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Preface

This dissertation work was conducted under the supervision of Professor Ryoichi
Kuboi at the Division of Chemical Engineering, Graduate School of Engineering Science,
Osaka University from 2004 to 2008.

The objective of this thesis is to clarify a final defense system against the
oxidative stress in the biological system, especially concerning to the antioxidative role
of “liposome” itself induced under oxidative stress condition. The interest is focused on
(1) Preparation of potential SOD (superoxide dismutase) LIPOzyme from “build-up” and
“beak-down” approaches: recruitment of synthetic ligand or oxidized/fragmented
superoxide dismutase on liposome membranes, (2) Characterization of SOD-LIPOzyme
prepared based on liposome-recruited activity of oxidized and fragmented SOD, and (3)
Preparation of bifunctional LIPOzyme co-induced under oxidative stress. A mechanism
of liposome functions in recruitment of oxidatively stressed peptide and its folding to
active center-like structure is studied in relation to the damage state of membrane. The
SOD/CAT (catalase) LIPOzyme preparation is selected as a case study. The LIPOzyme
prepared by the damaged liposome membrane and peptide continuously displays not only
SOD-like activity but also CAT-like activity.

The author hopes that this research would contribute to clarification of the
“potential” role of liposome membranes in the effective utilization of bio-resources
produced under the stress condition. The application of toxicological fail-safe mechanism
in biological system opens a new research frontier of Membrane Stress Biotechnology
and Bio-Envrionmental Chemistry.

Le Quoc TUAN

Division of Chemical Engineering
Department of Materials Engineering Science
Graduate School of Engineering Science
Osaka University

1-3 Machikaneyama, Toyonaka

Osaka 560-8531, JAPAN -
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Summary

Antioxidative stress-response functions of the biological cells can be induced and-
utilized for survival when the cells were exposed to oxidative stress condition. From the
conventional viewpoint of molecular biology, the specific genes, such as sod or cat, are
expressed under the oxidative stress condition to protect the cell from the reactive oxygen
species (ROS) through the expression of antioxidative enzymes eliminating ROS, such as
superoxide dismutase (SOD) and catalase (CAT). However, there are some biological cells,
which defect the gene for the antioxidative enzymes, though they still survive under the
oxidative stress condition. Such a contradictional mismatch between genotype and phenotype in
the biological system could sometimes be caused by the potential functions of the biological
membrane induced under the oxidative stress condition. In this study, the potential functions of
- phospholipid bilayer membrane (liposome) were systematically studied, focusing on' the
membrane recruited activity on its surface via the use of the minimal elements i.e. liposomes,
metal ions, and the fragments of SOD. - '

In chapter I, the roles of membrane in reactivation of oxidatively-damaged enzyme
were demonstrated to clarify the membrane function in biological systems. Under oxidative
stress, SOD was observed to be fragmented, leading to enzymatic inactivation, and the loss of an
o-helix neighboring its active center. The H,O»-treated SOD, which lost their activity depending
on stressed condition, was reactivated @ on - the = added POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) liposomes, resulting in the increase of
enzymatic activity. When strong stress induced fragmentation of SOD, produced specific peptide
fragments could interact with POPC liposomes. Liposome membrane was found to assist the
conformational change of oxidized and fragmented superoxide dismutase (Fr.-SOD) and
accelerate the adsorption of metal ions on the fragment to give the original SOD-like activity.
The mixture of all of these elements (fragmented SOD and POPC liposomes with C1_12+ and.Zn"")

* gave not only the increase of the a-helix and B-sheet contents but also the induction of the high .
SOD-like activity.- In this case, the POPC liposomes could act like molecular and metal
chaperones for the stress-damaged peptides, resulting in the creation of a new SOD-like active
- center, ie. the antioxidative LIPOzyme that continues to express the SOD-like enzymatic

activity under the oxidative conditions. - , s C

- In chapter II, characterization of the liposome recruited activity, LIPOzyme activity, |

was made by studying the effect of lipid composition of liposome and by analyzing the possible

