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ABSTRACT: New amphiphilic polymeric modifiers, Le., carboxylic acid terminated poly[ (N-acety1imino)- 
ethylene] (3a) and poly[ (N-propionylimino)ethylene] (3b), were prepared, each of which was coupled with 
bovine liver catalase [H202:H202 oxidoreductase; EC 1.11.1.61 by using a carbodiimide. The catalytic activ- 
ity of the resulting polymer-enzyme hybrid was measured in an aqueous solution, and the influences of the 
molecular weight of the modifier and of the extent of modification on the enzymatic activity were exam- 
ined. The activity of the hybrid was also assayed in benzene and in chloroform. It was significant to find 
that the 3b-modified catalase showed an excellent catalytic activity in benzene in comparison with a poly- 
(ethylene glycol) (PEG) modified catalase. The rate of decomposition of H202 catalyzed by the 3b-modi- 
fied catalase was about 20 times higher than the PEG-modified one. 

Introduction 

Many studies have been carried out since the 1950s to 
apply enzymes to organic syntheses because they achieve 
amazing rate enhancements for the reactions they pro- 
mote and catalyze regiospecific and stereospecific 
reactions.' In quite recent years, considerable interest 
has been paid to using them in nonaqueous media since 
most organic reactions occur in organic solutions and, 
moreover, the absence of water often alters the intrinsic 
catalytic nature of enzymes as in the case of lipase, which 
catalyzes an ester synthesis in nonaqueous media.2 
Although most enzymes are unstable in organic sol- 
vents, some routes to use enzymes in nonaqueous media 
have been reported, which contain, for example, the usage 
of immobilized  enzyme^,^ chemically modified enzymes: 
or enzyme-lipid complexe~ ,~  the reaction in a reverse 
micelle? and simply, the heterogeneous reaction of an 
enzyme itself in organic media?,' Among these approaches, 
the chemical modification of enzyme using a polymeric 
modifier is considered to be the most suitable system to 
evaluate the catalytic nature of the enzyme in organic 
media because the resulting polymer-enzyme hybrid 
becomes soluble in organic media, and, hence, it cata- 
lyzes the reaction in a homogeneous system. It is also 
interesting that the environment around the enzyme can 
be controlled relatively easily by changing the extent of 
modification as well as by the selection of the modifier. 

Recently, Inada et al. reported the preparation of poly- 
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(ethylene glycol) (PEG) modified enzymes, which were 
soluble in organic solvents, and catalyzed chemical reac- 
tions in themS4 A t  present PEG is the sole well-exam- 
ined polymeric modifier although the amphiphilic prop- 
erty of polymeric reagents seems to be very important 
for controlling the stability and the solubility of modi- 
fied enzymes in nonaqueous media. 

We have investigated the amphiphilic property of 
poly[ (N-acy1imino)ethylenels (PAI's), which are pre- 
pared by the ring-opening polymerization of 2-oxazo- 
lines ( 1).8 In a series of these polymers, the hydrophilicity/ 
hydrophobicity is easily controlled by selecting their acyl 
group, i.e., 2-alkyl substituent of the oxazoline mono- 
mer. The introduction of a reactive functional group at  
each of its polymer ends for the coupling reaction with 
an enzyme or for the block copolymerization between dif- 
ferent PAI's to control its amphiphilic property is also 
achieved easily since the polymerization of 1 proceeds in 
a living m e c h a n i ~ m . ~ J ~  These facts are of a great advan- 
tage in the design of a novel polymeric modifier with an 
appropriate amphiphilic property. 

