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Abstract: Some factors influencing the enantioselectivity of lipase-catalyzed hydrolysis have been
investigated. Enantioselectivity of the reaction increases with the increase in the concentration of
substrate. Addition of certain organic solvent to the reaction mixture results in the change in
enantioselectivity: hexane, cyclopentane, benzene and diisopropyl ether improve the enantioselectivity,
whereas cyclohexane deteriorates it. A detergent, Triton X-100, and 2,2-dimethylbutane do not influence
the enantioselectivity under the condition that kinetics is saturated with respect to the substrate. The
fluctuation of enantioselectivity depends on the binding of hydrophobic compound to the lipase.
Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Organic solvent affects activity and stereoselectivity of enzymatic reactions in various ways.! Although there
is certainly a tendency for the activity to increase with the increase in hydrophobicity of solvents, no general rule
has been found between the stereoselectivity and solvent properties. We have recently proposed that a solvent
molecule(s) is incorporated into the substrate-binding pocket controlling the enantioselectivity of lipase; a solvent
affects the enantioselectivity of lipase as a reagent rather than a medium.? In this paper, we would like to
propose the role of organic solvent in molecular level on the enantioselectivity of lipase-catalyzed hydrolytic

reaction.
RESULTS AND DISCUSSION

In a previous paper from our laboratory, we focused the attention on the effect of solvent in the lipase-
catalyzed transesterification of a racemic mixture of 6-methyl-5-hepten-2-ol (sulcatol) with vinyl acetate.? In this
paper, we are concerned with factors influencing enantioselectivity of lipase-catalyzed hydrolysis. Acetate of
sulcatol (2-acetoxy-6-methyl-5-heptene; 1) was employed as a substrate for the reaction in Tris-HCl buffer (pH
8.0, 0.1 M). Sulcatol is used as an important chiral building block to synthesize bioactive natural products such
as (R, R)-(-)-pyrenophorin.* The reaction is illustrated in Scheme 1.
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Scheme 1

Amano PS is a lipase immobilized on celite. The immobilized lipase may partly separate from celite and
dissolve into water, which causes the difficulty in analyzing the reaction. Therefore, we used the purified lipase,
PPS (Purified PS; 2,200,000 unit/g, unimmobilized) instead of PS.

Effect of Substrate Concentration

Chemists generally tend to keep reaction system homogeneous to enhance the efficiency of reaction and a co-
solvent such as acetone is often employed to dissolve hydrophobic substrate in enzymatic hydrolytic
reactions.>®7 However, we think that, in lipase-catalyzed hydrolysis, a co-solvent for this purpose is not
necessarily required when the substrate is liquid, because a lipase is activated at the interface between water and
lipid (interfacial activation).® The activation depends on the area of the interface; larger the area, higher the
activation becomes. Furthermore, the area increases with the increase in the concentration of lipid. The
substrate, 1, is not lipid, but it is hydrophobic enough to form the interface, so we investigated the effect of
concentration® of the substrate on the activity and enantioselectivity of the lipase. The results are summarized in
Table 1.

Table 1. Dependence of Activity and Enantioselectivity on Concentration of Substrate in
the Lipase-Catalyzed Hydrolysis.

(E)¢* [Sl®  [SIy/(El 102k, 10%;° E-value
(unit/ml) (mmol/l) (umol/unit) (" (")
176 0.784  0.0445 11.9+1.9 15.040.8 7.940.4
17.6 235 0.134 15.5+0.3 14.140.8 10.9+0.3
17.6 588 0.334 5.310.3 4.040.2 13.240.3
17.6  8.47 0.481 3.840.3 2.740.2 13.840.3
17.6 11.8 0.670 2.5740.12  2.05+0.12  12.5+0.4
88.0 235 0.0267 11.6+1.8 29.9+4.1 3.9+0.1
880  5.88 0.0668 16.91.5 19.5+1.5 8.740.1
88.0  8.40 0.0955 16.5+2.5 15.540.5 10.6+1.2
88.0 11.8 0.134 12.9+1.3 11.6£0.5 11.140.6
88.0 14.7 0.167 13.240.7 11.74<0.1  11.30.5

