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Abstract - Optimal conditions were found for enzymatic synthe- 
sis of the dlpeptide, N-acetyl-L-tryptophanyl-L-leucine amide 
in the biphaeic Bystem water - ethyl acetate. The synthesis 
was carried out using both free and iramobilizedo<-chymotryp- 
ain. Optimization was performed by such parameters aa the "or- 
ganic phase/aqueous phase" volume ratio, the pH of aqueous 
phase, and the concentration of starting reactants. Under most 
favourable conditions the dipeptide was synthesized on the 
preparative Bcale 
zation (adsorotion 
enzyme practiklly 
tedly. 

in ca. 100% yield. AB a reeult of inznobili- 
on the Sorsilen terephtalate support) the 
did not inactivate and may be used repea- 

INTRODUCTION 

Application of enzymes in fine organic synthesis appears very promising and 

in acme inetances ;B highly advantageoue oompared to conventional methods of che- 

mical syntheBis.'-b In particular, certain progreBs3y,;een achieved in applying 

enzymes for the syntheeis of peptidee, see reviews. ’ - 

Unfortunately, a broader application of enzymes in preparative organic syn- 

thesis is somewhat limited because of the fact that enzymes retain their cataly- 

tic properties only in a rather narrow range of conditionls, viz. in aqueous eolu- 

tions at pH close to neutral and at moderate temperatures. This hinders the enzy- 

matic synthesis of compounds for which the thexmodynemlc equilibrium in aqueous 

solution ia shifted in the unfavourable direction. Typical examplea of Buch pro- 

ceseea are syntheses of eaters and peptides, polymerization of eugars, dehydra- 

tion reactions, etc. 

This variance could be successfully settled by using biphaaic reaction media 

of the type %ater - wetercimmleclble organic 801ventt' proposed to shift chemical 
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equillbrla.15’16 The thezmo$ns$cs of the biphasic method has been analyzed in 

detail by our Moscow group. ’ There ar; ~5fe$ reviews on enzymatlo syntheses 
carried out using the blphaslo technique. * - 

sized under mild oonditlons In a high yleld.25-2S 
Some peptldee have been synthe- 
Among the proteaees used for 

peptide synthesis 80 far, oarboxypeptidase Y from yeast haa been a subject of 

speoial interest. 28-30 The biphaslc method has undoubtedly started a novel sta- 
ge3’ in the development of synthesis of peptides. 

Reoently, the p;;s~0&lllty of lO& yield in the biphasio enzymatic reaction 

has been questioned. @ We believe that this aim la well attainable if the con- 

ditions of synthesis are optimized. So far this problem had been settled only 

for the enz 

;;;;;, PH,~ 

tio synthesis of amino acid esters where the nature of organic sol- 

reagent (aloohol) ooncentratlon, 35 and some parameters of blooata- 
were varied. The present work endeavours to optimize the peptide synthe- 

sis. As an example 27 we have choeen the reaotionr 

N-Au-L-Trp + L-LeuWH2 @N-Ao-L-Trp-bLeuI?H2 + H20 (1) 
catalyzed by oc-ohymotrypsin in the biphaaic system water - ethyl acetate. We 

varied the @‘organic phase/aqueous phase” volume ratio, the pH value of aqueous 
phase, and the concentrations of starting reactants. The experlments were car- 

ried out using both free and immobilized enzyme. 

RESULTS AND DISCUSSIOW 

Kinetics of the produot formation and atability of ti-chymotrgpein under the 

reaction conditions. For free M-ohymotrypsin at a conoentration in the aqueous 
phase of 20 m&l, the dipeptide synthesis reached equilibrium only in 6-7 days. 

Fig. 1 shows, as an example, the kinetic curves l-3 for product accumulation (1) 

at various values of pH. The broken lines show the concentration8 corresponding 
to the limiting yield of the dipeptlde. 

While determining the yield of the reaction product, one should be sure 

that the horizontal part of the kinetic curve does correspond to the equilibrium 

of reaction (1) end is not caused by other factors , e.g., enzyme inaotlvatlon. 