" elemental steps of the formation of LIPOzyme. The specific peptide fragment, originated from

SOD, was first analyzed, and its sequence was identified. The oxidized SOD.fragment was found

to be displayed on the liposome surface through the following three steps: (1) binding

(recognition), (2) refolding, and (3) reactivation on the membrane. Such interaction was

considered to be related with the characteristics of the both fragments and liposomes caused by

the combination of electrostatic, hydrophobic interactions, and hydrogen bonding between the

peptide and liposome membrane. A strategy to elucidate the liposome-induced antioxidative

activity by recruiting the minimal elements has finally been established, focusing on the “state of

" stressed membrane” (the membrane activity and toxicity). , ' S

In chapter III, conversion and regulation of the antioxidative function of the liposome
- were attempted as a case study of the strategy described in chapter II. Surprisingly, the CAT-like
activity, which decomposes H>O,, could be induced on the liposome surface which displays the
SOD-fragments-metal ions (Cu/Zn) complex. Actually, after the fragment-metal complex was
recovered by liposome membrane, under continuous oxidative stress of hydrogen peroxide,
membrane could regulate both enzyme-like activities. The LIPOzyme or the membrane-recruited -
SOD fragment possessed not only SOD-like enzymatic activity but also- CAT-like activity,
resulting in the decomposition of all the ROS in the biological system. The SOD-like activity
and CAT-like activity were found to be modulated depending on the state of the membrane.
Unexpected response of living cell (algal cell) such as survival under the strong oxidative stress
could be related to such membrane-recruited antioxidative activities of the LIPOzyme. :

The obtained results demonstrated the potential roles of membrane in recognition,
recruitment, modification, and regulation of active sites of the LIPOzyme. The present results are
applicable in modulation of artificial enzyme to control the oxidative agents and in the deeper
understanding of the cellular response against oxidative stress.



GENERAL INTRODUCTION

What’s oxidative stress? Oxidative stress is caused by an imbalance bgtween
~ the produé;cion of reactivé oxygen and a biological system's ability to readily detoxify
thc reactive intermediates or easily repair the ,resulti.ng damage. Disturbances in this
normal redox state can cause toxic effects througil the pfoduction of peroxides and ffeé
radicals that damage all components of the blologlcal cell, including protems hp1ds
and DNA (Pederson and Aust, 1973; Que et al, 1980) The oxidative stress is exposed'
to the cells as a result of one of three factors: (i) an increase in oxidant gen¢ration, (ii)
a decrease.in antioxidant protection, or (iii) a failure to repair oxidative damage. Cell
~ damage is induééd by reactive oxygen species (ROS), such as superoiide (0y),
hydrogen p‘éroxide (H0y), hydréxyl radi;:al (OH) and so on (Uauy et al., 1998),
which are either fr_ee_b radicals, reactivq anions containing oxygen atoms, or molecules
that ¢an eithéf produce free radicals or are chemically activated by themselves. The
main de}mage to cells results from the ROS-induced alterationfcl)f macromolecules such
asl polyunsaturated fatty acids in membrahe lipids, essential proteins, and DNA.
Additionally, oxidative stress and ‘ROS ilave been occasionally implicated in disease
states, such as Alzheimer's disease (Manton et al., 2604), Parkinson's disease (Gorell et
al., 1999), cancer (Hayes, 1997), and ageing (Fri'doyich, 1978), but they may also be‘
important in preveﬂtion of ageing by induction of a process named mitohonﬂesis.'
However, the ROS can be ben_eﬁcial;‘ as they are used by the immune system as a way
té atféck and kill pathqgen and they ére also used in cell signaling (Thannickal and

Fanburg, 2000).