(a) Concentration of lipase PPS.
(b) Concentration of racemic 6-acetoxy-5-methyl-2-heptene (1).
{(c) Rate constants for the (R)- and (S)-1, respectively.
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Although the present reaction system is heterogeneous due to hydrophobic substrate, the kinetics appears to

be first-order similarly to the lipase-catalyzed transesterification in organic solvents.> An example is depicted in

Fig. 1.
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Figure 1. Kinetic plots for the lipase-catalyzed hydrolyses of racemic 1. [S]o; initial
concentration, [S]; concentration of the (R)- or (S)-1 after an appropriate time interval.
Condition: [E], = 17.6 unit/mli, [S]; = 11.8 mmol/l.

Therefore, we elucidated the rate constants for the (R)- and (S)-1 (kg and ks, respectively) and E-values
based on the same method as reported in the previous paper.® It is well-known that kinetics of a lipase-catalyzed
hydrolysis does not follow simple Michaelis-Menten equation, v = k.4, [Elo[SI/(K,,+[S]).)° In the present study,
the dependence of reaction rate per concentration of lipase on the concentration of the substrate appears very
characteristic. A plot is depicted for the reaction rate with (R)-1 in Fig. 2a.
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Figure 2. The rates of (R)-1 measured at low and high concentrations of lipase. v is
defined as the product of kz and [S]¢/[E]y, and it means the rate per concentration of
lipase. [S]p is the concentration of (R)-1 (Note: This is half of [S]y in Table 1).

[Ele: O, 83.0; @, 17.6 (unit/ml).
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If this reaction follows Michaelis-Menten equation, two series of the rates should be superimposable on the
same curve in Fig. 2a, because the reaction rate is proportional to the concentration of enzyme. Instead, Fig. 2a
suggests that lipase is activated when its concentration is low. The result is abnormal from the viewpoint of
enzymatic reactions, but we have a key to resolve this riddle. When [S]/[E], instead of [S], is employed for the
abscissa, an abrupt saturation curve which is different from that proposed by the Michaelis-Menten equation
appears (Fig. 2b), which means that the activity of the lipase is controlled by the concentration of the substrate
interacting with the lipase. Since hydrophobic surface of the substrate activates the lipase, the reaction rate
increases dramatically with the increase in the concentration of substrate. Furthermore, the lipase hydrolyzes the
substrate at a certain rate after the substrate is saturated for the lipase.

It is worthy of note that the E-value increases with the increase in the concentration of substrate. By
definition, E-value should not be affected by the concentration of a substrate.!' However, if the concentration of
an enzyme is larger than that of a racemic substrate and the enzyme is not so enantioselective to the substrate, E-
value may depend on the concentration of substrate, because the competitions between the (R)- and (S)-
enantiomers may not occur fully. In the present reaction, the initial concentration of the lipase ([E]o) is at least
1000 times as little as the concentration of substrate ([S];), so the concentration of the lipase acting at the
interface is less than 0.1 percent of the concentration of substrate molecule. Thus, we can discard the possibility.
The remaining candidate is the change in conformation of the lipase.

It is well-known that a lipase has a lid covering the active site, which is opened to a solvent only when the
lipase interacts with the lipid-water interface.'? Furthermore, the movement of the lid changes the orientation of
amino acid residues that construct a part of the active site such as oxyanion hole.!3 It has also been reported that
this conformational change is related with the enantioselectivities in the hydrolytic reactions catalyzed by
Humicola lanuginosa and Rhizomucor miehei lipases in water.!*!1>