In order to clarify this, we added a new portion of the enzyme to the aqueous 

phase and found no change In the content of the reaution product. Thus the horl- 
zontal part on curves l-3 does correspond to the true equilibrium of reeation (1). 

The reaotion time shown in Fig. 1 corresponds to that for the synthesis oa- 

talyzed by free enzyme in the simplest biphasic system (see Experimental) oon- 
slating of two mildly stirred maorolayers (water and ethyl acetate). The reacti- 

on time can evidently be altered by varying the catalyst concentration, the area 
of interfaoe, and the stirring rate. To increase significantly the interface, an 

emulsion of an aqueous enzyme solution in ethyl aoetate should be used. However, 
in this case the free enzyme becomes rather quickly Inactivated because of ad- 

eorption on the interface. 
Therefore, the enzyme should be immobilized on or inside a support. To this 

end &-ohymatxypsin adsorbed on terephtalate granules (Sorsllen) was used. After 
immobllzation the enzyme becomes more stable, i.e. it eesentially does not in- 

activate during the synthesis and oan be used repeatedly (Fig. 2). Furthermore, 
intensive stirring (emulsifying) reduced the reaction time from a few days ( for 

the free enzyme) to a few hours. Rowever, when the immobilized enzyme prepara- 

tion is used the synthesis time (rate of enzymatic reaction) is significantly 

dependent on the aarrier porosity and the surface concentration of catalytic si- 
tes. The results found for o(-chymotrypein adsorbed on Sorsllen are completely in 
line with earlier experimental data obtained by Nonsan’s group for the asme en- 
zyme covalently immobilized on Spherosll, 36 37138 and with theoretical conceptions. 
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i Pe; . 1. Kinetics of the dipeptide accumulation in reaction 
1 proceeding in the biphasic system water - ethyl ace- 

tate. Conditions: Vo, 
-3 

g/Vaq = 50, [ACTIT] = [LB-] = 
- 10 
phase. 

M, enzyme concentration 20 mg per ml of aqueoua 

Number of syntheses 

2 4 6 
I 1 I , I I 

100 

DAYS 

Big. 2. Comparieon of stability of free and immobilized 
0(-c 

h3" 
otrypsln. 

BOiSS reflect 
The results for free enzyme (lower ab- 

ite inactivation under the syntheeis con- 
ditiom given in Fig. 1 (pFi 7). Immobilized enzyme (e&or- 
bed on Sorsilen) is muoh.more stable and may be used re- 
peatedly (upper abaciea); for the synthesis conditions, 
eee Experimental. 
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Effect of the worganic phase/aqueous phase” volume ratio on the product yield. It 
followe from the theory of biphasic method’7S18 that the reaction yield 18 depen- 
dent on the organic phase/aqueous phase volume ratio (V,&f,,). The experimental 
data are presented in Fig. 3. The increase in the product yield with Increasing 

‘org/‘aq ratio is accounted for by differences in partition coefficients of start- 

ing reactants and reaction products between organic and aqueous phasea. Yore pre- 
cisely, the solubillty of the dipeptlde in water ie much lower than that of the 
starting amine and acid. Thus, the dipeptide formed in the course of enzymatic 

reaction is removed from the reactlon medium (i.e. from aqueoue phase) by being 

extracted into the organic solvent. Therefore, the equilibrium of the reaction le 

shifted toward the aide of product formation, the shift being the greater the bet- 

ter extraction, I.e., the greater the “organic phase/aqueous phase” volume ratio 

(Fig. 3). 
Effect of the pH of aqueous phase on the product yield. The dipeptide yield aa a 

function of pH of the aqueous phase is shown in Fi.7; 4. The curve hae a broad ma- 
ximum In agreement with the data reported earlier. 

Effect of the concentrations of starting reactante on the product yield. The pro- 
duct yield of reaction (1) as a function of the concentrations of the starting 
reactants (H-acetyl-L-tryptophane and L-leuclne amide) la ehown in Fig. 5; the 

dipeptide yield increa8e.e with increaelng concentrations of starting reactants. 

