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Introduction

Enzymes play important roles in all living cells. They possess remarkable catalytic
properties in terms of high catalytic activity, exclusion of undesirable side-reactions
such as racemization, and operations under mild conditions. The most specific
features of enzyme function are the high substrate specificity including regioselectivity
and stereospecificity. As a consequence, enzymes have been used in various indus-
trial and medical fields. Bioconjugation has expanded the possibility of application of
enzymes towards bioreactor catalyst, bioreactor sensor and medical drug technolo-
gies. Immobilization of enzymes onto solid matrices has enabled the recyclization of
enzymes: immobilization of enzymes onto sensing devices including electrodes and
optodes has also provided the basis for biochemical sensors. Bioconjugation of
medical enzymes extracted from animals with an amphiphilic polymer, polyethylene
glycol, has been shown to reduce the immuno-reaction induced by the application of
sensor or therapeutic enzymes into the human body. Various bioconjugations of
biological molecules are very important in the biomedical fields (Aslam and Dent,
1998).

Bioconjugation is divided into two categories in the present review. One is gene-
engineered bioconjugation, and the other chemically engineered bioconjugation
(Figure 10.1). Gene-engineered modification has been used for the alteration of
enzymatic activity, such as thermal stabilization (Bryan ef al, 1986), alteration of

*To whom correspondence may be addressed (ito®bio.tokushima-u.ac jp}
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Figore 10.1. Modification of enzyme by genetic engineering and chemical methods.
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substrate specificity (Sears ez al., 1994), and use in organic synthesis (Wangikareral.,
1993, 1995). The gene-engineered modification of enzymes is laborious and modifi-
cation sites are limited, but such technologies can strictly regulate the structure and
the molecular weight of the modified enzyme.

The chemical bioconjugation modification strategy includes attachment of lipid
molecules or synthetic polymers to enzymes. Y. Inada and his colleagues have
synthesized PEG-attached enzymes for immuno-isolated drugs and for catalytic
reactions which are unable to occur in aqueous solution (see Matsushima et af., 1984;
Inada ez al, 1995). Okahata er g/, (1995) and Dordick and his co-workers (see
Paradkar and Dordick, 1994; Wangikar et al., 1997) have modified enzymes with
lipid molecules or surfactant molecules to render the enzymes soluble in organic
media. Ito ez al. {1992, 1993, 1994) have connected hydrophobic synthetic polymers
to enzymes. More recently, Wang er /. (1997) have synthesized biocatalytic plastics
by the coupling of enzymes with acryloyl chloride to provide a polymerizable
functionality, subsequent extraction of acryloylated enzymes with Aerosol-OT {AOT)
into the organic phase, and followed finally by polymerization with hydrophobic
monomer and crosslinker. In general, the chemical modification of enzymes can be
performed under facile conditions and the physical properties can be drastically
altered, although precise control of the chemical reaction can be difficult.

In the present review, we consider the above two methods for enzyme modifica-
tion. The genetic engineering approach has been used for hydrophobilization of
enzymes: hydrophobilization has been shown to affect the hydrolytic activity or
bactericidal activity of enzymes. The chemical medification appreach has been
performed on enzymes by conjugation with various synthetic polymers: solubility
was controlled by the conjugation. When a stimuli-responsive polymer was conju-~
gated, the solubility of the conjugated enzyme was subsequently regulated by
stimulation,

Genetically engineered bioconjugation

HYDROPHOBILIZATION BY GENETIC ENGINEERING

Genetic engineering can control the functions of enzymes and using this technology
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Figure 10.4.  Analysis of hydrophebicity of the fusion esterases in terms of elation time of a COSMOSIL
5C,,-AR-300 (Nacalai Tesque, Japan) reversed phase chromatography experiment. A linear gradient from
2064 acetonitrile containing 0.05% trifluoroacetic acid to acetonitrile containing 0.05% trifluorcacetic acid
over 30 min at the rate of 1.0 ml/min was employed: Q, the fusion esterases carrying polyproline; @, the
fusion esterases carrying polytyrosine.

the utility of enzymes has been extended. Genetic engineering based on recombinant
DNA technology has been successfully applied to aqueous enzyme systems to
increase their thermal stability, to alter their substrate specificity or the optimum pH,
or to facilitate their use in organic solvents. In addition, genetic engineering has
yielded vartous types of proteinous materials or fusion proteins. In early work, Chen
and Arnold (1993) adapted the activity of subtilisin for catalysis in dimethylformamide.
The addition of polyhistidine terminal extensions, ‘His fagging’ designed to allow the
easy purification of the target protein on a metal-chelating gel, has now become a
standard practice in molecular biology (Ledent er al., 1997; Chen and Chen, 2000),
Stempfer et al. (1996) have designed a new method for enzyme immobilization using
a fusion protein of yeast uv-glucosidase containing a polycationic hexa-arginine
fusion peptide at its C-terminus. This fusion protein was directly adsorbed from crude
cell extracts on polyanionic matrices in a specific, oriented fashion. It was demon-
strated that the non-covalent coupling did not influence the specific activity, the
Michaelis constant, nor the activation energy of the enzymatic reaction.

Genetic engineering has also been used in our laboratories for the hydrophobilization
of enzymes, and in the paragraphs that follow we now review this work. Esterase and
lysozyme have been hydrophobilized by connection of polytyrosine or polyproline
chain of various lengths to the carboxyl end of the enzymes, and the catalytic activity
as well as biological activity of the mutant enzyme was investigated.

