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Summary: Hemin, having two carboxyl groups, was coupled with monomethoxy-
polyethylene glycol, PHEG, through the ester bond formed with carbodiimide.
The PHG-modified hemin was readily soluble not only in neutral aqueous
solution but also in organic solvents. Its absorption spectrum in 1,1,1-
trichloroethane showed a sharp Soret band at 398 nm. The modified hemin
catalyzed the peroxidase-reaction in organic solvent and in aqueous
solution using hydrogen peroxide or peroxidized linolenic acid as hydrogen
acceptor and o-phenylene diamine as hydrogen donor . The activity of PEG-
hemin in 1,1,1-trichloroethane was greater than that in an aqueocus

solution; 1«:1 values in 1,1,1-trichloroethane were 2.3 x 1O3 M-‘lsec_dI with

1 1

hydrogen peroxide and 7.0 x 102 M 'sec’ with peroxidized linolenic acid,

and the value in an aqueous solution was 3.0 x 10 M_Jlsec_1 with hydrogen
peroxide. © 1986 Academic Press, Inc.

Chemical modification of proteins and enzymes with synthetic polymers
such as polyethylene glycol and polyaspartic acld derivative were performed
to cure various diseases including leukemia(1-4) and to alleviate
allergenic reactions(5,6), or to make enzymes soluble and active in organic
solvents in the field of new bioreactor(7-19). In the series of study on
alteration and improvement of original function and property of a
bioclogical material, the investigation in a wider variety of the material
to be modified is intriguing and important.

Hemin, a prosthetic group of heme-proteins and enzymes, plays an impor-
tant role by itself in oxido-reductions such as oxidatoin of a compound
with peroxide. Hemin liberated from apopr'otein is not soluble in neutral
aqueous solution and several organic solvents such as benzene and
chloroform(20). This paper deals with chemical modification of hemin with
polyethylene glycol, an amphipathic polymer. The modified hemin became
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amphipathic and exerted peroxidase activity in organic solvents as well as

aqueous solution.

Materials and Methods

Hemin crystal and monomethoxypolyethylene glycol{(MW=5000) were purchased
from Wako Pure Chemical Industry Ltd.(Osaka, Japan) and Polyscience
Inc.(Warrington, PA, USA), respectively. Dicyclohexyl carbodiimide(DCC)
and o-phenylene diamine were obtained from Tokyo Kasei Co. Ltd.(Tokyo,
Japan). Other reagens were of analytical grade.

Preparation of PEG-modified hemin. Sixty mg of crystal hemin chloride,
ferriprotoporphyrin IX, were dissolved to 10 ml of pyridine. To the
pyridine-hemichrome solution were added 1 g of monomethoxypolyethylene
glycol (MW=5000) and 0.5 g of Molecular Sieves 3A(Nikka Seikoc K.K., Tokyo,
Japan), followed by stirring for 3 hr to remove water. To the mixture
were added 250 mg of DCC, and the reaction mixture was kept at 25°C for 2
days under stirring to complete the reaction. After mixing with 200 ml of
chloroform, the mixture was filtrated to remove insoluble materials, N,N'-
dicyclohexyl urea(DCU) or unmodified hemin, and the filtrate was completely
evaporated. The residue was dissolved in 100 ml of water, in which
unreacted DCC was hydrolyzed, and this was centrifugated to remove
insoluble materials containing unmodified hemin. After the lyophiliza-
tion, the residue was re-dissolved in 100 ml of chloroform. The PEG-hemin
free from pyridine was obtained by centrifugation and evaporation, and was
subjected to the experiments. The PEG-hemin preparation was found to have
0.8 carboxyl group per the molecule by titration. The milli-molar extinc-
tion coefficient of PHG-hemin was spectrophotometrically determined by
measuring the absorbance at 408 nm after adding pyridine to a solution of
hydrolyzed PEG-hemin. The milli-molar extinction coefficient of pyridine-
hemichrome is 110(21).

Measurement of peroxidase activity. The peroxidase activity of PEG-hemin
was determined in 1,1,1-trichloroethane. In the present study, we used o-
phenylene diamine as the hydrogen donor, and hydrogen peroxide or peroxi-
dized linolenic acid as the hydrogen acceptor. Peroxidized linolenic acid
was obtained by autooxidation of linolenic acid, and its peroxide concen-
tration was determined with potassium iodide and sodium thiosulfate by the
method of titration(22). The concentration of hydrogen peroxide was also
determined with titanium sulfate by the method of Pobinor(23). The
concentration of o-phenylene diamine in oxidized form was spectrophoto-
metrically determined by measuring the absorbance at 470 nm, assuming the

molar extinction coefficient at 470 nm to be 2.9 x 10° M lem™ ", To 2 ml

of 34 mM o-phenylene diamine were added 0.15 ml of hydrogen peroxide {or
peroxidized 1linolenic acid) and 0.03 ml of PEG-hemin solution, and the
initial velocity was spectrophotometrically measured at 25°C. Each
reagents were all dissolved in 1,1,1-trichloroethane, and the concentration
of o-phenylene diamine was in excess. The rate constant, k1, for the

reaction between PHG-hemin and hydrogen acceptor was calculated by assuming
that the reaction is first-order(24,25).