Yield, k 

1 I I 1 I I I I I 

100 150 200 5 6 7 8 9. 
Vorg/ vaq PH 

Yield, % 

100 

50 

Fig. 3. The dipeptide yield as a fun- 
ction of the f’organlc phase/aqueous 
phase” volume ratio. Conditions: 
[ACT&J = [Lewd = IO-~ M, concen- 
tration of free o(-chymotrypati is 
20 mg per ml of aqueous phase, pH ‘7. 

Fig. 4. The dipeptide yield as a 
function of the pH value in aqueous 
phase. Conditions: [AcTrp] = [LeuNH2] 
= 10-3 M, concentration of free c(- 
chymotrypsin is 20 mg per ml of aque- 
ous phase, Vor gvaq = 50. 



Enzyme catalyzed peptide synthesis 4429 

Yield, I 

'x[H O] 

Ip* 

100 

50 

l e 

Fig. 5. The dipeptide yield BB a fun- 
ction of the concentration of star- 
ting reactants. Solid curve ia cal- 
culated from equation (4) UB~ the 

experimental value K = 3 x 10 . Con- 
ditions: Vorg/Vaq = 25, pH 7, con- 

centration of free o( -chymotrypsti 
is 20 mg per ml of aqueous phase. 

? 2 3 4 

-k a0 

Fig. 6. Linearization of experimental 
data of Fig. 5 in coordinates of equa- 
tion (4). 

Equilibrium constant. Analysis of the dependence presented in Fig. 5 allows one 

to determine the equilibrium con&ant for reaction (1): 

bcTrp - LeuKH2]eq CH201eq 

K a [AcTrpleq lILeuKH2]eq . 

(2) 

Using designations [AoTrp - LeuNH2] = P, [AcTrp] = [LeuNH21= a we obtain: 

P 
K= eq rR23 

0 
eq P 'eq LH2030 

(3) 

a2eq (a0 - Peq)2 

where the index "ot* denotes initial concentrations. 

[H2qo ia based on the fact that [H2010 > Peq, 

The assumption [H2qeqw 

implying that a change in water 

concentration during the reaction can be neglected. Equation (3) may be rewritten 

as 

1s 
x bp-lo 

=lgK + 

(1 2 

lg a, 

- x1 

where x = P eq/ao is the reaction yield. According to equation (4), the intercept 

of the plot lg x[R20~o/(1 - xl2 v2 lg a gives lg K (Fig. 6). The equilibrium 

constant thue determined is 3 x 104; the K value in water ia only about 10, See 

Ref. 37. The plot of the product yield as a function of the concentrations of 

starting reactants calculated from equation (4) using the determined value K = 

= 3 x 104, is shown in Fig. 5 as a solid line. 
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Preparative enzymatlo eyntheeie. The experimental results obtained (Pige. 3-5) 

enable UB to formulate the oondltione optimal for reaohing the maximum produot 
yield of reaotlon (1) in the biphaeic system water - ethyl aoetater the “organlo 
phase/aqueous phase” volume ratio (Vorg/ Vaq) is more than 50, the pH value of 
aqueous phaee Is from 6 to 9 and the oonoentrations of starting reactants are 
higher than 3 x iOw3 54 (referred to the total volume of the eyetem). 

Under these oonditione the preparative yield of El-aoetyl-L-tryptophanyl-L- 
leucine amide in the biphaeic eystem sac practically 100%. In fact, 274 mg di- 

peptlde were obtained (from the organic phase only), whioh coincidee, within the 
experimental error, with theoretical yield. The purity of the product waz esta- 

bliehed by means of thin-layer chromatography. The amount of the dipeptide in the 

spot waB determined speotrophotometrlcally (eee Experimental). Purthermore,‘the 
product waz ehown to be chromatographically homogeneous; epota on a ohromatogra- 
phio plate corresponding to starting reaotante were not detected at the end of 

the reaction. 
Conolusion. Beyond any doubt, more experiments must be carried out to obtain de- 
tailed phyeicochemical description of the particular reaotlon system employed 

in the present study. For example, it would be neceseary to determine partition 

coeffloients of both eubetrates and the product between the two phaeee, to take 
into account the effect of pH and aubetratee oonoentratione on the ionization 

degree of both substrate8 end the product, the possibility of pH variation in the 
course of the reaction, eto. However, the main goal of the present study wae just 
to outline the general way or prooedure for searching optimal oonditions for en- 

zyme-catalyzed syntheses In biphaalc syetems, and this goal was achieved quite 
Buccesefully. 

