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A superpotent analog of human growth hormone-releasing factor, [desNH2Tyr1,D-Ala2,Ala16]-
GRF(l-29)-NH2 (4), was prepared from the precursor, [Ala1829]-GRF(4-29)-OH (1), by a two-step 
enzymatic semisynthesis. The amidated C-terminus, essential for high biological potency, was 
obtained via a carboxypeptidase Y-catalyzed exchange of Ala^-OH for ATg2^NH2 to produce 
[Ala15]-GRF(4-29)-NH2 (2). The N-terminal desNH2Tyr-D-Ala moiety, which greatly increases 
in vivo duration of action, was then incorporated by V8 protease-catalyzed condensation of segment 
2 with desNH2Tyr-D-Ala-Asp(OH)-OR [R - CH3CH2- (3a) or 4-NO2C6H4CH2-Ob)]. The main 
focus of this report was to develop conditions to use the V8 protease-catalyzed coupling while 
avoiding a competing cleavage of the proteolytically-sensitive AsP2MIe26 bond in GRF. Conversion 
of 2 to 4 in couplings employing the a-ethyl ester of the acyl component 3a was limited to about 
60% by competing proteolysis at AsP2MIe26. This system was adequate for preparing, isolating, 
and fully characterizing the target analog 4 and identifying the side products. The 4-nitrobenzyl 
ester 3b proved to be a superior substrate, resulting in 90% conversion of 2 to 4 with no detectable 
loss td proteolysis and requiring significantly lesser amounts of catalyst. These results demonstrate 
that enzymatic semisynthesis of a biologically-active peptide amide which contains unnatural 
amino acids at the N-terminus can be achieved from a biosynthetic precursor in good yield and 
purity. 

Introduction 
The use of natural enzymes as efficient and selective 

catalysts in chemical synthesis has accelerated in step with 
our knowledge of their fundamental properties and the 
discovery of "new" enzymes isolated in ever greater 
quantity and purity. The proteolytic enzymes are of 
special interest to the peptide chemist as they represent 
a means of performing regioselective acylations without 
resorting to the usual stoichiometric reagents and their 
required protection/deprotection schemes. Most of the 
proteases also possess rigid stereoselectivity and thus 
provide products of the highest optical purity, even from 
racemic starting materials. Enzymatic peptide synthesis1 

has found use mainly for generating small oligopeptides, 
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(1) For a historical perspective see: Fruton, J. S. Proteinase-Catalyzed 
Synthesis of Peptide Bonds. Adv. Enzymol.Relat. Areas MoI. Biol. 1982, 
53, 239-306. Other recent reviews are as follows: Jakubke, H.-D. 
Enzymatic Peptide Synthesis. In The Peptides; Udenfriend, S., Meien-
hofer, J., Eds.; Academic Press: San Diego, 1987; pp 103-165. Kullmann, 
W. Enzymatic Peptide Synthesis; CRC Press, Boca Raton, FL, 1987. 
Nakanishi, K.; Matsuno, R. Recent Developments in Enzymatic Synthesis 
of Peptide. Adv. Biotechnol. Processes 1988,10,173-202. Jakubke, H.-
D.; Kuhl, P.; Konnecke, A. Basic Principles of Protease-Catalyzed Peptide 
Bond Formation. Angew. Chem., Int. Ed. Engl. 1985, 24, 85-93. 

as in the thermolysin-catalyzed production of aspartame,2 

or for making semisynthetic modifications to larger 
peptides, as in the trypsin-catalyzed conversion of porcine 
insulin to human insulin.3 

The two existing methods of protease-catalyzed peptide 
synthesis are the thermodynamically-controued coupling 
(eq 1) and the kinetically-controlled coupling (eq 2): 
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The thermodynamically-controlled or "reverse-proteoly-
sis" synthesis (eq 1) relies on the use of conditions which 
favor aminolysis over hydrolysis, including the use of a 
high molar excess of one of the reactants and/or less-polar 
water-miscible cosolvents4 to suppress ionization of the 
a-carboxylic acid group. Improved yields of the aminolysis 

(2) Isowa, Y.; Ohmori, M.; Ichikawa, T.; Mori, K.; Nonaka, Y.; Kihara, 
K.; Oyama, K., Satoh, H.; Nishimura, S. The Thermolysin-Catalyzed 
Condensation Reactions of N-Substituted Aspartic and Glutamic Acids 
with Phenylalanine Alkyl Esters. Tetrahedron Lett. 1979, 20, 2611-
2612. Oyama, K.; Kihara, K. A New Horizon for Enzyme Technology. 
CHEMTECH 1984,14, 100-105. 

(3) Morihara, K.; Oka, T.; Tsuzuki, H. Semi-Synthesis of Human Insulin 
by Trypsin-Catalyzed Replacement of Ala-B30 by Thr in Porcine Insulin. 
Nature 1979, 280, 412-413. Inouye, K.; Watanabe, K.; Morihara, K.; 
Tochino, Y.; Kanaya, T.; Emura, J.; Sakakibara, S. Enzyme-Assisted 
Semisynthesis of Human Insulin. J. Am. Chem. Soc. 1979,101,751-752. 
Rose, K.; De Pury, H.; Offord, R. E. Rapid Preparation of Human Insulin 
and Insulin Analogues in High Yield by Enzyme-Assisted Semi-Synthesis. 
Biochem.J. 1983,2Ii, 671-676. Maikussen, J. Human Insulin by Tryptic 
Transpeptidation of Porcine Insulin and Biosynthetic Precursors; MTP 
Press Limited: Lancaster, 1987. 

(4) Homandberg, G. A.; Mattis, J. A.; Laskowski, M., Jr. Synthesis of 
Peptide Bonds by Proteinases. Addition of Organic Cosolvent Shifts 
Equilibria Toward Synthesis. Biochemistry 1978,17, 5220-5227. 
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product can also be achieved by incorporating conditions 
which drive the reaction to completion such as precipi­
tation or extraction into an immiscible cosolvent. 

The kinetically-controlled synthesis (eq 2) is usually 
performed in aqueous solution (without cosolvents) and 
employs an active ester (RCO2X) that rapidly forms an 
acyl enzyme (RCOE). This acyl enzyme is competitively 
deacylated by water yielding lite acid (RCO2H), and also 
by an added nucleophile (H2NR') resulting in a transient 
accumulation of the desired peptide product (RCONHR'). 
Unless the protease is deactivated at the point of maximum 
yield, the accumulation of peptide product is only tem­
porary. The newly-formed peptide bond is slowly hy-
drolyzed as the supply of ester (RCO2X) is exhausted. 
This latter scheme is limited to proteases which form 
covalent acyl enzyme intermediates, such as the serine 
and thiol proteases. 