In the present reaction, the enantioselectivity is beautifully correlated with [S]o/[E]o, similarly to the reaction

rates, which is depicted in Fig. 3.
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Figure 3. Dependence of enantioselectivity in the lipase-catalyzed hydrolysis on the
concentration of racemic 1, [Sly. [Elg: O, 88.0; @, 17.6 (unit/ml).
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The observation means that the enantioselectivity of the lipase also depends on the concentration of the
substrate interacting with the lipase. The interaction site may be a lid. Although three-dimensional structure of
lipase PS (from Pseudomonas cepacia) has not yet been elucidated, it is plausible to assume the existence of a lid
in PS based on the structure of Pseudomonas glumae lipase which has a lid and has high amino-acid sequence
identity (84 %) to PS.16!7 With the assumption that the open-lid lipase has higher enantioselectivity than the

closed-lid one, the present result can be understood easily.

Effect of Organic Solvents Added to the Reaction System

In order to find more effective compounds to improve the activity and enantioselectivity of the lipase than 1,
we investigated the effect of organic compounds as addenda, which are regarded as solvents in common, to the
reaction system for the lipase-catalyzed hydrolysis. They have been employed as solvents in the previous
investigations.’> The reactions were carried out under the conditions that the substrate and the addendum were

well dispersed in a reaction vial.!® The resuits are summarized in Table 2.

Table 2. Effect of Addenda on the Lipase-Catalyzed Hydrolysis.?

Addendum® 10%g (h'!) 10%; (h'") E-value

None 2.57+0.12 2.050.12 12.5£0.4
Hexane 1.89+0.05 0.83+0.01 22.810.6
DMB° 3.5240.15 2.67+0.22 12.910.6
Cyclopentane 2.91+0.09 1.1620.08 24.8+1.4
Cyclohexane 2.01%0.09 2.22%0.11 9.0+0.2
Benzene 0.67£0.05 0.21+0.03 31.1£3.3
Diisopropyl ether 2.9240.08 1.47+0.07 19.7£0.6

(a) Condition: [E}, = 17.6 unit/ml, [S]o = 11.8 mmol/l.
(b) All compounds are added by 16 mg/ml.'8
(c) 2,2-Dimethylbutane.

Hexane retards the hydrolyses of both (R)- and (S)-1 with enhancement of the enantioselectivity; hexane is
an (S)-selective inhibitor. On the other hand, 2,2-dimethylbutane (DMB) activates the hydrolyses of both (R)-
and (5)-1, but it does not affect the enantioselectivity; DMB is a nonselective activator. Thus, these two
compounds afford entirely different results to the lipase despite the fact that these compounds are similar in
properties as solvents, such as polarity (€) and hydrophobicity (logP).

Cyclopentane enhances (R)-activity'® and reduces (S)-activity'®. As a result, the enantioselectivity is
improved largely. Cyclohexane, on the other hand, behaves opposite to cyclopentane resulting in the decrease in
enantioselectivity. Thus, a small difference in ring size yields entirely different result in the activity of a lipase.

Benzene is a stronger and more (S)-selective inhibitor than hexane. On the other hand, diisopropyl ether acts
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on the lipase in the same manner as cyclopentane, although the hydrophobicity of the former is equivalent to that
of benzene. As aresult, the behaviors of these compounds are different each other, which are to be considered

later.

Effect of Detergent Added to the Reaction System

It is known that a micelle stabilizes the open-lid conformation of a pancreatic lipase.?® In order to make sure
whether a detergent affects the enantioselectivity of a lipase, we investigated the effect of detergent on the lipase-
catalyzed hydrolysis of racemic 1. Triton X-100, a nonionic alkyl polyoxyethylene ether, was employed as a
detergent. Since Triton X-100 has no charge, it may not interact electrostatically with amino acid residues of the

lipase. The results are summarized in Table 3.

Table 3. Effect of Triton X-100 (TX100) on the Lipase-Catalyzed Hydrolysis.