In the present paper is described the preparation of 
the carboxyl-terminated poly[ (N-acy1imino)ethylenel (3) 
and the chemical modification of an enzyme with 3. Bovine 
liver catalase (2), which could be obtained in a highly 
pure form from a commercial source, was selected as the 
target enzyme to be modified. The enzymatic activity 
of the resulting polymer-enzyme hybrid was also mea- 
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Scheme I1 

l a , R = M e  
l b ,  R =  Et 
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Table I 
Preparation of Carboxyl-Terminated 

Poly[ (Nacylimino)ethylene]4 

run product 
no. 1 [Ml/IIl  3 Mnb M,IMnb Fnc 

~ 

1 la  10.6 3a-1 840 1.13 1.05 
2 la  18 3a-2 2000 1.18 1.00 
3 l a  107 3a-3 10600 1.16 1.06 
4 l b  34 3b-1 3500 1.04 0.61 
5 l b  91 3b-2 6500 1.04 0.68 

Polymerization was carried out by using methyl tosylate as ini- 
tiator in CH3N02 at  70 "C for 48 h. Determined by GPC measure- 
ment. Each of the calibration curves was obtained by using stan- 
dard samples of 2a and 2b, respectively. Average of the extent of 
functionalization per molecule, determined by alkali titration. 

sured in an aqueous solution and in organic media. In 
addition, the effects of the molecular weight of 3 and of 
the extent of modification of the resulting hybrid on the 
enzymatic activity were examined. The enzymatic activ- 
ity of the hybrid was compared with that of a PEG- 
modified 2 to confirm the advantages of PA1 as a poly- 
meric modifier.4b 

Results and Discussion 
Preparation of Amphiphilic Polymeric Modifier. 

The polymeric modifiers were prepared according to a 
preceding paperall A carboxylic acid functional group 
was introduced to the polymer by quenching its living 
propagating end with a large excess amount of glutaric 
acid in the presence of 2,6-lutidine to form a half-ester- 
type product (Scheme I). 

The molecular weight and the extent of functionaliza- 
tion of the resulting carboxylated polymeric modifiers, 
3, prepared from 2-methyl- ( la)  or 2-ethyl-2-oxazolines 
( lb)  were summarized in Table I. The molecular weights 
of the parent polymers, poly[ (N-acety1imino)ethyleneJ (3a) 
and poly[(N-propiony1imino)ethylenel (3b), were roughly 
controlled by changing the feed ratio of the initiator to 
the monomer. The extent of functionalization (F,) of 3 
was calculated based on their molecular weight, which 
were determined by GPC with PA1 calibration, together 
with the amount of terminal carboxylic acid groups deter- 
mined by titration. Although the quantitative half- 
esterification with glutaric acid has not been achieved 
for 3b, they were used in the following reactions since a 
large excess amount of 3 was used for the chemical mod- 
ification. 

S y n t he s i s of  Po 1 y [ ( N-  ac y 1 imino )e t  h y 1 en  e ] - 
Modified Catalase. Bovine liver catalase (2) consists 
of four subunits and contains 108 lysine residues (molec- 
ular weight = 242000).12 It  has been known that the 
reaction site of catalase is the heme and a part of the 
histidine residue, and the lysine residues do not partici- 
pate in the reaction.12b To couple with amino groups of 
the lysine residues of 2, 3 was first converted to an acti- 
vated ester terminated polymer, 4. by the reaction with 
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4a, R in PA1 = Me 
4b, R in PA1 = Et 

5a, R in PA1 = Me 
5b. R in PA1 = Et 

dicyclohexylcarbodiimide and N-hydroxysuccinimide in 
dichloromethane. Then, a large excess amount of 4 was 
reacted with 2 in a 0.05 M phosphate buffer (pH 7.0), 
and the mixture was kept overnight a t  25 "C (Scheme 
11) * 

The unreacted modifier was removed by dialyzation 
against distilled water using ultrafiltration. After lyo- 
philization, pale green powder was obtained. The yields 
of the modified catalase were in a range of 11-86%. Any 
particular relationship between the yield of the hybrid 
and its structure or the reaction conditions was not 
observed. I t  was assumed that the low yields in some 
cases were due to the absorption of the product on a mem- 
brane filter for ultrafiltration during the purification pro- 
cess. A PEG-type hybrid ( M ,  of PEG = 5000) as well as 
an acetylated catalase was also prepared in a similar man- 
ner (see the Experimental Section). 

