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In I-chymotrypsin-catalyecd acyl-transfer reactions in waler the specificiry of the enzyme (the nuclcophile reactivity of amino acid amides) is 
correlated with the substrate hydrophobicity and increases as the hydrophobicity of the side chain of the amino acid amides is increased. In a low 
water system (4% H?O) bulky amino acid amides are less efficient nuclcophilcs. The specificity of o-chymotrypsin towards the amino acid amides 
in acyl transfer reactions in this case does not depend on the hydrophobicity of the amino acid side chains but correlates with their size. Therefore, 

different factors can be responsible for the spcciticity of enzymes in water and in a mainly organic medium. 

cx-Clrymotrypsin: Low water system; Nuclcophile specificity; QSAR 

1. INTRODUCTION 

There is now little question that enzymes can function 
in mainly organic media. Numerous examples of syn- 
thetic reactions catalyzed by enzymes in low water sys- 
tems are available [I-G]. The specificity of enzymes is 
undoubtedly one of the most important characteristics 
influencing the product yields. In this context the com- 
pilation of all data accumulated in the literature con- 
cerning specificity in enzymatic reactions conducted in 
water is highly attractive. However, relatively few stud- 
ies have been devoted to differences in enzyme specific- 
ity in reactions conducted both in water and in a mainly 
organic medium [7-l I]: usually a comparison of differ- 
ent organic solvents is carried out ([12-161 and refer- 
ences therein). In this article we present the effects of the 
replacement of water with organic solvent on the S’, 
specificity [17] of ff-chymotrypsin. The results show that 
the enzyme specificity in water and a mainly organic 
medium may be unrelated. 

Abbresiatiotrs: QSAR, quantitative structure activity relationship; RS, 
relative nucleophile reactivity calculated according to Eqn. I; Y,, nor- 
malized van der Waals volume; HPLC, high performance liquid 
chromatography; +.,, molecular absorption cocfficicnt at 254 nm; 
DMSO, dimcthyl sulphoxide; DMF, dimcthyl formamide; Tris, 
tris(hydroxymcthyl)nminon~ethanc; veronal, 5,5_diethyl-barbiluric 
acid; OEt, ethyl ester; OMe. methyl cstcr; NM, amide; AC, acctyl; Mal, 
malcyl; Xaa. amino acid residue; Acyl, acyl Sroup to be transferred 
IO XaaNHj Acyl-XanNH?, synthetic product; Nva, norvaline. If not 
otherwise stated, amino acid residues arc of the t.-confgurstion. 

Correspottdetrce uddress: P. Adlercreutz, Department of Biotechnol- 
ogy, Chemical Center, University of Lund, PO BOX 124,221BO Lund, 
Sweden. Fax: (46) 4G 10 4713. 

2. MATERIALS AND METHODS 

aChymotrypsin (EC 3.4.21. I) from bovine pancreas was obtained 
from Sigma and used without further purification. The enxymc was 
adsorbed on Celite using the published method [I I] except thnt the 
a-chymotrypsin content was 100 mg of the enzyme per g of CCliie. 
MalAlaAlaPhe OMe was synthesized as described &ewherc jlR, 191. 
The amino acid amides (HC]-salts) were from Bachem; BzTyrUEt and 
triduoroacetic acid (protein sequencing grade) wcrc from Sigma, 
DMSO was from J.T. Baker Chemicals BY; acetonitrile (far UY) was 
purchased from Lab-Scan; Tris and 5.5.dicthyl-barbituric acid wcrc 
from Merck; (C:H,),N was from Janssen; DMF and Cclite were from 
BDH. If not othcrwisc stated, the chemicals were of analytical grade. 

The relative specificity (RS) values in the water system were meas- 
ured at pH 9.0 and 30°C. A solution (0.2 M) of MalAIaAlaPheOMe 
in DMSO (5 yl) was added to 05 ml of 0.1 M veronal buffer contain- 
ing GlyNH. (0.2 M) and an amino acid amide (XaaN H,). The concen- 
tration of the latter was sclectcd to give approximately equal forma- 
tion rates of the synthetic products Acyl-GlyNH, and Acyl-XaaNHz. 
The mixture was kept at 30°C for IO min and the rexlion was initiated 
by adding 5~1 ofthe enzyme solution (about0. I mg/ml). Samples (IO0 
ull were collcctd at S. 10. 20 and 45 min. added to I ml of DMSO. 
aid the resulting mixture was analyzed by HPLC. 

