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The GlyGlyHis (GGH) peptide was introduced to glycidyl methacrylate (GMA)-
grafted porous hollow fiber membrane made of polyethylene by radiation-induced graft
polymerization. The GGH density in the membrane was 0.352 mmol/g-membrane.
The copper sulfate solution was permeated outward through the GGH peptide-
containing membrane, and Cu(Il) was adsorbed on the membrane. Chemiluminescence
between cypridina luciferin analog (CLA) and superoxide from the catalytic reaction
with H,0, and tyramine on the membrane was measured, and the Cu-binding GGH
peptide-containing membrane exhibited a very strong chemiluminescence response.
Furthermore, we evaluated the molecular structure of the repeating unit model of the
Cu-binding GGH peptide-containing polymer brush without trunk polyethylene by
computational chemistry.

1. Introduction

The prion protein (PrP) is known as a causative agent of bovine spongiform
encephalopathy (BSE) and the human Creutzfeldt-Jacob disease (hCJD)," and the
PHGGGWGQ peptide at the amino terminus forms a complex with Cu(Il) ion.®
Recently, Kawano has reported that Cu-binding PrP fragments catalyze the generation
of superoxide in the presence of certain cofactors such as H,0,, O,, and aromatic
monoamines® (Fig. 1(a)). It was confirmed that a specific peptide sequence exists for
the superoxide generation, and tyrosine-rich peptides enhance the catalytic reaction.®
Interestingly, this catalytic activity depends on the position of the hydroxyl group of the
aromatic monoamine;® it acted like the smallest artificial enzyme. The purpose of this
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Fig. 1. PrP fragment-grafted porous hollow fiber membrane as a biocatalyst.

study is to prepare a functional membrane that shows catalytic activity by introducing
Cu-binding PrP fragments into the grafted porous hollow fiber membrane (Fig. 1(b)).

A grafted porous hollow fiber membrane is prepared by radiation-induced graft
polymerization (RIGP). RIGP is very useful as a method of introducing various
molecules and/or functional groups into a base material, and ion-exchange membranes,®”
chelating resins,® and lipase-immobilized membranes,*'” were developed using this
method. The sample solution, driven by a pressure difference across the membrane,
can be transported by convection through the pores of the grafted porous hollow fiber
membrane. Therefore, the diffusional mass transfer resistance of the substances to
the functional groups can be neglected.!"'> Furthermore, a wide variety of functional
groups can be introduced at high density on the polymer brush. The low diffusional
mass transfer resistance and high functional group density in grafted porous hollow fiber
membranes enable the high reaction efficiency and high reaction rate (Fig. 1(b)).

The GlyGlyHis (GGH) peptide was used as a PrP fragment. The GGH peptide has
been widely investigated in recent years: its physical properties,'® the application of
the peptide to a sensor for detecting Cu(Il) in the ppt range,!' and the characteristics
of nanofiber formed using peptides containing the GGH terminus.('® The structure of
Cu(Il)-binding GGH was clarified by X-ray structural analysis, and the complex takes
the planar-tetracoordinate structure (Fig. 2).(6-19

Among aromatic monoamines, tyramine was used as a reactive substrate for
superoxide generation by Cu-binding GGH in this study. It is well known that aromatic
monoamines such as tyramine are involved in fermentation and corruption processes
by microorganisms.(*2)  HPLC is usually used to detect the aromatic monoamines
generated by meat rotting and/or fermentation by microorganisms. However, the real-
time detection of aromatic monoamines is difficult. The Cu(Il)-binding GGH peptide
membrane can be used as a real-time sensor material for aromatic monoamines owing to
its high reaction efficiency and high reaction rate.
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Fig. 2. Structure of the copper-binding glycine-glycine-histidine peptide.

2. Experimental

2.1  Materials

A commercially available porous hollow fiber membrane made of polyethylene,
supplied by Asahi Kasei Corporation (Japan), had inner and outer diameters of 1.31
and 3.23 mm, respectively, with a pore diameter of 0.36 mm and a porosity of 70%. It
was used as the trunk polymer for grafting. Glycidyl methacrylate, hydrogen peroxide,
tyramine, and 2-methyl-6-phenyl-3,7-dihydroimidazo[1,2-a]pyrazin-3-one (Cypridina
luciferin analog, CLA) were purchased from Tokyo Kasei Co. (Tokyo, Japan). CLA is
a chemiluminescence reagent specific to superoxide. The GGH peptide was obtained
from the custom peptide service department of Sigma-Genosys Japan, K.K. (Ishikari,
Hokkaido, Japan). Other chemicals used in this study were of reagent grade purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

2.2 Preparation of the Cu-binding peptide-containing porous hollow fiber
membrane

The preparation scheme for the peptide-containing porous hollow fiber membrane is
shown in Fig. 3. An epoxy-group-containing monomer, glycidyl methacrylate (GMA)
was grafted onto a porous hollow fiber membrane made of polyethylene by radiation-
induced graft polymerization. The reaction conditions are shown in Table 1. The
obtained membrane was referred to as the GMA membrane. The degree of grafting was
defined as follows.

