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1. FORWARD 

From a biotechnological perspective there are many advantages of employing enzymes in 
organic as opposed to aqueous media. While there is now little question that enzymes can 
function in organic media, reaction rates are typically quite low. Relatively few kinetic studies 
have been carried out, and detailed investigations of enzyme structure and dynamics are fewer 
still. The overall goal of this ARO-sponsored research has been to identify the factors that 
govern enzyme activity and specificity in organic solvents, and apply this knowledge in the 
design of enzyme catalysts with optimal (i.e., aqueous-like) activity in nonaqueous media. In 
addition, this research set out to expand on our recent success in activating enzymes for use in 
organic solvents - in some cases activations of greater than 1000-fold have been achieved - and 
to understand fundamentally the factors that govern enzyme activity and enzyme activation in 
organic solvents. The knowledge gained in this investigation can be applied to a more general 
design of enzyme catalysts with optimal (i.e., aqueous-like) activity and tailored selectivity in 
nonaqueous media. 

2. TABLE OF CONTENTS (IF MORE THAN 10 PAGES) 

Not Applicable 

3. LIST OF APPENDIXES, ILLUSTRATIONS AND TABLES 

Not Applicable 

4. BODY OF REPORT 

A. STATEMENT OF THE PROBLEM STUDIED 

The goals of this ARO-sponsored research were as follows: 

1. To investigate the effect of solvent properties (e.g., hydrophobicity, 
polarity, hydration) on enzyme activity and specificity. 

2. To tailor and improve enzyme activity in organic solvents by a) 
protein engineering, b) solvent engineering, and c) catalyst engineering 
(e.g., use of supports, additives, and natural stabilizers). 

3. To control enzyme specificity by protein and solvent engineering. 

4. To develop rational and predictive guidelines for biocatalyst 
optimization in organic solvents. 

Much of this work was performed using the serine proteases subtilisin (Carlsberg and 
BPN') and a-chymotrypsin, as well as the non-serine protease, thermolysin. Instead of a broad 
summary of the results and impact of this work, we provide a complete compilation of the 
abstracts of publications that have resulted from this research. A detailed bibliography of these 
publications is given in Section C below. 



B. SUMMARY OF PUBLISHED RESULTS 

1) Khmelnitsky, Yu.L., Welch, S.H., Clark, D.S., and Dordick, J.S. (1994), "Salts 
Dramatically Enhance Activity of Enzymes Suspended in Organic Solvents", J. Am. Chem. 
Soc. 116, 2647-2648. 

The catalytic efficiencies (kcat/Km) of subtilisin Carlsberg and a-chymotrypsin in 
anhydrous organic solvents are dramatically increased when each enzyme is lyophilized in the 
presence of excess salts. For example, a biocatalyst powder containing 98% (w/w) KC1, and 
1% (w/w/) each of phosphate buffer and subtilisin was 3,750-times more active in n-hexane for 
the transesterification reaction between N-Ac-L-Phe-OEt and 1-propanol than the enzyme 
prepared without KC1. This activation was primarily due to a large increase in the catalytic 
turnover (kcat) and provides for catalytic efficiencies in n-hexane to within an order of 
magnitude of that obtained for hydrolytic reactions in aqueous solutions. The activation was 
also observed in other organic solvents as well as with other salts indicating that the effect may 
be general. Enzymatic catalysis in the gas phase was not dramatically affected by the presence 
of salt in the lyophilized mixture suggesting that salt does not act as a lyoprotectant, but rather 
protects the enzyme from direct interaction (and inactivation) by the organic solvent. We 
hypothesize that a highly polar salt matrix is formed that excludes direct solvent contact with the 
enzyme and helps to maintain the native structure of the enzyme. 