(Elo [Slo TX100 10%k, 10%; E-value
(unit/ml)  (mmoll)  (mM) (Y (h)

88.0 2.35 0.0 11.6 *1.8 299 +4.1 3.9 +0.1
88.0 2.35 4.6 76.5 2.7 68.9 +3.9 11.1 +0.2
17.6 11.8 0.0 2.57 +0.12 2.05 +0.12 12.5 +0.4
17.6 11.8 4.6 3.01 +0.11 2.59 +0.08 11.6 +0.3
17.6 11.8 10.0 3.46 +0.25 2.98 +0.20 11.6 +0.2

A detergent plays two roles in lipase-catalyzed hydrolysis: one on lipase, and the other on substrate. A
detergent may stabilize the open-lid conformation by binding to the surface of a lipase.” The reaction system
becomes a solution from a heterogeneous mixture by addition of the detergent. This observation demonstrates
that the detergent binds to the substrate to make a complex. In the present study, the detergent enhanced both
(R)- and (§)-activities. Furthermore, the detergent also enhanced the enantioselectivity under the conditions that
[S)o/[E]o is low (0.0267 pmol/unit), which reveals that the detergent certainly influences the structure of lipase.
The effect of the detergent is related with the concentrations of lipase and substrate: under the conditions of high
[S1o/{E]o (0.670 pmol/unit), both (R)- and (S)-activities are enhanced by the detergent without the change in
enantioselectivity. Thus, it seems that the detergent assists the lid of lipase to be opened by hydrophobic
interaction, similarly to the hydrophobic substrate, 1.

It is known that molecules of hexane and acetonitrile, non-substrate compounds, can bind to the surface or
the active site of enzyme.??> The hydrophobic addendum that enhances the rate of hydrolytic reaction,
therefore, may interact to the lid of lipase and assist it to be opened, similarly to Triton X-100. The behavior of
DMB has the largest and similar to that of the detergent. Cyclopentane, cyclohexane and diisopropyl ether are
activators to an enantiomer, but inhibitors to the other one. Molecules of these addenda may interact to both the

substrate-binding pocket and the lid. The lid locates close to the substrate-binding pocket of lipase and the
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movement of the lid is related with the induced-fit.2> Therefore, it is plausible that the molecules interacting to
the lid, that is, existing at the substrate-binding pocket, cause the inhibition against the hydrolytic reaction of an
enantiomer. Although we do not have data enough to discuss the behavior of cyclopentane and diisopropyl
ether, the similarity in the effect of cyclopentane and diisopropyl ether on the lipase-catalyzed hydrolysis means
that their interacting-sites on the lipase are close each other. Because both benzene and hexane inhibit the lipase-
catalyzed hydrolysis, they may interact more prefentially to the substrate-binding pocket than DMB. Their
efficiency of inhibition depends on the strength of hydrophobic interaction measured by their boiling points

(hexane: 69 °C; benzene: 80 °C). The mechanism of enantioselective inhibition was postulated in the previous

paper.?

Comparison of Enantioselectivities in Hydrolysis and Transesterification Catalyzed by a Lipase
It is often mentioned that enantioselectivities in (trans)esterifications catalyzed by a hydrolase in organic

24 In order to elucidate the

media are higher than those in the corresponding hydrolytic reactions in water.
correlation of mechanisms for transesterification and hydrolysis, we compared E-values of the transesterification
between racemic sulcatol and vinyl acetate catalyzed by lipase PS in organic media® with those of the hydrolysis

of racemic 1 catalyzed by lipase PPS in water. The correlation is shown in Fig. 4.
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Figure 4. Correlation between E-values in the transesterifications and those in the
hydrolyses catalyzed by lipase from Pseudomonas cepacia. Solvents (or addenda): (1)
cyclohexane, (2) DMB, (3) diisopropyl ether, (4) hexane, (5) cyclopentane, and (6)
benzene.