The construction method of mutant plasmid coding mutant esterase and lysozyme
carrying polytyrosine or polyproline at the carboxyl terminal has been described by
Kwon et al. (1998a,b) and Ito er al. (1997). The purified esterases and lysozymes
carrying polytyrosine or polyproline chains of various lengths at the carboxyl terminus



242 O.H. KWON AND Y. ITO

were analysed by SDS-polyacrylamide gel electrophoresis (Figure 10.2). The band
positions of mutant enzymes were found to be higher than those expected. However,
measurement by mass spectroscopy or gel permeation chromatography demonstrated
that the molecular weight of the mutant enzyme was the same as the calculated value.
Ithas been reported that hydrophobic proteins show higher affinity for SDS than usual,
because SDS—protein interaction forces are mainly hydrophobic. The same explana-
tion should be applied to the present cases: SDS binding to the fusion enzymes is
responsible for the anomalously slower than expected electrophoretic migration.

The hydrophobicity of such mutant enzymes has been investigated by hydrophobic
chromatography (Figure 10.3). The measured elution time was found to increase with
increasing length of the connected polyproline chain and approached that of pure
polyproline. Figure 10.4 shows the relationship between the elution time and the
chain length of the insert. The fusion esterase carrying polytyrosine was more
hydrophobic than that carrying polyproline.

Figure 10.5 shows the CD spectrum of mutant enzyme carrying polytyrosine or
polyproline. The CD spectrum of polyproline-fused enzyme was almost the same as
the addition spectrum of the wild-type enzymes and polyproline having a type I helix
structure. This means that the connection of polyproline did not induce a remarkable
conformational change. However, polytyrosine introduction caused a significant
decrease of o-helix structure and the spectrum was changed to a typical B-structure
(Figure 10.5A). The conformational change of esterase was found to be more
significant with increasing length of the polytyrosine chain insert. It was considered
that the amphiphilic polyproline chain extends beyond the surface of the enzyme
molecule, whilst the hydrophobic polytyrosine chain penetrates the interior of the
enzyme molecule by hydrophobic interactions, causing a drastic conformational
change. From these measurements, an expected polyproline-fusion lysozyme struc-
ture is illustrated in Figure 10.6.

BIOLOGICAL ACTIVITIES OF HYDROPHORBILIZED ENZYMES

The hydrolytic activity of esterase has been shown by our laboratories to be affected
by the fusion with polytyrosine or polyproline to the carboxyl terminus (Table 10.] ).
The rate of hydrolysis of p-nitrophenyl propionate was reduced by the introduction of
polyproline. The K value was not so influenced by connection of polyproline chain
to the enzyme, whereas the k_ value significantly decreased, The decrease of k /K

Table 10.1  Kinetic parameters for hydrolysis of p-ritrophenyl, pentanoate and hexancate by the wiid
type and fusion esterases

Wild-type esterase Esterase- Esterase- Esterase- L
Pro40 Tyrl0  Tyr20  Turdidity
Substrate of aqueous
Km k{,‘:ll kc-':l/Km Km k\:(l! k:-‘ll‘fK:n k‘.‘:t" bz} k( [/K!h Si}l}Sl:ratc
(@d) (min'y (M) (mMM) (min’) (M) (M@ (M's) Z‘;“‘;"“
450
propionate 0.039 1.85x 10° 7.9x 10° 0.036 1.29x10*° 60x10° ~0 ~0 0.007
pentanozaie 0.037 0.86x 107 39x 10° 0.023 [10x 10* 7.6x 10° ~0 ~0 0.018

hexanoate 0.035 0.25% 10° 1.2x 10° 0.011 3.72x10° 56x10° ~0 ~0 0.026
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Figure 10.6. Schematic drawing of the structare of lysozyme carrying 40 proline residues at the carboxyl
terminal.

caused by the introduced polyproline was considered to be due to a subtle confor-
mational change that may not have been detected by CD spectra.

On the other hand, in spite of several efforts to renature the inclusion bodies,
esterase fusion carrying polytyrosine had a negligible activity. The drastic conforma-
tional change of the esterase induced by the connection of polytyrosine must be a
reason for the extremely low activity.

The solubility of substrate in water decreased with increasing length of acyl chain,
as shown in the last column (turbidity of aqueous substrate solution) of Table 10.1.
The k_ /K values of the wild-type esterase were found to decrease with increasing
acyl chain length of the substrate, i.e. with increasing hydrophobicity of substrate. On
the other hand, the acyl chain length of substrate did not significantly affect the k. /
K  values of polyproline-fused esterases. Polytyrosine was found to be so hydro-
phobic that the active conformation of fusion esterase was seriously disrupted so as to
disable the enzymatic activity. By contrast, enzyme modification with potyproline
did not seriously affect the secondary structure of the enzyme, and enhanced the
affinity to hydrophobic substrate in water due to the increased hydrophobicity.
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Table 10.2. Hydrolysis of p-nitrophenyl tri-N-acetyl-B-chitotrioside (Tri) and p-nitrophenyl penta-n-
acetyl-B-chitopentaoside {Penta) by various human mutant lysozymes

Tri Penta
Number of
Enzyme  proline residues Relative activity K k_, Relative activity
at the C-terminal {50} {mM)} {min™) (%)
Native 0 100 227 231 100
Mutant 10 81 226 1.82 -
20 37 227 0.77 -
30 11 220 0.23 21
40 9 2.00 0.19 -

Secondly, the hydrophobilization effect on lysozyme was investigated. The hydro-
Iytic activity of Iysozyme was reduced by connection of a palyproline chain to the
carboxyl terminus (Table 10.2). Although K_ was not significantly atfected by the
polyproline connection, k_ decreased with increasing length of the polyproline tail.
These results indicate that the polyproline tail is not a barrier against the access of
substrate, but that it induces some form of conformational change around the active
site of lysozyme. The reduction of hydrolytic activity of [ysozyme by the polyproline
connection depended on the hydrophobicity of the substrate. The relative hydrotytic
activity of a mutant lysozyme carrying 30 proline residues to the wild-type lysozyme
was higher with penta-N-acetyl-f-chitopentaoside (21%) than with tri-N-acetyl-3-
chitotricside (11%j}. The hydrophobic mutant lysozyme was thus considered to easily
access the hydrophobic substrate, penta-N-acetyl-B-chitopentaoside.