Degree of grafting (%) = 100 (weight of polyGMA grafted)
/ (weight of trunk polymer) (1)

Subsequently, the epoxy group of polyGMA was converted to GlyGlyHis peptide (GGH)
under the conditions shown in Table 2. The molar conversion of the GGH peptide from
the epoxy group was defined as follows.
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Fig. 3. Preparation scheme for GGH peptide-containing membrane.
Table 1

Reaction conditions for preparation of a porous hollow fiber membrane containing glycidyl
methacrylate.

Trunk polymer matrix Polyethylene
Irradiation
Source Electron beam
Total dose (kGy) 200
Grafting of glycidyl methacrylate (GMA)
GMA conc. (v/v)% in methanol 10
Reaction temp. (K) 313
Reaction time (min) 10
Table 2

Conditions for introduction of the glycine-glycine-histidine peptide into porous hollow fiber
membrane.

Introduction of Glycine-Glycine-Histidine (GGH) group

GGH conc. (mmol/L) 30
Reaction temp. (K) 353
Reaction time (h) 24

Molar conversion (%) = 100 (moles of GGH)
/ (moles of epoxy group before introducing GGH) (2)

To immobilize Cu(Il) onto the obtained GGH peptide-containing membrane, a CuSO,
solution was permeated outwards through the membrane. The Cu(Il) concentration of
the feed solution was set at 1.0 ppm. The initial pH of the feed solution was adjusted
to 3 with HCI and NaOH. The amount of Cu(Il) adsorbed onto the GGH peptide-
containing membrane in equilibrium with C,, i.e., the equilibrium adsorption capacity, ¢,
was calculated from the following integration:

Ve
g.= [ (G- canmw,
0
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where C, and C are the Cu(Il) concentrations of the feed and effluent, respectively. The
terms V, V., and W are the effluent volume, the effluent when C reached C,, and the mass
of the membrane, respectively.

2.3 Measurement of superoxide by chemiluminescence detection

The Cu-binding GGH peptide-containing membrane and other chemicals were
dissolved in phosphate-buffered saline and the generation of superoxide was monitored
from the chemiluminescence of CLA with a Luminescencer PSN (ATTO Co., Ltd.,
Japan) under the conditions shown in Table 3. The CLA chemiluminescence specifically
indicates the generation of superoxide.??

2.4 Geometry optimization of the Cu(ll)-binding GGH peptide-GMA

The crystal structure model of the Cu(Il)-binding GGH peptide was created on the
basis of the X-ray structural analysis data of Carerman ef al.'"® The calculated crystal
structure model of the Cu(Il)-binding GGH peptide was calculated using the Density
Functional Theory (DFT) at the B3LYP/6-311g+(d, p) level with Gaussian03 series
program® according to the calculation procedure of Kim et a/.?¥ GMA moiety was
added to the amino terminal of the calculated crystal structure model of the Cu(II)-
binding GGH peptide, and the resultant structure model was geometry optimized using
the DFT at the B3LYP/6-311g+(d, p) level (the calculated Cu(II)-binding GGH peptide-
GMA). The valence angles and bond distances of all the models were measured and the
Root Mean Square Deviation (RMSD) was calculated using the Scigress Explorer Ultra
version 7.6.0.52.%

3. Results and Discussion

3.1 Properties of peptide-containing membrane

The GGH peptide was introduced to the epoxy group of the GMA polymer brush
by immersing the GMA membrane in the GGH aqueous solution at 353 K for 24 h. In
this study, the degree of grafting of the GMA membrane was set to 85%. The molar
conversion of the GGH peptide from the epoxy group, defined using eq. (2), was 12%,
and the GGH density in the membrane was 0.352 mmol/g-membrane. The GGH
peptide-containing membrane had inner and outer diameters of 1.38 and 3.31 mm,

Table 3

Materials and conditions for detecting superoxide.
Materials

Cu(II) binding GGH peptide membrane (mg) 2
pH 7.0 phosphate-buffered solution (mmol/L) 50
H,0, (mmol/L) 0.15
Tyramine (mmol/L) 0.25
CLA: chemiluminescence reagent (mmol/L) 3x10°3

Reaction temp. (K) 303
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respectively. The breakthrough curve of Cu(Il) is shown in Fig. 4. Cu(Il) was efficiently
adsorbed on the GGH peptide-containing membrane. The molar ratio of GGH peptides
in the membrane to the total amount of Cu(Il) adsorbed on the membrane was 1.26.
Approximately one GGH peptide captured one Cu(Il) ion in the membrane.

