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ABSTRACT: o:-Chymotrypsin (CT) was immobilized to poly(vinyl alcohol) (PVA) by adsorp
tion from its aqueous solutions. The catalytic activity of CT increased markedly by immobili
zation for peptide or ester synthesis from N-acetyl-L-tyrosine in hydrophilic organic solvents such 
as acetonitrile or ethanol. The yields of the peptide and ester are strongly dependent on the 
PVA/CT ratio and water content in the reaction medium. The rate and equilibrium constant of the 
ester formation reaction are also dependent on water content. These results are discussed in terms of 
the activation and stabilization of CT in hydrous PVA matrix. The studies on the substrate- and 
stereo-selectivity for the ester formation reactions suggest that CT maintains its native confor
mation in PVA matrix. The stability of PY A-immobilized CT is also described. 
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During the past decade, enzymatic reac
tions in organic solvents have been extensively 
studied to realize organic synthesis with high 
substrate- and stereoselectivity. However, in 
general, enzymes are liable to be deactivated 
by direct contact with organic solvents. In 
order to overcome this problem, biphasic re
action systems which consist of water and 
water-immiscible organic solvents have fre
quently been employed; examples are ester1 - ii 

or peptide12 -is synthesis by lipase or pro
teases. In these reaction systems, enzymes were 
solubilized in aqueous phase or immobilized 
on hydrophilic supports and therefore con
sidered to be protected from direct contact 
with organic solvents. 

Enzymatic reactions in aqueous solutions 
with water-miscible organic cosolvents have 
also been applied to ester or peptide synthesis, 

* To whom correspondence should be addressed. 

but reactions in high concentrations of such 
hydrophilic organic solvents have mostly been 
unsuccessful due to deactivation of the en
zymes.4·5·8·17·19-23 The enzymatic organic syn
thesis with a variety of substrates and at wide 
ranges of substrate concentration would be 
realized if the stability and activity of enzymes 
were maintained in hydrophilic organic sol
vents. For this purpose the ester synthesis 
by 1X-chymotrypsin (CT)-phosphate complexes 
in various solvents has been extensively 
studied. 24 - 26 Furthermore, a preliminary 
study on the peptide synthesis by CT immobi
lized to poly(vinyl alcohol) (PVA) was report
ed elsewhere.27 In the present article, the de
tails of peptide or ester synthesis catalyzed by 
PV A-immobilized CT in hydrophilic or
ganic solvents are described. The medium 
effects, especially the effects of the nature 
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of solvents, PV A/enzyme ratio, and water con
tent were investigated to determine optimum 
conditions for peptide or ester synthesis. 

EXPERIMENT AL 

Bovine pancreatic ix-chymotrypsin (CT) (EC 
3.4.21.1, activity 50 U mg- 1) was purchased 
from Sigma Chemical Co. N-Acetyl-L-tyrosine 
(Ac-Tyr-OH), glycinamide hydrochloride, L
alaninamide hydrobromide, L-valinamide hy
drochloride, and L-leucinamide hydrochloride 
were also from Sigma. Poly (vinyl alcohol) 
(PVA) (degree of polymerization 1500, degree 
of saponification 86~89%) was obtained from 
Wako Pure Chemical Ind., Ltd. Organic sol
vents of guaranteed grade or extra pure were 
obtained from Nakarai Chemical Co. and used 
without further purification. 

The standard reaction for peptide synthesis 
was carried out as follows: CT (10 mg) was 
thoroughly mixed with PV A powder (1.00 g), 
and then a certain amount of phosphate buffer 
solution (0.1 M, pH 6.8) was added to the 
mixture. After keeping the mixture standing 
for about I0min, Ac-Tyr-OH (50mg, 
0.22mmol) and Gly-NH2 (22mg, 0.20mmol) 
in acetonitrile (20 ml) were added. The mixture 
was incubated with constant reciprocal shak
ing (140 cycle per min) at 30°C for 24 h. After 
the reaction, an aliquot was taken from the 
reaction mixture and, if necessary, filtered with 
a polytetrafluoroethylene membrane filter. The 
amounts of the reaction components were 
determined with HPLC (Shimadzu LC-6A) 
using a Shimadzu Shim-pack CLC-ODS col
umn eluted with water-acetonitrile (50: 50 by 
volume). Acetanilide was used as the internal 
standard. 