Oxidative stress is often TOXIC METALS

. Pd, Cd, Hg, As
caused by the redox potential of metal /
. Damage to antioxidant :_t Depletion of thiol
. . . . ) defe
ions in a biological system (Valko et al., i S’s‘e"‘\ M
2005). Some metals are severely toxic | RrROS
and widely found in. environment. - :
. LIPID PROTEIN . DNA
Recent studies indicate = that the
A £ A 4 A 4
" ‘ . - . 1 Lipid _ Protein Oxidized
transition metals act as catalysts in the | pooxiaion | Oxidason | Nucteio Acids
oxidative reactions of biological il | 1 3
' . o Membrane Protein Impaired
macromolecules. Redox-active metals Damage Dysfunction DNA Repair
may cause an increase in production of - —
. : utagemcity
CELL DEATH | Carcinogenesis

ROS such as hydroxyl radical (HO"), - , , ,
: ' Figure 1 Possible mechanisms for metal-induced

supéroxide radical (0,”) or hydrogen oxidative stress (Ercal et al., 2001)

pero;;ibde (H20,). The effect of toxic metals\?o cell and its Vbelongin;g,s‘ was reviewed
énd presented in vFigure 1 by Eréal and his co-wérkers '(Ercal et él., 2001), in which
mechanisms involved in toxic iﬁetals inciuced oxidative damage were mentioned.
Interestingly, metals are essential forlllife, activity because of their capac,ity in acﬁng as
an ihtéfme’diary in the trénsfer of electrons. The metals are found in the prosthetic
gfoups of enzymes that participate in processes such as cellular resbiration, ion
, tranSport and metabblism, and neutrotransmitter synthesis, etc. However, metals may
~cause the increaée of the 6xidati\;é damage to Iipids, proteins, and‘DNA and contriﬁuté |

to neurodegenerative disorders at high metal concentration, i.e copper (Gaetke, et al.,

2003). It is generally accepted that copper toXicity is a consequence of the generation



“of ROS ‘b>y copper ions via Fenton or 'He;ber—Weiss réactions_ (Lloyed et al., 1997). :
Copper ions display higl{l» affinity for thiol and amino groﬁps occufring in proteins. |
Thus, spécializéd proteins containing clusters of these grdups transport and store
copber' ions, hampering their potential toxicity (Bull et al., 1994). This mechanism,
however, may be overwhelmed under copper overloading condiﬁons, in Which copper
ions ﬁaay bind to thiol groups occurring in protgins non-fe_lafed to copper metabolism '
(Fefhahdes et al.,, 1991). Indiscriminate binding of copber'may lead to da'rlnaging
consequenc.esvto protein structure, modifying their i)ioiogical fun'ction‘sb. Cu (II) at toxic
concentrations is known to bind to free thiols (e.g., glutathione) and other functional
groups (e.g., -SH) of en'zymeé and may also replace metals that are consﬁtugnts and |
the active centers of enzymes, cofactors, or other biomolecules in order to prevent the |
ROS formati;m and, sometimes, to utilize them as an active center formation (Sani et
al., 2001)

. How is the résponse of biological cells against the oxidative stress? Oxidative
damage to cellular membranes plays an importanf role in ‘the i)athobioldgy'of ‘both
chronic and acuté tissue injury (McCord, 1985). For example, the unsaturated fatty
acids present in the membrane (phosphdlipidé, sterols, glycolipids, and glycerides),
and in transmembréne pro;teins containing oxidizable amino acids, are particularly
susceptible to free radical damage (Downey, 1990). In'creased'.membrane permeabilfty a
caused by 'lipid peroxidatién and’ oxidatioﬁ of structurally. important pro_téins can
disrupt transmembrane ion gradient‘s' and celluiar metabolic processes. Lipid

peroxidation of cellular membranes has also been implicated in various disease



processes, including cardiac ischemia-reperfusion injury (Meeson et al., 1982). From
the Viewpoint Qf the molecular biologist, such a harmful oxidative stress could bé well
modulated by the expression of thé specific gene, such as sod and cat, which can be

translated to. supe:oxide dismutase'(SOD) that can convert O, to H,0, and catalase

(CAT) that can decompose the H,0, (Deisseroth and Dounce, 1970). 1t is considered -
that the modulation of géne expressioq of both SOD arici CAT within a cell could be a

definite response of biological cells (Karaman et al., 2008). Howeyer, there are éome :
excep_tionalz examples, in whiéh one cannot explain the m_echanisfn of the cellular

