7.08-7.38 (m, 5 H), 7.47 (d, 
1 H, J = 8.7 Hz), 8.46 (t, 1 H, J=  5.5 Hz), 9.19 (s, 1 H); HRMS 
calcd for C Z O H ~ ~ N ~ O ~  (M + H) 387.1556, mlz  found 387.1542. 

Z-Phe-Gly-Leu-OtBu (20). To a solution of Z-Phe-Gly- 
OMe (185 mg, 0.5 mmol) and leucine tert-butyl ester hydro- 
chloride (223 mg, 1 mmol) in acetonitrile (1.05 mL) containing 
triethylamine (0.2 mL), water (0.15 mL), and 2-mercapto- 
ethanol (0.1 mL) was added CPC[papainl (CPCLPI, 40 mg, 15- 
30 units), and the heterogeneous solution was shaken at 40 
"C and 300 osdmin for 72 h. Z-Phe-Gly-Leu-OtBu was isolated 
as described for Z-Phe-Gly-Gly-OEt (15) to give 125 mg (81% 
HPLC yield, 48% isolated) of a white solid: mp 89-95 "C; 6260 

(CHsCN) 280 M-lcm-'; 'H NMR (500 MHz, DMs0-d~)  6 0.84 
(d, 3 H, J = 6.6 Hz), 0.89 (d, 3 H, J = 6.6 Hz), 1.39 (s, 9 HI, 
1.49 (m, 2 H), 1.62 (m, 1 H), 2.74 (dd, 1 H, J =  13.7, 10.7 Hz), 
3,02(dd,lH,J=13.8,3.9Hz),3.75(d,2H,J=5.7Hz),4.18 
(ddd, 1 H, J =  8.1, 8.1, 8.1 Hz), 4.26 (m, 1 H), 4.92 (d, 1 H, J 
= 12.7 Hz), 4.95 (d, 1 H, J = 12.7 Hz), 7.17-7.33 (m, 10 HI, 
7.52 (d, 1 H, J = 8.3 Hz), 7.96 (d, 1 H, J = 7.8 Hz), 8.27 (t, 1 

22.59 (q), 24.17 (d), 27.56 (q), 37.26 (t), 40.06 (t), 41.70 (t), 50.87 
(d), 56.15 (d), 65.17 (t), 80.47 (q), 126.16 (d), 127.36 (d), 127.61 
(d), 127.97 (d), 128.21 (d), 129.11 (d), 136.88 (s), 138.08 ( s ) ,  
155.86 (s), 168.56 (s), 171.52 (s), 171.71 (5); HRMS calcd for 
C32H40N306 (M + H) 526.2917, mlz found 526.2922. Anal. 
Calcd for C29H39N306: C, 66.27; H, 7.48; N, 7.99. Found: C, 
66.15; H, 7.39; N, 7.94. 

Z-Phe-Gly-Leu-OMe (21). This peptide was prepared 
exactly as described for Z-Phe-Gly-Leu-OtBu (20) except 
leucine methyl ester hydrochloride (181 mg, 1 mmol) was used 
to give 181 mg (77% HPLC yield, 37% isolated) of a white 
solid: mp 91-94 "C; 'H NMR (500 MHz, DMs0-d~)  6 0.84 (d, 
3 H, J = 6.5 Hz), 0.88, (d, 3 H, J = 6.5 Hz), 1.47-1.64 (m, 3 
H), 2.74 (dd, 1 H, J = 13.7, 10.8 Hz), 3.02 (dd, 1 H, J =  13.8, 
4.0 Hz), 3.62 (s, 3 H), 3.76 (d, 2 H, J = 5.7 Hz), 4.26 (m, 1 H), 
4.32 (m, 1 H), 4.92 (d, 1 H, J = 12.7 Hz), 4.95 (d, 1 H, J = 
12.7 Hz), 7.18-7.33 (m, 10 H), 7.52 (d, 1 H, J = 8.3 Hz), 8.10 
(d, 1 H, J = 7.7 Hz), 8.28 (t, 1 H, J = 5.6 Hz); NMR (125 

(t), 39.87 (t), 41.66 (t), 50.15 (d), 51.79 (91, 56.13 (d), 65.19 (t), 
126.16 (d), 127.37 (d), 127.61 (d), 127.97 (d), 128.21 (d), 129.11 
(d), 136.88 (s), 138.07 (s), 155.88 (s), 168.69 (s), 171.72 (s), 
172.77 (s). Anal. Calcd for C2&3N306: c, 64.58; H, 6.88; N, 
8.69. Found: C, 64.13; H, 6.85; N, 8.59. 