It is well known that lysozyme is an important, naturally occurring antibacterial
protein. The bactericidal action of lysozyme is strong against Gram-positive bacteria
but much weaker against Gram-negative bacteria. This difference is due to the unigue
cell envelopes of the latter, which consists of an outer membrane (Wilkinson et al.,
1972), a peptidoglycan layer, and an inner membrane (Mutry ef ¢l., 1963). Lysozyme
catalyzes the hydrolysis of the }(1,4)-glycosidic linkage between N-acetylmuramic
acid and N-acetylglucosamine involved in the peptidoglycan of bacterial cell wall
{Jolles and Jollgs, 1984). It interacts with the lipopolysaccharide (LPS) layer in the
outer membrane, and hydrolyses the peptidoglycan layer. Despite its action, the wild-
type lysozyme does not affect the inner membrane and the viability of Gram-negative
bacteria, while the same actions are lethal to Gram-positive bacteria.

Ibrahim et al. (1994) reported that the covalent attachment of palmitic acid to the
Iysyl residues or fusion with a hydrophobic pentapeptide (Phe-Phe-Val-Ala-Pro}
switched the bactericidal activity of lysozyme from a Gram-positive bacterium,
Micrococcus luteus (M. luteus) 1o a Gram-negative bacterium, Escherichia coli (E.
coli). They suggested that the hydrophobic domains promoted the penetration of the
cationic molecules into the inner membrane and this dissipates electrochemical
potential across the cell membrane.

In our laboratories, the bactericidal activity of genetically hydrophobilized lys-
ozyme against Gram-positive and Gram-negative bacteria has been investigated.
Figure 10.7A shows that the bactericidal activity of lysozyme on the Gram-positive
bacteria (M. luteus and Bacillus subtilis) decreased with increasing length of the
polyproline tail.
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Figure 10.7, A: Bactericidaf activity of mutant lysozymes against Bacillus subtilis (C) and Micrococcus
luteus (®) al /=0.04, The activity of native lysozyme was taken as 100%. B: Bactericidal activity of mutant
lysozymes against Escherichia coli (@) and Psendomonas aeruginosa (@). When all of the bacterial cells
were dead, the relative bactericidal activity was 1aken as 100%.

Figure 10.7B shows that the activity against Gram-negative bacteria (E. coli and
Pseudomonas aeruginosa) increased with increasing length of polyproline chain
connected. The increasing hydrophobicity thus seems to increase the lysozyme
activity against Gram-negative bacteria.

In order to investigate the relationship between bactericidal activity and
hydrophobicity of lysozyme, the interaction of mutant lysozymes with a liposome
made of E. coli extracts has been investigated by our laboratories. The method is to
measure the release of encapsulated carboxyfluorescein (CF) from the E. coli
liposome. The addition of mutant lysozyme to the liposomal suspension induced CF
leakage, while addition of the wild-type lysozyme at the same concentration did not
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induce the release. The increasing length of polyproline tail enhanced the rate of CF
release. Taking mto consideration that neither polyproline nor lysozyme alone
affected the CF release, the combination of lysozyme with hydrophobic polyproline
appears indispensable for membrane perturbation. In addition to the CF leakage
experiment, the effect of mutant human lysozymes on the fluorescence quenching of
diS-C.-(5) by valinomycin in the E. coli phospholipid liposome has also been
investigated by our laboratories. The addition of mutant lysozyme to liposomes
hyperpolarized by valinomycin reversed the fluorescence quenching, but the addition
of wild-type human Iysozyme at the same concentration had no affect on the signal
(Ito er al, 2000). The reversal of the fluorescence quenching by mutant human
lysozymes may reflect their ability to disrupt the electrochemical potential.

It was also shown that polyproline chain connected to the carboxyl terminal of
lysozyme takes a polyproline II-type helix structure, resulting in increased
hydrophobicity. Considering that the pKa of human lysozyme is ~11, the protein is
positively charged under neutral conditions. A perturbation of membrane potential by
the mutant lysozymes could occur either by the hydrophobic interaction of the
polyproline tail with lipid membrane or by electrostatic interaction between the
positively charged lysozyme and the anionic polar head groups of phospholipids. It
has been concluded from these observations that the physico-chemical interaction
switches the bactericidal action of lysozyme from Gram-positive bacteria to Gram-
negative bacteria.

Chemically engineered bioconjugation

COMPARISON OF CHEMICAL BIOCONJUGATION

Enzymes are conventionally used in organic synthesis (Wong and Whitesides, 1994,
Koskinen and Klibanov, 1996) and ‘enzymatic polymerization’ has become a new
field of precision polymerization (Ikeda et al, 1996; Kobayashi er al, 1996).
Enzymes catalyze various organic reactions in organic solvents. However, the
catalytic activity of enzymes in organic solvents is, in general, orders of magnitude
lower than that in an aqueous environment {Dordick, 1992; Klibanov, 1997). The
reasons for this low catalytic activity are limited diffusion of enzymes (Yamamoto
and Kise, 1993), the partial denaturation of enzymes during lyophilization (Mishra ef
al., 1996}, and the reduced flexibility of proteins (Affleck et al., 1992; Suzawa et al.,
1995} in anhydrous solvents.

