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a-Chymotrypsin [EC 3.4.21.1] catalyzed the syntheses of peptide bonds with various N-
acylated amino acids or peptides having aromatic or hydrophobic amino acid residues at the
C-terminal position as carboxyl components, and amino acid derivatives, peptides or their
derivatives as amine components. A neutral pH was most efficient and quite high con-
centrations of @-chymotrypsin and starting materials were required for synthesis. For amine
components, hydrophobic or bulky amino acid residues were useful at the N-terminal posi-
tion. Stereospecificity was also observed at the N-terminal position of amine components.
Peptide synthesis was not usually seen when the products were soluble in the reaction mix-
ture. This could be partly overcome by increasing the concentration of either the carboxyl or

the amine component to more than ten times that of the other.

Proteases are well-known as enzymes which can
split peptide bonds in proteins or polypeptides.
The reverse reaction, i.e., peptide bond synthesis,
can also be catalyzed by the same enzyme, as was
first demonstrated by Bergmann and Fraenkel-
Conrat (J) in 1937 with papain [EC 3.4.22.2}-
catalyzed amide (anilide) bond synthesis. Since
then, many reports have appeared on the reverse
reaction of proteases, for instance, in the asym-
metric synthesis of a series of anilides (2—), trans-

P-Ar-OH+H-Gly-Ar-NH, — P-Ar-Gly-Ar-NH,
Cbz-Ar-OH+H-Gly-OCH, (or H-Ala-OCH,) —— Cbz-Ar-Gly-OCH, (or Cbz-Ar-Ala-OCH,)

P, a-amino blocking group;

In a previous paper (/9), we showed that
a-chymotrypsin is a potent catalyst for peptide
synthesis using N-acylated amino acid or peptide
ester substrates (the carboxyl terminal position of
peptide substrates being occupied by an aromatic
or hydrophobic amino acid residue) as carboxyl
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Ar, aromatic amino acid residue.

amidation (5), transpeptidation (6-17), synthesis
of peptides (/2-20), polymerization of dipeptides
(21) or plastein formation (22-24).

As regards peptide synthesis by chymotrypsin
[EC 3.4.21.1), in 1938 Bergmann and Fruton (/2)
synthesized Bz-Tyr-Gly-NHC,H; from Bz-Tyr-OH
and Gly-NHC,H;, and a kinetic study was done
in 1961 by Gawron et al. (25). Recently, Saltman
et al. (17, 18) have shown that a-chymotrypsin
catalyzes the coupling step of the following scheme.

components and amino acid derivatives or pep-
tides or their derivatives as amine components.
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peptides by a-chymotrypsin using N-acylated
amino acids or peptides as carboxyl components
for comparison with the above ester method.
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MATERIALS AND METHODS

Enzyme—qa-Chymotrypsin (recrystallized three
times; Worthington Biochemical Corp., Freehold,
N.J.,, US.A) was used without further purifi-
cation.

Amino Acid Derivatives, Peptides, or Their
Derivatives—Cbz-Phe-OH, Cbz-Tyr-OH, Cbz-Gly-
Phe-OH, Cbz-Gly-Pro-Leu-OH, Leu-NH,-HCI,
Leu-Gly, Leu-Gly-Gly, Leu-OEt, and L-leucine
were supplied by the Protein Research Foundation,
Minoh, Osaka. Val-OBu:-HCl (19), Ala-NH,-
HCI (26), Val-NH,-HCl (26), Ile-NH,-HCI (26),
Gly-NH,-HCl (/9), pL-Leu-NH;-HCI (/9), p-Leu-
NH,-HCI (19), Pro-NH,-HCI (9), and Gly-Leu-
NH,-HCI (19) were prepared as described previ-
ously.

Enzymatic Synthesis of Peptides—The reaction
mixture (1 ml) contained 0.1 M carboxyl compo-
nent, 0.1 M amine component, 0.2 mM a-chymo-
trypsin, and 0.2 M Tris-maleate buffer, pH 7. The
reaction mixture was kept at 37°C for 20h. To
stop the reaction, 0.5 ml of 1 M HCIl and 2 ml of
ethanol were added. If necessary, more ethanol
was added to dissolve the precipitate (products)
completely. Except where otherwise specified,
the product yield was determined by the TLC
method, as follows. The carboxyl component
and its product in the reaction mixture were
separated by TLC in various solvents: a mixture
of chloroform and acetic acid (I, 3:1; IT, 4 : 1;
o1, 6 : 1; 1V, 9 :1; V, 19 : 1; all v/v), and a mix-
ture of chloroform, methanol, and acetic acid (VI,
80 :20:3; VII, 90:10:3). After spraying with
conc. H,SO,, the plate was heated at 200°C for
10-30 min. The color intensities of the spots
corresponding to the starting carboxyl component
and its product were determined using a dual-
wavelength TLC scanner (A,qs—A40), model CS-
900, manufactured by Shimadzu Co, Kyoto. The
product yield was determined by calculating the
ratio against the total intensities of the spots of
N-acylated materials.