Proteases can be advantageously used in the segment 
condensation strategy for intermediate to large peptides 
specifically in those cases where side-chain protection 
hinders solubility of the segments or where suitable glycine 
or proline residues are not available as coupling sites and 
racemization becomes a concern. Schellenberger. and 
Jakubke have provided an excellent review5 of the de­
velopment of kinetically-controlled protease-catalyzed 
coupling, a technique that appears particularly well suited 
for segment condensation. To date, most of the studies 
of this enzymatic coupling method have been devoted to 
the synthesis of dipeptides and small peptide models, with 
some notable exceptions.6 

In this paper, we report on the enzymatic semisynthesis 
of a superpotent analog of human growth hormone-
releasing factor, GRF(I^W)-NH2 (H-YADAIFTNSYl°-
RKVLGQLSAR2 0KLLQDIMSRQ3 0QGESN-
QERGA40RARL-NH2), a peptide hormone that is secreted 
by the hypothalamus and stimulates the release of growth 
hormone in the pituitary gland.7 GRF(l-44)-NH2 and 
the equipotent fragment, GRF(l-29)-NH2,

8 are in clinical 
trials for the treatment of growth hormone-deficient 
children.9 Preliminary studies have shown that the parent 
hormone and analogs may also have applications for the 
enhancement of growth performance in domestic live­
stock.10 

We recently described11 a GRF analog, [desNHjjTyr1^-
Ala2,Ala16]-GRF(l-29)-NH2 (4), which possesses a 4-5-
fold higher intrinsic potency than the parent hormone in 
vitro11 and has a significantly longer duration of action in 
vivo.12 The increased in vitro potency is primarily a result 
of the replacement of the native GIy15 residue by Ala which 

(5) Schellenberger, V.; Jakubke, H.-D. Protease Catalyzed Kinetically 
Controlled Peptide Synthesis. Angew. Chem., Int. Ed. Engl. 1991,30, 
1437-1449. 

(6) Nakatsuka, T.; Sasaki, T.; Kaiser, E. T. Peptide Segment Coupling 
Catalyzed by the Semisynthetic Enzyme Thiolsubtilisin. J. Am. Chem. 
Soc. 1987,109,3808-3810. Schellenberger, V.; Schellenberger, U. Jakubke, 
H.-D.; Hansicke, A.; Bienert, M.; Krause, E. Chymotrypsin-Catalyzed 
Fragment Coupling Synthesis of D-Phe(6)-GNRH. Tetrahedron Lett. 
1990,31,7305-7306. Hansicke, A.; Krause, E.; Bienert, M.; Schmidt, M.; 
Robert, S.; Schellenberger, V.; Jakubke, H.-D.; Kaufmann, K.-D. Chy­
motrypsin-Catalyzed Fragment Coupling Synthesis of GnRH-Analogs 
Biomed. Biochim. Acta 1991,50, S201-S204. 

(7) Rivier, J.; Spiess, J.; Thorner, M.; Vale, W. Characterization of a 
growth hormone-releasing factor from a human pancreatic islet tumor. 
Nature 1982,300,276-278. Guillemin, R.; Brazeau, P.; Bdhlen, P.; Each, 
F.; Ling, N.; Wehrenberg, W. B. Growth Hormone-Releasing Factor from 
a Human Pancreatic Tumor that Caused Acromegaly. Science 1982, 
218,585-587. Frohman, L. A; Janason, J.-O. Growth Hormone-Releasing 
Hormone. Endocrine Rev. 1986, 7, 223-253. 

(8) Ling, N.; Baird, A.; Wehrenberg, W. B.; Ueno, N.; Munegumi, T.; 
Brazeau, P. Synthesis and In Vitro Activity of C-Terminal Deleted Analogs 
of Human Growth Hormone-Releasing Factor. Biochem. Biophys. Res. 
Comm. 1984,123, 854-861. 

(9) Vance, M. L. Growth-Hormone-Releasing Hormone. Clin. Chem. 
1990, 36, 415-420. 

enhances the a-helicity of the peptide and maximizes the 
amphiphilic character of the central a-helix13 which may 
lead to improved receptor affinity.14 The longer in vivo 
duration of action arises from replacement of the native 
Tyrx-Ala2 by desNH2Tyr1-D-Ala2 which confers resistance 
to proteolysis by dipeptidylaminopeptidase IV (DPP IV).16 

In considering various methods for large-scale synthesis 
of the target analog 4, recombinant DNA synthesis is not 
an option as 4 contains two important features that are 
not afforded by existing recombinant DNA methods; 
namely the C-terminal amide, essential for high potency,8 

and the unnatural N-terminal residues, desNH2Tyr1-D-
AIa2. To overcome this limitation, we have devised an 
enzymatic semisynthetic route to 4 from the precursor, 
[Alai5,»]_GRF(4-29)-OH (1) (eq 3). 

[Ala15'29]-GRF(4-29)-OH(1) (3) 

H-Arg-NHj 

(carboxypeptidase Y) ^ AIa-OH 

desNH2Tyf-D-Ala-Asp(OH)-OFI (3) 
R-Et (3a), Nb (3b) 

(VS protease) 

[Ala15]-GRF(4-29)-NH2 (2) 

^ R O H 

[desNH2Tyr1, D-AIa2, Ala15]-GRF(1 -29)-NH2 (4) 

The precursor 1, which is amenable to biosynthesis by 
recombinant DNA methods, was prepared for this study 
by the solid-phase method of peptide synthesis (SPPS). 
C-terminal amidation of 1 was achieved by the method of 

(10) Petitclerc, D.; Pelletier, G.; Lapierre, H.; Gaudreau, P.; Couture, 
P.; Dubreuil, P.; Morisset, J.; Brazeau, P. Dose Response of Two Synthetic 
Human Growth Hormone-Releasing Factors on Growth Hormone Release 
in Heifers and Pigs. J. Anim. Sci. 1987, 65, 996-1005. Dubreuil, P.; 
Petitclerc, D.; Pelletier, G.; Gaudreau, P.; Farmer, C; Mowles, T. F.; 
Brazeau, P. Effect of Dose and Frequency of Administration of a Potent 
Analog of Human Growth Hormone-Releasing Factor on Hormone 
Secretion and Growth in Pigs. J. Anim. Sci. 1990, 68, 1254-1268. 
Pommier, S. A.; Dubreuil, P.; Pelletier, G.; Gaudreau, P.; Farmer, C; 
Mowles, T. F.; Brazeau, P. Effect of a Potent Analog of Human Growth 
Hormone-Releasing Factor on Carcass Composition and Quality of 
Crossbred Market Pigs. J. Anim. Sci. 1990, 68, 1291-1298. 

(11) Heimer, E. P.; Ahmad, M.; Lambros, T.; McGarty, T.; Wang, C-
T.; Mowles, T. F.; Maines, S.; Felix, A. M. Synthesis and Biological 
Evaluation of Growth Hormone Releasing Factor, Structural Linear and 
Cyclic Analogs. In Synthetic Peptides: Approaches to Biological 
Problems, UCLA Symposia on Molecular and Cellular Biology, New 
Series; Tarn, J., Kaiser, E. T., Eds.; Alan R. Lisa, Inc.: New York, 1989; 
Vol. 86, pp 309-319. 

(12) Campbell, R. M.; Lee, Y.; Mowles, T. F.; Mclntyre, K. W.; Ahmad, 
M.; Felix, A. M.; Heimer, E. P. Synthesis and Biological Activity of Novel 
C-Terminal Extended and Biotinylated Growth Hormone-Releasing 
Factor (GRF) Analogs. Peptides 1992,13, 787-793. 

(13) Felix, A. M.; Heimer, E. P.; Mowles, T. F.; Eiseinbeis, H.; Leung, 
T.; lambros, T. J.; Ahmad, M.; Wang, C-T.; Brazeau, P. Synthesis and 
Biological Activity of Novel Growth Hormone Releasing Factor Analogs. 
In Proc. 19th European Peptide Symposium; Theodoropoulos, D., Ed.; 
W.deGruyter&Co.: Berlin, 1987, pp 481-484. Madison, V.; Berkovitch-
Yellin, Z.; Fry, D.; Greely, D.; Toome, V. Conformations of Three Peptides 
Deduced from Experiments and Molecular Energetics. In Synthetic 
Peptides: Approaches to Biological Problems, UCLA Symposia on 
Molecular and Cellular Biology, New Series; Tarn, J., Kaiser, E. T., Eds.; 
Alan R. Liss, Inc.: New York, 1989; Vol. 86, pp 109-123. 