The extent of modification of the amino groups, which 
was calculated by the determination of the unreacted amino 
residue according to the method using 2,4,6-trinitroben- 
zenesulfonic acid,13 could be roughly controlled by the 
molar ratio [4]/[Lys] as shown in Table 11, and it reached 
about a half by repeating the reaction twice. However, 
no further modification could be achieved even by increas- 
ing the molar ratio [4]/[Lys] or by repeating the reac- 
tion, additionally. I t  is considerable that there is a cer- 
tain amount of internal amino groups in catalase, which 
are difficult to react with the polymeric modifier owing 
to the steric hindrance around the amino groups. 

To confirm the above assumption, the modification of 
2 with acetic acid was carried out by an analogous pro- 
cedure. The extent of modification reached to 57% by 
using a 20-fold amount of acetic acid to the lysine resi- 
dues. This value is much higher than any of those of 5 
with a similar [4]/[Lys] ratio, Le., run nos. 3, 7 ,  9, and 
11 in Table 11. 

Although a water-soluble carbodiimide has been usu- 
ally used for coupling reactions in an aqueous solution, 
a trial to employ l-ethyl-3-(3-(dimethylamino)propyl)car- 
bodiimide hydrochloride brought about no substantial 
improvement on the efficiency for the condensation 
between 2 and 3. 

In Figure 1, the GPC charts of 5b-2 (23)14 (curve B) 
and 5b-2 (53) (curve C) were compared with that of 2 
(curve A). Both curves of 5b-2 are unimodal, and they 
are shifted to a higher molecular region with an increase 
in the extent of modification. Figure 1 clearly shows these 
hybrid contained neither an unreacted polymeric modi- 
fier (curve D) nor 2. Obviously, the polymeric modifier 
was covalently attached to catalase without causing the 
dissociation of catalase into subunits. 

Catalase contents in the hybrid were determined by 
the biuret method and by the absorption peak at  279 
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Table I1 
Preparation of Poly[ (N-acy1imino)ethylenel-Modified Catalase 

product 
run no. modifier [41/ L Y S I  5 or 7 (EMn % )  yield, mol % M ,  x 10-6 b polymer content, w t  7; 

1 3a-1 5.0 5a-1 (8) 13 2.49 2.9 
2 3a-1 9.6 5a-1 (20) 87 2.60 6.9 
3 3a- 1 25.8 58-1 (38) 16 2.76 12.4 
4 3a-2 4.8 5a-2 (11) 57 2.66 8.9 
5 3a-2 10.0 5a-2 (15) 11 2.74 11.8 
6 3a-2 32.9 5a-2 (44) 54 3.37 28.2 
7 3a-3 20.0 5a-3 (27) 86 5.54 56.3 
8 3a-3 20.0/20.0' 5a-3 (42) 57 7.27 66.7 
9 3b-1 21.4 5b-1 (38) 69 3.87 37.4 

10 3b-1 20.0/20.0' 5b-1 (53) 48 4.44 45.4 
11 3b-2 23.3 5b-2 (23) 76 4.05 40.3 
12 3b-2 20.0/20.0' 5b-2 (53) 32 6.18 60.8 
13 3b-2 22.9/22.9' 5b-2 (59) 77 6.61 63.4 

15 acetic acid 22.1 8 (57) 100 2.45 
14 6d 20.0 7 (35) 83 4.31 43.9 

a The extent of modification of lysyl amino group. Determined by using 2,4,6-trinitrobenzenesulfonic acid. Calculated value from F. 
and the molecular weight of 3. The modification process was repeated twice without isolating the first step product. Prepared from 
monomethoxypoly(ethy1ene glycol) ( M ,  = 5000). 