Z-Gly-Leu-OtBu (22). To a solution of Z-Gly-OMe (116 mg, 
0.5 mmol) and leucine tert-butyl ester hydrochloride (335 mg, 
1.5 mmol) in acetonitrile (1.0 mL) containing triethylamine 
(0.2 mL), water (0.2 mL), and 2-mercaptoethanol(O.l mL) was 
added CPC[P1(50 mg, 20 units), and the solution was shaken 
at 40 "C and 300 osdmin for 72 h. The solution was filtered 
through a fritted funnel, and Z-Gly-Leu-OtBu was isolated by 
reverse phase HPLC as described for Z-Phe-Gly-Gly-OEt (15) 
to give 136.4 mg (74% HPLC yield, 72% isolated) of a 
semisolid: 'H NMR (500 MHz, DMSO-ds) 6 0.83 (d, 3 H, J = 
6.5 Hz), 0.88 (d, 3 H, J = 6.5 Hz), 1.38 (s, 9 H), 1.42-1.57 (m, 
2 H), 1.61 (m, 1 H), 3.61 (dd, 1 H, J = 16.8, 6.2 Hz), 3.67 (dd, 
1H,J=16.8,6.2Hz),4.15(dd,1H,J=14.3,8.0Hz),5.02(s,  
2 H), 7.30-7.39 (m, 6 H), 8.03 (d, 1 H, J = 7.8 Hz); I3C NMR 

(q), 40.04 (t), 43.08 (t), 50.89 (d), 65.35 (t), 80.42 (s), 127.60 
(d), 127.70 (d), 128.26 (d), 137.02 (SI, 156.37 (SI, 169.01 (SI, 
171.60 (9); HRMS calcd for C20H31N205 (M + HI 379.2233, m l z  
found 379.2232. 

H, J = 5.6 Hz); I3C NMR (125 MHz, DMSO-&) 6 21.43 (91, 

MHz, DMSO-&) 6 21.31 (q),22.61 (q), 24.08 (d), 37.24 (t), 39.83 

(125 MHz, DMSO-&) 6 21.41 (q), 22.61 (91, 24.20 (d), 27.56 

(40) Beacham, J.; Bentley, P. H.; Kenner, G. W.; MacLeod, J. K.; 
Mendive, J. J.; Sheppard, R. C. J. Chem. SOC. 1967, 2520. 



Carbohydrate Protease Conjugates 

Z-Ala-Leu-OtBu (23). This peptide was prepared exactly 
as described for Z-Gly-Leu-OtBu (22) except Z-Ala-OMe (120 
mg, 0.5 mmol) was used to give 133 mg (72% HPLC yield, 68% 
isolated) of a white solid: mp 90-92 "C; 'H NMR (500 MHz, 

Hz), 1.21 (d, 3 H, J = 7.15 Hz), 1.40 (8, 9 HI, 1.43-1.50 (m, 2 
H), 1.53-1.67 (m, 1 H), 4.05-4.14 (m, 2 HI, 5.00 (s, 2 H), 7.30- 
7.41 (m, 6 H), 8.00 (d, 1 H, J = 7.6 Hz). 13C NMR (125 MHz, 

51.15 (d), 55.80 (d), 65.11 (t), 80.42 (s), 126.24 (d), 127.41 (d), 
127.65 (d), 128.01 (d), 128.26 (d), 129.20 (d), 137.06 (sL138.11 
(s), 155.82 (s), 171.57 (SI, 171.68 (s). HRMS calcd for CzlH&205 
(M + H) 393.2389, mlz  found 393.2379. 