The esterification of Ac-Tyr-OH in ethanol 
was carried out by a similar method to that 
described above, except that pure water was 
used instead of buffer solution to dissolve CT, 
and PV A was added to the CT solution. Flasks 
or vials with flat bottom are desirable for the 
formation of gellous PV A film containing CT. 
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The amounts of Ac-Tyr-OH and its ethyl ester 
Ac-Tyr-OEt were determined with an HPLC 
(JASCO Tri Rotar SR-1) using a JASCO 
Finepak SIL C18 column eluted with the same 
solvent as above. The initial reaction rate was 
calculated from the amount of Ac-Tyr-OEt 
formed after 30 min reaction. The equilibrium 
constant K for the ester formation was deter
mined from the amount of the reaction com
ponents after 5---6 days reaction. 

RESULTS AND DISCUSSION 

Peptide Synthesis from A c-Tyr-O Hand Amino 
Acid Amides 
When a phosphate buffer solution of CT 

was mixed with a solution of Ac-Tyr-OH and 
Gly-NH2 hydrochloride in an organic solvent, 
such as ethanol or acetonitrile, colorless pre
cipitates were formed which were considered 
complexes of CT and phosphate salts (CT
phosphate).25·26·28 In these mixtures, CT cata
lyzed the reaction of Ac-Tyr-OH with Gly
NH2 and the yields of Ac-Tyr-Gly-NH2 after 
24 h at 30°C are listed in Table I. Among the 
solvents used, ethanol gave the highest yield of 
the peptide. 

When a buffer solution was added to a 
mixture of CT and PVA and then the substrate 
solution was added, the resulting mixture con
sisted of a clear solution and a gellous PV A. A 
spectroscopic study revealed that less than 
10% of CT was dissolved in the liquid phase, 
and the change in the amount of CT in so
lution was negligible after 24 h incubation at 
30°C. These results indicate that most of CT 
was immobilized through non-covalent bind
ing to PVA matrix probably due to hydro
philic interaction between PVA and CT. Thus, 
in these organic solvents, in which PV A is 
insoluble, covalent binding29·30 or crosslink
ing31- 36 are not required to immobilize the 
enzyme to PV A. The results of the peptide 
synthesis by PV A-immobilized CT are also 
shown in Table I. In all the solvents used, 
especially in acetonitrile and tetrahydrofuran 
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Table I. Peptide synthesis from Ac-Tyr-OH and Gly
NH2 by CT-phosphate and PV A-immobilized CT' 

Yield of Ac-Tyr-Gly-NH2/% 
Solvent 

CT -Phosphate PVA-CT 

Ethanol 29 35 
Acetonitrile 17 43 
Acetone 16 24 
THF 13 39 
DMF 9 10 

' Ac-Tyr-OH 50mg, Gly-NH2 hydrochloride 22mg, CT 
IO mg, phosphate buffer (0.1 M, pH 6.8) I ml, solvent 
20 ml, 30°C, 24 h. Immobilization was done with I g of 
PVA. 

(THF), peptide yields are much higher than 
those for the reactions without PVA. It may be 
considered that in the PV A matrix, CT is 
hydrated enough to maintain its native confor
mation and catalytic activity. Since in ethanol 
the peptide formation is competitive with ester 
formation, the following studies were made 
using acetonitrile as a solvent in order to avoid 
complicated side reactions. 

Figure 1 shows plots of the yields of the 
peptide against water content. In these experi
ments, water content was changed by changing 
the amount of buffer solution in which CT was 
dissolved. The peptide yield exhibits strong 
dependency on water content both for CT
phosphate and PVA-immobilized CT. Under 
anhydrous conditions, peptide formation was 
totally inhibited, indicating that minimum 
amounts of water are essential for the acti
vation of CT. At higher concentrations of 
water, however, peptide yield decreases pro
bably due to the shift of equilibrium to hy
drolysis. The maximum yield of the peptide by 
PV A-immobilized CT was obtained at around 
7% water. At lower water content, the re
actions are too slow to reach equilibrium 
before 24 h, and the change in the peptide yield 
in Figure 1 is considered the consequence of 
change in the reaction rate with water content 
rather than change in the equilibrium 
constant. 

It was found that a PV A/CT ratio larger 
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Figure I. Effect of water content on chymotrypsin
catalyzed peptide synthesis. CT 10mg, Ac-Tyr-OH 
50mg, Gly-NH2 HCI 22mg, acetonitrile 20ml, 30°C, 
24h. I, PVA (I g)-immobilized CT; 2, CT-phosphate. 
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Figure 2. Effect of reaction temperature on peptide 
synthesis. CT 10mg, Ac-Tyr-OH 50mg, Gly-NH2 HCI 
22 mg, acetonitrile 20 ml, phosphate buffer 1.5 ml, 24 h. 
I, PV A ( I g)-immobilized CT; 2, CT-phosphate. 

than 10 was required to enhance the catalytic 
activity of CT. At lower PV A/CT ratios, a part 
of CT was suspended in the organic phase. The 
peptide yield increased with the PV A/CT ratio 
up to 200. 