3.2 Generation of superoxide in the presence of tyramine

Chemiluminescence between cypridina luciferin analog (CLA) and superoxide from
the catalytic reaction was measured for three samples: without membrane, with GMA
membrane, and with Cu-binding GGH peptide-containing membrane. The results are
shown in Fig. 5. The GMA membrane, without a Cu-binding GGH peptide, did not show

12
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Fig. 4. Breakthrough curve of Cu(Il) permeated through the GGH peptide-containing membrane.
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Fig. 5. Cu-binding GGH peptide-containing-membrane-catalyzed generation of superoxide in the
presence of tyramine.
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a chemiluminescence response, similarly to the blank solution without a membrane. On
the other hand, the Cu-binding GGH peptide-containing membrane exhibited a very
strong chemiluminescence response. Therefore, tyramine was reacted with O, and
H,0, on the Cu-binding GGH peptide-containing membrane, and the superoxide was
generated in the same manner as previously reported, that is, PrP fragments catalyze the
generation of superoxide.®

3.3 Optimized structural model of the Cu-binding GGH peptide-GMA

We created the three models on the basis of the X-ray structural analysis data of the
Cu(II)-binding GGH peptide, and using the computational chemistry: the Cu(II)-binding
GGH peptide crystal, calculated Cu(Il)-binding GGH peptide crystal, and the calculated
Cu(ID)-binding GGH peptide-GMA). The molecular structure of the calculated Cu(II)-
binding GGH peptide-GMA is shown in Fig. 6. The model is the repeating unit of the
Cu(ID)-binding GGH peptide-containing polymer brush without trunk polyethylene. The
calculated geometric parameters of all the models are shown in Table 4. No significant
differences were observed for all bond distances and angles between the calculated
Cu(ID)-binding GGH peptide crystal and X-ray structural analysis data.'® Figure 7(a)
shows the overlay of the Cu(Il)-binding GGH peptide crystal and the calculated Cu(II)-
binding GGH peptide crystal for the quality of the structural prediction.!® It was
confirmed that the computational method is suitable for the structural prediction of the
Cu(II)-binding GGH peptide derivatives. The valence angles and bond distances of the
calculated Cu(Il)-binding GGH peptide-GMA model were compared with that of the
Cu(ID)-binding GGH peptide crystal model. The valence angle of N2-Cu(Il)-N4 was
moved about 20°. The GGH moiety of the calculated Cu(Il)-binding GGH peptide-
GMA was distorted when GMA was added to the Cu(Il)-binding GGH peptide crystal (Fig.
7(b)). The GGH peptide moiety in the calculated Cu(Il)-binding GGH peptide-GMA

GMA moiety

Fig. 6. Geometry-optimized molecular structure of the repeating unit model of the Cu-binding
GGH peptide-containing polymer brush without trunk polyethylene.
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Table 4
Geometric parameters of Cu(Il)-binding GGH peptide moiety.

Molecular structure model Bond distance (A) Valence angle (°)
NI1-Cu(l)-N2 82
Cu(I)-N1 2.04  NI-Cu(Il)-N4 100
Cu(Il)-binding GGH peptide ~ Cu(II)-N2 1.90  N2-Cu(II)-N3 83
crystal Cu(I)-N3  1.95 N3-Cu(Il)-N4 95
Cu(II)-N4 1.96  NI-Cu(Il)-N3 165
N2-Cu(II)-N4 176
NI-Cu(Il)-N2 83
Cu(II)-N1 2.00  NI-Cu(Il)-N4 95
Calculated Cu(II)-binding Cu(II)-N2 1.85 N2-Cu(II)-N3 85
GGH peptide crystal Cu(II)-N3 1.88 N3-Cu(Il)-N4 97
Cu(I)-N4 1.88  NI-Cu(II)-N3 167
N2-Cu(Il)-N4 174
NI1-Cu(l)-N2 85
Cu(II)-N1 2.01 NI1-Cu(I)-N4 100
Calculated Cu(II)-binding Cu(II)-N2  1.87 N2-Cu(II)-N3 85
GGH peptide-GMA Cu(I)-N3 1.87  N3-Cu(Il)-N4 92
Cu(Il)-N4 194  NI-Cu(Ill)-N3 167
N2-Cu(I)-N4 157