Two series of E-values that are estimated from different reactions are surprisingly correlated with each other,

and the slope of the line is approximately 1. The meaning of slope= 1 is not so important, because
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enantioselectivity of a lipase may be affected by its purity and immobilized state. On the other hand, high
coefficient of correlation (r = 0.951) is worth notice. Thus, it is found that these addenda, in spite of their small
quantities (192 + 36 mmol/l), afford the same effect as that they do as a bulk solvent to the enantioselectivity of
lipase. In other words, organic solvent influences the enantioselectivity as a molecule rather than as a bulk
medium in the transesterification.?

In summary, we propose that a water-insoluble substrate (e.g. 2-acetoxy-6-methyl-5-heptene; 1) improves
the enantioselectivity of a lipase-catalyzed hydrolysis by stabilizing the open-lid conformation of the lipase. We
have also shown that organic compounds that are used as reaction media behave as inhibitors or activators in the
lipase-catalyzed hydrolysis. Thus, solvent dependence of the enantioselectivity stems from molecular
interactions between particular sites of the lipase and molecules of the addendum or solvent. The site-specific

interactions are more important than bulk interactions.

EXPERIMENTAL

Instruments

Gas chromatograms were recorded on a Shimadzu GC-14A Gas Chromatograph. For the analysis of
enantiomeric excess in the substrate and product, a capillary column equipped with Chiraldex G-TA (Tokyo
Kasei Kogyo Co., Ltd.) was employed.

Materials

Tris(hydroxymethyl)aminomethane, racemic 6-methyl-5-hepten-2-ol (sulcatol), Triton X-100 (Ave. M.W.:
602.5) and organic solvents were commercially available. Acetate of sulcatol (2-acetoxy-6-methyl-5-heptene)
was obtained easily by chemical acetylation of sulcatol. Purified lipase PS (2,200,000 unit/g) was provided
from Amano Pharmaceutical Co., Ltd.

Lipase PPS-Catalyzed Hydrolysis of 2-Acetoxy-6-methyl-5-heptene (1) in Tris-HCI buffer ([E] = 17.6 unitiml,
[S] = 11.8 mmolfl)

To obtain 88 unit/ml enzyme solution, lipase PPS (1 mg) was dissolved in 25 ml of Tris-HCI buffer (0.1 M,
pH 8.0). The substrate (1, 10 mg) and Tris-HCl buffer (4 ml) were placed in a vial and, after addition of 1 ml of
the enzyme solution to the vial, the resulting suspension was stirred magnetically at 30 °C. Five vials were
provided for a kinetic measurement and an E-value. Periodically, the content of a vial was transferred into a
separatory funnel, and the substrate and product were extracted with 20 ml of diethyl ether. After usual work-

up, the remained mixture of 1 and sulcatol was analyzed with gas chromatography.

Kinetics

Enantiomeric excesses in 1 (eeg) and the product (eep) were calculated from one chromatogram, since all
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enantiomers were separated satisfactorily on this analysis. The rate constants (kg and kg) and E-values were

calculated by the same mothod reported in the previous paper.

ACKNOWLEDGMENT

We are thankful to financial support for a part of this research by the Ministry of Education, Science and
Culture, under the Grant-in-Aid No. 04403006. We also thank Amano Pharmaceutical Co., Ltd for providing
purified PS.

REFERENCES AND NOTES

Wescott, C. R.; Klibanov, A. M. Biochim. Biophys. Acta 1994, 1206, 1-9.

Laane, C.; Boeren, S.; Vos, K.; Veeger, C. Biotechnol. Bioeng. 1987, 30, 81-87.

Nakamura, K.; Kinoshita, M.; Ohno, A. Tetrahedron 1995, 51, 8799-8808.

Sugai, T.; Katoh, O.; Ohta, H. Tetrahedron 1995, 51, 11987-11998.

Itoh, T.; Tagaki, Y. Chem. Lert. 1989, 1505-1506.

Naoshima, Y.; Kamezawa, M.; Tachibana, H.; Munakata, Y.; Fujita, T.; Kihara, K.; Raku, T. J. Chem.

Soc. Perkin Trans. 1 1993, 557-561.