The yield of Cbz-Phe-Leu-NH, was also
determined using an amino acid analyzer (Japan
Electron Optics Laboratory, model JLC-3). After
catalytic hydrogenolysis of the reaction mixture
in the presence of Pd-black, the mixture of
phenylalanine, Leu-NH, and Phe-Leu-NH, was
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separated on a column (0.8 x 15 cm) of chromosorv
#2611 resin using citrate buffer (Na concentration,
0.93 N) containing 109 ethyl alcohol, pH 6.3, at
55°C. The flow rate was 70 ml/h. The elution
time of phenylalanine, Leu-NH; and Phe-Leu-NH,
was 23, 71, and 144 min, respectively.

Identification—After the reaction mixture had
been concentrated in vacuo, the residue was dis-
solved in ethyl acetate, then successively washed
with 1 M HCI, water, 5% (w/v) NaHCO,, and water,
and dried on anhydrous Na,SO,. The product
was crystallized from suitable solvents after con-
centration of the ethyl acetate portion. The
purity was checked by TLC and identification was
carried out in the usual manner. The R, values
of products were calculated by using the carboxyl
components as controls (R, =1.0); roman numerals
show the solvent used for TLC as mentioned above.

Solubility Test—An excess amount of the
products was suspended in 50 ml of distilled water
in a 200 ml Erlenmeyer flask, and the suspension
was shaken for 20 h at 37°C. After discarding the
residue by filtration, a definite volume of the clear
supernatant was concentrated in vacuo, and hydro-
lyzed in 6 N HCI at 110°C for 20h. The amino
acid composition was quantitatively determined
using an amino acid analyzer.

RESULTS

Optimal Conditions for Peptide Synthesis—
The synthesis of Cbz-Phe-Leu-NH; from Cbz-Phe-
OH and an equimolar amount of Leu-NH, was
studied by TLC under various experimental con-
ditions. The low solubility of the product (6.5 X
10-¢ M) caused it to precipitate in the reaction
mixture. The results indicate that a neutral pH
range is suitable for synthesis (Fig. 1) and a long
reaction time (more than ten hours) is required
for its completion (Fig. 2), where the rate of
synthesis depends on the enzyme concentration.
Figure 3 and Table I indicate that the concentra-
tion of the starting materials should be higher than
0.05 M. Figure 3 further shows that more enzyme
is required with an increase in the concentration
of the starting materials; optimal enzyme concen-
trations are 0.05, 0.2, and 0.6 mM in reaction mix-
tures containing 0.05, 0.1, and 0.2M starting
materials, respectively. In the case of 0.3 or 0.4 M
starting materials, an enzyme concentration of more
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Fig. 1. Effect of pH on peptide synthesis. The
reaction muxture (I ml) contained 0.1 M Cbz-Phe-OH,
0.1 M Leu-NH,, 0.4 mM a-chymotrypsin, and 0.2 M Tris-
buffer at various pH values. The pH was determined
with a glass electrode. The reaction mixture was kept
at 37°C for 20 h.
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Fig. 2. Effect of reaction time on peptide synthesis.
The reaction mixture (1 ml) contained 0.1 M Cbz-Phe-
OH, 0.1 M Leu-NH,, and 0.2 M Tris-buffer, pH 7, and
was kept at 37°C. The enzyme concentrations were
0.1 mm (O), 0.2 mMm (@), and 0.4 mM (X).
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Fig. 3. Effect of the concentration of starting materials

on peptide synthesis. The reaction mixture (1 ml)
contained 0.2 m Tris-buffer, pH 7, and various concen-
trations of starting materials. The enzyme concentra-
tions were 0.05mM (O), 0.1 mM (@), 0.2mMm (A),
0.4mm (Aa), and 0.6 mM (x). The reaction was con-
tinued for 20 h at 37°C.

than 0.6 mM may be necessary to obtain maximum
synthesis.