To overcome these problems, in addition to the employment of Iyoprotectants such
as sugars (Dabulis and Klibanov, 1993), salts (Khmelnitsky ef al., 1994), substrate-
resembling ligands (Russell and Klibanov, 1988; Dabulis and Klibanov, 1993}, and
crown ethers in the process of enzyme preparation, the use of enzymes encapsulated
in reverse micelies (Bommarius et al, 1995), coated with surfactant {Paradkar and
Dordick, 1994) and fatty-acid (Goto ef al.,, 1994; Okahata er al., 1995), solubilized in
organic solvents by the attachment of an amphiphilic polymer (Inada et al., 1995) or
hydrophobic polymers (Ito et al,, 1992, 1993, 1994), and coupled with crosslinked
polymers (Yang et al., 1995; Wang ef al., 1997) has been proposed.

PEG has been widely studied for protein modification, increasing solubility on
organic solvents (Inada et al., 1995). Koops ef al. (1999) modified lipase with tresyl-
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activated PEG with the aim to improve their catalytic properties in organic solvent,
The activated PEG was covalently linked to lysine residues at the surface of the
enzyme leading to varying surface hydrophobicity. Bioconjugation of tresyl-activated
PEG with lipase increased transesterification activity up to 27-fold in organic solvent.

Bioconjugation of enzymes by means of covalent coupling using soluble polymers
results In enzymes that retain high biological activity and display resistance to
denaturants and high temperature. Sundaram and Venkatesh (1998) recently reported
that o-chymotrypsin covalently modified by reductive alkylation using polymeric
sucrose, dextran, and carboxymethyl cellulose retained around 50-80% activity
depending on the polymer used and the extent of modification, and the bioconjugated
a-chymotrypsin displayed better thermo-tolerance than their native counterpart at 4
14°C. Dordick and co-workers have developed enzyme-containing polymeric materials
which have high activity and stability in both aqueocus and organic media (Wangetal,
1997; Novick and Dordick, 2000). They synthesized biocatalytic plastics by the
coupling of enzymes with acryloyl chloride to provide a polymerizable functionality,
subsequently solubilized into organic solvent via hydrophobic jon pairing with
surfactant molecules, and followed by polymerization with hydrophobic monomer
and crosslinker.

Although many bioconjugation procedures have been devised, the procedures have
not been directly compared. Therefore in our laboratories, we have investipated the
solubility and secondary structure of subtilisin modified with PEG or the anionic
surfactant, aerosol-OT (AOT) in various organic solvents in relation to enzymatic
activity. Subtilisin (Carlsberg) modified with PEG (PEG-Sub) (Kwon ef al., 1999) or
AOT (AOT-Sub) (Wangikar et al, 1997) was synthesized so as to be soluble in
organic solvents. About half of the amino acid residues residing on the surface of the
subtilisin molecule were modified with PEG: in this ‘PEG-Sub’ a subtilisin molecule
carries about five chains of PEG. The corresponding AOT conjugated subtilisin,
*AOT-Sub’ contained about 61 molecules of AOT, aresult which indicated that about
30% of the surface of such a subtilisin molecule is covered with AQT.

The solubilities of these modified subtilisins in various organic solvents are
sammarized in Table 10.3. PEG-Sub has been found to be soluble in water and some
organic solvents other than alcohol and isooctane. The sotubility of PEG-Sub was less
than 5 mg/ml in the organic solvents. Because the solubility of PEG depends on the
nature of solvents, the solubility of PEG-Sub also depends on the nature of the
sotvents. The solubility trend of modified subtilisin was the same as that of the
meodifier, PEG. AOT-Sub, by contrast, was found to be soluble in many kinds of
organic solvents (except for acetonitrile) irrespective of solvent polarity. PEG-Sub is
less soluble in organic solvent than AOT-Sub. The extent of surface coverage hy
modifier was found to affect significantly the solubility of subtilisin.

The secondary structures of native and modified subtilisins have been determined
by Fourier-transform infrared (FT-IR)}. To calculate the gi-helix content, all FT-IR
spectra in the amide I region (16001700 cm™') were resolution-enhanced by Fourier
self-deconvolution and followed by Gaussian curve-fitting analysis. The assignment
of absorption in the amide I region is based on that reported in previous studies
(Jackson and Mantsch, 1991; Gorne-Tscheinokow et al., 1993; Dong et al., 1995;
Griebenow and Klibanov, 1995, 1997). The secondary structure of both modified
subtilisins depended strongly on the solvent used (Table 10.4). The conformationat
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Table 10,3, The solubility of native subtilisin and medified subtiisin with PEG or AOT in various
organic sotvents

Solubility (mg/mi)

Solvent Dielectric constant Partition coefficient
Subtilisin PEG-Sub? AQT-Sub® (¥ (LogPy

isooctane ~0 0.03 122 1.95 4.5
benzene ~{ 3.55 1E.5 2.27 2.0
tetraiydrofuran ~0 4.15 12.0 7.58 0.49
dichloromethane ~0 2.86 1.8 8.93 1.25
3-methylbutanol ~0 ~0 11.3 i5.19 -
propanol ~0 ~0 11.9 20,45 0.28
acetonitrile ~0 4.49 ~0F 35.94 -{.33
dimethylsulphoxide ~0 477 13.2 46.45 -1.30

“The solubility of PEG-Sub was determined by the Coomassic brifliant blue assay (Bradford, 1976).
*The solubitity of AQT-Sub was determined by the Lowry method as reported by Chin ez a/ (1994).
<The dielectric constants were taken from the monograph of Reichardt {1988).