(14) Campbell, R. M.; Lee, Y.; Rivier, J.; Heimer, E. P.; Felix, A. M.; 
Mowles, T. F. GRF Analogs and Fragments: Correlation Between 
Receptor Binding, Activity and Structure. Peptides 1991,12, 569-574. 

(15) Frohman, L. A.; Downs, T. R.; Williams, T. C; Heimer, E. P.; Pan, 
Y.-C. E.; Felix, A. M. Rapid Enzymatic Degradation of Growth Hormone-
Releasing Hormone by Plasma In Vitro and In Vivo to a Biologically 
Inactive Product Cleaved at the NH2 Terminus. J. Clin. Invest. 1986, 
78,906-913. Frohman, L. A.; Downs, T. R.; Heimer, E. P.; Felix, A. M. 
Dipeptidyl Peptidase IV and Trypsin-Like Enzymatic Degradation of 
Human Growth Hormone-Releasing Hormone in Plasma. J.Clin. Invest. 
1989,83,1533-1540. Bongers, J.; Lambros, T.; Ahmad, M.; Heimer, E. 
P. Kinetics of Dipeptidyl Peptidase IV Proteolysis of Growth Hormone-
Releasing Factor and Analogs. Biochim. Biophys. Acta 1992,1122,147-
153. 
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Breddam and co-workers16; i.e. carbozypeptidase Y-cat-
alyzed exchange of Ala -̂OH for ATg2^NH2 using a large 
molar excess of H-Arg-NH2 to produce [Ala15]-GRF(4-
29)-NH2 (2). The N-terminal desNH2Tyr1-D-Ala2 moiety 
was then incorporated by a V8 protease-catalyzed con­
densation of segment 2 with desNH2Tyr-D-Ala-Asp(OH)-
OR [R = CH3CH2- (3a) or 4-NO2C6H4CH2- - Nb (3b)], 
to generate the final product 4. 

Although several observations are made concerning the 
above transpeptidation16 catalyzed by the serine exopro-
tease, carboxypeptidase Y (CPD-Y), the primary focus of 
this study is the kinetically-controlled segment conden­
sation catalyzed by the V8 protease. The V8 protease 
(protease from the V8 strain of Staphylococcus aureus, 
endoprotease GIu-C)17 is a serine endoprotease with a 
primary (Pi) specificity for GIu and, to a lesser extent, 
Asp. For example, the ratio of the hydrolytic coefficients 
(JW#m) for the substrates, ABz- Ala-Phe-Ala-Phe-X- VaI-
TyT(NO2)-Asp-OH (X - GIu, Asp), was found18 to be 3000-
5000 for GIu versus Asp at pH 7.8. The V8 protease has 
been used successfully for thermodynamically-controlled 
reformations of the Glu30-Arg31 bond in the 1-47 fragment 
of the a-chain of hemoglobin19 and the Glu^-Val303 bond 
in several fragments of thermolysin.20 Recently, V8 
protease-catalyzed kinetically-controlled syntheses of GIu-
containing dipeptides and oligopeptides have been re­
ported.21 The scheme in eq 2 has also been used to probe 
the S'-subsite specificity of the V8 protease for acyl 
transfers of Z-GIu-OMe to a series of amino acid and 
peptide nucleophiles.22 However, the synthetic potential 
of the V8 protease for kinetically-controlled segment 
condensations in general, and for Asp-X couplings in 
particular, remains unexplored. The V8 protease-cata­
lyzed segment condensation presented here is especially 
challenging due to the proteolytically-sensitive Asp^-He26 

bond in GRF. Observations are also made concerning 
general tactics and specific technical aspects of protease-
catalyzed kinetically-controlled segment condensations. 

Results and Discussion 
Carbozypeptidase Y-Catalyzed Conversion of 

[Alals*]-GRF(4-29)-OH(l)to[Alals]-GRF(4-29)-NH2 
(2). The first step in the semisynthesis (eq 3) is the 

(16) Breddam, K.; Widmer, F.; Meldal, M. Amidation of Growth 
Hormone Releasing Factor (1-29) by Serine Carboxypeptidase Catalyzed 
Transpeptidation. Int. J. Peptide Protein Res. 1991, 37,153-160. 

(17) Drapeau, G. R.; Boily, Y.; Houmard, J. Purification and Properties 
of an Extracellular Protease of Staphylcoccus Aureus. J. Biol. Chem. 
1972, 247, 6720-6726. Houmard, J.; Drapeau, G. R. Staphylococcal 
Protease: A Proteolytic Enzyme Specific for Glutamoyl Bonds. Proc. 
Natl. Acad. Sd. U.S.A. 1972, 69, 3506-3509. Drapeau, G. R Cleavage 
at Glutamic Acid with Staphylococcal Protease. Methods Enzymol. 1977, 
47,189-191. 

(18) Sorensen, S. B.; Sorensen, T. L.; Breddam, K. Fragmentation of 
Proteins by S. Aureus Strain V8 Protease: Ammonium Bicarbonate 
Strongly Inhibits the Enzyme but does not Improve the Selectivity for 
Glutamic Acid. FEBS 1991, 294,195-197. 

(19) Seetharam, R.; Acharya, A. S. Synthetic Potential of Staphylo­
coccal Aureus V8-Protease: An Approach Toward Semisynthesis of 
Covalent Analogs of a-Chain of Hemoglobin S. J. Cell. Biochem. 1986, 
30, 87-99. 

(20) De Filippis, V.; Fontana, A. Semisynthesis of Carboxy-Terminal 
Fragments of Thermolysin. Int. J. Peptide Protein Res. 1990,35, 219-
227. 

(21) Cefovsky, V. V8 Proteinase-Catalyzed Peptide Synthesis in 
Hydrophilic Organic Solvents with Low Water Content. Tetrahedron 
Lett. 1991,32, 3421-3424. Schuster, M.; Aaviksaar, A.; Jakubke, H.-D. 
Enzyme-Catalyzed Peptide Synthesis in Ice. Tetrahedron 1990,46,8093-
8102. 

(22) Schuster, M.; Aaviksaar, A.; Schellenberger, V.; Jakubke, H.-D. 
Characterization of the S'-Subsite Specificity of V8 Proteinase Via Acyl 
Transfer to Added Nucleophiles. Biochim. Biophys. Acta 1990,1036, 
245-247. 

formation of the amidated segment 2 by CPD-Y catalyzed 
exchange of the C-terminal Ala -̂OH residue of 1 for Arg29-
NH2. The C-terminal amidation can also be accomplished 
in high yield via an a-amidating enzyme-catalyzed oxi­
dation23 of the glycine-extended precursor, [AIa16I-GRF-
(4-29)-Gly-OH. The CPD-Y transpeptidation is not a 
general method for the C-terminal amidation of peptides. 
It was developed by Breddam and co-workers16 for the 
specific purpose of incorporating a C-terminal ATg2B-NH2 
into a GRF substrate. The model substrates Bzl-Met-
Ser-X-OH (X • Ala, Leu, Arg) were tested16 and Ala was 
the most favorable of the three leaving groups. Breddam 
and co-workers then demonstrated16 that [AIa29I-GRF-
(l-29)-OH (2 mM) could be converted (87% in 160 min) 
to GRF(l-29)-NH2 by CPD-Y catalysis in the presence of 
1.5 M H-Arg-NH2. We chose the CPD-Y method for the 
present study since it employs relatively-small amounts 
of readily-available enzyme from brewers' yeast. More­
over, the CPD-Y exoprotease is well suited for this type 
of semisynthetic modification as it will not disrupt internal 
peptide bonds in a polypeptide substrate as is often the 
case with endoproteases. 