The product yield was small with less than
10 mM starting materials. This was partly over-
come by increasing the concentration of either
component, as shown in Table I; the experiment
was performed using an amino acid analyzer to
determine the yield more precisely than by TLC.
A considerable yield was thus obtained even in a
reaction mixture containing 10 mM of either com-
ponent when the concentration of the other com-
ponent was 0.1 M; in this case the product pre-
cipitated in the reaction mixture.

Effect of the Kind of Amine Components—The
following experiment was undertaken to investigate
the effect of the amine component on the synthesis
using Cbz-Phe-OH as the carboxyl component.
Table IT indicates that a considerable yield was
obtained when Val-NH,, Ile-NH,, and Gly-Leu-
NH, were used as the amine component, as seen
with Leu-NH,, with the products precipitating in
the reaction mixture. The results of identification
are summarized in Table IIl. When pL-Leu-NH,
was used, a considerable yield of the corresponding
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TABLE 1. Effect of the concentration of either com- TABLE II. Effect of the kind of amine components
ponent on the synthesis of Cbz-Phe.-Leu-NH,. The on peptide synthesis. The reaction mixture (1 ml) con-
reaction mixture (1 ml) contained 0.2 mM a-chymo- tained 0.im Cbz-Phe-OH, 0.1M amine component,
trypsin and 0.2 M Tris-buffer, pH 7, and was kept at 0.2mMm a-chymotrypsin, and 0.2M Tris-buffer, pH 7,
37°C for 20 h. The concentrations of starting materials and was kept at 37°C for 20h.

are given in the table. The product yield was deter-

mined using an amino acid analyzer. Amine component Synthesis (04)
[Cbz-Phe-OH] [Leu-NH,] Yield L-Leucine 0
(mm) (mm) (VA) Leu-OEt <10
Val-OBut 10
P " > Leu-NH, 7
25 25 49 Gly-NH, <10
Ala-NH, 12
10 10 18 Val-NH, 70
5 5 8 Tle-NH, 75
100 50 88 Pro-NH, 0
100 25 85 DL-Leu-NH, 762
100 10 56 p-Leu-NH, 300
100 5 14 Leu-Gly 14
100 2 7 Gly-Leu-NH, 78
25 100 72 ¢ The reaction muxture contained 0.1 M Cbz-Phe-OH
10 100 45 and 0.22 M pL-Leu-NH,. The product was L-form, as
5 100 14 shown i1n Table III. ® The product was D-form, as

shown in Table 1II.

TABLE III. Identification of products.

Product Ry m.p. (°C) Elementary analysis
Cbz-Phe-Ala-NH, 0.60 (IV) 211-213 Calc. 65.03 6.28 11.37
Found 65.20 6.32 11.19
Cbz-Phe-Val-NH, 0.68 (I) 243-245 Calc. 66.48 6.85 10. 57
Found 66. 18 6.81 10. 66
Cbz-Phe-lle-NH, 0.78 (1) 226.5-221.5 Calc. 67.13 7.1 10.21
Found 66. 87 7.06 10. 38
Cbz-Phe-Leu-NH,» 0.68 (W) 192.5-193. 5 Calc. 67.13 7.11 10. 21
Found 67.09 6.83 10.23
Cbz-Phe-Leu-NH,b 0.68 (II) 194. 5-196 Calc. 67.13 7.11 10.21
Found 67.33 6.85 10 30
Cbz-Phe-D-Leu-NH, ¢ 0.79 (IV) 177-179 Calc. 67.13 7.11 10 21
Found 66.89 7.02 10.29
Cbz-Phe-Gly-Leu-NH, 0.33 (1) 212-214 Calc. 64.09 6.88 11.96
Found 63.52 6.61 11.74
Cbz-Gly-Phe-Leu-NH, 0.85 (VD) 211-213 Calc. 64.09 6.88 11.96
Found 64.38 6 88 11. 59
Cbz-Gly-Pro-Leu-Leu-NH, 0.69 (1) 199-201 Calc. 61.00 7.77 13. 17
Found 59.98 7.76 13.33

& Prepared with L-Leu-NH, as the amine component. [alp=—21.040.6° (1.007%4 in methanol). b Prepared
with pL-Leu-NH, as the amine component. [a]lp=—21.640.6° (1.048%; in methanol), ¢ Prepared with p-Leu-
NH; as the amine component. [alp=+46.0-£1.1° (0.784%7 in methanol).

J. Biochem.
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L-form was obtained as a precipitate, as shown in
Tables II and III. Nonetheless, Cbz-Phe-pD-Leu-
NH, was also synthesized when D-Leu-NH, was
used, although the yield was smaller than that of
the corresponding L-form (Tables IT and III).