2) Paradkar, V.M. and Dordick, J.S. (1994), "Aqueous-Like Activity of a-Chymotrypsin 
Dissolved in Nearly Anhydrous Organic Solvents", J. Am. Chem. Soc. 116, 5009-5010. 

a-Chymotrypsin (CT) is easily extracted from an aqueous phase into isooctane 
containing a low concentration of surfactant (< 2 mM AOT) via the formation of ion pairs 
between the protein and the surfactant. The low surfactant concentration eliminates the 
formation of reversed micelles. Subsequent drying of the enzyme-containing isooctane 
phase results in an extensively dehydrated soluble enzyme in isooctane. This soluble 
enzyme preparation can then be dissolved in a wide variety of organic solvents. Soluble 
CT is highly active in isooctane, with a kcat/Km for the transesterification of Ac-L-Phe-OEt 

with n-propanol of 3,020 M'V1 which is ca. 15% ofthat in aqueous buffer for Ac-L-Phe- 
OEt hydrolysis. The soluble enzyme is ca. 2,500-fold more active than CT suspended in 
isooctane. Spectral analysis of soluble CT in organic solvents do not reveal any significant 
changes as compared to soluble CT in water, hence the soluble enzyme retains its native 
secondary and tertiary structure. The highly active soluble CT was used for 
thermodynamically-controlled peptide synthesis resulting in efficient synthesis of 
dipeptides in yields approaching 100%. In addition to CT, subtilisin Carlsberg was 
dissolved in isooctane in a similar manner and shows a value of kcat/Km for the 
transesterification of Ac-L-Phe-OEt and n-propanol of 68% of that for hydrolysis in 
aqueous buffer. 

3) A. M. Blinkovsky, Yu. L. Khmelnitsky, and J. S. Dordick (1994), "Organosoluble 
Enzyme-Polymer Complexes: A Novel Type of Biocatalyst for Nonaqueous Media", 
Biotechnol. Techniques 8. 33-38. 

A novel type of organosoluble biocatalyst, representing a non-covalent complex of 
enzyme with a sugar-based amphiphilic polymer is described. The subtilisin Carlsberg- 
palmitoyl poly(sucrose acrylate) complex was found to be soluble and catalytically active 
in a number of organic solvents of different nature. 



4) P. P. Wangikar, D. S. Clark, and J. S. Dordick (1995), "Probing Enzymic Transition 
State Hydrophobicities ", Biochemistry 34, 12302-12310. 

Hydrophobie interactions are important in numerous biological processes; however, the 
nature and extent of hydrophobic interactions in nonaqueous enzymology remain poorly 
defined. We have estimated the free energies of enzyme-substrate hydrophobic interactions 
for a model reaction catalyzed by subtilisin BPN' (from Bacillus amyloliquefaciens). 
Transition state stabilization of subtilisin in water has contributions from both ground state 
destabilization of hydrophobic substrates in water and intrinsic enzyme-substrate 
hydrophobic interactions. Both contributions are evident even in hydrophobic organic 
solvents, and can be modified by protein engineering of the enzyme's binding site as well 
as by changing the hydrophobicity of the reaction medium. We have also developed a 
method to estimate the hydrophobicity of the enzymic transition state involving systematic 
variation of the substrate and solvent hydrophobicities. The observed binding pocket 
hydrophobicities were directly affected by replacing the Glyi66 residue, located at the back 
of the hydrophobic Si binding pocket of subtilisin BPN', with more hydrophobic amino 
acids such as alanine and valine. Thus, the observed Si binding pocket hydrophobicities of 
the wild-type, G166A, and G166V mutants were measured to be 1.2, 1.8, and 2.6 log P 
units, respectively. Our method of calculating effective binding pocket hydrophobicity was 
found to be applicable to other enzymes including horseradish peroxidase and a- 
chymotrypsin. The measurements of the binding pocket hydrophobicities have significant 
implications toward tailoring enzyme function in aqueous as well as nonaqueous media. 

5) V. M. Suzawa, Yu. L. Khmelnitsky, L. Giarto, J. S. Dordick, and D. S. Clark (1995), 
"Suspended and Immobilized Chymotrypsin in Organic Media: Structure-Function 
Relationships Revealed by ESR Spectroscopy", J. Am. Chem. Soc. 117, 8435-8440. 