n A  

10 15 20 

Elution Volume (mL) 
Figure 1. Gel permeation chromatograms of 2 (A), 5b-2 (23) 
(B), 5b-2 (53) (C), and 3b-2 (D) (Wakobeads G-50 columns (2 
X 30 cm), 0.05 M phosphate buffer (pH 7.0), 1.0 mL/min, with 
UV detection monitored by 220 nm). 

nm derived from aromatic amino acid residues. These 
two values agreed well with each other and were also in 
good accordance with the calculated one based on the 
concentration of heme in the hybrid, which was deter- 
mined by the strong absorption peak of heme at  406 nm. 
The above results were taken to conclude that catalase 
did not liberate heme by these modified reactions. The 
same conclusion was set for the other 5b samples as well 
as for the series of 5a. 

Assessment of Enzyme Activity in Aqueous 
Medium. The activity of 3a-modified catalase, 5a, was 
assayed a t  30 f 0.01 "C in a phosphate buffer solution 
(pH 7.0) containing ca. 20 mM of H202. The consump- 
tion of hydrogen peroxide was calorimetrically deter- 
mined by the reaction with titanium sulfate.18 In order 
to compare the effect of the polymeric modifier on cata- 
lase functions, the activity of 5 was calculated per nano- 
mole of the hybrid. Prior to the evaluation of the enzy- 
matic activity of the resulting hybrid, the following two 
facts were confirmed; i.e., the aqueous solution of 3a 
showed no detectable consumption of hydrogen perox- 
ide in the absence of catalase within the time scale of 
the enzyme assay, and PA1 did not absorb hydrogen per- 
oxide in the buffer, at  all. Figure 2 shows the enzymatic 
activities of 5a against the extent of modification of the 
amino groups. The enzymatic activity of 5a decreases 
with an increase in the extent of modification, espe- 
cially, in the cases of 5a-1. Obviously, the inactivation 
of 5a with an increase in the extent of modification strongly 
depends on the molecular weight of the modifier. In the 

1 
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extent of modification (O/o) 
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Figure 2. Enzymatic activity of 5a-1 (01, 5a-2 (e), and 5a-3 
(A) in aqueous solution (0.05 M phosphate, pH 7.0) at 30 f 
0.01 "C against the extent of modification of amino groups in 
catalase. 

case of 5a-3, 90% of the original activity remained even 
by 43% of modification, although the relative activity of 
5a-1 was decreased to less than a quarter only by 20% 
of modification. A similar effect of the molecular weight 
of the modifier on the enzymatic activity has been reported 
in the case of PEG-modified alkaline pho~phatase. '~ In 
the case of 5b, on the contrary, the drop of the enzy- 
matic activity was hardly recognized even when 59% of 
the lysine residues were modified with 3b-2, and more 
than 90% of the original activity was kept by using 3b-1 
with 53% of modification (Figure 3). 

Two assumptions are considerable to explain the inac- 
tivation of the hybrid: (1) The break of hydrogen bond- 
ing by the chemical modification brings about a confor- 
mational change of the hyperstructure of the enzyme. 
(2) The chemical modification of the lysyl group near 
the reaction site of the enzyme prevents the approach of 
the substrate into the reaction site, sterically. We have 
no distinct evidence to choose between the two. Another 
explanation that some interaction between the polymers 
themselves or between the polymer and the enzyme causes 
a conformational change of the enzyme can be omitted 
because the acetylated catalase (8) showed a poor activ- 
ity, i.e., 25% of the original activity. The above obser- 
vations can be tentatively explained by the fact that as 
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Figure 3. Enzymatic activity of 5b-1 (0) and 5b-2 (0) in aque- 
ous solution (0.05 M phosphate, pH 7.0) at 30 f 0.01 "C against 
the extent of modification of amino groups in catalase. 
the molecular weight of 3a becomes lower, 3a reacts with 
the lysyl amino groups, which located inside of 2 and 
participated in hydrogen bonding or placed near the active 
center, more easily, and it results in the inactivation of 
catalase. 