. response by using the antioxidative genes: In the sod-deficient B. .sub.tilz’s cells, the

antioxidative protection was observed depending on the concentration of the additional
Mn (1I) ipns, implying that the.antioﬁidative functions could Be elucidated by the metal
- ions and céllular components (Inaoka et al., 1999). The cellular fespo'nse is thus not as
simple as we expected from tﬁe genome information and the ofher components of the
cell shoﬁld be con'sidered to understaﬁd ité responée. .

A biomembrane can sensitively experience oxidative stress condition. In a
biological cell, each membrane type éontain's a specific set of | protein-receptor and.
enzymés but the base of every membrane is a biomolecular léyer of lipids that
performs in each membrane two functions: (1) a barrier for ions and molecules, and
2 structural base for functibning of receptors and enzymes. In all. living cells,
| biologi;:al membrane fuhcﬁons as a ban;ier that divideé t‘he lcell from the.environment
and_ the internal ceil volume into the combarably isolated “compartments”. Lipid

bilayer includes numerous built-in protein molecules and molecular complexes. Those



possess the properties of selective “éhan_nels” for ions and ‘molecules. Others are
»“pumps” transferring‘ actively ions through fnembrane (Schwartz, 1971). On the
membrane there are Some proteins and protein groups that are disposed in a definite
or&er and create systems of electron transfef (Gray and Winkler, 1996), energy
accumulation in the férm of ATP (Proverbio and Hoi;fman, 1977), regulation of
intraéellulér processes by hormones coming in from outside and intfacéllular
mediations (Kurtz, 1986),. r¢cognizing of other éells and foreign proteins, light
reception, mechanical effects, etc (Bretscher and Raff, 1975). However, undéf
oXidative stress, such a mechanism will break down. Then, the lipid peroxidatioh
induces membrane disturbance and damage and its products are known to induce the
generaﬁon of vaﬁoué cytokines- and cell 'signaling.. Cholestefyl estérs (CEs) and
phosphatidyléholines (PCs) were more readily oxidized by free radical in plasma than
in organic solution under similai‘ conditions (Yoshida et al., 2003). The stﬁdies with .
cerévisiae have deﬁonstrated -that'. susceptibility fo hea\(y | metal'—induced ﬁlasma
| membrane peﬁnedbilizatioﬁ and toxicity is markedly dependent on plaéma membrane
fatty acid composition. Both cadmium-induced and copper-induced plasma membrane
disruptions wer'e_ markedly éccelerated in S. cerevisiae enriched with polyunsaturated
. fatty.acids (Howlett et al., 1997). The role of LOOH as reductants for Cu (II) and to: '
play a concomitant role in establishing the redox cycle between Cu (II) and Cu (I) in
the promotlon of 11p1d perox1dat10n‘ A role for LOOH-dependent reduction of Cu (II)
to Cu (I) can only be demonstrated if the metal exhibits catalytic behavior in the

lipid-peroxidation system and in the absence of alternative reductants such as amino



acids or a-tocopherol (Patel et al., 1997).
= The roles of “phospholipid membrane” in biological systems have been
étudied and lipid ..bilayers are the model for many experiments aBbut the interaction of
protein and liposome membrane. The phosphol.ipids bilayer as a solvent influencing
the structure and function c;f membrane protein is well established. Lipids can act as
molecular chéperones in the protein folding. .Moleéular chaperones facilitaté the
folding of proteins by interacting non-covalently with nonnative folding intennediatés
“and- not with_v either the native or fotally unfold prbtein (Dowhan et al., 2004). The'
intefaction of lipids and partially folded 1actose permease durihg refolding was found
to be dependent on’bot_h the chemical properties }of the individual lipid molecﬁlfcs and
the collective i)ropeﬂies bf phésphplipids mixture (Bogdanov’ et ai., 1999). The.
- liposome, Which is composéd of unsa’turatedkphospﬁoli‘pids, has previously béen used
as a model biological membfane. The liposome has a chaperon-like function to assist
~ the refolding of proteih, in which, denature lysozyme interacted with the lipdsome
membrane to be refolded ahd returned to the native form (Kuboi et _al;, 1997;
Yoshimoto and Kuboi, 1999). Based oh the above results, Vlipids can func;cion .as
molecular chaperones - that spcciﬁcally ‘mediate .the folding "of - proteins, thereby
extending thé definition of chaperones to other biomolecules in addition to protein

(Bogdanov and Dowhan, 1999).