The product yield was negligible when L-
leucine, Leu-OEt, Val-OBut, Gly-NH,, Ala-NH,,
Pro-NH, or Leu-Gly was used (Table II). Leu-
OEt might have been hydrolyzed to L-leucine by
the enzyme before being used as an amine com-
ponent. It is well-known that ester substrates
are extremely sensitive to a-chymotrypsin in
comparison with amide or peptide substrates.
The solubilities of Cbz-Phe-Gly-NH,, Cbz-Phe-
Ala-NH,, and Cbz-Phe-Leu-Gly were 1.1 x1073,
7.1X107%, and 4 x 107* M, respectively. Negligible
synthesis of these products might be partly due to
their high solubilities in the reaction mixture.

TABLE 1V. Effect of the concentration of amine
components on peptide synthesis. The concentrations
of amine components are shown in the table. The
other experimental conditions were as described 1n
Table II.

Concentration of
amine components

Synthesis (%)

(M) Ala-NH, Leu-Glyt
0.1 6 14
0.2 39 18
0.4 46 27
1.2 52
1.8 85

*+ R,, 04 (IV). Amno acid analysis of the hydrolysate
(6 M-HCI, 120°C, 20 h) confirmed its composition.

TABLE V. Effect of the kind of carboxyl components
on peptide synthesis. The experimental conditions were
as described in Table II.

Amine Synthesis
Carboxyl component component A)
Cbz-Tyr-OH Gly-Leu-NH, 558
Cbz-Gly-Phe-OH Leu-NH, 65b
Cbz-Gly-Pro-Leu-OH Leu-NH, 78

2 Ry, 0.58 (VII). b The reaction mixture was scaled up
to 10 ml. The precipitate was washed with 5%, NH;,
t M HCl, and water, successively. After drying, the
product was weighed to determine the yield directly.
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Next, the effect of the concentration of the
poor amine components was examined using 0.1 M
Cbz-Phe-OH as the carboxyl component. The
results, summarized in Table IV, indicate that a
considerable yield was obtained when more than
1M Ala-NH, or Leu-Gly was used as the amine
component, but not with L-leucine, Leu-OEt,
Gly-NH, or Pro-NH,. Cbz-Phe-Ala-NH, pre-
cipitated in the reaction mixture, while Cbz-Phe-
Leu-Gly dissolved in it.

Effect of the Kind of Carboxyl Components—
Cbz-Tyr-OH, Cbz-Gly-Phe-OH, and Cbz-Gly-Pro-
Leu-OH were used as the carboxyl component as
shown in Table V. Identification data are also
given in Table III. They were all useful, as in the
case of Cbz-Phe-OH. The synthesis of Cbz-Gly-
Phe-Leu-NH, was carried out on a 10-ml scale
to determine the yield directly.

DISCUSSION

In previous papers (/9, 20), we showed that N-
acylated ester substrates are useful as carboxyl
components for peptide synthesis by either a-
chymotrypsin or trypsin. The optimal results
were compared with those studied in this work,
as shown in Table VI. The comparison indicates
that a more alkaline pH is suitable and the reac-
tion is very fast with ester substrates, while a
neutral pH is useful and the reaction is slow in
the synthesis of this study. More interestingly,
ten or twenty times the amount of enzyme is
required for the present synthesis compared with
ester substrates. However, a high concentration
of starting materials is useful in both cases.

TABLE VI. Conditions for peptide synthesis.®
Carboxyl-component
.. Ac-Phe-OEt (/9)
Conditions Bz-Arg-OE! (20) Cbz-Phe-OH
Ch)_i_n;}?;srlyl?sm) (Chymotrypsin)

Opt. pH ca. 10 ca.7
[E] 0.01-0.02 mm 0.2-0.4 mm
Reaction time 2-5 min >10h
Concentration >0.1m >0.1mM

s L eu-NH, was used as the amine component.
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A similar result has been obtained by Saltman
et al. (I7) in the a-chymotrypsin-catalyzed syn-
thesis of P-Ar-Gly-Ar-NH,; as mentioned in the
introduction to this paper. They stressed that the
coupling reaction occurred under a much more
restricted set of conditions than the hydrolytic
reaction, e.g., only within a small pH range (ca.
6.5-7.5) and with particular buffering agents such
as carbonate buffer. However, the present study
indicates that Tris-buffer is also useful in the
coupling reaction. Isowa et al. (I14-16) have
further shown that various proteases such as papain,
nagarse, thermolysin, pepsin, efc. can be used in
various types of coupling reaction. The optimal
conditions for synthesis, except in the case of
pepsin, were very similar to those determined in
the present study using a-chymotrypsin. How-
ever, Saltman et al. (17, 18) and Isowa et al. (14—
16) did not give any information on the mechanism
of the synthetic reaction. On the other hand,
Gawron et al. (25) carried out a kinetic study on
the condensation of Bz-Tyr-Gly-NHC,H; from
Bz-Tyr-OH and Gly-NHC,H;, and proposed that
the synthetic process is the reverse of that of
a-chymotrypsin-catalyzed hydrolysis.