We used a lower concentration of H-Arg-NH2 nucleo-
phile (1.0 M) and found that a higher concentration of 
substrate 1 (3.8 mM) could be used at 37 0C. This slightly 
modified version of the original procedure16 was used to 
convert 1 to 2 to an extent of 80% (62% isolated yield). 
The semisynthetic product 2 was purified and charac­
terized by AAA, FAB-MS, and tryptic mapping. 

The only significant side product was [Ala16]-GRF(4-
28)-OH (5) resulting from a competing hydrolysis which 
is virtually the only limitation on the yield of 2 under 
these conditions (Figure lb). A similar hydrolysis to GRF-
(l-28)-OH was also reported as the major side reaction for 
the [Ala29]-GRF(l-29)-OH substrate.16 We have observed 
that the molar ratio of 2 vs 5 (aminolysis vs hydrolysis) 
remains constant throughout the course of the reaction 
(Figure la) and is directly proportional to the pH of the 
reaction mixture in the range pH 6.5-8.5 (Figure Ic). 

Although the yield of 2 increases with increasing pH 
(Figure Id), there is a decline in the catalytic efficiency 
of the enzyme with increasing pH (Figure Ie). Thus as 
the pH is raised in order to approach yields of 90%, a 
larger amount of enzyme is required to amidate a given 
amount of substrate within a specific amount of time. The 
question of what constitutes a "catalytic" amount of 
enzyme is an important issue in enzymatic peptide 
synthesis that is often ignored. Although the enzyme 
catalyst can, in principle, be recovered and reused, it is 
generally more practical to simply use and discard a small 
amount of the enzyme as though it were a stoichiometric 
reagent. We have confirmed that conversions of >80% 
can be obtained with substrate to CPD-Y ratios of at least 
1000:1, as originally reported,16 and consider this a 
reasonably "catalytic" amount of enzyme. 

We found that H-Arg-NH2 must be present in concen­
trations > 1M (£245 mg mLr1) in order to obtain optimum 

(23) Bongers, J.; Heimer, E. P.; Campbell, R M; Felix, A. M.; Merkler, 
D.J. o-Amidating Enzyme Catalyzed Synthesis of Peptide-Amides from 
Glycine-Extended Precursors: Growth Hormone Releasing Factor and 
Analogs as Examples. In Peptide*: Chemistry and Biology. Proceedings 
of the 12th American Peptide Symposium; Smith, J. A., Rivier, J. E., 
Eds.; ESCOM: Leiden, 1992; pp 458-459. Bongers, J.; Offord, R E.; 
Felix, A. M.; Lambros, T.; Liu, W.; Campbell, R M.; Heimer, E. P. 
Comparison of Enzymatic Semisyntheses of Peptide Amides: Human 
Growth Hormone Releasing Factor and Analogs. Biomed. Biochim. Acta 
1991, 50, S157-S162. 
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Figure 1. CPD-Y-catalyzed transpeptidation of the precursor [Ala16-29]-GRF(4-29)-OH (1) (14.5 mg mLr1,4.1 mM) in 1.00 M H-Arg-
NH2 to produce [Ala16]-GRF(4-29)-NH2 (2) and the proteolytic side product [Alal6]-GRF(4-28)-OH (5) (pH 7.7,37 0C, 0.3 mM EDTA, 
0.028 mg mLrl enzyme): (a) time course; (b) HPLC of the reaction mixture at the 53-min mark; (c) pH dependence of the molar ratio 
of 2 to 5, (d) maximal percent conversion of 1 to 2, and (e) enzyme activity, V0 (sum of the initial rates of aminolysis and hydrolysis). 

yields of 2, and these amounts of H-Arg-NH2 become 
somewhat prohibitive as 1 is only soluble to the extent of 
about 15 mg ml r 1 in this medium (pH 8.0, 37 0C). The 
solubility of 1 in 1M H-Arg-NH2 at pH 8.0 was improved, 
without greatly inhibiting the enzyme, by the use of 10-
20% v:v of organic cosolvents, e.g. ethylene glycol, DMSO, 
EtOH, or MeOH. However, these cosolvents all decreased 
the ratio of aminolysis/hydrolysis (2/5) to a significant 
degree. 

V8 Protease-Catalyzed Condensation of [AIa15]-
GRF(4-29)-NH2 (2) and desNH2Tyr-D-Ala-Asp(OH)-
OEt(3a)ToForm[desNH2Tyr1,D-Ala2,AIa1<s]-GRF(l-
29)-NH2 (4). The second step in the semisynthesis (eq 3) 
is the V8 protease-catalyzed condensation of the amidated 
segment 2 and the tripeptide ester 3 to form the target 
compound 4. The fate of the amino component 2 in a 
coupling employing a 6-fold molar excess of the ethyl ester 
of the acyl component 3a is shown in Figure 2a. The 
conversion of 2 to 4 in this system is limited to about 60 %, 
primarily due to a competing proteolysis at Asp25-Ile26 

that generates the fragments [Ala16]-GRF(4-25)-OH (8) 
and [desN^Tyr^D- Ala2 ,Ala15]-GRF(l-25)-OH (9) (Figure 
2b). Subsequent enzymatic couplings of the proteolytic 
fragments generate the side products de8NH2Tyr-D-Ala-
Asp(OH)-GRF(26-29)-NH2 (7) and [desNHzTyr^D-Ala2,-
Ala16]-GRF(l-25)-[Ala15]-GRF(4-29)-NH2 (10) (Figure 
2b). These side products were isolated and identified by 
AAA. The only other significant side reaction that we 
could detect was an unexpected acylation of the Tris buffer 
by 3a to form desNH2Tyr-D-Ala-Asp-NHC(CH2OH)3 (6), 
which was isolated and identified by AAA, FAB-MS [(M 
+ H)+ calcd 455, found 455], and ninhydrin testing (tested 
negative prior to and positive after acid hydrolysis thereby 
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3c 
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0 5 10 i : 
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Figure 2. V8 protease-catalyzed condensation of [AIa16I-GRF-
(4-29)-NH2 (2) (26.5 mg mL"1,7.2 mM) and desNHjTyr-D-Ala-
Asp(OH)-OEt (3a) (16.3 mg mL"1,43 mM) in 20% DMSO (0.14 
M Tris, pH 8.2,37 0C, 1.3 mg mL"1 enzyme) to produce the target 
analog [desN^TyrSo-Ala2,Ala16]-GRF(l-29)-NH2 (4): (a) time 
course with respect to the amino component 2 (i.e. mole % = 
W/ [2]0); (b) HPLC of the reaction mixture at the 203-min mark. 
See Experimental Section for HPLC conditions. Numerical labels 
correspond to those in the synthetic scheme (eq 3) and desNH2-
Tyr-D-Ala-Asp-OH (3c), desNH2Tyr-D-Ala-Asp-NHC(CH2OH)3 
(6), desNH2Tyr-D-Ala-Asp-GRF(26-29)-NH2 (7), [Ala16]-GRF(4-
25)-OH (8), [desNH2Tyr1,D-Ala2,Ala15]-GRF(l-25)-OH (9), 
[desNH2Tyr1,D-Ala2,Ala16]-GRF(l-25)-[Ala16]-GRF-
(4-29)-NH2 (10). 

confirming an amide linkage). Although this side reaction 
depletes the acyl component 3a, it is a relatively minor 
loss if the concentration of Tris is kept to a minimum, 
particularly in comparison to the competing deacylation 
by water to form the tripeptide acid desNH2Tyr-D-Ala-
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Asp(OH)-OH (3c). A certain degree of hydrolysis of the 
acyl component in this type of enzymatic coupling is 
unavoidable. 