“The partition cocificients were taken from the reporis of Chin ¢7 2/ (1994) and Chaudbary e 2/ (1996}
“In a solvent-swollen state.

Table 10.4. The content (%) of secondary structures of native subtilisin, PEG-Sub, and ACT-Sub in
various orgagic solveats

Mative subtilisin PEG-Sub AOT-5ub

State and
salvents ¢-Helix 3-Sheet Disor- o-Helix B-Sheet Disor- o-Helix §-Sheet Disor-
dered dered dered
powder 28+ 2 22x4 50:3 3223 22¢3  46£3 30x3 2322 47x3
Water- { isooctane 29+ 2 25+ 3 4423 312 2523 44+ 3 3323 22+2 45+ 2
immis-{ berzene 2043 263 45+4 33x1 241 4322 31x3 2322 462
cible Udichioromethane 29+ 3 25£2 4643 2823 25+ 4 47x4 33x3 18272 49x4

tetrahydrofuran 2923 22x2 49x4 25x2 25¢4 51+3 2122 28:4 S5lxd
Water- | 3-methylbutanal  30+2 2724 43:4 30£3 26x4 $4x3 23z 4 26:2 Sixd
mis- ¢ propanol 30+ 1 24x3 46x3 34zl 22+1 4422 2323 2522 52%3
cible | acetonitrile 28+2 34x4 38+ 4 19+2 28+4 55+ 4 1522 394 A+
dimethylsulphoxide 8+ 3 23£3 69+4 4+£3 2123 7524  7x3 1923 T4z 4

change did not occur in the water-immiscible nonpolar solvents isocctane, henzene,
and dichloromethane. The ¢i-helix contents of PEG-Sub and AOT-Sub were all found
to be reduced in tetrahydrofuran, acetonitrile, and dimethylsulphoxide, which are
miscible with water. The ot-helix content of AQT-Sub in 3-methylbutanol and
propanol was also reduced, although the content was not reduced in alcoholic
solvents. Considering that the PEG-Sub was insoluble in alcoholic solvents, the
conformational change was caused by the solubilization of subtilisin. In addition, the
reason that the o-helix content of AOT-Sub was reduced in acetonitrile in spite of the
insolubility was considered to be the swelling of AOT-Sub. The c-helix content of
pative subtilisin, PEG-Sub, and AOQT-Sub in dimethylsulphoxide was markedly
reduced to 8, 4, and 7%, respectively. This indicates protein unfolding occurring in
dimethyisulphoxide to an extent resulting in virtually complete disruption of any
secondary structure.

The catalytic activity of the native subtilisin and subtilisins modified by the
transesterification reaction of N-acetyl-L-phenylalanine ethyl ester (APEE) with 1-
propanol are shown in Table 10.5. Both of the modified subtilisins were more active
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than native subtilisin in organic solvents. In addition, in the case of medified
subtilisins, the catalytic activity was more active in the nonpolar organic solvents than
in the polar organic solvents (except for PEG-Sub having very low solubility in
isooctane). It was considered that the high activity of modified subtilisin in the water-
immiscible nonpolar organic solvent is due to enhanced solubility and to the
maintenance of the active conformation of the enzyme. When dimethylsulphoxide
was used as a solvent, the catalytic activities of PEG-Sub and AOT-Sub were
extremely low, presumably because of the marked conformational change: the reason
was considered to be the same as that for native subtilisin.

Although PEG-Sub was found to be less soluble in organic solvents than AOT-Sub,
the transesterification activity of PEG-Sub in some solvents (except for isooctane not
dissolving PEG-Sub) was found to be higher than that of AOT-Sub. It is conceivable
that the AQT modification increases the solubility in organic solvents and allows the
water-miscible organic solvent to alter the conformation of AOT-Sub more signifi-
cantly than that of PEG-Sub. The catalytic activity of enzymes depended both on the
sotubility and the conformational stability.

In conclusion, the experimental data shown in Tables 10.3-10.5 reveal that the
solubility and catalytic activity of subtilisin have been significantly affected by the
chemical modification. Moreover, these data indicate that those of modified subtilisin
depended on the nature of the solvent, whereas those of native subtilisin suspended in
an organic solvent were not markedly affected.

EFFECT OF PREPARATION CONDITIONS ON BIOCONJUGATED ENZYME

1t has been demonstrated that the activity of enzymes in organic solvents depends on
the conditions of lyophilization during the preparation. For example, the activity of
enzymes lyophilized in organic solvents depends on the pH of the aqueous solution in
which these enzymes had previously been dissolved (Zaks and Klibanov, 1988; Yang
et al., 1993). Khmelnitsky er al. (1994) and Ru ez al. (2000) have reported that the
dramatic enhancement of enzymatic activity in the presence of organic solvents is
brought about by the presence of KCI in the lyophilized enzyme. In addition,
lyophilization of enzymes from aqueous solutions containing inhibitor or substrate
analogue, followed by their removal, has been shown to cause significant enhance-
ment of enzyme activity and substrate selectivity (Russell and Klibanov, 1988; Braco
etal., 1990: Stahl er al., 1991; Dabulis and Klibanov, 1992; Rich and Dordick, 1997).
The lyophilization of enzyme usually induces conformational change (Mishra ef al.,
1996). However, lyoprotectants, such as sorbitol, sucrose, or polyethylene glycol,
have been shown to significantly enhance the activity of enzymes in organic media
due to the inhibition of conformational change and protection of enzyme molecules
from solvent {Dabulis and Klibanov, 1993).