Z-Phe-Gly-Phe-OtBu (24). This peptide was prepared 
exactly as described for Z-Phe-Gly-Leu-OtBu (20) except 
phenylalanine tert-butyl ester hydrochloride (258 mg, 1 mmol) 
was used to  give 149 mg (72% HPLC yield, 27% isolated) of a 
white solid: mp 60-66 "C; 'H NMR (500 MHz, DMSO-&) 6 
1.30 (s, 9 H), 2.73 (dd, 1 H, J = 13.7, 10.9 Hz), 2.88-3.03 (m, 
3 H), 3.74 (t, 2 H, J = 5.2 Hz), 4.27 (m, 1 H), 4.38 (m, 1 H), 
4.91 (d, 1 H, J = 12.8 Hz), 4.94 (d, 1 H, J = 12.8 Hz), 7.18- 
7.32 (m, 15 H), 7.50 (d, 1 H, J =  8.4 Hz), 8.13 (d, 1 H, J =  7.6 
Hz), 8.25 (t, 1 H, J = 5.6 Hz); 13C NMR (125 MHz, DMSO-&) 
6 27.46 (s), 37.07 (t), 37.32 (t), 39.00 (s), 41.67 (t), 54.04 (d), 
56.12 (d), 65.16 (t), 80.71 (SI, 126.15 (d), 126.46 (d), 127.35 (d), 
127.59 (d), 127.97 (d), 128.12 (d), 128.20 (d), 129.13 (d), 136.90 
(s), 136.99 (s), 138.09 (SI, 155.85 (SI, 168.53 (s), 170.36 (SI, 
171.72 (s); HRMS calcd for C32H38N306 (M + HI 560.2761, mlz 
found 560.2795. Anal. Calcd for C32H37N306: C, 68.68; H, 
6.66; N, 7.51. Found: C. 68.25; H, 6.59; N, 7.42. 

Z-Ser-Leu-OtBu (25). This peptide was prepared exactly 
as described for Z-Gly-Leu-OtBu (22) except Z-Ser-OMe (120 
mg, 0.5 mmol) was used to give 102.3 mg (38% HPLC yield, 
38% isolated) of an oil: 'H NMR (500 MHz, DMSO-&) 6 0.83 
(d, 3 H, J = 6.5 Hz), 0.88 (d, 3 H, J = 6.5 Hz), 1.37 ( 6 ,  9 H), 
1.43-1.51 (m, 2 H), 1.62 (bs, 1 H), 3.50 (dd, 1 H, J = 10.9, 7.2 
Hz), 3.61 (dd, 1 H, J = 11.0, 4.6 Hz), 4.09-4.17 (m, 2 H), 4.75 
(bs, 1 H), 5.02 (9, 2 H), 7.16 (d, 1 H, J = 8.32 Hz), 7.29-7.36 
(m, 5 H), 8.00 (d, 1 H, J =  7.7 Hz); I3C NMR (125 MHz, DMSO- 
de) 6 21.46 (41, 22.64 (91, 24.14 (d), 27.51 (91, 39.91 (t), 51.02 
(d), 57.13 (d), 61.79 (t), 65.38 (t), 80.39 (s), 127.64 (d), 127.71 
(d), 128.25 (d), 136.94 (SI, 155.82 (s), 169.95 (SI, 171.40 (SI; 
HRMS calcd for CZ1H33N206 (M + HI 409.2339, m l z  found 
409.2325. 

Z-Gln-Leu-OtBu (26). This peptide was prepared exactly 
as described for Z-Gly-Leu-OtBu (22) except Z-Gln-OMe (147 
mg, 0.5 mmol) was used to  give 57.2 mg (44% HPLC yield, 
25% isolated) of a white solid: mp 122-125 "C; 'H NMR (500 

6.5 Hz), 1.37 (s, 9 H), 1.40-1.53 (m, 2 H), 1.60-1.72 (m, 2 H), 
1.90 (m, 1 H), 2.06-2.19 (m, 2 H), 4.00 (ddd, 1 H, J = 8.9, 8.7, 
4.9 Hz), 4.12 (ddd, 1 H, 9.2, 7.8, 5.8 Hz), 5.01 (s, 2 H), 6.72 (s, 
1 H), 7.21 (s, 1 H), 7.30-7.37 (m, 6 HI, 8.06 (d, 1 H, 7.6 Hz); 

(d), 27.56 (q), 27.86 (t), 31.55 (t), 39.81 (t), 51.05 (d), 54.09 (d), 
65.33 (t), 80.42 (s), 127.66 (d), 127.77 (d), 128.33 (d), 137.04 
(s), 155.87 (s), 171.57 (SI, 171.69 (s), 173.77 (s); HRMS calcd 
for C23H36N306 (M 4- H) 450.2604, m / z  found 450.2633. 