(@) (b)

Fig. 7. RMSD overlay of the GGH moiety (a) of the Cu(II)-binding GGH peptide crystal and
calculated Cu(I)-binding GGH peptide crystal (highlighted), (b) of the Cu(Il)-binding GGH
peptide crystal and calculated Cu(II)-binding GGH peptide-GMA (highlighted). The hydrogen
atoms were omitted for clarity.

forms a square-planar coordinate with Cu(Il). The space for the superoxide generation
reaction is maintained on the Cu(Il) in the GGH peptide.
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4. Conclusions

We prepared the porous hollow fiber membrane containing the Cu-binding GGH
peptide as a biocatalyst by radiation-induced graft polymerization. The Cu-binding GGH
peptide-containing membrane exhibited catalytic activity in the presence of tyramine and
H,0, to produce superoxide, and a strong chemiluminescence reaction between cypridina
luciferin analog (CLA) and superoxide was observed. The superoxide generated
by the Cu(Il)-binding GGH peptide membrane can be used in various fields such as
sterilization or deodorization. Furthermore, the Cu-binding GGH peptide-containing
membrane in this study can be applied to a tyramine sensor in combination with the
chemiluminescence detection system.

Acknowledgement

This work was supported by a grant of Knowledge Cluster Initiative implemented by
Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan.

References

1 S. B. Prusiner: Science 252 (1991) 1515.

2 D.R. Brown, K. Qin, J. W. Herms, A. Madlung, J. Manson, R. Strome, P. E. Fraser, T. Kruck, A.
V. Bohlen, W. Schulz-Schaeffer, A. Giese, D. Westaway and H. Kretzschmar: Nature 390 (1997)
684.

3 T. Kawano: Int. J. Biol. Sci. 3 (2007) 57.

4 K. Yokawa, T. Kagenishi, K. Goto and T. Kawano: Int. J. Biol. Sci. 5 (2009) 53.

5 K. Yokawa, T. Kagenishi and T. Kawano: Bioluminescence & Chemiluminescence (World
Scientific Publishing Co. Pte. Ltd., 2009) p. 27.

6 1. Ishigaki: J. Appl. Polym. Sci. 27 (1982) 1033.

7 1. Ishigaki: Radiat. Phys. Chem. 18 (1981) 899.

8 H. Omichi: Radiat. Phys. Chem. 30 (1987) 151.

9 M. Goto, H. Kawakita, K. Uezu, S. Tsuneda, K. Saito, M. Goto, M. Tamada and T. Sugo:

JAOCS 83 (2006) 209.

10 M. Kim, M. Sasaki, K. Saito, K. Sugita and T. Sugo: Biotechnol. Prog. 14 (1998) 661.

11 I Ozawa, K. Saito, K. Sugita, K. Sato, M. Akiba and T. Sugo: J. Chromatogr. A 888 (2000)
43,

12 S. Nishiyama, K. Saito, K. Saito, K. Sugita, K. Sato, M. Akiba, T. Saito, S. Tsuneda, A. Hirata, M.
Tamada and T. Sugo: J. Membr. Sci. 214 (2003) 275.

13 X.Biand K.-L. Yang: Langmuir 23 (2007) 11067.

14 W. Yang, D. Jaramillo, J. J. Gooding, D. B. Hibbert, R. Zhang, G. D. Willett and K. J. Fisher:
Chem. Commun. 19 (2001) 1982.

15 H. Yang, M. Pritzker, S. Y. Fung, Y. Sheng, W. Wang and P. Chen: Langmuir 22 (2006) 8553.

16 C. Harford and B. Sarkar: Acc. Chem. Res. 30 (1997) 123.

17 S.-J. Lau, T. P. A. Kruck and B. Sarkar: J. Biol. Chem. 249 (1974) 5878.

18 N. Camerman, A. Camerman and B. Sarkar: Can. J. Chem. 54 (1975) 1309.

19 S.T. Edwards and W. E. Sandine: J. Dairy Sci. 64 (1981) 2431.



216 Sensors and Materials, Vol. 23, No. 4 (2011)

20 J. E. Stratton, R. W. Hutkins and S. L. Taylor: J. Food Prot. 54 (1991) 460.

21 B.Blackwell and L. A. Mabbitt: Lancet 1 (1965) 938.

22 M. Nakano, K. Sugioka, Y. Ushijima and T. Goto: Anal. Biochem. 159 (1986) 363.

23 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A.
Montgomery Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi,
V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji,
M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
0. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli,
J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G.
Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B.
B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith,
M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson,
W. Chen, M. W. Wong, C. Gonzalez and J. A. Pople: Gaussian 03, Revision B. 05 (Gaussian,
Inc., Pittsburgh, PA, 2003).