We find that Tr is does not adversely effect the solubility 
of 2 as do phosphate buffers, for instance, which tend to 
"salt-put" the peptides 2 and 4. It is very important to 
employ as high an initial concentration of the amino 
component as possible so that it competes effectively with 
water as a nucleophile. Solubility can be especially 
troublesome with larger polypeptide substrates such as 2 
and is a major obstacle to applying this technique to 
polypeptide substrates. For comparison, concentrations 
of 100-500 mM are typically employed for small amino 
acid and oligopeptide nucleophiles. 

Ideally, one could employ a pH stat to maintain the 
desired pH with small increments of NaOH.6 However, 
implementing such a device on a small scale is difficult 
compared to the use of buffers. We should also note that 
simple monovalent anions such as Cl", NO3", and CH3COO" 
actually act as competitive binding inhibitors of the V8 
protease18,24 and their use in buffers for reactions catalyzed 
by this enzyme should be avoided. To eliminate the use 
of salts which could reduce the solubility of the peptides 
and/or inhibit the enzyme, we have taken the approach 
of using Tris base and the weakly acidic substrates 2 and 
3a themselves as the conjugate acids to buffer the reaction 
mixture. It may be noted that 2 was used as the 
hexakistrifluoroacetate salt, and these trifluoroacetate 
counter ions (43 mM) may exert a significant inhibitory 
effect on the V8 protease in this reaction mixture. 

We noted that the rate of coupling at Asp3 (formation 
of 4) decreases during the course of the reaction, as the 
concentration of the nucleophile 2 is depleted, whereas 
the competing side reactions at Asp25 (formation of side 
products 7-10) proceed at a fairly constant rate (Figure 
2a). The maximal percent conversion of 2 to 4 is reached 
when the these two rates are equal. Thus, despite the fact 
that 30 % of the initial 2 and most of the initial 3a remain 
at the 200-min mark, the rate of coupling vs proteolysis 
has decreased to the point that the concentration of 4 
begins to slowly decrease. Since the rate of coupling 
increases with the initial concentration of nucleophile, [2]o, 
in a pseudo-first-order fashion, whereas the zeroth-order 
proteolysis at Asp25-lie26 does not increase with increasing 
[2]o, the yield of 4 can be enhanced by simply employing 
a higher [2]0. Unfortunately, the solubility of 2 is limited 
to about 10 mM under these conditions. Although the 
solubility of 2 is much higher at lower pH, this variable 
cannot be altered since the pH must be kept reasonably 
near the narrow pH optimum of the enzyme and the pKa 
of the Ci-NH3

+ of 2, in order for 2 to be in the reactive 
deprotonated form. Proteolysis at Asp^-He28 was lessened 
somewhat by using a large molar excess of the acyl 
component 3a to competitively inhibit binding of the 
enzyme to Asp25 and by using higher amounts of DMSO 
cosolvent to supress hydrolysis. However, these measures 
necessitate an excessive use of 3a and conditions that 
degrade the catalytic efficiency of the protease. 

While far from ideal, the system in Figure 2a was 
sufficient to prepare and characterize the target peptide 
[desNH2Tyr1,D-Ala2,Ala15]-GRF(l-29)-NH2 (4) (50% iso­
lated yield of 4). Purified semisynthetic 4 was found to 

(24) Houmard, J. Kinetic Investigation of the Staphylococcal Protease-
Catalyzed Hydrolysis of Synthetic Substrates. Eur. J. Biochem. 1976, 
68, 621-627. 

be identical to a purified SPPS standard of 4 by the criteria 
of analytical HPLC, CZE, and tryptic fingerprinting 
(Figure 3). The semisynthetic analog also had the 
predicted m/z by FAB-MS and full potency in an in vitro 
rat pituitary cell bioassay (see Experimental Section). 

V8 Protease-Catalyzed Condensation of [AIa15]-
GRF(4-29)-NH2 (2) and desNH2Tyr-D-Ala-Asp(OH)-
ONbtfbJToForaldesNHjTyr^AlaVUaUl-GRFU-
29)-NH2 (4). We next turned our attention to improving 
this enzymatic coupling with respect to the following 
criteria: (1) maximize the percent conversion of 2 to 4; (2) 
minimize the amount of V8 protease required to effect 
this conversion in a reasonable amount of time (ca. 1-24 
h), i.e. use a "catalytic" amount of enzyme; and (3) minimize 
consumption of tripeptide acyl component 3. 

Schellenberger and Jakubke have summarized many of 
the general principles that are important in optimizing 
kinetically-controlled couplings and have also developed 
several quantitative methods of studying the fundamental 
kinetics of these systems.5 The V8 protease-catalyzed 
coupling of 2 and 3a suffers mainly from the yield-limiting 
proteolysis at ASp2MIe26. Unfortunately, nearly all of the 
experimental studies of kinetically-controlled enzymatic 
couplings to date have been on the synthesis of dipeptide 
and oligopeptide model compounds with only a single 
enzyme binding site. The only competing proteolysis in 
the synthesis of a dipeptide, for instance, is the relatively 
minor "back-hydrolysis" of the newly-formed peptide 
bond. 

This problem of the kinetically-controlled enzymatic 
synthesis of a peptide containing more than one site of 
proteolysis has been addressed recently, for the first time, 
by Schellenberger and co-workers.25 They designed an 
a-chymotrypsin catalyzed coupling of Mal-Leu-OR (R = 
Me, BzI, Nb) to Phe-pNA and found that the relative rates 
of coupling, to form Mal-Leu-Phe-pNA, vs the competing 
hydrolysis at the highly-sensitive Phe-pNA anilide bond 
were dramatically influenced by the nature of the ester 
leaving group, R. These workers found that the 4-ni-
trobenzyl ester was a superior substrate for a-chymotrypsin 
compared to the methyl ester (ca. 300-fold higher k^J 
Km). Thus Mal-Leu-ONb permitted a much higher extent 
of peptide synthesis than Mal-Leu-OMe in the presence 
of the competing proteolysis at the Phe-pNA bond. 

We prepared desNH2Tyr-D-Ala-Asp(OH)-ONb (3b) and 
studied the segment condensation with 2 using V8 protease 
catalysis. In contrast to the coupling of 2 and the ethyl 
ester 3a (Figure 2), coupling of 2 and the 4-nitrobenzyl 
ester 3b (Figure 4) occurs so much more rapidly than 
proteolysis at Asp^-Ile26 that no side products were 
detected (Figure 4b). DMF was used as the cosolvent in 
place of DMSO since the solubility of 3b was poor in the 
DMSO system used for 3a. Use of 3b in place of 3a 
improves the coupling on the basis of all three criteria: 
(1) the higher rate of synthesis versus proteolyis gave a 
superior yield (90% conversion of 2 to 4 using 3b versus 
60% using 3a); (2) the required amount of enzyme was 
reduced (200:1 w:w enzyme:2 using 3b versus 20:1 using 
3a; and (3) consumption of acyl component was minimized 
(3.3:1 molar ratio of 3b:2 versus 6:1 3a:2). 