The reason for the high enzymatic activity of 5b is also 
not clear. In the cases of 3b, the sterically bulkier pro- 
pionyl substituents may prevent the penetration of 3b 
into the inside of enzyme regardless of its molecular weight. 
The steric bulkiness around the terminal carboxylic group 
would be caused by a relatively shrunken conformation 
of 3b in an aqueous solution in comparison with that of 
3a since the former is less hydrophilic than the latter. 
The shrunken conformation of 3b was confirmed from 
GPC measurements. From calibration curves of 3a and 
3b for the TSK-G4000SW column (a pH 7 phosphate 
buffer eluent), it was estimated that elution volumes of 
3a and 3b samples with M,, = 5000 were 10.8 and 11.6 
mL, respectively. The apparent molecular weights of both 
samples based on a calibration curve of globular protein 
standards were calculated as 22 000 for 3a and 11 000 
for 3b. 

To confirm these hypotheses, many further investiga- 
tions with varying the type and the molecular weight of 
modifier, the enzyme, and the substrate would be required. 

Enzymatic Activity in Organic Solvents. In a pre- 
vious report,15 it has been found that organic solvents, 
being not miscible with water, are preferable as nonaque- 
ous media for an enzymatic reaction, and benzene has 
been most frequently selected. To make the compari- 
son between the enzymatic activity of 5 and that of the 
PEG-type one in an earlier work easy, benzene was cho- 
sen as solvent in the present study, too. Chloroform was 
also selected because of its relatively high solubility to 
organic substrates. Prior to determination of the enzy- 
matic activity of 5,  their solubility in these solvents was 
measured. In 4 mL of the solvent was kept 0.20 mg of 
the hybrid at  20 O C .  After filtration the concentration 
of the hybrid was determined on the basis of the UV 
absorption of the soret band (at 405 nm) and of carbonyl 
groups (at 200 nm). The results are summarized in Table 
111. The hybrid modified with 3a of relatively low molec- 
ular weight, 5a-1 and 5a-2, was not soluble in both sol- 
vents. In the case of 5a-3, it became soluble in chloro- 
form but not in benzene. On the other hand, the 5b sam- 
ples were well soluble in both of the solvents. These 
differences in the solubility of the modifiers are well under- 
stood considering the fact that 3a is soluble in chloro- 
form, but not in benzene, and 3b is soluble in both sol- 
vents. Neither a remarkable conformation change nor a 
liberation of heme occurred in these solvents since absorp- 

Table 111 
Solubility of Polymer-Enzyme Hybrid in Organic Media 

solubility,b ~ 1 0 8  mmol/mL 
hybrid (EM," 7;)  M,, of modifier in chloroform in benzene 

5a-3 (27) 10600 C c 
5a-3 (42) 10600 1.1 C 

5b-1 (38) 3500 6.0 2.5 
5b-2 (53) 6500 12.5 3.8 
7 (35) 5000 11.3 3.8 

a The extent of modification of lysyl amino group. * Determined 
by the absorption spectrum of supernatant liquid. Practically insol- 
uble in the solvent. 

0 1 0  2 0  30 

time (min) 
Figure 4. Time-conversion curves of hydrogen peroxide cata- 
lyzed by 2 (e), 5a-3 (42) (A),  5b-2 (53) (O), and 7 (w) in chlo- 
roform at 30 & 0.01 "C. 

tions of the soret band of 5 in both media were very sim- 
ilar to that in the aqueous solution. 

Considering the results of the activity measurement 
in the aqueous medium, 5a-3 and 5b-2 were selected as 
the samples for the enzymatic assay in organic media. 
At first, the enzymatic activity of the hybrids was checked 
in a heterogeneous chloroform medium to compare their 
activity with that of unmodified catalase, 2, which is com- 
pletely insoluble in chloroform. Under the experimen- 
tal condition (0.1 mg/4 mL of solvent), the amounts of 
the chloroform-soluble parts of the samples were mea- 
sured as 14 wt % (for 5a-3 (42)),50 wt % (for 5b-2 (5311, 
and 46 wt 7; (for 7). 