Enzymes that have been chemically modified fo be soluble in organic solvents are
useful as catalysts of organic reactions. However, the effect of lyophilization con-
ditions on the activity of solubilized enzymes has not been investigated. Therefore our
laboratories have focused on the effects of lyophilization conditions such as pH, salt
and molecular imprinting on the activity of organic solvent-solubilized subtilisin
(PEG-Sub) in benzene in relation to conformationai change (Kwon ef al., 2000).

In studies by our laboratories, the native subtilisin or PEG-Sub was dissolved in
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Figure 10.8. Transesterification activily in benzene of the native subtilisin (O} and PEG-Sub (®)
lyophilized at different pHs.

aqueous sotution of different pH and was subsequently lyophilized: the transesteri-
fication activity in benzene was then investigated (Figure 10.8). The catalytic activity
was found to be profoundly affected by the pH of the aqueous solution from which the
subtilisin had been lyophilized. Subtilisin showed the so-calied ‘PH memory” which
has been reported previously (Yang er al,, 1993). PEG-Sub was more active than
subtilisin and also shows this pH memory. In addition, because the PEG chain
enhances the solubility of the enzyme in benzene, the rate of the transesterification
reaction was significantly enhanced by the modification with PEG. PEG-Sub lyophi-
lized from acidic solutions retained higher activity than native subtilisin. This resalt
may be due to the fact that a half of amino groups on the surface of the subtilisin
molecule were modified with PEG and the net charge of enzyme was thereby
changed.

In order to investigate the salt effect on enzymatic activity, the native subtilisin and
PEG-Sub were lyophilized in the presence of 95% KCIL The activity of native
subtilisin for transesterification reaction of APEE with 1-propanol was found to be
dramatically increased by the presence of KCL. The activity of PEG-Sub was alse
increased by the addition of KCI. The kinetic parameters for the transesterification
reaction by the native subtilisin and PEG-Sub lyophilized from 95% aqueous KCl
solution or 37.5% of PEG have also been determined (Table 10.6). The increase of
enzymatic activities by the addition of KCI during lyophilization of the native
subtilisin and PEG-Sub appears to be a result of increasing k _ rather than decreasing
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Fable 10.6. The effect of additives in an aqueous solution on the catalytic parameters of the Iyophilized
native subtilisin and PEG-Sub in benzene

Content of Tyophilized powdes K k.. k_J/K
{wi%) (mM} (s} (Ms™)
100% subtilisin 61 x4 0.1 £ 0.01 1.8+0.1
62.5% subtilisin + 37.5% PEG 335 G.7¢ + 0.09 200+05
5% subtilisin + 95% of KC1 303 3301 110+ 7
5% subtilisin + 29 PEG + 93% RCl 300 3604 12112
100% PEG-Sub 35x4 123203 351+ 11
3% PEG-Sub + 959 of KCl 19+2 40.2+09 2120+ 42

K_.The presence of uncoupled PEG itself enhanced the catalytic activity by 1 1-fold,
but the KC! effect was found to be higher than uncoupled PEG (100-fold). The
covalent coupling of PEG enhanced the activity by 10° times and the effect was more
enhanced by KC1 (1000-fold).

The mechanism of salt-induced activation of enzyme in benzene has been explained
in two different ways: the salt may protect the enzyme from direct inactivation by the
organic solvent, a phenomenon called the ‘salt matrix effect’ (Khmelnitsky et al.,
1994), or the salt may help to maintain the enzyme’s native structure during lyophi-
tization —the ‘lyoprotectant effect’ (Griebenow and Klibanov, 1997). Our laboratories
have found that KCl suppressed a decrease of o-helix content of the native subtilisin
during lyophilization. PEG also had the same effect on the native subtilisin. However,
KCl was more effective in enhancing the catalytic activity of subtilisin than PEG.
Therefore, it was considered that the effect of KCI was due 1o both the salt matrix
effect and the lyoprotectant effect.

In addition, KCl was also shown to be effective on PEG-Sub, which is soluble in
benzene. When the reaction suspension was separated into soluble and precipitated
parts, 98% of PEG-Sub and 5% of KC! were found in the benzene phase and high
activity was observed in this phase. The precipitate was almost totally salt and the
catalytic activity present derived from the soluble enzyme. Therefore, it was difficult
to explain the salt effect on soluble enzyme by the above-mentioned salt matrix effect.
It is known that subtilisin catalyzes the transesterification reaction through a charged
and highly polar transition state, and that a polar environment stabilized the transition
state. Therefore, the increased enzymatic activity of PEG-Sub by KCl may be
explained by the formation of a polar environment provided by salts adsorbed on
soluble PEG-Sub to favour the polar transition state of the enzymatic reaction, in
addition to the lyoprotectant effect.