~ The Vinte;actioAn»of membranes and péptides also results in the translocation of
peptide_s into membranes. The tran'slocatibn of proteins a‘crosé the membrane is-one of

the importantly biological functions (Hardy and Randall, 1989; Arkowitz and



Bassilana, 1994). In translocaﬁon process, the peptide forms an amphipathic helix in
- lipid bilayers, whiéh essentially lies parallel to the membrane surface (Bechingér etal,
1993; Matsuzaki et al., 1994), imposing a. positivé curvature strain on the membrane
| (Wieprecht et> al., 1997;_Matsuzaki et al., 1998). Several helices together wifh several
| surrounding lipids then form a membrane-spanning pore ‘comprising a dynzilﬁic,
peptide-lipid ‘supramolecular c_()mplex A'(toroidal pore),. which allows not only ion
transport but also rapid flip-flop of the membrane lipids (Mafsuzaki et al., 1996;
Ludtk¢ et al., 1996). Upon the disintegration of the pore, a fraction of the peptide
molecules stog:hasticélly tranélocate ‘into the inner leaflet (Matsuzaki ¢t al, 1995).
While assisting with the liposomés, the charactéristi;s of proteins, esi)écially enzymes
beéomg st‘able.v A cléar example is that cétalase was encapsulated .in the liposome to
improve the stability of its tetrameric structure and 'activity (YOéhiIl"lOtO et al., 2007).
The studies on the effect of lii)osome-encapsulated sui)eroxide dismutaée in cytokine
production. have been conducted. The lipésome-encapsulaféd superoxide 'vd.ismutase
indﬁced the augmeﬁtation of tumor necrosis féctor from peripheral blood leucocytes in
the 'cancer treatment (Shibuya-Fujiwara, et al., 2001). The abo\}e obtainéd results
proved that rrlembrane could stabilize and regulate the enzymatic activities jn
biological systems. Additionally, the liposome¥encapsulate_d' drug can be applied in
fields Such as medicine and pharmacology;

Iﬂ the protectioﬁ of membrane. from p'eroxidation By ROS, liposome
membrane can assist with the pr_oteinsvor peptides. The experiments ha\}e previously

been conducted to evaluate the oxidation of lipid bilayer by copper. The obtained



results indicated that the unsaturated lipid bilayer was easy to be oxidized by copper.
However the addition of AB Slightly decreased the ertlount of ROS generation and the
lipidl peroxidation. AP inhibits the ROS generation by interatcting with the immobilized
Cu (II) to protect the liposome from oxidation (Nagami, PhD thesis, 2005). The AB
was found to form vthe metalloenzyme-like coordinatien structure on the liposome
surface. The effect of liposome on the 'metalloenzyme-like function ABFCu complex
has been successfully investigated. The activity of this contplex was depending on the
physical properties of liposome rrtembrane t)ecause the interaction of the AB-Cu
. complex with membrane (Yoshimoto et al.,, 2005). Ftom the gained results, the
interactton ef membrane and pt'Qteins or peptides on the membrane surfaee p_reventedr
:;both membi'ane and proteins from the further oxidation by ROS.