Determination of the RS values in a mainly organic medium tvcre 
carried out in a mixture 0f47.5% (v/v) acetonitrile. 47.5% (v/v) DMF. 
1% (v/v) (&H,),N and 4% (v/v) K,O. About GOymol of XaaNH: YCI 
wcrc dissolved in 80 ~1 of a 0.75 M solution of GlyNH2 in waler (pH 
9.0), followed by the addition of 20 ~1 of (C2H,)JN. Then. 0.95 ml 
acetonitrile was added to this mixture, followed by 0.95 ml of a 4 mM 
solution of BzTyrOEt in DMF and 100 mg of the adsorbed enzyme 
The mixture was kept at 30°C for 1 week under constant shaking and 
analyzed by KPLC. 

The isocratic HPLC was carried out using a Shimadzu KPLC sys- 
tem (LC-6A pumps, SPDQA UY detector. SCLdA system controller. 
GR4A chromatopac integrator) equipped with a 25 cm LiChrosphcr 
100 RP-IS (5 p) column (Merck). The mobile phase contained diffcr- 
cnt proportions of water and acetonitrilc acid 0.5% (v/v) of tri- 
Buoroaceticacid. UV detection was at 254 nm. For all reaclions except 
acyl transfer to PhcNH,, TyrNK2 and TrpNH,. E% of the peptidc 
product was considcrcd quaI to czY of the initial ester and its hydro- 
lytic product. In the synthesis of Acyl-PhcNK:. Acyl-TyrNIl, and 
Acyl-TrpNH:, ezy of the peptidc was considered the sum of&, of the 
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hydrolytic product and that ofXaaNH2. Measurements were carried 
out using a Shimadtu W-260 specrrophotometer. 

3. RESULTS 

The height of the energy barrier between the acyl- 
enzyme intermediate and the syntheiic product is a 
measure of the nucleophile specificity of the enzyme. To 
calculate this quantity from the experimental data, the 
activity of water must be measured. To avoid this prob- 
lem, all data were normalized to the reactivity of 
GlyNH?. With an excess of both GlyNH? and XaaNH, 
relative to the acyl group donor, the relative specificity 
(RS) calculated according to Eqn. I characterizes the 
difference between the heiphs of the energy barriers. 

RS = ,n [Acyl-XaaNH,][GlyNH,] 

[Acyi-GlyNH1][XaaNHZ] 
(1) 

In organic solvents, the synthetic reaction from Mal- 
AlaAlaPheOMe and amino acid amides results in the 
formation of MalAlaAlaPheXaaNH:! and a number of 
unknown compounds. In water, the acyl transfer of the 
BzTyr-moiety to several amino acid amides was found 
to proceed in a more complex manner than is usually 
[19] proposed. Because of that, we used MalAlaAla- 
PheOMe for the analysis of the reactivity of the amino 
acid amides in water; the data in a mainly organic sys- 
tem were obtained using BzTyrOEt. 

The specificity of a-chymotrypsin for amino acid am- 
ides as nucleophiles was completely different in water 
compared to a low water system (Fig. 1). The nucleo- 
philic reactivity of the compounds tested in a mainly 
organic medium does not correlate with their nucleo- 
phile reactivity in water (Fig. 2). 

By plotting the results obtained against different 
characteristics of the amino acid residues, a rather good 
correlation was found in two cases. The RS values ob- 
tained in water correlated with the hydrophobicity of 
the amino acid side chains (Fig. 3a), except for acyl- 
transfer to ArgNHZ and D-AlaNH,. (Hydrophobicity = 
logP(AcXaaNH&-logP(AcGlyNHJ, where P is the 
partition coefficient of the compound in the water-oc- 
tanol two-phase system [20].) Moreover, most experi- 
mental points were close to a straight line with a unit 
slope. Therefore, Fig. 3a shows that (i) the properties of 
the S’,-subsite of a-chymotrypsin in many respects are 
similar to those of octanol and, (ii) the differences in the 
nucleophile reactivity of amino acid amides in chymot- 
rypsin-catalyzed acyl-transfer reactions in water are 
mainly the result of the extraction of the nucleophile 
molecule from water by this subsite. The higher reactiv- 
ity of ArgNH? appears to be the result of ionic intcrac- 
tions between two aspartic acid residues (Asp-64 and 
Asp-35) and the positively charged side chain of the 
arginine nucleophile [21], Incorrect oricctaiion of a 