7. Hansen, T. V.; Waagen, V.; Partali, V.; Anthonsen, H. W.; Anthonsen, T. Tetrahedron: Asymmetry
1995, 6, 499-504.

8. Sarda, L.; Desnuelle, P. Biochim. Biophys. Acta 1958, 30, 513-521.

AN L AW N =

9. This "concentration” means the amount of a hydrophobic compound dispersed in a unit volume, and it
does not represent true concentration. Therefore, we use "mmol/l" instead of "mM" as a unit for the
amount of substrate dispersed in the solvent in order to stress the heterogeneity.

10. Verger, R.; Mieras, M. C. E.; De Haas, G. H. J. Biol. Chem. 1973, 248, 4023-4034.

11. Chen, C. -S.; Fujimoto, Y; Girdaukas, G; Sih, C. J. J. Am. Chem. Soc. 1982, 104, 7294-7299.

12. Derewenda, Z. S.; Sharp, A. M. T/BS 1993, 18, 20-25.

13. Brzozowski, A. M.; Derewenda, U; Derewenda, Z. S.; Dodson, G. G.; Lawson, D. M.; Turkenberg, J.
P.; Bjorkling, F.; Huge-Jensen, B.; Patkar, S. A.; Thim, L. Nature 1991, 351, 491-494.

14. Holmquist, M.; Martinelle, M.; Berglund, P.; Clausen, 1. G.; Patkar, S.; Svendsen, A.; Hult, K. J.
Protein Chem. 1993, 12, 749-757.

15. Holmquist, M.; Norin, M.; Hult, K. Lipids 1993, 28, 721-726.

16. Noble, M. E. M; Cleasby, A.; Johnson, L. N.; Egmond, M. R.; Frenken, L. G. J. FEBS Lett. 1993,
331, 123-128.

17. Gilbert, E. 1. Enzyme Microb. Technol. 1993, 15, 634-645.

18. In this system, ca. 16 mg/ml of organic solvent is the limiting concentration to keep system in a dispersion

state instead of a biphasic state. Because the biphasic state reduces the interaction between lipase and



5406

19.
20.

21.
22.

23.

24.
25.
26.
27.
28.

M. KINOSHITA and A. OHNO

hydrophobic compound, the concentration of organic solvent was kept at 16 mg/ml and the content in the
vial was vigorously stirred in order to keep the dipersion state.

The hydrolytic activities on (R)- and (§)-1 are represented as (R)-activity and (S)-activity, respectively.
van Tilbeurgh, H.; Egloff, M.-P.; Martinez, C.; Rugani, N.; Verger, R.; Cambillau, C. Nature 1993,
362, 814-820.

Yennawar, N. H.; Yennawar, H. P.; Fraber, G. K. Biochemistry 1994, 33, 7326-7336.

Fitzpatrick, P. A.; Steinmetz, A. C. U.; Ringe, D.; Klibanov, A. M. Proc. Natl. Acad. Sci. USA 1993,
90, 8653-8657.

Holmquist, M.; Martinelle, M.; Clausen, 1. G.; Patkar, S.; Svendsen, A.; Hult, K. Lipids 1994, 29, 599-
603.

Chen, C-. S.; Sih, C. J. Angew. Chem. Int. Ed. Engl. 1989, 28, 695-707.

It has been reported that some organic molecules affect stereoselectivity of lipase-catalyzed reaction. 252728
Guo, Z. -W.; Sih, C. J. J. Am. Chem. Soc. 1989, 111, 6836-6841.

Itoh, T.; Ohira, E.; Takagi, Y.; Nishiyama, S.; Nakamura, K. Bull. Chem. Soc. Jpn. 1991, 64, 624-627.
Itoh, T.; Hiyama, Y.; Betchaku, A.; Tsukube, H. Tetrahedron Lett. 1993, 34, 2617-2620.

(Received in Japan 5 January 1996; accepted 9 February 1996)