~ SOD Functions as an “Antioxidative Modulator”. Our study on the role of
membrane in prqtection and recruitment of the oxidatively-damaged enzyme is an
attempting investigation of the “potential” functiotl of membrane under stress
condition. Actuélly, under normal conditions, ROS are cleared from the cell by the
.a-lction of sﬁperoxide dismutase (SOD) (McCord, J. M; Fridovich, I., 1969), catalase
(Bunkler, 1992; DeJohg et al., 2007), er glutathione peroxidase (Hayes, et al., 1999).
Thus, a close relationslﬁp between R'OS.‘production, antioxitlant defense’impaii‘ment, :
-perioxidative membrane damage and inflammatory or degenerative pathological .
processes could be asshmed’ (Pamplona et al., 2002; Bengtsson, 2001)tas shown in
Figure 2. Superoxide dismutase which is an itltracellular enzyme vital to every cell in

the body is a metalloenzyme containing copper and zinc, and sometimes manganese or
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Figure 2 Conventional understanding on mechanisms in cell detoxification of ROS by
antioxidants (Pamplona et al., 2002; Bengtsson, 2001)

iron, at the active site. SOD plays an important role in the protection of all aerobic
biological systems against oxygen toxicity and the free radicals derived from oxygen,
catalyzing the dismutation of superoxide into oxygen and hydrogen peroxide (McCord
and Fridovich, 1969). In in vitro experiments, it has previously been reported that the
enzyme is inhibited by one of the reaction products, hydrogen pefoxide, in the absence
of catalase (Hodgson and Fridoviqh, 1975). Some researchers have attempted to relate

the HZOZ-induced loss of enzymatic activity of SQD (Salé et al., 1990; Sankarapandi
and Zweier, 1999) with thé structural changes in the enzyme active site (Cu®* binding)
(Ramirez et al., 2005), including increased proteolytic susceptibility (Davies, 1987;

Blech and Borders 1983; Choi et al., 2000), fragmentation (Sato et al., 1992), and

10



oxidation of the active site (Bray et ai.,’ 1974). Thev SOD also has a' free
radical—generating funcﬁon thét utili;és its own product, H,O,, aS a substrate (Yim et
al., 1993; Kim and Kang, 1997). If hydroxyl radicals are generated by the SOD and
H,0, system, they can react with lsuperoxide dismufase itself and other m}ole‘cules in
the Viémity of fheir generatibn sites. As a result, the fragmentation of SOD is
~ elucidated at high concentrations of hydrogen perdxide_ (Nagami et al., 2005; Choi et
al., 1999; Kwon ét al 1998). |

-SOD activity was modulated on membrane surface. In é biological system, 'fhe
SOD seems to}:be moderately coﬁtrolled on the biomembfane. For example, the
extracellular SOD is known to Be anéhore_d to biomembranes by binding with heparin
in the membranes, althoﬁgh the}amoun}t of extracellular SOD expressed is significantly
lowei" as com’ﬁared with that of infracellular SOD (Enghild ét al, 1999). The; |
extracellular SO]j may thus have a strong resistance to oxidation and rhay maintain the
suitably oxida;cive conditions o.utside.the cell. The role of biological nierhbi'ane during.
SOD activity modulation should be clarified, especiaﬂy under oxidaﬁve stress
conditions. In an m vitro va\pproach, Nagami et al. have'recehtly lreported.:that SOD
retains_SO% of its initial activity in the presence of liposomes after incubation with .
hydrogen peroxide for 24‘ hours (Naganji et al., 2005); Under relatively mild stress
conditions (less than 2 mM hydrogenperoxide), the liposomes Were shown ndt Only to
prevent oxidétion of SOD but' also to maintain'its activity (N agémi et él., 2005)‘.(

How bne cbuld mimic the enzyﬁe function by using the ligands? There are several

| approaches on the design and development of the enzymé mimics (Figure 3) (Kirby et

11
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Figure 3 Examples of previous enzyme mimics
al., 1996; Batinic-Harber et al., 1998). The metal-ligand complex, modiﬁgd from the
suitable chemical structures of the ligand and metals, catalyze the enzymatic activity
(Guner et al., 1999; Naruta et al., 1991 and 1997; Gerasimchuk et al., 1999). The
SOD-like active site has been reported to be induced by using the speciﬁc peptide and
metal ions (copper and zinc), in which the formation of macrochelate via the
coordination of the imidazole residue was suggested. The complex of specific peptide
and metal ions displayéd the SOD-like activity (Boka et al, 2004).. A model
biomembrane (liposome), with the specific properties, has been used as a platform to

create the catalytic site (Nagami et al., 2004; Walde, 2006; Murakami et al._, 1996). The