WPERIMEKTAL 

Materials. a-Chymotrgpsln from bovine pancreas was produot of Biokhimrealctiv 

(Olalne, Latvia). The content $ the active enzyme in the preparation, determined 

aB described by Bender’s group , was 66%. N-Acetyl-L-tryptophane, L-leucine ami- 

de hydrochloride and B-aoetyl-L-tyrptophanyl-L-leucine amide was obtained from 

Reanal (Hungary). Ethyl acetate was a product of ReaWLm (USSR). 

Enzyme tiobillzation. To 0.5 ml 0.5 N phosphate buffer (pH 7), 0.5 g Sorsilen 
were added. The mixture waz deaerated under low pressure (10 mm Hg) and 10 mg 
d-ohymotrypeFn added. The mixture was agitated for 30 min, the time suffloient 

for a complete adsorption of the enzyme. ChaIXCteriBtiCS of the terephtalate 
support (Sorsilen), produced at the Polymer Division of the Institute of Chemical 

Technology (Prague, Czechoslovakia) were reported earlier. 41 

Reaotlon catalyzed by the free enzyme. oc-Chymotrypsln (20-40 mg/ml) wa8 added to 
the solution of B-acetyl-L-tryptophane and L-leuclne emide hydroohlorlde, taken 

in equimolar concentrationa (6 x low4 to 2 kl), in 0.1 N acetate/phosphate/borate 

buffer, pH 7. The pH value of the solution changed, since coxmneroial leucine ami- 
de waB In a hydroohlorlde form and because of buffer propertlee of*-chymotryp- 
sin. Therefore, pH of the solution waB adjusted to the needed value every time 

after dlsaolving the reactants. 
The buffer eolution of reactants with adjusted pH was placed in a flask and 

water-saturated ethyl acetate wae added to obtain the needed “organic phese/aqu- 

eoue phase” volume ratio. The total volume wae 10 to 100 ml. The reaotion mixture 
waa carefully agitated using a laboratory shaker 80 that not to allow emulsion 
to form. 

It ie to be noted that, if it ia not indioated othezwise, everywhere in the 
text all ooncentratlone are referred to the total volume of the reaotion system, 

i.e. including both aqueoue and organic phaees. 
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Reaction oatalyzed by inmobilized d-chymotrypein. Watelceaturated ethyl aoetate 
(8 ml) containing 0.008 M of both etarting reactants was added to the buffer 8ue- 

pension of polymerlo granule8 with adeorbed enzyme (eee above). The reaotlon mix- 

ture was stirred at more than 160 r.p.m. 
Determination of the reaotlon yield ueing thin-layer ohromatography. Allquotee of 
orgtmio phase were taken from the biphasla reaation mixture In aertain time in- 
tervale. To determine the product yield, the aliquote of organic phase (0.05 to 
4.5 ml) was plaeed on a 5 x 15 om Silufol chrcmatographlc plate (Czechoslovakia) 
which was plaaed into elution camera containing a mixture of propyl alcohol and 
aqueous monla (7 t 3 v/v). The chromatography was performed u8ing the aaaen- 

ding elution technique and employing collPnercla1 N-aoetyl-L-tryptophanyl-L-leuci- 
ne amide aa a marker. After drying the ahromatographlc plate a 2 x 5 am strip 
was cut out off at the level corresponding to the Rf value of the reactIon pro- 
duct (0.87). The strip was cut to small pieces which were placed into 4 ml die- 

tilled water to wash off the dipeptide. The aqueous solution was separated In a 
day by centrlfugatlon and the aoncentratlon of the product was meamed spectro- 
photometrically at 280 nm (molar absorbanoe being 6.5 x 103 M-’ cm-‘, Bee Ref. 