D&a Gly Ala Thr HIS Vd ku Met NW Phc Iic Trp Tyr iQ6 

Fig. 1. Relative specificity (RS) of a-chymotrypsin in acyl-transfer 
reactions with respect to the amides of the listed amino acids in the 
water and the low-water systrms. (Filled bars), water system: 0. I M 
veronal buffer, pH 9.0,30°C; (hatched bars), low-water system: 47.5% 
(v/v) acetanitrilo. 47.5% (v/v) DMF. I% (v/v) (C2HS)SN, 4% (v/v) H20, 

30°C. 

methyl group in the complex of MalAlaAlaPhe-chymo- 
tr:,psin with D-AlaNH, is probably the reason for the 
low reactivity of the latter compound. 

The RS values obtained in a mainly organic medium 
correlated neither with the data for the water system 
(Fig. 2) nor with the amino acid side chain hydrophobi- 
city. However, a good correlation between the reactivity 
of different nucleophiles and the normalized van der 
Waals volumes was observed (Fig. 3b). The normalized 
van der Waals volume (v,,) characterizes the size of the 
amino acid side chain and was calculated [20] according 
to the following equation V, = [V(side chain) - V(H)]/ 
V(CH,), where V is the van dcr Waals volume. The 
differences in the reactivity of different amino acid am- 
ides (except TrpNHJ in a mainly organic medium were 
smaller than in water. D-AlaNH, and ArgNH: were the 
exceptions both in water and organic systems, probably 
due to the same reasons in both media. 

4. DISCUSSION 

The bulk of a molecule can be defined in several ways. 
The polarizability (and molar refractivity, which is re- 
lated to the polarizability by simple arithmetic) of a 
substrate is a popular parameter reflecting the size of a 
substituent of a molecule [20,22]. However, for amino 
acid amides polarizability depends mainly on the molec- 
ular weight of the substituent because other quantities 
used in the calculation of polarizability (index of refrac- 
tion, density) vary to a smaller extent than the molecu- 
lar weights of these compounds. This fact results in a 
high degree of correlation between the normalized van 
der Waals volume, polarizability and the molecular 
weight of amino acid side chains (Fig. 4). Therefore, the 
choice of the bulk parameter for the correlation pre- 
sented above is mainly a matter of convenience. In our 
opinion the normalized van dcr Waals volume better 
reflects the size of a molecule. 

The comparison of the specificity of enzymes in water 
with their specificity in mainly organic media is not a 
straightforward task. The pronounced effects of organic 
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Fig. 3. Relationship between relative specificity (RS) of a-chymotryp 
sin in an acyl-transfer rcnction with respect to the added nuclcophiles 
in the water system (RS,,,,,,) and [hat in the low-water system (RS,,,). 
Water system, 0. I M veronnl buffer, pH 9.0: low-water system. 47.5% 
(v/v) acctonitrile, 47,546 (v/v) DMF. 1% (v/v) (CzH,)jN, 4% (v/v) H,O. 
Temperature, 30°C. The pointscorrespond to the amides of the listed 

amino acids. 