Transesterification activity of the native subtilisin and PEG-Sub imprinted with N-
acetyl-L-phenylalanine (N-Ac-L-Phe) has also been investigated. Stahl er al. (1991)
and Braco et al. (1990) have reported that the substrate analogue molecule bound to
the active site of enzyme induced a molecular imprinting effect. Table 10.7 shows that
the enzymatic activity of the native subtilisin imprinted with N-Ac-L-Phe is 70 times
as high as that of non-imprinted counterpart. The effect was found to be stronger than
that for PEG or KCL. The presence of both analogue and PEG further enhanced the
activity. The increase of enzymatic activity of the imprinted subtilisin is a result of
significantly increased k_, plus slightly decreased K.

The activity of PEG-Sub has also been found to be enhanced by the presence of
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Table 10.7.  The catalytic parameters for transesterification reaction catalyzed by the native subtilisin,
PEG-Sub, imprinted subtilisin, imprinted subtilisin containing PEG, and imprinted PEG-Sub

(- -

m ca cal "

Content of lyophilized powder

(wi%) {mM) (s (M-i7")
1G0% subtilisin 614 0.1T = 0.01 1.8x01
100% imprinted subtilisin® 4935 63x02 129+ 7
62.5% imprinted subtilisin® + 37.5% PEG S5lx6 9.4+ 0.6 184+ 9
[00% PEG-Sub 354 123+ 0.3 351211
100% imprinting PEG-Sub* 275 31307 1160 + 13

*The concentration of imprinted molecule, A-Ac-L-Phe, was 40 mM.

N-Ac-L-Phe during lyophilization. The increased enzymatic activity comes primarily
from increasing k_ and secondarily from decreasing K . This result is similar to that
of the native subtilisin. It has also been found that imprinting of enzyme with substrate
analogue suppressed a decrease of a-helix content of the native subtilisin and PEG-
Sub during Iyophilization. Griebenow and Klibanov (1997) reported that the effects
of the ligands and of lyoprotectants were non-additive, and these workers have
suggested the same mechanism of action. It is difficult to explain the molecular
mechanism of activity enhancement by the substrate analogue. However, this study
clearly indicated that the ligand effect could be exerted on organic solvent-soluble
enzymes. These results have demonstrated that the high catalytic activity of organic
solvent-soluble enzyme could be further enhanced by appropriate conditions in the
lyophilization, similar to that of insoluble native enzyme.

SOLUBILITY CONTROL

Solubilization of enzymes by bioconjugation with polymers is believed to result in
more efficient organic catalysis because the diffusion-determining reaction speed in
the homogeneous state is higher than that in the heterogeneous state. However, it is
costly to recover and re-use solubilized enzyme from a reaction mixture at the
completion of the reactions. The stimuli-sensitive polymer-conjugated enzymes can
efficiently catalyze various chemical reactions in the soluble state and can be
recovered by precipitation in respense to the stimulation {Ito, 1999). Some methods
of chemical modifications with pH-, ionic strength-, temperature-sensitive polymers
for controlling enzyme solubility in aqueous solution have been reported.

"
N o O NO, UV
T ————t——
—_ Vis
CH3 H3
Spiropyran form Merocyanine form

Figure 10.9. Photo-isomerization of spiropyran in response to UV/visible light irradiation.
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To regulate the solubility of enzymes by solution pH, Charles et al. (1974) have
used a biomacromolecule, the polysaccharide alginate, whose solubility depends on
pH, for conjugation. A polyelectrolyte complex of poly(methacrylic acid) and poly(4-
vinyl-N-ethylpyridine) has been used for conjugation with the enzymes (Margolin ef
al., 1982). The solubility of the complex was shown to depend on the pH or ionic
strength of the medium. A poly(methacrylic acid-co-methyl acrylate-co-methyl
methacrylate} was used to prepare hybrid papain and chymotrypsin which was
sotuble above a pH 5.8 and insoluble below pH 4.8.

Poly(N-isopropylacrylamide) (PNIPAAm) exhibits a soluble hydrophilic state
below its lower critical solution temperature (I.CST) at 32°C in aqueous solution, but
it adopts an insoluble hydrophobic state above this LCST. The main mechanism of
PNIPAAm’s aqueous phase separation is the thermally induced release of water
molecules bound to polymer isopropyl side groups, resulting in increasing intra- and
intermolecular hydrophobic interactions between isopropyl groups above the LCST.
A requisite property for these reversible water soluble—insoluble transitions is a
balance of hydrophobic and hydrophilic groups. Thus, the LCST of NIPAAm
copolymers can be controlled over a broad temperature range by copolymer com-
positions, making these polymers very interesting for biotechnological applications.

Several groups (Nguyen and Luong, 1989; Park and Hoffman, 1993) have reported
the synthesis and characterization of the temperature-sensitive PNIPAAm-conju-
gated enzymes. They used copolymer composed of NIPAAm and carboxylic
acid-containing vinyl monomer as the temperature-sensitive polymer. Therefore the
enzyme is coupled to the polymer through multi-point. On the other hand, the Okano
group (Takei er al., 1993; Matsukata ef al,, 1994} synthesized the polymer—enzyme
conjugate consisting of oligo(NIPAAm-co-N,N-dimethylacrylamide) copolymer with
carboxyl end groups by telomerization and lipase coupled via simple condensation
reactions. Those researchers reported that grafting of semi-telechelic oligomers,
remaining free at one end, yielded the advantages of high polymer chain mobility and
rapid response to temperature changes compared to multi-point conjugation. Chen
and Hoffman (1995) have synthesized a polymer conjugate that undergoes marked
solubility changes in water in response to temperature and/or pH changes by grafting
PNIPAAm chains on to a pH-sensitive backbone.