42). 
Determination of the relative catalytic actlvlty of ti-ohymotrypeln in the cour- 

se of reaction. In certain time Interval@ allquotea (0.01 to 0.1 ml) were with- 
drawn from the aqueous phaae of the reaation mixture and plaaed into a epectro- 

photometer cell containing 2 ml 0.1 M acetate/phosphate/borate buffer at p?i 7 
and 0.02 ml 1.3 x lO-2 M N-3-aarboxypropionyl-L-phenylalanlne-p-nitroanillde In 
the acetonltrlle-dioxane (1 : 1 v/v) mixture. The a-chymotryptic hydrolyeis of 
this specific substrate43 was followed at 380 nm by the rate of appearanoe of 

p-nitroaniline. 
Preparative synthesis of N-aaetyl-L-tryptophanyl-L-leualne amide. The preparati- 

ve synthesis of the dlpeptide was performed in the biphaalo system containtnng 
1 ml of 0.1 M acetate/phosphate/borate buffer (pH 7) and 100 ml of water-satu- 
rated ethyl acetate. The aqueoue phase contained 0.01 M of both N-aaetyl-L- 

tryptophane and L-leuclne amide hydrochloride and 20 n&ml os-chymotrypain. The 
synthesis was carried out with careful agitation of the reaction mixture in a 
laboratory shaker. After the reaction completed, the organic phase was separated 
and ethyl acetate removed In vacua. The preparation should be dried under redu- 
ced pressure over P205 at room temperature for three deye to obtain satlefaatory 
results of elemental analysis. 

Spectrophotometric measurements were made on a Beckman-25 lnetrument. 

Acknowledgement. The authors wish to ejcprees their gratitude to Professor I.V. 

Berezin for his comments and to Dr. J.Turkov& for her invaluable aid in develo- 
ping the method of enzyme irmnobillzation on Sorsllen. 

REFBRBNCES 

Methoda In Enzymology (S.P.Colowlck and N.O.Kaplan, ede.), vol. 44; Immoblll- 
zed Enzymes (K.Mosbach, ed.) Academic Prees, New York (1976). 

lication of Bioahemlcal Syetems In Oruenic Chemietry (J.B.Jones, C.J.Sih 
D.Perlman, eda.1, mey, Bew York (1976). 

K.Nartinek and A.N.Semenov, J. Appl. Bloahem., 2, 93 (1981). 

Introduction to ADDlIed Bnzvmologyt Immobilized Enzymes (I.V.Berezin and K. 
Martinek, ede. ), WSU Preea (in Russian), Moscow (19q 

E.Katahalski-Ketzir and A.Freeman, Trends Biochem. Sci: 1, 427 (1982). 
A.M.Klibanov, Science 219, 722 (1983). 
F.Brtnik and K.JoBt, Chem, Liaty 19, 951 (1980). 



4432 Yv. L. KHMEL’N~KI et al. 

8 

9 
10 

11 
12 

13 

14 

15 
16 

17 

18 

19 
20 
21 
22 

23 

24 

25 

26 

27 
28 

29 
30 

31 

32 

33 

34 

, 35 
36 

37 

38 

39 

40 
41 

42 
43 

Q.P.C80, D.P.N and Y.S.Zhazg, Xature a, 774 (1981). 
J.D.tUass, Rnzyme Riorob. Teohnol. 1, 2 (1981). 

~;~~~, A.XmlQa, Y.Ohn0 and F.Widmer, Apple Biochem. Bloteoh. j’, 385 
. 

J.S.Fnaton, Adv. Bnzymol. a, 239 (1982). 
H.D.Jakubke and P.X&l, -ie 211, 89 (1982). 

. 2, 16 (1983). 

D.Xonopifmka and F.Ruzalewski, Mol. Cell. Bioahem. 2, 165 (1983). 