12



metel'-ligand complex on the liposome surface possessed enzyme4like actirity, such as
: SO]j (Nagami- et al., 2004 and 2005; Umakoshi et al., 2008) and cholesterol oxidase
(Yoshimoto et al., 2005). The artificial enzyme was considered to be stable ﬁnder the
strong stress condition, resulting in the display of its enéyme-like activity with'the high
efficiency. Interestingly, the complex could be regulated by .the memerane i)roperties
of the liposorne, as well as affording ‘functional elements on the lipesorrie surface. The
above enzyme-like ﬁmctiorl of liposome, which can be “deﬁned as “LiPOzyme” (Kubei :
et all., 2006), can be utilized for the desigrr of the artificial enzymes. |
| In this thesis, the petential. vfunction.s of phospholipid bilayer membrane
‘(liposome) were systematically studiedv, focusing on the membrane recruited activity
von its-surface via the use of the minimal elements ie. liposemes, metal ions, and the‘
fragrrierlts of SOD. ‘ | |
" In chapter I, a SOD LIPOzyme was prepared by:ufilizirrg the merrrbrane roles in
recogrritien and reacrivation of oxid,a‘tivery_-damaged enéyme in ‘order to clarify the |
membrane function irl biological systems. Under eXidative stress, SOD was observed
'te be fragmented, leadirlg' to enzyrrlatic inactivation and the loss of | an o-helix
neighboring rts- activit}r center. ‘The H202ftreated SOD, which lost their activity at
 different incilbation times, was significantly .reactivated only by adding POPC
(1'-pa1mitoy1-2—01eoy1-sn— glycero-3-phosphocholine) liposomes, resulting in the
increase of enzymatic activity. The fragmentation ef SOD produced some speeiﬁc |
peptide fragments that can interact with POPC liposomes.rLiposo‘me membrarle was

also found to assist the conformational change of oxidized and fragmented superoxide
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dismutase (Fr.-SOD) and accelerate the adsorption of metal ions on its fragment to
give the original SOD-like activity. The mixture of all of these elements (fragmented
SOD and POPC liposomes with Cu2+ and an’lt) gave not only the increase of the
o-helix and B-sheet contents but also the induetion of the high SOD-like activity. In
this case, the POPC liposomes could act like molecular and metal chaperones for
stfess-damaged_ peptides, resulting in the creation) of a new SOD-like active center ;[hat
continues to express the original enzymatic activity under the oxidative conditions.

In chapter II, a mechanism of the LIPOzyrﬁe displ.ayﬂing mechanism was
investigated by s_tﬁdying, the effect of lipid compositioﬁ of liposome and by .analyzing
the possible elemental stepe of the lipesoine-recmited actiﬁty. The specific peptide,

originated from SdD, was first analyzed,. resulting that the peptide sequence of the
peptide was iden;[iﬁed. By using the peptide, the liposome-recruited. activity of the
oxidized SOD fragment was found to be displayed on the liposome surface through the
following three steps: (1) binding (recognition), (2) refelding, and (3) reactivation (See
below). Such interaction was considered to be related with fhe characteristics of the
both fragments and liposomes caused by the combination of . elecfrostatic and
hydrophobic interaction, and hydrogen bonding between the peptide and liposome
membrane. A strategy to elucidate the liﬁosome-indeced -antioxidative activity by
_ recruiting the minimal elements has ﬁnally been esteblished, focusing oe “state of
stressed membrane” (the membrane activity and toiicity), based en the above findings.