-Results and Discussion
Chlorchemin, ferriprotoporphyrin IX, is practically insoluble in water
and in organic solvents except for strong organic base such as
trimethylamine and dimethylaniline. The polyethylene glycol-modified

hemin, PEG-hemin, was readily soluble not only in aqueous solution but also
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Fig. 1. Absorption spectrum of PEG-hemin in 1,1,1-trichloroethane.
The concentration of PHG-hemin was 0.25 mg/ml.

in organic solvents, such as benzene, chloroform and 1,1,1-trichloroethane.
This 1is due to the attachment of amphipathic polymer of monomethoxypoly~
ethylene glycol to carboxyl groups in the hemin molecule. By the
titration of the PEG-hemin solution, it was revealed that average one out
of two carboxyl groups in the hemin molecule was coupled with the hydroxyl
group of monomethoxypolyethylene glycol to form ester-bond with the
carbodiimide. Fig. 1 represents the absorption spectrum of the PHG-hemin
in 1,1,1-trichloroethane, and it shows a sharp band at 398 mm with
€ mM(milli—molar extinction coefficient) of 73. The similar sharp bands of
PEG-hemin were also observed at 398 nm in chloroform and in aqueous

solution, and the ¢ _,, values were 81 in chloroform and 51 in water. These

mM
indicate that PEG-hemin is soluble in many solvents without aggregation.
PEG-hemin catalyzed peroxidase-reactions shown below not only with
hydrogen peroxide(Eq.1) but also with peroxidized linolenic acid, ROCH,
(Eq. 2) as hydrogen acceptor in organic solvents such as 1,1,1-trichloro-

ethane:

H,0, + 2AH — 2H,0 + 2A (Eq. 1)

ROOH + 2AH =——> ROH + H,0 + 2A (Eq. 2)
Pig. 2 represents the initial velocity of peroxidase-reaction of o-

phenylene diamine(AH, hydrogen donor) with hydrogen peroxide(hydrogen
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Pig. 2. The initial wvelocity of peroxidase-reaction with

hydrogen peroxide catalyzed by PEG-hemin in 1,1,1-trichloroethane
with varied concentrations of PEG-hemin (curve A) and hydrogen
peroxide (curve B). Curve A; 34 mM o-phenylene diamine and 340 yM
hydrogen peroxide were used. Curve B: 34 mM o-phenylene diamine
and 25 ug/ml of PEG-hemin.

Fig. 3. The initial velocity of peroxidase-reaction with
peroxidized linolenic acid catalyzed by PEG-hemin in 1,1,1-
trichloroethane with varied concentrations of PEG-hemin (curve A)
and peroxidized linolenic acid, ROOH(curve B). Curve A; 34 mM o-
phenylene diamine and 190 uM peroxidized linolenic acid were used.
B: 34 mM o-phenylene diamine and 25 yg/ml of PBG-hemin,

acceptor)(Eq. 1) catalyzed by PEG-hemin in 1,1,1-trichloroethane when the
concentrations of PHEG-hemin(curve A) and hydrogen peroxide(curve B) were
changed. As seen in curve A, plotting of the velocity and the amount of
PEG-hemin gave a straight line, indicating that the reaction proceeded
catalytically with PEG-hemin in 1,1, 1-trichloroethane. The velocity was
enhanced gradually with increasing the concentration of  hydrogen
peroxide(curve B) up to 0.2 mM.

Using peroxidized linolenic acid instead of hydrogen peroxide as the
hydrogen acceptor and o-phenylene diamine as the hydrogen donor, the
peroxidase-reaction by PHEG-hemin(Eq. 2) was investigated in 1,1,1-
trichloroethane. The results were shown in Fig. 3. The initial velocity
was increased linearly, accompanied by increasing the amount of PEG-
hemin{curve A). This indicates that PEG-hemin alsc catalyzed the reaction
with peroxidized 1linolenic acid, a hydrophobic peroxide, as much as
hydrogen peroxide. As seen 1in curve B, the velocity enhanced with
increasing the peroxidized linoclenic acid and tended to reach a constant

level up to 40 puM peroxidized linolenic acid in 1,1,1-trichloroethane.
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Table 1. Rate Constant(k1) with PEG-Hemin

Hydrogen Solvent k1 1Value
Acceptor o sec_1
H,0, TCE 2.3 x 10°
ROOH TCE 7.0 x 10°
H,0, PBS 3.0 x 10

ROCH is peroxidized linolenic acid. TCE and
PBS are 1,1,1-trichlorcethane and phosphate
buffered saline(pH 7.0), respectively. o-
Phenylene diamine(34 mM) was used as hydrogen
donor.