24 B.R.Kim and H. T. Kim: J. Mol. Struct. THEOCHEM 868 (2008) 109.

25 Scigress Explorer Ultra Release 7.6.0.52, Serial No. 1502254162 (Fujitsu Ltd., Japan).

About the Author

Tadashi Okobira received his bachelor's degree in 2002 from
the Department of Chemical and Biological Engineering,
Sasebo National College of Technology. After that, he
enrolled in the Saga University, Faculty of Science and
Engineering, from which he received his Master’s degree. He
was a research associate at the Japan Science and Technology
Agency between 2005 and 2007. He is currently a research
fellow of the Fukuoka Industry, Science & Technology
Foundation (Fukuoka IST). He is engaged in research on the
development of the novel biosensor by using computational
chemistry, chemical engineering and organic synthesis.

Takashi Kadono is currently a postdoctoral fellow of the
Regional Innovation Cluster Program of the Ministry of
Education, Culture, Sports, Science and Technology (MEXT),
Japan. He obtained his Ph.D. from The University of
Kitakyushu in 2006. Dr. Kadono’s scientific interests are in
the areas of plant biology and protozoan cell biology.




Sensors and Materials, Vol. 23, No. 4 (2011) 217

Tomoko Kagenishi graduated from Hiroshima University,
Faculty and Graduate School of Biological Science and
received her B. Sci. degree in 2003 and M. Sci. digree in
2005. She was in the doctoral course until 2007. She was
then employed by The University of Kitakyushu, Faculty of
Environmental Engineering as a designated researcher. From
2008, she became a researcher of the Fukuoka Industry,
Science & Technology Foundation. She joined the
Department of Plant Cell Biology, University of Bonn,
Germany as a guest researcher in 2009.

Ken Yokawa graduated from Hiroshima University, Faculty
of Biological Science and received his B. Sci. degree in 2003.
From 2005, he was engaged in research in the field of
computational biology during his master’s program at Waseda
University, Graduate School of Information, Production and
Systems, and was conferred his ME degree in 2007. After
that, he enrolled in The University of Kitakyushu, Graduate
School of Environmental Engineering and embarked on the
biochemical research on the enzymatic redox activity of the
copper-binding region of the human prion protein. After he

- received the Ph. D. degree in 2009, he spent one year in the
Department of Plant Cell Biology, University of Bonn, Germany. He is currently
working at The University of Kitakyushu as a research fellow of the Japan Society for
the Promotion of Science (JSPS).

Tomonori Kawano (Associate Professor of Faculty of
Environmental Engineering, The University of Kitakyushu),
who received his B. Sc. and M. Sc. (in Agric. Sci.) degrees
from Miyazaki University and Ph. D. degree from Nagoya
University, is an expert in environmental biology, cell biology
and biochemistry of plants, microbes and sometimes fishes,
with international academic experience abroad, as a student
(1993-94, University of East Anglia, UK), a research scholar
(1999-2000, Ohio State University, USA), a postdoctoral
fellow (2000-2001, Institut National de la Recherche
Agronomique, France), and an invited or visiting scholar (Prof.
Invité, 2005-2008, University of Paris 7, France; Visiting Prof., 2010-2011, University of
Firenze, Italy). He is now working as an Associate Editor of an international journal
“Plant Signaling and Behavior”, USA.




218

Sensors and Materials, Vol. 23, No. 4 (2011)

Kazuya Uezu was born in 1963 in Okinawa, Japan, and
received his Ph. D. (Chemical Engineering) degree from The
University of Tokyo. After research associate work at Kyushu
University, he became an associate professor at The University
of Kitakyushu in 2001. Since 2007, he has been a professor of
The University of Kitakyushu. His research interests focus on
structural design and evaluation of functional materials for
molecular recognition by experimental and computational
approaches.



	207
	208
	209
	210
	211
	212
	213
	214
	215
	216
	217
	218