Comparing the behavior of freely suspended and immobilized enzyme in organic media 
with low water contents can yield insights into interactions among the biocatalyst, solvent, 
and support that influence protein structure and function. Immobilized chymotrypsin has 
higher activity than the suspended enzyme (by one to two orders of magnitude) in anhydrous 
organic solvents ranging from nonpolar n-octane to polar acetonitrile. In anhydrous 
tetrahydrofuran (THF), glass-adsorbed chymotrypsin is ca. ten-times more active than the 
suspended enzyme, and electron spin resonance (ESR) spectra of an active-site spin label 
reveal greater local flexibility. Upon adding up to 0.5% v/v water, increased catalytic 
efficiency of the immobilized enzyme is accompanied by a sharp rise in active-site polarity 
but no apparent change in active-site conformation or dynamics. Under the same conditions 
the activity of the suspended enzyme also increases; however, the active-site polarity remains 
nearly constant while the spin label reflects increasing molecular flexibility. For both 
preparations, further changes in protein structure occur as enzyme activity increases with 0.5 
to 7% v/v added water. Computer simulations of the room-temperature ESR spectra suggest 
that different initial conformational states contribute to the different behavior of the two 
enzyme systems over the entire range of added water. These findings show that the 
structural properties of suspended and immobilized enzyme can differ markedly and that 
these differences are important to enzyme activity in organic media. 



6) P. P. Wangikar, D. Carmichael, D. S. Clark, and J. S. Dordick (1995), "Active Site 
Titration of Serine Proteases in Organic Solvents", Biotechnol. Bioeng. 50, 329-335. 

Calculation of kinetic constants of an enzymatic reaction in organic solvents requires 
knowledge of the functional active-site concentration in organic solvents, and this can be 
significantly different than that in water. An experimental method for active-site titration of 
serine proteases in organic media has been developed based on the kinetics of inhibition by 
phenylmethanesulfonyl fluoride (PMSF), a serine-specific inhibitor (or suicide substrate). 
This kinetic approach is fundamentally different from other techniques that require complete 
titration of all accessible enzyme active sites. This active site titration method was applied to 
subtilisins BPN' and Carlsberg, and a-chymotrypsin, and resulted in fractions of active 
sites that ranged from 8 to 62% (of the fraction active in water) depending on the enzyme, 
the method of enzyme preparation, and the organic solvent used. The active site 
concentration of subtilisin BPN' and Carlsberg increased with increasing hydrophobicity of 
the solvent, and with increasing solvent hydration in tetrahydrofuran. The dependence of 
the fraction of active sites on the nature of the organic solvent appears to be governed 
largely by solvent-induced inactivation caused by direct interaction of a hydrophilic solvent 
with the enzyme. 

7) J. O. Rich, B. A. Bedell, and J. S. Dordick (1995), "Controling Enzyme-Catalyzed 
Regioselectivity in Sugar Ester Synthesis", Biotechnol. Bioeng. 45, 426-434. 

The rational control over enzyme-catalyzed regioselectivity has been studied using 
sucrose acylation by vinyl esters in organic media as a model. Subtilisins BPN' and 
Carlsberg preferentially acylate at the l'-hydroxyl of sucrose with some acylation observed 
at the 6-hydroxyl. The preference for the l'-hydroxyl is strongly affected by the 
hydrophobicity of the organic solvent and the chain length of the vinyl ester. Increasingly 
hydrophobic solvents and longer chain lengths lower the favorable formation of the 1'- 
acylation and improve 6-acylation. Molecular modeling of sucrose in the binding pocket of 
subtilisin BPN' shows that the 1'-acylation is favored in solvents that can solvate sugars 
(such as pyridine) as the glucose moiety is exposed to the medium, whereas 6-acylation 
leaves the entire sucrose molecule buried within the enzyme's binding pocket. Thus, 1'- 
acylation is sterically more favorable than 6-acylation. Increasingly hydrophobic solvents 
affect regioselectivity by changing the degree of solvation of the glucose moiety in the 
medium and forcing the sucrose 1 '-ester completely into the binding pocket. In a related 
modeling, the vinyl ester chain length was shown to modulate regioselectivity by 
controlling the bond angles between the resulting acyl- enzymes and the sucrose thereby 
affecting the positioning of the sucrose in the binding pocket of subtilisin BPN'. This 
study shows that control over enzymic regioselectivity can be achieved by rational choices 
of substrate and solvent. 