For the enzyme assay in organic media, water- 
saturated (pH 7.0 phosphate buffer) solvents containing 
ca. 0.2 mM of hydrogen peroxide were used. Figure 4 
depicts the time course of conversion of hydrogen per- 
oxide per nanomole of the enzyme at 30 "C. It  is clearly 
shown that the catalytic activity of 5a-3 (42) to convert 
hydrogen peroxide was about 2 times higher than that 
of 2, and that of 5b-2 (53) was 10 times as high. The 
improvements on catalytic activity seem to be mainly 
caused by the better solubility of the hybrid than that 
of 2 in chloroform. 

A more detailed study on the enzymatic assay of 5b 
was further carried out in homogeneous organic media 
to cancel problems arising from the different solubility 
between the samples. In these measurements, 0.2 mg of 
the sample was added to 4 mL of the solvent, and after 
filtration the concentration of the hybrid in the solution 
was determined by UV spectroscopy. Table IV summa- 
rizes the enzymatic activities of 5b-1,5b-2, and 7 in chlo- 
roform and in benzene. 

In chloroform, each of the 5b samples gives slightly 
better values than 7. Namely, the values for 5b-1 (38) 
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Table IV 
Enzymic Activity of Polymer-Enzyme Hybrid in 

Organic Media 

activity," unit/nmol/min 
hybrid M ,  of modifier in chloroform in benzene 

5b-1 (38) 3500 7.7 130 
5b-2 (23) 6500 b 120 
5b-2 (53) 6500 4.8 110 
7 (35) 5000 2.4 4.8 

[HZO,]o = ca. 0.3 mM, at 30 "C. * Did not examine. 

and 5b-2 (53) are, respectively, 3 and 2 times as much as 
that for 7. 

On the other hand, the activities of 5b were much 
enhanced in a homogeneous benzene solution. Although 
the rate of decomposition of hydrogen peroxide cata- 
lyzed b y  7 in benzene is only twice as fast as that in chlo- 
roform, the rates for 5b are about 20 times higher than 
the corresponding rates in chloroform. As a result, the 
5b samples are at  least 20 times more active than the 
PEG-type hybrid, 7, in benzene. This excellent activity 
of 5b in benzene would be ascribed to a stronger hydro- 
gen-bonding ability of 5b between an amide oxygen and 
water in comparison with that of PEG between ether oxy- 
gen and water. 

Although further detailed and systematical experi- 
ments should be required to find some distinct relation- 
ship between the enzymatic activity and the molecular 
weight of the modifier as well as between the former and 
the extent of modification, the preliminary results 
described in the present paper have given an important 
fact that the environment around the enzyme, which 
strongly depends on the properties of polymeric modi- 
fier, highly influences the enzyme functions. 

Experimental Section 

Materials. Carboxylic acid terminated poly[(N-acetylimi- 
no)ethylene] and poly[ (N-propiony1imino)ethylenel (3) were pre- 
pared according to  the preceding paper." Monomethoxypoly- 
(ethylene glycol) (M, = 5000) was purchased from Aldrich Chem- 
ical Co. and was carboxymethylated according to the literature.16 
Bovin liver catalase (H202:H202 oxidoreductase; EC1.11.1.6) was 
obtained from Sigma Chemical Co. and was purified as fol- 
lows: To 10 mL of 0.05 M phosphate buffer (pH 7.0) was added 
0.5 mL of catalase suspension (500 m g / l l  mL of water), and a 
clear supernatant solution was obtained by centrifugation at 
2000 rpm for 10 min. It was dialyzed for 2 h against 200 mL of 
0.05 M phosphate buffer (pH 7.0) by using Spectra pore 4 dial- 
ysis membrane while changing the buffer three times. The 
amount of catalase was determined by the biuret method and 
the absorption peak a t  405 nm.1' Chloroform and benzene (ana- 
lytical grades) for enzymatic reaction media were dried by the 
conventional method and were distilled under nitrogen. 