Z-Leu-Leu-OtBu (27). This peptide was prepared exactly 
as described for Z-Gly-Leu-OtBu (22) except Z-Leu-OMe (139 
mg, 0.5 mmol) was used to  give 27.5 mg (41% HPLC yield, 
13% isolated) of a white solid: mp 126-127 "C; 'H NMR (500 

1.53 (m, 4 H), 1.53-1.64 (m, 2 H), 4.06 (dd, 1 H, J =  15.4, 8.2 
Hz), 4.13 (ddd, 1 H, J = 9.4, 7.7, 5.6 Hz), 4.99 (d, 1 H, J = 
13.0 Hz), 5.02 (d, 1 H, J = 12.9 Hz), 7.29-7.36 (m, 6 H), 8.03 
(d, 1 H, 7.7 Hz); 13C NMR (125 MHz, DMs0-d~)  6 21.38 (91, 
21.46 (q), 22.67 (q), 22.97 (q), 24.10 (d), 24.16 (d), 27.54 (91, 
39.75 (t), 40.78 (t), 51.00 (d), 52.79 (d), 65.24 (t), 80.27 (SI, 
127.60 (d), 127.73 (d), 128.30 (d), 137.13 (s), 155.85 (s), 171.53 
(s), 172.36; HRMS calcd for CzdH39N205 (M + H) 435.2859, m l z  
found 435.2889. 

Z-Met-Leu-OtBu (28). This peptide was prepared exactly 
as described for Z-Gly-Leu-OtBu (22) except Z-Met-OMe (149 
mg, 0.5 mmol) was used to give 66.7 mg (35% HPLC yield, 
30% isolated) of a white solid: mp 82-85 "C; 'H NMR (500 

DMSO-&) 6 0.83 (d, 3 H, J = 6.5 Hz), 0.89 (d, 3 H, J = 6.6 

DMSO-&) 6 21.42 (q), 22.67 (q), 24.22 (d), 27.57 (q), 37.42 (t), 

MHz, DMSO-&) 6 0.83 (d, 3 H, J = 6.5 Hz), 0.89 (d, 3 H, J = 

1% NMR (125 MHz, DMSO-&) 6 21.41 (q), 22.66 (q), 24.19 

MHz, DMSO-&) 6 0.82-0.89 (m, 12 H), 1.36 (S, 9 H), 1.40- 
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MHz, DMSO-&) 6 0.80 (d, 3 H, J = 6.4 Hz), 0.86 (d, 3 H, J = 
6.5 Hz), 1.35 (s, 9 H), 1.38-1.54 (m, 3 H), 1.61 (m, 1 H), 1.77 
(m, 1 HI, 1.85 (m, 1 HI, 2.00 (s,3 H), 2.46 (m, 1 H), 4.09 (m, 2 
H),4.98(~,2H),7.27-7.35(m,5H),7.39(d,lH,J=8.2Hz), 

14.55 (q), 21.38 (q), 22.63 (q), 24.18 (d), 27.53 (q), 29.56 (t), 
31.85 (t), 39.70 (t), 51.07 (d), 53.59 (d), 65.31 (t), 80.33 (SI, 
127.60 (d), 127.70 (d), 128.24 (d), 136.97 (s), 155.82 (s), 171.43 
(s), 171.46 (s); HRMS calcd for C Z ~ H ~ ~ N Z O ~ S  (M + H) 453.2423, 
mlz found 453.2455. 