8) P. P. Wangikar, P. C. Michels, D. S. Clark, and J. S. Dordick (1997), "Structure and 
Function of Subtilisin BPN' Solubilized in Organic Solvents", J. Am. Chem. Soc. 119, 70- 
76. 

Enzyme structure and function have been studied for subtilisin BPN' solubilized in 
organic solvents by ion pairing with low concentrations of an anionic surfactant (Aerosol 
OT) in the absence of reversed micelles. Soluble subtilisin shows strikingly different 
behavior in octane and tetrahydrofuran (THF). In octane, the kca/K for the 
transesterification of N-Acetyl L-Phenylalanine Ethyl Ester (APEE) is 37(f M^s"1, within 
one order of magnitude of the enzyme's hydrolytic activity in water. Moreover, the 



observed half-life of the soluble enzyme in octane is nearly three orders of magnitude 
greater than in water, presumably due to the absence of autolysis in the organic solvent. In 
contrast, the catalytic efficiency of the enzyme dissolved in the polar solvent THF is 0.04 
M'V1, and the enzyme loses 99% of its activity within 10 min. Comparable enzyme 
inactivation could also be observed in octane, but only at elevated temperatures such as 
70°C. Therefore, the mechanisms of deactivation of the soluble enzyme were investigated 
in both octane and THF. Kinetic and spectroscopic (CD and EPR) studies support the 
existence of multiple inactive forms of the soluble enzyme in THF at 25 °C and in octane at 
70°C. Notably, in both cases a denatured form can be renatured in anhydrous octane at 

25°C, the first demonstration of enzyme renaturation in a bulk organic solvent. A model 
explaining the THF- and thermally-induced inactivation processes of soluble subtilisin 
BPN' is proposed, and the apparent reasons for the exceptionally high activity and stability 
of the soluble enzyme in octane are discussed. 

9) J. O. Rich and J. S. Dordick (1997), "ControllingSubtilisin Activity and Selectivity in 
Organic Media by Imprinting with Nucleophilic Substrates", J. Am. Chem. Soc. 119, 3245- 
3252. 

The activity and substrate specificity of subtilisin-catalyzed acylation of nucleosides in 
organic solvents can be controlled by lyophilizing the enzyme from an aqueous solution 
containing the substrate. This "molecular imprinting" technique was examined using 
thymidine as a model nucleoside, and the resulting subtilisin preparation was up to 50-fold 
more reactive toward thymidine acylation in nearly anhydrous tetrahydrofuran than 
subtilisin lyophilized from aqueous buffer in the absence of the nucleoside. Although 
several compounds, including thymine and ribose, improved the rate of thymidine 
acylation, the thymidine-imprinted enzyme was the most efficient catalyst for this reaction. 
Furthermore, it was possible to alter the substrate selectivity of subtilisin by lyophilizing 
the enzyme in the presence of a different nucleophilic substrate. For example, imprinting 
made possible the discrimination between structurally different (i.e., sucrose versus 
thymidine) as well as structurally similar (i.e., thymidine versus deoxyadenosine) 
nucleophiles. Molecular modeling studies of the interaction of thymidine or the unrelated 
sucrose with subtilisin revealed that structural changes upon imprinting in the serine 
protease's catalytic triad may be responsible for the observed activation and selectivity 
changes. Further use of molecular dynamics indicated that structural changes in the catalytic 
triad occur during imprinting, and that these changes may be the major factor that 
contributes to imprinting-induced substrate selectivity. This contrasts with the previously 
held notion that imprinting influences mainly substrate binding. 

10) P. C. Michels, J. S. Dordick, and D. S. Clark (1997), "Dipole Formation and Solvent 
Electrostriction in Subtilisin Catalysis", J. Am. Chem. Soc. 119, 9331-9335. 