Stayton et al. (1995) have reported that the temperature-sensitive polymer can
be used for regulation of enzyme activity without macroscopic solubility change.
They controlled the enzyme activity by blocking the active site by using temp-
erature-sensitive polymer grafted near the active site. Ito er al. (1992, 1993, 1994)
developed another novel method to conjugate a wide range of vinyl polymers with
enzymes. They synthesized azo-groups containing enzymes by using carbodiimide,
and used as an initiator for graft polymerization of menomers from the enzyme
surfaces.

While some methods of chemical modifications for controlling enzyme solubility
in aqueous solution have been reported, until now, there have been no reports of
modifications to allow solubility control of enzymes in organic media. We considered
that photo-irradiation, among many stimuli, is the best method for controlling enzyme
solubility in organic solvents, and developed a novel enzyme conjugated with a
photoresponsive copolymer to modulate enzyme solubility in organic media (Ito et
al, 1999). 1t is well known that the spiropyran group {nonpolar) is reversibly
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converted to the merocyanine form (zwitterion, polar) by ultraviolet and visible light
irradiations (Figure 10.9).

It has previously been shown that polymers carrying photoresponsive spiropyran
aroups allow the manipulation of their solubility in organic solvent due to the change
in polarity (Chung et al, 1994; Park ef al., 1998). The polymer has been used to
modify an industrially useful enzyme, subtilisin. Subtilisin was covalently bonded to
the photoresponsive terpolymer (PSP) consisting of 1-(B-methacryloxyethyl)-6'-
nitro-3,3'-dimethyl-spiro[2H-1-benzopyran]-2,2"-indiline, methyl methacrylate, and
methacrylic acid moieties that carry the spiropyran groups and carboxyl groups in its
pendant groups as shown in Figure 10.10. The enzyme in water and the PSP in toluene
were mixed and shaken vigorously in the presence of a coupling agent, N,N-
dicyclohexylcarbodiimide. After the reaction, the toluene-soluble fraction was
recovered. Tt was confirmed from elution profiles of gel permeation chromatography
that most of the PSP in toluene was conjugated with subtilisin to form PSP-Sub.

Absorbance

H

1 1 “.
300 400 500 600 700
Wavelength (nm)
Figure 10.11,

irradiation.

Ultraviolet absorbance of PSP-Sub before (solid line) and after (dotted line) UV light
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Figure 10.12. Time course of the solubility change of PSP-Sub after UV or visual light irradiation,

The ultraviolet (UV) absorbance of PSP-Sub has been found to be altered by photo-
irradiation (Figure 10.11). The spiropyran groups were responsible for the peak at
350 nm before UV irradiation. After irradiation, a new peak due to the polar
merocyanine form appears at 570 nrm, and the PSP-Sub protein becomes insoluble.
The appearance of the peak at longer wavelengths is due to electron delocalization
(Figure 10.9). Visible light irradiation converts the merocyanine form to the spiropyran
form, restoring the original spectrum, and solubility in toluene. Precipitated PSP-Sub
was quantitatively recovered by centrifugation, and the modified enzyme could be
repeatedly and reproducibly cycled through solubilization and precipitation steps,

The time course of solubility change was monitored by measuring turbidity (Figure
10.12). Precipitation after UV hradiation took about 5 min, and the visible light-
irradiation increased the transmittance associated with solubilization during about 30
min. It was considered that a longer time was required for light to be transmitted
through the suspension (precipitate) than through transparent solution (solubilized
state).

PSP-Sub, which is soluble in toluene, has been shown to have a higher catalytic
activity in the solvent than native subtilisin, which is insoluble (Tuble 10.8). The
catalytic activity of PSP-Sub was compared with that of other toluene-soluble
subtilisins modified with PEG or AOT. The activity of PSP-Sub was found to be
slightly lower than that of PEG-Sub and nearly the same as that of AOT-Sub. The
activities of all soluble subtilisins were shown to be more than 100 times that of native
subtilisin by reducing the diffusional limitations. The precipitation and solubilization
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Table 10.8. Initial transesterification reaction rate for N-acetyl-L-phenylalanine ethyl ester (APEE) with
1-propancl by the native subtilisin, PEG-Sub, AOT-Sub, and PSP-Sub in toluene

Enzyme Repeated use Initial reaction rate
{nmo¥/mg min}

native subtilisin - 1.2
PEG-Sub - 2.1 x 10?
AQT-Sub = 1.7 % 10°
PSP-Sub 0 1.3 = 10?
i 1.6x 107
2 1.5x 10*
3 l.4x 107

cycle of PSP-Sub was repeated, after which the activity was measured. Even after
three such cycles, the catalytic activity of PSP-Sub was found not to be reduced.
Manipulating their solubility in organic solvents via bioconjugation with stimulus-
responsive copolymers will be a general method to extend the use of enzymes in
organic synthesis.

Conclusion

In the present review, two methodologies to modify enzymes have been considered:
hioconjugation by genetic engineering and bioconjugation by chemical engineering.
The genetic engineering strategy is successful in changing the physico-chemical
properties of enzymes and hydrophobilization, changes which facilitate regulation of
catalytic activity and biological activity of enzymes. For the chemical bioconjugations
strategy, conjugation with PEG and AOT modifiers have been compared. The
modifier significantly affected the solubility and the catalytic activity of enzymes in
organic solvents. In addition, the specific preparation conditions during enzyme
modification also affected their activities. Finally, we considered the conjugation of
stimuli-responsive polymer to an enzyme to control the solubility in response to
stimulation.

The genetically engineered and chemical bioconjugation of enzymes will expand
the utility of enzyme technology such as drug design, design of novel catalysts and
enzyme biosensor devices.
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