The effect of the reaction temperature on the 
peptide yield is shown in Figure 2. The op
timum temperatures are 35 and 30°C for re
actions with and without PV A, respectively, 
and in the whole range of temperature studied 
PV A-immobilized CT gave higher yields of 
the peptide than PV A-free CT. Above 40°C, 
however, the peptide yield sharply decreased 
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for both the CTs, although 20% yield was 
obtained at 50°C by PV A-immobilized CT. 

Figure 3 shows plots of the peptide yields 
against the pH of the buffer solution. In the 
presence of a large excess of acetonitrile, the 
solution was considered not to be buffered, but 
a certain effect of salt composition in PV A 
matrix on the peptide formation was expected. 
Actually, however, the peptide yield by immo
bilized CT was scarcely affected by pH (Figure 
3). When pure water was used instead of the 
buffer solution, the peptide yield decreased 
markedly. At the present stage of the in
vestigation, these results cannot be fully ex
plained, but it is probable that a phosphate salt 
exhibits a certain influence on the reactivity of 
glycinamide, since, as will be mentioned later, 
contrary to a peptide synthesis, pure water is a 
good co-solvent for CT in the esterification of 
Ac-Tyr-OH by PVA-immobilized CT. 

The results of the reactions of Ac-Tyr-OH 
with several amine components are summa
rized in Table II. Only a slight increase in the 
peptide yield was demonstrated in going from 
glycinamide to leucinamide for the reactions 
by immobilized CT, whereas an opposite tend
ency was found for the reactions without 
PV A. Fersht et al. 37 evaluated the ratios of the 
rate constants in aqueous solutions for the 
attack of alaninamide and glycinamide to that 
of 55 M water on Ac-Tyr-chymotrypsin to be 
100 and 14, respectively. Although the present 
data in Table II are not kinetics but rather 
thermodynamical ones, the apparent selec
tivity of amine components in peptide for
mation in acetonitrile seems to be different 
from that in aqueous solutions. In the present 
reaction systems, substrate selectivity may be 
influenced not only by the molecular interac
tion of the substrate with CT but also by the 
partition of the substrate between organic 
phase and PV A matrix where CT is in
corporated. 

Ester Synthesis from Ac-Tyr-OH and Ethanol 

The esterification of Ac-Tyr-OH was in-
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Figure 3. Effect of pH on peptide synthesis. CT IO mg, 
Ac-Tyr-OH 50mg, Gly-NH2 HCI 22mg, acetonitrile 
20 ml, phosphate buffer 1.5 ml, 30°C, 24 h. I, PV A (I g)
immobilized CT; 2, CT-phosphate. 

Table II. Chymotrypsin-catalyzed synthesis of 
peptides from Ac-Tyr-OH and amino acid 

amides in acetonitriJe• 

Amino acid 
Yield of Ac-Tyr-A-NH2/% 

amide (A-NH2) 
CT-Phosphate PVA-CT 

Glycinamide 29 58 
L-Alaninamide 26 61 
L-Valinamide 25 62 
L-Leucinamide 23 65 

a Ac-Tyr-OH 50mg, equimolar A-NH2 to Ac-Tyr-OH, 
CT 10mg, phosphate buffer (0.1 M, pH 6.8) 1.5ml, 
acetonitrile 20 ml, 30°C, 24 h. Immobilization was 
done with I g of PV A. 

vestigated by PVA-immobilized CT in eth
anol. The plots of the initial reaction rate 
and the yield of the ester (Ac-Tyr-OEt) after 
24 h reaction against the ratio of PV A to CT 
are shown in Figure 4. Without PV A, the 
reaction was very slow and yield of the ester 
after 24 h was 21 %, but the reaction rate 
increased markedly by immobilizing CT to 
PV A. This suggests again that CT is activated 
by being incorporated into the PVA matrix 
containing a small amount of water. However, 
with increase in the PV A/CT ratio higher than 
10, the reaction rate decreased gradually. The 
ester yield increased at first sharply and then 
became almost independent of the ratio. In or-
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Figure 4. Effect of PV A/CT ratio on ester synthesis. 
CT 5 mg, Ac-Tyr-OH 22 mg, ethanol IO ml, water 
0.25 ml, 30°C. L,, reaction rate; O, ester yield after 24 h. 
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Figure 5. Effect of water content on ester synthesis. CT 
5mg, Ac-Tyr-OH 22mg, PVA 0.5 g, ethanol l0ml, 30ccc_ 