Z-Gly-Gly-Leu-OtBu (29). This peptide was prepared 
exactly as described for Z-Gly-Leu-OtBu (22) except Z-Gly-Gly- 
OMe (140 mg, 0.5 mmol) was used to  give 67 mg (31% isolated) 
of an oil: 'H NMR (500 MHz, DMSO-&) 6 0.83 (d, 3 H, J = 
6.6 Hz), 0.88 (d, 3 H, J = 6.6 Hz), 1.38 (s, 9 HI, 1.49 (m, 2 HI, 
1.62 (m, 1 H), 3.64 (d, 2 H, J = 5.9 Hz), 3.72 (dd, 1 H, J = 
16.7, 5.7 Hz), 3.77 (dd, 1 H, J = 16.7, 5.8 Hz), 4.17 (m, 1 HI, 
5.03 (s, 2 H), 7.29-7.36 (m, 5 H), 7.48 (t, 1 H, J = 5.9 Hz), 
7.99 (d, 1 H, J = 7.8 Hz), 8.06 (t, 1 H, J = 5.5 Hz); I3C NMR 

(q), 40.00 (t), 41.56 (t), 43.57 (t), 50.88 (d), 65.47 (t), 80.43 (91, 
127.65 (d), 127.73 (d), 128.28 (d), 136.95 (s), 156.50 (s), 168.66 
(s), 169.26 (s), 171.54 (s); HRMS calcd for C~~H34N306 (M -t 
H) 436.2448, mlz found 436.2448. 

Z-Gln-Phe-OtBu (30). This peptide was prepared exactly 
as described for Z-Gly-Leu-OtBu (22) except Z-Gln-OMe (147 
mg, 0.5 mmol) and phenylalanine tert-butyl ester hydrochloride 
(387 mg, 1.5 mmol) were used to  give 54.9 mg (23% isolated) 
of a white solid: mp 122-125 "C; lH NMR (500 MHz, DMSO- 
&) 6 1.30 (s, 9 H), 1.67 (m, 1 H), 1.86 (m, 1 H), 2.10 (m, 2 H), 
2.94 (m, 2 H), 4.00 (ddd, 1 H, J = 8.7, 8.4, 5.1 Hz) 4.34 (dd, 1 
H, J =  14.5, 7.3 Hz), 5.00 (s, 2 H), 6.72 (s, 1 H), 7.18-8.07 (m, 

8.08 (d, 1 H, J = 7.6 Hz); 13C NMR (125 MHz, DMSO-&) 6 

(125 MHz, DMSO-&) 6 21.40 (91, 22.62 (91, 24.19 (d), 27.57 

12 H), 8.15 (d, 1 H, J = 7.5 Hz); NMR (125 MHz, DMSO- 
&) 6 27.45 (q), 27.80 (t), 31.47 (t), 36.78 (t), 54.08 (d), 65.34 
(t), 80.64 (s), 126.41 (d), 127.62 (d), 127.71 (d), 128.07 (d), 
128.27 (d), 129.16 (d), 136.94 (s), 137.04 (s), 155.77 (s), 170.28 
( s ) ,  171.54 (s), 173.65 (SI; HRMS calcd for Cz6H34N306 (M + 
H) 484.2448 m Iz found 484.2471. 

Z-Phe-Leu-OtBu (31). This peptide was prepared exactly 
as described for Z-Gly-Leu-OtBu (22) except Z-Phe-OMe (156 
mg, 0.5 mmol) was used to  give 16.6 mg (12% HPLC yield, 7% 
isolated) of a white solid: mp 89-92 "C; 'H NMR (500 MHz, 

Hz), 1.38 (s, 9 H), 1.51 (m, 2 HI, 1.65 (m, 1 H), 2.73 (dd, 1 H, 
J = 13.6, 11.0 Hz), 3.00 (dd, 1 H, J = 13.9, 3.5 Hz), 4.16 (m, 
1 H), 4.29 (m, 1 H), 4.92 (s, 2 H), 7.16-7.33 (m, 10 H), 7.41 (d, 
1 H, J = 8.8 Hz), 8.23 (d, 1 H, J = 7.7 Hz); 13C NMR (125 

37.41 (t), 39.84 (t), 51.12 (d), 55.77 (d), 65.07 (t), 80.38 (SI, 
126.18 (d), 126.79 (d), 127.34 (d), 127.59 (d), 127.95 (d), 128.19 
(d), 129.13 (d), 136.99 (s), 138.04 (s), 155.74 (s), 171.48 (s), 
171.59 (s); HRMS calcd for C Z ~ H ~ ~ N Z O ~  (M + H) 468.2702, mlz 
found 468.2698. 
Z-Tyr-Gly-Gly-Phe-Leu-OH (32). To a solution of Z-Tyr- 