Rate constants with hydrogen acceptors(k1) were determined for the
peroxidase-reaction by PEG-hemin in 1,1,1-trichlorcethane and aqueous
system(phosphate buffered saline, pH 7.0). The results were shown in
Table 1. The k1 values with hydrogen peroxide and peroxidized linolenic

3 1

acid as the hydrogen acceptor in 1,1, 1-trichloroethane were 2.3 x 10° M

sec” and 7.0 x 10° M_1sec_1, respectively, which were over ten folds
greater than the k1 value with hydrogen peroxide in agquecus system(3.0 x 10
M sec™M). It is intriguing that peroxidase-reaction catalyzed by PHG-
hemin proceeds more efficiently in an orgenic solvent than in aqueous
system,

This PEG-hemin exerts peroxidase-like activity also in other organic

solvents such as benzene and chloroform, alsc using other hydrogen donor
such as o-aminophenol, leucomalachite green and leucocrystal viclet in the
presence of peroxidized 1linolenic acid as the hydrogen acceptor.
Therefore, the PEG-hemin 1is sure to be effective for quantitative

microanalysis of peroxide which is hardly soluble in aqueous system.

References

Matsushima, A., Wishimura, H., Ashihara, Y., Yokota, Y. and Inada, Y.,
(1980) Chem. Lett., 7, T73~776.

. Nishimura, H., Matsushima, A. and Inada, Y. ,(1981) Enzyme, 26, 49-58
. Kamisaki, Y., Wada, H., Yagura, T., Nishimura, H., Matsushima, A. and
Inada’ Y-s (1982) G’ann; 73’ 470_474-

Nishimura, H., Takahashi, K., Sakurai, K., Fujinuma, K., Imamura, Y.,
Ooba, M. and Inada, Y., (1983) Life Sci., 33, 1467-1473.

. Segawa, A., Borges, M. S., Yckota, Y., Matsushima, A., Inada, Y. and

Tada, T., (1981) Int. Archs Allergy appl. Immmn., 66, 189-199.

-
.

A W

287



Vol. 138, No. 1, 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

10.

1.

12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24.
25.

. Okada, M., Matsushima, A., Katsuhata, A., Aoyama, T., Ando, T. and

Inada, Y., {1985) Int. Archs Allergy appl. Immun., 76,79-81.

. Takahashi, K., Nishimura, H., Yoshimoto, T., Saito, Y. and Inada, Y.,

(1984) Biochem. Biophys. Res. Commun., 121, 261-265.
Inada, Y., Nishimura, T., Takahashi, K., Yoshimoto, T., Saha, A. R. and
Saito, Y., (1984) Biochem. Biophys. Res. Commun., 122, 845-850.

. Takahashi, K., Yoshimoto, T., Ajima, A., Tamaura, Y. and Inada, Y.,

(1984) Enzyme, 32, 235-240.

Yoshimoto, T., Takahashi, K., Nishimra, H., Ajima, A., Tamaura, Y. and
Inada, Y., (1984) Biotechnol. Lett., 6, 337-340.

Takshashi, K. Nishimura, H., Yoshimoto, T., Okada, M., Ajima, A.,
Matsushima, A., Tamaura, Y., Saito, Y. and Inada, Y., (1984)
Biotechnol. lett., 6, 765-770.

Matsushima, A., Okada, M. and Inada, Y., (1984) FEBS Lett., 178, 275~
277.

Takahashi, K., Ajima, A., Yoshimoto, T., Okada, M., Matsushima, A.,
Tamaura, Y. and Inada, Y., (1985) J. Org. Chem., 50, 3414-3415.
Takahashi, K., Ajima, A., Yoshimoto, T. and Inada, Y., (1985) Biochem.
Biophys. Res. Commumn., 125, 761-766.

Matsushima, A., Okada, M., Takahashi, K., Yoshimoto, T. and Inada, Y.,
(1985) Biochem. Int., 11, 551-555.

Takahashi, K., Yoshimoto, T., Tamaura, Y., Saito, ¥. and Inada, Y.,
(1985) Biochem. Int., 10, 627-631.

Ajima, A., Yoshimoto, T., Takahashi, K., Tamaura, Y., Saito, Y. and
Inada, Y., (1985) Biotechnol. Lett., 7, 303-306.

Tekahashi, K., Kodera, Y., Yoshimoto, T., Ajima, A., Matsushima, A. and
Inada, Y., (1985) Biochem. Biophys. Res. Commmn., 131, 5%2-53%6.
Matsushima, A., Kodera, Y., Takahashi, K., Saito, Y. and Inada, Y.,
(1986) Biotechnol. Lett., 2, 73-78.

"Data for Biochemical Research!" (R. M. C. Dawson, D. C. Elliot, W. H.
?lliot and K. M. Jones ed.), Sec. Ed., p. 136, Clarendon Press, Oxford
1969)

Tojo, M., Nakamura, Y., Kurihara, K., Samejima, T., Hachimori, Y., and
Shibata, K., (1962) Arch. Biochem. Bicphys., 99, 222-240.

A. 0. C. S. Official Method Cd 8-53.

Pobiner, H., (1961) Anal. Chem., 3, 1423-1426.

Maehly, A. C. and Chance, B., "Methods of Biochem. Anal."(D. Glick,
ed.), vol. 1, p. 357, Interscience Publ., New York (1954)

Inada, Y., Kurozumi, T. and Shibata, K., (1961) Arch. Biochem.
Biophys., 93, 30-36.

288