L,, reaction rate; O, ester yield after 24 h. 

der to explain these results, the effect of water 
concentration around CT must be taken into 
consideration. As Figure 5 shows, with a con
stant amount of PV A, the decrease in water 
content in the reaction mixture led to a de
crease in the reaction rate. Therefore, the 
above dependency of the reaction rate on 
PV A/CT ratio may be at least partly the 
consequence of change in water concentration 
around CT; PV A, which has strong interaction 
with water, is considered to copmetitively ad
sorbe water and therefore reduce water con
centration around CT. A close inspection of 
the reaction mixtures revealed that with large 
amounts of PV A a CT solution was adsorbed 
into only a part of the added PV A, and excess 
PV A seemed to incorporate neither water nor 
CT. This would lead to independency of the 
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Figure 6. Time course of ester formation reaction. CT 
5 mg, Ac-Tyr-OH 22 mg, PVA 0.5 g, ethanol IO ml, 30cc. 

Water content: 0, 0.125 ml; (), 0.25 ml; e, 0.5 ml. 
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Figure 7. Effect of PVA/CT ratio and water content 
on the equilibrium constant for ester formation. CT 
5 mg, Ac-Tyr-OH 22 mg, ethanol IO ml, 30cC: O, change 

in PVA--CT; L,, change in water content. 

reaction rate and ester yield from the amount 
of PV A at high PV A/CT ratios. 

The increase in the reaction rate with water 
content (Figure 5) may be attributed to the 
increase in the amount of hydrated CT, 
whereas the decrease in the ester yield at 
higher water contents is most probably due 
to the shift of equilibrium to hydrolysis. This 
situation is very similar to the esterification 
catalyzed by CT -phosphate salt com
plexes. 25 ,26 

The time course of the esterification is 
shown in Figure 6. It is apparent that at a 
water content higher than 2.4%, the reaction 
reaches equilibrium before 24 h. In Figure 
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7, the equilibrium constant K(K=[Ac-Try
OEt][H2O]/[Ac-Tyr-OH][EtOH]) is plotted 
against PV A/CT ratio and water content 
under the same conditions as in Figures 4 
and 5. Interestingly, K increased with water 
content, and decreased with PVA/CT ratio. 
The dependency of K on PV A/CT ratio may 
be the consequence of the change in water 
concentration around CT as mentioned 
above. These results suggest that change in 
specific interaction of water with the sub
strate or product may be at least partially 
responsible for the change in K with water 
concentration. 

In order to examine the stability of PV A
immobilized CT, consecutive reactions were 
carried out in which a constant amount (22 mg) 
of Ac-Tyr-OH was added every 24 h for 7 days 
to the reaction mixture containing 5 mg of CT 
immobilized to 0.5 g of PV A in ethanol (IO ml)
water (0.5 ml) at 30°C. The total yields of Ac
Tyr-OEt at every 24 h were close to the equi
librium yield; this indicates that PVA
immobilized CT maintaines most its initial 
catalytic activity for at least 7 days in the 
reaction mixture. 

Finally, reactions were carried out with N
acetyl-L- and N-acetyl-o-tryptophan as sub
strates; the former gave the corresponding 
ester in 84% yield, whereas the latter did not 
react at all. Furthermore, N-acetyl-L-alanine 
and N-acetyl-L-leucine failed to give the cor
responding esters under the same reaction 
conditions as for Ac-Tyr-OH. These results 
clearly indicate that in the present reaction 
system, CT has strict stereo- and substrate
selectivity and that CT-maintains its native 
conformation in the PV A matrix. 

In conclusion, CT can be immobilized into 
PV A matrix by a simple adsorption method, 
and the immobilized CT is a stable and ef
ficient catalyst for peptide or ester synthesis 
from Ac-Tyr-OH in hydrophilic organic sol
vents. No covalent binding of CT to PVA is 
required, and this may be an easy and versatile 
method for the immobilization of enzymes in 
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organic solvents. For peptide or ester syn
thesis, water content was found to be a pri
mary factor to influence the reaction rate and 
product yields. The ratio of PV A to CT was 
also an important factor for controling the 
reaction, probably through change in water 
concentration around CT. 
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