The 4-nitrobenzyl ester 3b also provides an advantage 
over the ethyl ester 3a in that the UV absorption of HONb 

(25) Schellenberger, V.; Gdrner, A.; Kdnnecke, A.; Jakubke, H.-D. 
Protease-Catalyzed Peptide Synthesis: Prevention of Side Reactions in 
Kinetically Controlled Reactions. Peptide Res. 1991, 4, 266-269. 
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Figure 3. Comparison of semisynthetic [desNH2Tyr1,D-Ala2,Ala16]-GRF(l-29)-NH2 (4) (upper panels) to a SPPS standard (lower 
panels) by (a) analytical HPLC, (b) CZE, and (c) HPLC tryptic mapping. HPLC was performed on a Waters MBondapak Ci8 column 
(0.4 X 30 cm): eluants, (A) 0.025% TFA and (B) 0.025% TFA/CH3CN; flow rate, 1.5 mL min"1; gradients, (a) 0 to 43% B in 20 min 
and (c) 0 to 28% B in 30 min. See Experimental Section for CZE conditions and tryptic digest conditions. 

alcohol (11) provides a convenient way of monitoring the 
molar quantities of the reactants and products by HPLC 
(see Experimental Section for details). 

A simple extrapolation of the data in Figure 4a suggests 
that if 2 can be converted to 4 in 90 % yield in 30 min using 
a substrate to enzyme ratio (S:E) of 200:1 then one should, 
for instance, be able to obtain the same result in 150 min 
at 1000:1 S:E. Although this type of extrapolation is correct 
in principle, it is necessary to confirm it experimentally 
since enzymes are sometimes inactivated to a significant 
extent, either reversibly or irreversibly, when used at low 
concentrations. Indeed, we have thus far been unable to 
increase the S:E for this coupling beyond 200:1. For 
example, when couplings that were otherwise identical to 
the coupling in Figure 4 were initiated at 500:1 and 1000:1 
S:E product was generated at the predicted rates but 
synthesis ceased rather abruptly at about 45% and 30% 
conversion of 2 to 4. There are numerous possible reasons 
for the inactivation of the catalyst in these reaction 
mixtures at lower enzyme concentrations, including a slow 
exponential denaturation of the enzyme, product inhibi­
tion, or possibly some type of turn-over-dependent loss of 
activity. 

Conclusions 
Both steps of the semisynthesis in eq 3 have been 

accomplished on the milligram scale with good yields and 
the final product 4 was shown to be chemically and 
biologically equivalent to the chemically synthesized 
peptide. The first step, C-terminal amidation of the 
precursor 1 via CPD-Y-catalyzed transpeptidation,16 is a 
relatively good process in terms of yield and efficiency of 
the enzyme. The main shortcoming of this step at present 
is the low solubility of the precursor in the 1 M H-Arg-
NH2, which requires the use of large amounts of H-Arg-

NH2. The second stage, introduction of desNH2Tyr-D-
AIa at the N-terminus via the V8 protease-catalyzed 
condensation of 2 and 3b, was also achieved in high yield. 
Although this step could be further improved by decreasing 
the amount of enzyme required, the catalytic efficiency 
achieved for the Asp-bearing substrate 3b is remarkably 
good considering that the primary specificity of the V8 
protease is for Glu-bearing substrates. 

We have also made a number of observations about the 
problems encountered in protease-catalyzed semisynthesis 
with intermediate-length peptide substrates as opposed 
to the more widely studied amino acid and model peptide 
substrates. The low solubility of the peptides in the 
reaction medium and competing proteolyses at sites distant 
from the site of coupling are the main problems that require 
further study. 

A major finding in this study is that the 4-nitrobenzyl 
ester, desNHjTyr-D-Ala-Asp(OH)-ONb proved to be a very 
advantageous substrate for the V8 protease in this 
semisynthesis. It suggests that the approach of Schel-
lenberger and co-workers,25 i.e. finding and employing an 
acyl ester of very high specificity (fecat/̂ m), may have broad 
implications for the technique of protease-catalyzed 
kinetically-controlled peptide synthesis in general. The 
present semisynthesis illustrates this principle. The V8 
protease was originally chosen for this semisynthesis 
because its stringent primary specificity for Glu(Asp) 
would permit a reasonably successful segment conden­
sation since only a single internal peptide bond at Asp26-
He26 in the GRF peptide substrate might be affected. 
However, this potential drawback was found to be un­
founded from the results obtained in this semisynthesis 
using the 4-nitrobenzyl ester 3b. If the specificity of the 
enzyme for the acyl donor can be raised several orders of 
magnitude higher than its specificity for any of the internal 
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Figure 4. V8 protease-catalyzed condensation of [AIa16I-GRF-
(4-29)-NH2 (2) (16.0 mg mL"1,4.32 mM) and desNH2Tyr-D-Ala-
Asp(0H)-0Nb (3b) (7.03 mg mL"1,14.4 mM) in 15% DMF (25 
mM Na3PO4ZH3PO4, pH 8.1, 37 0C, 0.08 mg mL"1 enzyme) to 
produce [desNH2Tyr1^-Ala!!^la16]-GRF(l-29)-NH2 (4): (a) time 
course showing the fate of the amino component 2 (i.e. mole % 
= [n]/[2]0); (b) HPLC of the reaction mixture at the indicated 
times. The numerical labels correspond to those in the synthetic 
scheme (eq 3) and desNH2Tyr-D-Ala-Asp-OH (3c), HONb (U). 
See Figure 3 for HPLC column and conditions (gradient, 10 to 
40% B in 10 min). 

peptide cleavage sites by use of an appropriate ester leaving 
group, coupling can proceed cleanly and in high yield, 
with high catalytic efficiency, even if the substrate contains 
multiple competing proteolytic cleavage sites. These 
studies demonstrate that the use of the V8 protease with 
a peptide fragment possessing a C-terminal 4-nitrobenzyl 
ester offers important opportunities for coupling large 
peptide segments. 

We are currently conducting experiments to determine 
the catalytic constants (kat and Km) of the V8 protease 
for a series of desNH2Tyr-D-Ala-Asp(OH)-OR esters in 
order to arrive at a better understanding of how the ester 
leaving group R influences the kinetics of this segment 
condensation. 

Experimental Section 
Protected amino acids were purchased from Bachem Inc. 

(Torrance, CA) and other reagents and solvents were of the highest 
available commercial purity. All pH values were measured with 
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a glass electrode. Mass spectra were recorded in the fast atom 
bombardment (FAB) mode. Amino acid analyses (AAA) were 
performed on a Beckman Model 121M Amino Acid Analyzer. 
Peptides were hydrolyzed for AAA in 6 N HCl, 1 % thioglycolic 
acid, for 24 h at HO 0C. Tryptic digests containing 1.0 mg mL'1 

peptide and 0.1 mg mL"1 bovine trypsin (TPCK-treated, 209 U 
mg"1, Millipore Corp., Freehold, NJ) in 0.5 M NH4HCO3 (pH 
8.0) were allowed to stand at room temperature for 20 h, acidified 
with dilute TFA and then applied to the HPLC column. 

Analytical HPLC was carried out on a Laboratory Data Control 
Constametric HG equipped with a Gradient Master and Spec-
tromonitor III UV variable wavelength detector. Preparative 
HPLC was carried out on a Waters Delta Prep 3000 with a Waters 
484 tunable absorbance detector. Capillary zone electrophoresis 
(CZE) was performed on a Spectra PHORESIS 1000 instrument 
(Spectra Physics, San Jose, CA) equipped with a fast-scanning 
variable-wavelength UV-vis detector. A fused-silica capillary 
with polyimide outer coating (95 cm X 50 jttm Ld.) was used. 
Sample injection was by electromigration at 15 kV for 2 s and 
separation was performed at a constant 25 kV (263 V cm'1), 25 
0C, in 0.12 M Na2HPO4ZH3PO4 buffer, pH 2.5. 