The mechanism of synthesis may be inter-
preted in terms of the following scheme, where
the acylation process has been proposed (27) on
the basis of incorporation of *O from water into
the carboxyl group of N-acylated amino acids in
the presence of chymotrypsin.

Cbz-Phe-OH+E — Cbz-Phe-OH-E —=

k,[H,0]
S Cbz-Phe-OH

Cbz-Phe-
F\—» Cbz-Phe-X

kdX]

It has been shown (28) that the rate-deter-
mining step is acylation (k,) in amide or peptide
bond hydrolysis. Since Cbz-Phe-OH possesses
a terminal charged group and is thus regarded
as a virtual substrate, the k, value may be much
smaller than those of amide or peptide substrates.
Thus, Cbz-Phe-E (acyl-enzyme) may not accu-
mulate in the reaction mixture, but may be im-
mediately consumed for the deacylation process.
Preferential synthesis may occur rather than hydro-
lysis, depending upon the nature of X (kJ[X]>
k3[H,0)); this was discussed in the previous paper

T. OKA and K. MORIHARA

(19). 1n the whole reaction, the rate of synthesis
must be determined by the slow step k,. This
may be why the synthesis takes much longer than
that using ester substrates.

To achieve successful synthesis, the rate of
the synthetic reaction must be faster than that of
secondary hydrolysis of the products. When the
products are soluble in the reaction mixture, the
rate of secondary hydrolysis may be markedly
faster than that of synthesis. For example, papain
has been found (29) to be over 1,000 times more
efficient in hydrolyzing Bz-Arg-NH, than in syn-
thesizing hippuryl anilide. The rate of synthesis
becomes faster than that of secondary hydrolysis
when the solubility of the products is very small
due to a lack of substrates in the soluble state.
Thus, the synthesis of Cbz-Phe-Leu-NH; is con-
siderable when the concentration of the starting
materials is above 25 mM, but is negligible when
the concentration is below 10 mM. Therefore, the
rate of synthesis may not exceed that of the sec-
ondary hydrolysis at 0.01 mm (solubility of Cbz-
Phe-Leu-NH,) until the concentration of the start-
ing materials is increased above 25 mM.

In the deacylation process, the k, values of
amine components are usually related to their
P,’-specificity (notation of Schechter and Berger,
30); this has also been observed in synthesis using
ester substrates (/9). Hydrophobic or bulky
amino acid residues are efficient and stereospeci-
ficity can be observed at this position. However,
D-Leu-NH, can also be used as an amine compo-
nent, although the rate of synthesis is so slow
that dissolution of bpL-Leu-NH; can be seen.
Even with inadequate amine components, e.g.
Ala-NH,, synthesis occurred when their concen-
tration was considerably increased over that of
the corresponding carboxyl component. This was
not observed with L-leucine, Leu-OEt, Gly-NH, or
Pro-NH, as the amine component.

When ester substrates are used as carboxyl
components, enzymatic synthesis is possible even
though the products are soluble in the reaction
mixture, since the rate of synthesis is much faster
than that of the secondary hydrolysis. This is
not usually the case in synthesis with C-terminal
free carboxyl components, as in this study. How-
ever, this problem was overcome by increasing
the concentration of amine components. For
example, Cbz-Phe-Leu-Gly (solubility, 4 x10-* M)

J. Biochem.
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was synthesized in considerable yield in the soluble
state from Cbz-Phe-OH (0.1 M) and Leu-Gly
(1.2mM). A high concentration of amine compo-
nents would not only increase the rate of the
deacylation process but would also inhibit the
secondary hydrolysis of the products. Immobilized
chymotrypsin was found (3/) to catalyze the
esterification of Ac-Tyr-OH in a medium containing
a high concentration of alcohols, which may be
useful for the synthesis of peptides in the soluble
state.

The present study indicates that enzymatic
synthesis of peptides is possible using C-terminal
free carboxyl components, although the conditions
are considerably different from those required for
ester substrates as carboxyl components.
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