The transition state for subtilisin-catalyzed transesterification was probed by 
high-pressure kinetic studies in solvents spanning a wide range of dielectric 
constants. The electrostatic model of Kirkwood described the solvent effects and gave a 
lower limit of 31+1.5 Debye for the dipole moment of the transition state. This value 
remained constant in a wide range of polar and apolar solvents, indicating that the 
catalytic triad of subtilisin is remarkably robust. Despite the highly polar transition 
state, substantial rate enhancements relative to the uncatalyzed reaction were measured in 
highly apolar solvents such as hexane; this is the first report of such an extreme disparity 
between transition-state and solvent polarities. Moreover, the solvent dependence of the 
activation volume implies a low effective dielectric of the polypeptide chain in the 
active site,  and substantial penetration of the active site by solvent. Kirkwood's   model 



was also used to quantify the effect of an active-site mutation on the transition-state dipole 
moment. These results illustrate that the electrostatic model combined with high-pressure 
kinetics can provide unique information on the basic properties of enzyme reaction 
processes, and can be useful in predicting solvent effects on enzyme reaction rates. 

11) C. S. Lee, M. Haake, M. T. Ru, J. S. Dordick, J. A. Reimer, and D. S. Clark (1997), 
"A Multinuclear NMR Study of Enzyme Hydration in an Organic Solvent", Biotechnol. 
Bioeng. (in press). 

Multinuclear NMR spectroscopy has been used to study water bound to subtilisin 
Carlsberg suspended in tetrahydrofuran (THF), with the water itself employed as a 
probe of the hydration layer's physicochemical and dynamic characteristics. The presence 
of the enzyme did not affect the intensity, chemical shift or linewidth of water (up to 8% 
v/v) added to THF, as measured by 170- and 2H-NMR. This finding suggests that hydration 
of subtilisin can be described by a three-state model that includes tightly bound, loosely 
bound, and free water. Solid-state 2H-NMR spectra of enzyme-bound D20 support the 
existence of a non-exchanging population of tightly bound water. An important 
implication is that the loosely-bound water is the same as free water from an NMR 
viewpoint. This loosely-bound water must also be the water responsible for the large 
increase in catalytic activity observed in previous hydration studies. 

12) B. A. Bedell, V. V. Mozhaev, D. S. Clark, and J. S. Dordick (1997), "Testing for 
Diffusion Limitations in Salt-Activated Enzyme Catalysts Operating in Organic Solvents", 
Biotechnol. Bioeng. (in press). 

The dramatic activation of serine proteases in nonaqueous media resulting from 
lyophilizing in the presence of KC1, first reported by Khmelnitsky et al. (1994), is shown to 
be unrelated to relaxation of potential substrate diffusional limitations. Specifically, 
lyophilizing subtilisin Carlsberg in the presence of KC1 and phosphate buffer in different 
proportions, ranging from 99% (w/w) enzyme to 1% (w/w) enzyme in the final lyophilized 
solids, resulted in biocatalyst preparations that were not influenced by substrate diffusion, 
and thereby retained their kinetically-controled properties. This result was evident through 
use of a classical analysis whereby the initial rates of catalysis as a function of active enzyme 
in the biocatalyst preparation, normalized per constant volume of catalyst material, were 
measured for all biocatalyst preparations studied. Plots of initial reaction rates as a function 
of the percent of active subtilisin in the biocatalyst preparations were linear for all biocatalyst 
preparations. Thus, enzyme activation (reported by Khmelnitsky et al. (1994) to be as high 
as 3750-fold in hexane for the transesterification of N-Ac-L-Phe-OEt with n-PrOH) is a 
manifestation of intrinsic enzyme activation and not relaxation of diffusional limitations 
resulting from diluted enzyme preparations. Similar activation is reported for thermolysin, a 
non-serine protease, thereby demonstrating that enzyme activation due to lyophilizing in the 
presence of KC1 may be a general phenomenon. 

C. LIST OF PUBLICATIONS 
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Soc. 116, 2647-2648. 
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