solvent on thermodynamics often makes the choice of 
a reaction which occurs both in water and a mainly 
organic medium difficult. The acyl-transfer peptide syn- 
thesis catalyzed by proteases is an exception. This reac- 
tion is favourable in both water and organic solvents; 
operating in the latter medium suppresses the hydrolysis 
of the peptide synthesized [23]. However, apart from the 
thermodynamic restrictions, kinetic problems exist. The 
activity and other properLies of enzymes in mainly or- 
ganic mixtures are undoubtedly strongly influenced by 
the thin water layer around the protein [I 3,24,25]. Char- 
acteristics of such a water layer should depend on the 
enzyme form used: insoluble suspended enzyme, soluble 
poly(ethylene glycol)-modified enzyme, adsorbed en= 
zyme, etc. The properties of the surface that the enzyme 
is adsorbed to undoubtedly influence lhe properties of 
the catalyst [26]. These circumstances could probably 
explain the fact that the Sl specificity of a-chymotrypsin 
dissolved in water is the same as that of the Celite- 
adsorbed enzyme in a mainly organic medium [I 11, but 
the S, specificity of poly(cthylene glycol)-modified chy- 
motrypsin dissolved in benzene is different from that in 
water [S,9]. Alternatively, the discrepancy may depend 
on the choice of different model reactions in these stud- 
ies. The data obtained in the present work can be di- 
rectly compared to the results of only one work [Ii]. In 
both cases enzyme adsorbed on Celite was used. The 
results show dramatic differences between the effects of 
the organic mixture on the Sl_ and the S’, specificity of 
a-chymotrypsin. In contrast to the S, specificity of this 
enzyme, the S’, specificity of achymotrypsin in a mainly 
organic medium is absolutely different from that in 
water. 

Previously, similar comarisons between water and 
low water 5; ns were carried out for suspended en- 
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Fig. 3. Correlation bctwecn dilkrcnt amino acid side chain parameters 
and the relative specificity (RS) of a-chymotrypsin in acyl-transfer 
reactins with respecl to the added nuclcophiles. The poink correspond 
LO the amides or the listed amino acids. (a) Water system, 0.1 M 
vcronal buffer. pH 9.0. 30°C. The shxig,ht line corresponds to the 
‘ideal’ model, when only hydrophohicity of the amino acid side chins 
is responsible for the differences between the rcaaivity ol’ diflcrcnl 
added nucleophilcs, The points correspond to the amides of the listed 
amino acids. (b) Low water system. 47.5% (v/v) acetonilrilc. 47.5% 
(V/V) DMF, 1% (v/v) (C,H,),N. 4% (v/v) H20. 30°C. The slraight lint 
was drawn toshow better thecorrelation bctwcen XSand the normal- 
i& van der Waals volume (v,) for all amino acid amides except 

ArgNH, and D-AlaNH:. 

zymes. A negative effect of substrate hydrophobicity on 
enzyme specificity in mainly organic media was ob- 
served by Dordick [lo] using pcroxidase-catalyzed oxi- 
dation of Dhenols. In the latter case, however, substrate 
hydrophobicity was shown to have a very slight effect 
on the reaction rate of the peroxidase-catalyzed reac- 
tions in water. In our case, the hydrophobicity, which 
primarily affects the S’l specificity of a-chymotrypsin in 
water, has no influence on the S’l specificity in the or- 
ganic medium. 

The reactivity of amino acid amides is main!y affected 
by the size of the nucleophile. Kise et al. [27] observed 
this phenomenon, but the data available at that time did 
not allow them to make quantitative conclusions. Our 
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Fig. 4. Correlation between different amino acid side chain parameters 
characterizing the size of the amino acid substitucnt. The straight lines 
were drawn using the least-squares method; R is the correlation coel: 
Rcient. Data were taken from the literature [20]. The points corre. 

spend to the amides of the lis~cd amino acids. 

data shows that the influence of the organic solvent on 
the specificity may be even more complicated than that 
claimed by Zaks and Klibanov [7]. They showed that 
the presence of an organic solvent caused the inversion 
of the S, specificity of a-chymotrypsin and subtilisin 
Carsberg. The weakening of hydrophobic interactions 
responsible for enzyme specificity in water was pro- 
posed as the rationale of this phenomenon. Our data 
shows that the specificity in organic solvent is not sim- 
ply reversed but can be unrelated to that in water (Fig. 
2). The substrate hydrophobicity becomes an unimpor- 
tant parameter. Instead, the reactivities of the nucleo- 
philes depend on their size. o-AlaNH, has the lowest 
reactivity in water and one of the lowest in a mainly 
organic medium. In our opinion, these effects are diffi- 
cult to explain in terms of the simple extraction model, 
which is very useful in many cases [ 163. The simplest 
explanation of this phenomenon may be as follows: the 
S’, specificity of a-chymotrypsin is affected by both the 
hydrophobicity and the size of the nucleophile. In 
water, the hydrophobic effect is stronger than that of 
the size, so in water the effects of size are diminished, 
In organic solvent, hydrophobic interactions are weak- 
ened and the size becomes a more important parameter, 
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