Gly-OMe (10 mg, 26 pmol) and HzN-Gly-Phe-Leu-OH (34.5 
mg, 103 pmol) in acetonitrile (100 pL) containing triethyl- 
amine (30 pL), water (80 pL), and 2-mercaptoethanol (5 pL) 
was added CPC[P] (10 mg, 3 units), and the solution was 
shaken at  35 "C and 150 osdmin for 8 h. HPLC analysis was 
performed as described as for Z-Phe-Gly-Gly-OEt (15). Z-Tyr- 
Gly-OH was formed in 21% yield and Z-Tyr-Gly-Gly-Phe-Leu- 
OH was formed in 79% yield based on peak integration. 'H 
NMR was identical to that determined for the same compound 
prepared by a CPC[proteinase Kl-catalyzed synthesis. To a 
solution of Z-Tyr-Gly-Gly-OEt (100 mg, 0.22 mmol) and 
phenylalanylglycine (305 mg, 1.1 mmol, 5 eq) in acetonitrile 
(2.18 mL) containing triethylamine (0.4 mL) and water (0.02 
mL) was added CPC[proteinase Kl (CPC[pKl, 25 mg), and the 
solution was shaken a t  40 "C and 300 osc/min. The reaction 
was monitored by reverse phase HPLC. At 4 and 7 days, 25 
additional mg of CPC[pK] was added, and the product was 
isolated by HPLC as described for Z-Phe-Gly-Gly-OEt (15) to 
give 48.7 mg (32%) of a white solid: mp 120-128 "C; 'H NMR 

J =  6.5 Hz), 1.48-1.66 (m, 3 H), 2.62 (dd, 1 H, J =  13.7, 10.7 
Hz), 2.75 (dd, 1 H, J = 13.9, 9.8 Hz), 2.91 (dd, 1 H, J = 13.9, 

DMSO-ds) 6 0.85 (d, 3 H, J = 6.5 Hz), 0.91 (d, 3 H, J = 6.6 

MHz, DMSO-&) 6 21.41 (q), 22.65 (91, 24.21 (d), 27.55 (91, 

(500 MHz, DMSO-&) 6 0.83 (d, 3 H, J = 6.5 Hz), 0.89 (d, 3 H, 
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3.9 Hz), 3.03 (dd, 1 H, J = 14.0, 4.1 Hz), 3.61 (dd, 1 H, J = 
16.8, 5.6 Hz), 3.69-3.73 (m, 3 H), 4.16-4.24 (m, 2 HI, 4.56 
(ddd, 1 H, J = 4.1, 4.0, 3.6 Hz), 4.90 (d, 1 H, J = 12.6 Hz), 
4.96 (d, 1 H, J = 12.8 Hz), 6.63 (d, 2 H, J = 8.3 Hz), 7.04 (d, 
2 H, J = 8.3 Hz), 7.14-7.34 (m, 10 H), 7.41 (d, 1 H, J = 8.5 
Hz), 7.93 (t, 1 H, J =  5.5 Hz), 8.00 (d, 1 H, J =  8.5 Hz), 8.19- 
8.23 (m, 2 H), 9.13 (s, 1 H), 12.49 (bs, 1 H); 13C NMR (125 
MHz, DMSO&) 6 21.32 (q), 22.77 (q), 24.21 (d), 36.57 (t), 37.56 
(t), 39.83 (t), 41.68 (t), 42.01 (t), 50.26 (d), 53.48 (d), 56.44 (d), 
65.14 (t), 114.79 (d), 126.17 (d), 127.33 (d), 127.56 (d), 127.94 
(d), 128.10 (d), 128.20 (d), 129.17 (d), 130.03 (d), 136.97 (81, 
137.70 (s), 155.69 (s), 155.83 (s), 168.23 (81, 168.82 (s), 171.01 
(s), 171.92 (s), 173.80 (s); HRMS calcd for C36H4&09 (M + 
H) 690.3139, mlz  found 690.3171. 