Instrumentat ion.  The UV spectroscopy was recorded on a 
Hitachi Model 200-20 spectrophotometer. GPC analyses were 
performed by using a Wakobeads G-50 column (30 cm X 2) for 
catalase and the hybrids or a TSK-GEL G4000SW column for 
3 in 0.05 M, pH 7.0, phosphate buffer a t  room temperature, a 
Shodex AC-803 column for 3b in chloroform a t  room tempera- 
ture and a TSK-GEL G2500H column for 3a in DMF contain- 
ing 0.4rij triethylamine at  50 "C. 

Prepara t ion  of N-Succinimide Activated Es te r  of Poly- 
meric  Modifier (4). In 10 mL of dry dichloromethane was 
dissolved 2.0 g (3.1 x 10-1 mmol) of carboxylic acid terminated 
poly[ (N-propiony1imino)ethylenel (M, = 6500), 3b-2. To the 
solution was added 0.08 g of N-hydroxysuccinimide (7.0 X 10-1 
mmol) and 0.15 g of dicyclohexylcarbodiimide (7.0 X 10-1 mmol). 
After the solution stood overnight a t  room temperature, pre- 
cipitated dicyclohexylurea was removed by filtration. The fil- 
trate was poured into 50 mL of diethyl ether to precipitate a 
polymeric product, which was purified further by repeated repre- 
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cipitation from dichloromethane to  diethyl ether. After drying 
in vacuo, a white solid polymer, 4b, was obtained quantita- 
tively. 

General Procedure for  the Chemical Modification of 
Catalase. The modifications were carried out a t  25 f 1 "C. TO 
13 mg of catalase (5.2 X 10-5 mmol) in 18 mL of 0.05 M phos- 
phate buffer (pH 7.0) was added 1.3 g of 4b (2.0 X mol) 
with stirring. After standing overnight, the unreacted modifier 
was removed by dialysis against distilled water using an Ami- 
con Diaflo PM-30 membrane. After lyophilization, 15 mg of a 
pale greenish powder was obtained. The extent of modifica- 
tion of polymeric modifier was determined by measuring the 
amount of unreacted amino groups in catalase by the method 
using 2,4,6-trinitrobenzenesulfonic acid" and was found to be 
23 Ca , The same procedure was also applied for the synthesis 
of the PEG-modified catalase, 7. 

Enzyme assay was carried out as follows. An enzyme solu- 
tion (0.2 mL; 8 X 10-10 M) was added to  5.8 mL of 0.05 M 
phosphate buffer solution (pH 7.0), which contained ca. 20 mM 
H202, and the reaction mixture was incubated a t  30 f 0.01 "C. 
A small portion of the solution was drawn out a t  every 2 min, 
and the consumption of hydrogen peroxide was calorimetri- 
cally determined by the reaction with titanium sulfate accord- 
ing to the method reported by Pobiner.18 The slope of the time- 
conversion curve at  t = 1 min was measured, from which the 
activity was calculated. For the enzyme assay in organic sol- 
vents, a 30% aqueous hydrogen peroxide solution (0.1 mL) was 
shaken with 50 mL of a dry organic solvent, and the organic 
phase was used as the substrate solution, which contained ca. 
0.2 mM of hydrogen peroxide. With 4 mL of the solution was 
mixed 0.2 mg of the hybrid and a homogeneous enzyme solu- 
tion was obtained by filtration. The concentration of the hybrid 
was determined on the basis of the UV absorption of the soret 
band at  406 nm. The enzymatic activity was measured by a 
similar procedure to that in the aqueous medium. 
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