A~~.Klibanov, G.P.Samokhin and K.Rartinek, Biotechnol. Bioeng. s, 1351 (1977). 
X.Ra.rtlnek, A.M.Xlibenov, ff.P.Samokhin, A.B.Semnov and I.V.Berezin, Bloorgan. 
Xtxtmisa 2, 696 (1977). 
K.Rartinek, A.?i.Sermenov and I.V.Berezin, Bloohim. Biophys. Aota m, 76 
(1981). 
X.Martlnek and A.R.Semenov, Bloohlm. Biophys. Aota &, 90 (1981). 

X.Martinek and I.V.Bemzln, J. Solid-Phaee Bioohem. 2, 343 (1977). 
V.P.Torohilln and X.Martinek, Enqne Mlcrob. Teohnol. 1, 74 (1979). 

L.&Butler, BnzFme Riorob. Teohnol. 1, 225 (1979). 
E.Antonini, G.Carrea and P.Cremonesi, Buzyme aicrob. Technol. 2, 291 (1981). 
kl.D.LIlly, J. Chem. Technol. Bioteohnol. & 162 (1982). 

K.Rartlnek; A.V.Levashov, Yu.L.Khmelultsky, B.L.Xlyachko and 1.V.Berezi.q 
Scienoe u, 889 (1982). 
P.X&l, A.X%necke, G.D&lng, H.Daumer and H.D.Jakubke, Tetrahedron Lett. 
a, 893 (1980). 
A.B.Semenov X.Martinek and I.V.Berezln, Dokl. Akad. Rauk SSSB a, 121 
(1980); En& Ed. a, 420 (1980). 
A.N.Semenov, X.Martinek and X.V.Berezin, Bloteohnol. Bloeng. a, 355 (1981). 
P.Xiihl, R.P.Zapevalova, A.X&meoke and D.Jakubke, Monateh. Chem. 114, 343 
(1983). 
F.Widmer and J.T.Johausen, Carlaberg Res. Cozznun. fi, 37 (1979). 

X.Breddam, F.Widmer and J.T.Johaneen, Carlsberg Res. Cczmun. j,& 361 (1981), 
and references aited therein. 
H.D.Jakubke, P.Xihl, A.Xbeoke, 
U.P.Zapevalova. In: 

Uiir$g, J.Walpueki, A.Wllsdorf and 
of 17 BuroB can Peptide Symposium, Au@& 

29 - September 5 (X. .Malon, eds.) (1982) 

D.Tarquis, P.Monssn and G.Durand, Bull. 900. Chia. i-2, 76 (1980). 

P.Xi;hl, A.Wlledorf snd H.D.Jakubke, Monatsh. Chem. 114, 571 (1983). 
X.Hartinek, A.B.SAenov and I.V.Bereziu, Blotechuol. Bloezg. l;r, 1115 (1981). 

A.R.Semenov, A.I.Gromov and K.Hartlnek, Bioorgen. Xhimiya 1, 867 (1981). 
J.L.Vldaluo, Y.Baboulene, V.Spezlale and P.Monsan, Tetrahedron 2, 269 
(1983). 
I.V.Berezln, A.Y.XJ.ibanov and K.Martlnek 
oounts) 44, 80 (1975); Bngl. Ed. 44, 17 tl 

(Rues. them. Ao- 

L.Goldstein, Methods En5gmol. 44, 397 (1976). 
E.D.D1yaohenko, L.V.Xo5lov and V.LAntonov, Bloorgan. Xhimiya 2, 99 (1977). 
G.R.Schonbawn, B.Zerner and Y.L.Bender, J. Blol. Chem. a, 2930 (1961). 
Chemioal Bnzymology (I.V.Berezln and R.Martlnek, eds.) MSU Press (In Russian), 
Bosccnr (1983) 
A.B.Semenov id X.Yarti.nek, Bioorgan. Xhlmlya 5, 1559 (1980). 
W.Ragel and P.Wlllg, 2. Phyeiol. Chem. 340, 1 (1965). 

4434 E. &UINET et al. 