Z-Asp-Phe-OMe (33). To a solution of Z-Asp-OH (68 mg, 
0.25 mmol) and phenylalanine methyl ester hydrochloride (430 
mg, 2 mmol) in acetonitrile (1.6 mL) containing triethylamine 
(0.2 mL) and water (0.2 mL) was added CPC[thermolysin1(30 
mg), and the solution was shaken at 40 "C and 300 osdmin 
for 72 h. Acetic acid (1 mL) was added, and the solution was 
filtered through a fritted funnel. HPLC was performed as 
described for Z-Phe-Gly-Gly-OEt (15) to give 69.2 mg (90% 
HPLC yield, 66% isolated) of a white powder: mp 131-133 "C; 

Hz), 2.59 (dd, 1 H, J = 16.6, 4.5 Hz), 2.94 (dd, 1 H, J = 13.8, 
8.5 Hz), 3.01 (dd, 1 H, J = 13.8, 5.7 Hz), 3.57 (s, 3 H), 4.38 
(ddd, 1 H, J = 8.7, 8.7, 4.4 Hz), 4.45 (ddd, 1 H, J = 7.0, 7.0, 
7.0 Hz), 5.00 (d, 1 H, J =  12.7 Hz), 5.02 (d, 1 H, J =  13.8 Hz), 
7.18-7.36 (m, 10 H), 7.48 (d, 1 H, J = 8.2 Hz), 8.21 (d, 1 H, J 

36.18 (t), 36.44 (t), 51.11 (d), 51.79 (q), 53.63 (d), 65.44 (t), 
126.51 (d), 126.80 (s), 127.63 (d), 127.74 (d), 128.18 (d), 128.28 
(d), 129.03 (d), 136.86 (s), 136.94 (s), 155.70 (s), 171.01 (s), 
171.53 (s), 171.53 (SI, 171.64 (s). Anal. Calcd for CzzH24- 
Nz07: C, 61.68; H, 5.65; N, 6.54. Found: C, 61.42; H, 5.44; 
N, 6.45. 

'H NMR (500 MHz, DMSO-&) 6 2.44 (dd, 1 H, J = 16.6, 9.3 

= 7.5 Hz), 12.30 (bs, 1 H); 13C NMR (125 MHz, DMSO-&) 6 

Z-Ala-Phe-Leu-OH (34). To a solution of Z-Ala-OMe (360 
mg, 1.5 mmol) and phenylalanylleucine (834 mg, 3 mmol) in 
acetonitrile (4.5 mL) containing triethylamine (1.2 mL) and 
water (0.8 mL) was added CPC[subtilisin BPN] (100 mg) and 
the solution was shaken at 40 "C and 300 osdmin for 20 h. 
Z-Ala-Phe-Leu-OH was isolated as described for Z-Phe-Gly- 
Gly-OEt (15) to give 113.5 mg (39% HPLC yield, 16% isolated) 
of a white powder: mp 142-146 "C; 'H NMR (500 MHz, DMSO- 

(d, 3 H, J = 7.1 Hz), 1.53 (m, 2 H), 1.63 (m, 1 H), 2.81 (dd, 1 
H, J = 13.7,9.2 Hz), 3.04 (dd, 1 H, J = 13.8,4.0 Hz), 3.99 (dd, 
1 H , J =  7.2, 7.2 Hz),4.24 ( d d , l H , J =  14.5, 8.3 Hz),4.54 (bs, 
1 H), 5.00 (d, 1 H, J = 12.5 Hz), 5.02 (d, 1 H, J = 12.7 Hz), 
7.16-7.39 (m, 11 H), 7.84 (d, 1 H, J = 8.3 Hz), 8.12 (d, 1 H, J 

18.00 (q), 21.31 (q), 22.75 (q), 24.15 (d), 37.29 (t), 39.97 (t), 
50.20 (d), 53.27 (d), 65.34 (t), 126.11 (d), 127.63 (d), 127.71 
(d), 127.86 (d), 128.27 (d), 129.24 (d), 136.89 (s), 137.53 (s), 
155.55 (s), 170.79 (s), 172.05 (s), 173.76 (SI; HRMS calcd for 
C26H34N306 (M + H) 484.2448, mlz  found 484.2452. 
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de) 6 0.83 (d, 3 H, J =  6.4 Hz), 0.88 (d, 3 H, J =  6.5 Hz), 1.10 

= 7.8 Hz), 12.54 (bs, 1 H); 13C NMR (125 MHz, DMSO-&) 6 