The peptides, [Ala16^]-GRF(4-29)-OH (1), [Ala16]-GRF(4-
29)-NH2 (2), and [desNH2Tyr1,D-Ala!!,Ala15]-GRF(l-29)-NH2 (4) 
were prepared by solid-phase peptide synthesis (SPPS) as 
previously described.11 These peptides were characterized by 
analytical HPLC, amino acid analysis, and FAB-MS. 

V8 protease (EC 3.4.21.19) was obtained from Sigma Chemical 
Co. (protease from the V8 strain of Staphylococcus aureus, type 
XVII-B) and had a specific activity of 770 U mg-1 (IU = amount 
of enzyme that hydrolyzes 1 vaaol min"1 Boc-Glu-aOPh at pH 
7.8, 37 0C). Carboxypeptidase Y (CPD-Y, EC 3.4.16.1) was a 
generous gift from Carlbiotech Limited AZS, Copenhagen. 

In vitro bioaasays14-26 measured growth hormone release in 
cultured rat anterior pituitary cells. Potencies are relative to 
GRF(l-44)-NH2 (relative potency = 1.00). 

desNH2Tyr-D-Ala-Asp(OH)-OEt (3a). H-Asp(OH)-OEt 
was prepared via ethanolysis of the cyclic anhydride of Asp as 
described.27 A mixture of H-Asp(OH)-OEt (1.00 g, 6.2 mmol) in 
10 mL of water and Boc-D-AIa-OSu (1.95 g, 6.8 mmol) in 10 mL 
of ethylene glycol dimethyl ether was stirred at 25 0C for 1.5 h 
and at 4 0C overnight. The reaction mixture was acidified to pH 
3.5 with solid citric acid and evaporated to dryness and the residue 
taken up in water (100 mL) and lyophilized. The resulting Boc-
D-Ala-Asp(OH)-OEt was treated with 50 % TFAZCH2Cl2 (60 mL) 
for 20 min at 25 0C, evaporated to dryness, and twice taken up 
in CH2Cl2 (60 mL) and evaporated. The residue was dissolved 
in water (50 mL), solid NaHCO3 added to pH 7.4, followed by 
desNH2Tyr-OSu (1.95 g, 7.4 mmol) in ethylene glycol dimethyl 
ether (100 mL), and the mixture was stirred at 4 0C overnight 

The reaction mixture was evaporated, dissolved in 10% CH3-
CN, acidified with TFA to pH 2.5, and filtered (0.45 urn). The 
crude product was purified by HPLC [YMC Phenyl column (2.2 
X 30 cm)]: eluants, (A) 0.025% TFA and (B) 0.025% TFAZ 
CH3CN; gradient, 0 to 35 % B in 90 min; flow rate, 15 mL min-1; 
detection, 210 nm. Product containing fractions were pooled 
and lyophilized to give 1.25 g (53%) of 3a. AAA: Asp 1.00 (1), 
Ala 0.99 (1). FAB-MS: (M + H)+ calcd 381.4, found 381.3.1H 
NMR (DMSO-de): «1.15 (m, 6 H), 2.34 (t, J = 7.9 Hz, 2 H), 2.65 
(t, J = 7.9 Hz, 2 H), 4.04 (qd, J = 7.1 Hz, 2 H), 4.29 (q, J = 7.4 
Hz, 1 H), 4.47 (qd, J = 6.5 Hz, 1 H), 6.64 (d, J - 8.4 Hz, 2 H), 
6.97 (d, J = 8.4 Hz, 2 H), 8.05 (d, J = 7.6 Hz, 1 H), 8.34 (d, J = 
7.6 Hz, 1 H). 

desNH2Tyr-D-Ala-Asp(OH)-ONb (3b). Z-Asp(OBu')-OH-
H2O (21.3 g, 62 mmol), 1-hydroxybenzotriazole-water (10.5 g, 78 
mmol), and 1,3-dicyclohexylcarbodiimide (13.0 g, 63 mmol) were 
dissolved in 75:25 (v:v) CH2Cl2ZDMF and the mixture stirred at 
25 0C for 2 h. After the urea was removed by filtration, 
4-nitrobenzyl alcohol (19.1 g, 125 mmol) and 4-(dimethylamino)-

(26) Brazeau, P.; Ling, N.; Bdhlen, P.; Each, F.; Ying, S.; Guillemin, 
R. Growth Hormone Releasing Factor, Somatocrinin, Releases Pituitary 
Growth Hormone In Vitro. Proc. Natl. Acad. Sci. UJ3.A. 1982,79,7909-
7913. 

(27) Kovacs, J.; Kovacs, H. N.; Ballina, R. Glutamic and Aspartic 
Anhydrides. Rearrangement of N-Carbozyglutamic 1,6-Anhydride to the 
Leuchs' Anhydride and Conversion of the Latter to Pryoglutamic Acid. 
J. Am. Chem. Soc. 1963, 86,1839-1844. 
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pyridine (0.77 g, 6.3 mmol) were added and the reaction mixture 
stirred at 25 0C for 3 h. After adding N,N-diisopropylethylamine 
(10.9 mL, 63 mmol), the reaction mixture was evaporated to a 
thick syrup. The crude Z-Asp(OBu()-ONb was deprotected in 
33% HBr/CHaCOOH and the hydrobromide salt neutralized as 
described88 to yield 8.4 g (50%) of crude H-Asp(OH)-ONb. The 
crude H-Asp(OH)-ONb (1.0 g) was coupled to Boc-D-Ala-OSu 
followed by desNHsTyr-OSu as described above for the prep­
aration of desNH2Tyr-r>Ala-Asp(OH)-OEt. 

The resulting 3b was purified by HPLC [YMC ODS Basic 
column (4.7 X 30 cm)]: eluants, (A) 0.1% TFA and (B) 0.1% 
TFA/CH3CN; gradient, 5 to 45% B in 60 min; flow rate, 50 mL 
min-1; detection, 210 nm. Product-containing fractions were 
pooled and lyophilized to give 0.37 g (19%) of 3b. FAB-MS: (M 
+ H)+calcd 488.5, found 488.1. 1HNMR(DMSO-Cf6): S 1.14 (d, 
J - 6.8 Hz, 3 H), 2.34 (m, 2 H), 2.67 (m, 3 H), 2.80 (m, 1 H), 4.33 
(q, J = 6.8 Hz, 2 H), 4.70 (qd, J = 6.4 Hz, 2 H), 5.28 (s, 2 H), 6.64 
(d, J - 8.0 Hz, 2 H), 6.96 (d, J - 8.0 Hz, 2 H), 7.63 (d, J = 8.0 
Hz, 2 H), 7.93 (d, J - 7.6 Hz, 1 H), 8.23 (d, J = 8.0 Hz, 2 H), 8.43 
(d, J - 7.6 Hz, 1 H). 

CPD-Y-Catalyzed Semisynthesis of [Ala"]-GRF(4-29)-
NH2 (2). The method of Breddam and co-workers16 was used 
as follows: A solution of 5.93 M H-Arg-NH2-2HC1 and 1.6 mM 
EDTA (600 ML) was slowly added to a solution of 1-5TFA (50.0 
mg, 14.3 /tmol) in 2.00 mL of water at 45 0C. After equilibrating 
to 37 0C, the above mixture was titrated to pH 8.0 with 3 M 
NaOH (475 juL) and then diluted to 3.78 mL. The reaction was 
started by adding 24.4ML of aqueous CPD-Y (20.5 mg mL'1) and 
maintained at 37 0C. The progress of the reaction was monitored 
by quenching 1-ML aliquots in 200-ML portions of 0.1 % TFA and 
analyzing by HPLC [Vydac 218TP1022 C18 column (0.46 X 25 
cm)]: eluants, (A) 0.025% TFA and (B) 0.025% TFA/CH3CN; 
gradient, 38 to 44 % B in 10 min; flow rate, 1.5 mL min'1; detection, 
206 nm. 

The reaction was stopped at the 70-min mark by adding glacial 
acetic acid (1.0 mL) and purified by HPLC [YMC ODS-Basic 
(4.7X30cm)]: eluants,(A)0.1%TFAand(B)0.1% TFA/CH3CN; 
gradient, 20 to 50 % B in 90 min; flow rate, 50 mL min'1; detection, 
210 nm. Product-containing fractions were pooled and lyoph­
ilized to give 33.0 mg (62 %) of 2-6TFA. AAA: Asx 2.0 (2), Thr 
1.0 (1), Ser 2.7 (3), GIx 2.0 (2), Ala 2.9 (3), VaI 0.8 (1), Met 1.0 
(1), De 1.8 (2), Leu 4.1 (4), Tyr 1.0 (1), Phe 1.0 (1), Lys 2.2 (2), 
Arg 3.4 (3). FAB-MS: (M + H)+ calcd 3023.6, found 3023.8. 

pH Dependence of the CPD-Y-Catalyzed Transpeptida-
tion. H-Arg-NH2-2HC1 (0.374 g, 1.53 mmol) was dissolved in 
0.42 mL of 0.7 M NaOH, 1 mM EDTA. Five 80-ML portions of 
the above H-Arg-NH2 stock solution were titrated to the desired 
pH with 3 M NaOH and then diluted to 153 ̂ L each. The reaction 
mixtures were prepared by mixing 15-ML portions of each of the 
five 1.8M H-Arg-NHj solutions with 10 nL of 40 mg mL'11-5TFA 
and 5 iiL of 0.16 mg mL'1 CPD-Y at 37 0C. The pH values were 
remeasured (pH 6.73, 7.02,7.72,8.20) and the progress of each 
reaction mixture at 37 0C was monitored by HPLC as described 
above. 

V8 Proteaae-Catalyzed Segment Condensation of 3a and 
2 To Form [desNH2Tyr1

fD-Ala2,Ala1»]-GRF(l-29)-NHj (4). 
The ester 3a (8.1 mg, 21.3 Mmol) was suspended in 100 nL of 
water and dissolved by titrating at pH 8.5 with 1M Tris base (70 
ML), and the solution was diluted to a final volume of 350 ML. The 
above solution of 3a (252 ML, 15.3 Mmol) was added to a solution 
of 2-6TFA (9.5 mg, 2.6 Mmol) in 72 ML of DMSO. After the above 

(28) Schroder, E.; Klieger, B. N-Substituierte Derivate des Asparagins 
und des Asparaginsaure-0-tert.-butylesters. Liebigs Ann. Chem. 1964, 
673, 208-220. 
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mixture was equilibrated to 37 0C, the reaction was initiated by 
adding 36 nL of aqueous V8 protease (5.30 mg mL'1,147 U) and 
maintained at 37 0C. The progress of the reaction was monitored 
by quenching 1-ML aliquots in 200-ML portions of 0.1% TFA and 
analyzing by HPLC [Waters MBondapak Ci8 column (0.4 X 30 
cm)]: eluants, (A) 0.025% TFA and (B) 0.025% TFA/CH3CN; 
gradient, 10 to 42 % B in 15 min; flow rate, 1.5 mL min'1; detection, 
206 nm. 

The reaction was stopped at the 3.3-h mark by adding glacial 
acetic acid (250 ML) and purified by HPLC [Vydac 218TP1022 
column (2.2 x 25 cm)]: eluants, (A) 0.1% TFA and (B) 0.1% 
TFA/CH3CN; gradient, 20 to 40% B in 60 min; flow rate, 25 mL 
min'1; detection, 210 nm. Product-containing fractions were 
pooled and lyophilized to give 5.0 mg (49%) of 4-5TFA. AAA: 
Asx 3.4 (3), Thr 1.0 (1), Ser 2.7 (3), GIx 2.2 (2), Ala 4.0 (4), VaI 
0.9 (1), Met 0.9 (1), lie 1.9 (2), Leu 4.0 (4), Tyr 1.1 (1), Phe 1.1 
(1), Lys 1.9 (2), Arg 3.3 (3). FAB-MS: (M + H)+ calcd 3357.9, 
found 3358.1. Relative potency: semisynthetic 4.33 ±0.35, SPPS 
standard 4.70 ± 0.45. 

V8 Protease-Catalyzed Segment Condensation of 3b and 
2 To Form 4. The ester 3b (2.23 mg, 4.57 Mmol) was dissolved 
in 23.8 ML DMF, followed by 7.5 ML of 0.5 M Na3PO4 and 121 
iiL of water. The segment 2 (4.00 mg, 1.08 Mmol) was dissolved 
in 18.8 ML of DMF, followed by 120 ML of the above 3b solution, 
titrated to pH 8.0 with 6.5 ML of Na3PO4, and diluted to 240 ML 
with water. The reaction was initiated by equilibrating the above 
2-3b mixture at 37 0C and adding 10 ML of 2.0 mg mL'1 V8 
protease and monitored by HPLC as described above (gradient, 
10-40% B in 10 min). 

A second reaction mixture containing no enzyme, but otherwise 
identical to the above reaction mixture, was prepared and kept 
at 37 0C for 12 h. Only a slow hydrolysis of 3b to give equimolar 
3c and 11 was observed (ti/2 = 55 h). Thus, in the absence of 
enzyme, 3b did not undergo any detectable aminolysis by the 
various amino groups in 2. 

Calculations. For the CPD-Y-catalyzed transpeptidations, 
molar quantities of 1,2, and 5 (Figure 1) were taken as proportional 
to the areas under the respective HPLC peaks (An) monitored 
at 206 nm divided by the number of peptide bonds (i.e. the 
absorbance at 206 nm is taken as proportional to the number of 
peptide bonds): [1] = 1I]0AiZ[A1 + At + (25/24)A,]; [2] = [I]0Ai/ 
[A, + At + (25/24)A,]; [5] - [ I] 0-[I] - [2]. Molar quantities 
for the peptides arising from the amino component 2 in the V8 
protease-catalyzed couplings of 2 to 3a (Figure 2) and 2 to 3b 
(Figure 4a) were estimated in a similar fashion: [4] = [2J0A4Z[A4 
+ (28/25)At + AMt product,], etc. 

The UV absorption of HONb at 206 nm provides a means of 
determining the concentrations of all species in the case of the 
segment condensation of 3b and 2 (Figure 4b) as follows: Upon 
complete hydrolysis of a sample of 3b, the HPLC peak corre­
sponding to 3b disappears and is replaced by peaks corresponding 
to 3c and 11 with a ratio of areas of 1.10 (AuIAn = 1.10) and a 
combined area (Aj0 + Au) approximately equal to the area of 
original 3b peak. Thus, for example: [4] = [3b]o(1.10An-Ajc)/ 
[1.10Au + (1.10/2.10)A»b]; [3c] = [Sb]0A36Z[LlOAn + (1.10/2.10)-
A3b]; [3b] = [3b]0 - [4] - [3c]; [2] = [2]0 - [4]. 
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