In chapter. 111, the antioxidative LIPOzyme displaying both SOD and CAT was

attempted to be prepared as a case study of the strategy described in chapter 2.
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Surprisingly, the CAT-like activity, SOD

Oxidative stress

which décomposes H,0,, was induced ‘&kl
on the liposome surface which displays Oxidation and Fragmentation
the SOD-fragments and metal ions (Cu | 'l'
d Zn). The SOD-lik tivit d H,0 %ﬁq}
an n). e -like activity an : Nl
, ? aotivity SN

0, *%""é‘;zf‘;; embr;
Q&% “Toxicity
. WA, LS . . 4
, ) - . CAT-like Activity Cooperative S

modulated, depending on the stressed , Formation of
, : Molecular Structure

CAT-like activity wére found to be

state of the membrane. Moreover, after - Membrane Activity

. Figure 4 A schematic Hlustration  of
fragment was actively and structurally  Bifunctional ~ Activity of SOD-recruited

v Liposome Complex.
recovered by liposome membrane under - ‘
continuously oxidativé stress of hydrogen peroxide, membrane can regulate the
Iexizyme-lik‘e activities. As a reéult, the membrane-recruited SOD pdssessed not only
SOD-like enzymatic activity but also CAT;lil_(e activity, resulting in the decompositioﬁ
of all the ROS in the biolbgical system (préposal in Figuré 4). The expreésion of
bifunctional - enzyme-like activity - of membrane-recruited SOD (LIPOzyme)
demonstrated thatr the role of membrane in regulation of recruited enzyme on the
liposome surface. Unexpécted response of living céll (algal cell) such as survival
- under the strong oxidative stresé could be related to such membrane-recruited
antioxidative activities of the eﬁzyrnes.

The obtained results démonstrated the pétential roles of ﬁlembraﬁe in reco gﬁition,

recruitment, modification, and regulation of active sites of enzyme from damaged

peptides. The present results are prospectively applicable in modulation of artificial
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Figure 5 Framework of the present study
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Chapter I

Preparation of SOD LIPOzyme with Bulld-Up and Beak—Down -
Approaches: Recruitment of Synthetic Ligand or Omdlzed/Fragmented
Superoxide Dismutase on Liposome Membrane

¢ SOD LIPOzyme from “Build-up” Approach: Dodec-His Modified Lrposome with

Cu/Zn

e Characterization of Properties of Ligand-Modified L1posome

e Metal Adsorption Behaviors on Ligand-Modified Liposome

| » SOD-like Activity of Metal/Ligand-Modified Liposome

¢ SOD LIPOzyme from Break-Down Approach Llposome-Recrulted Act1v1ty of SOD

under Oxidative Stress Condition.

o Effect of Hydrogen Peroxide on the Enzymatic Activity and Oxidation of Superox1de

| Dismutase: Role of Liposome in Protection of SOD from the Oxidation |
¢ Binding of Specific Peptide Containing Active Site on Membrane Surface.

¢ Conformational Change of Native SOD under Oxidative Stress and Fragmented SOD

in the Presence of Liposomes

e Reactivation of Fragmented SOD and Modlﬁcatlon of Actlve Site on- Llposome

Surface :

Chapter I

Characterlzatlon of SOD LIPOzyme Prepared with Break-Down Approach
e Reactivation and Adsorption of Oxidized and Fragmented SOD Recruited on
Various Liposomes

e Characterization of Oxidized and F ragmented Peptlde Recru1ted on L1posome
Surface

e Liposome Can Recognize the Specific Fragments of Fragmented SOD through
Integrated Interaction Theory.

¢ Membrane Toxicity and Its Functions under Stress Condition.

e Analysis of Elemental Process of SOD LIPOzyme Activity.

e Comparison of SOD LIPOzyme with Previous SOD Mimics

Chapter III

Preparatlon of Antioxidative LIPOzyme based on Modlficatlon of Peptlde
Fragment under Stress Condition

e Active Center for Cu,Zn-SOD and Mn-CAT.

e The CAT-like Activity of the Liposome-Recruiting SOD Fragment

e Stabilization of SOD/CAT LIPOzyme under Continuously-Exposed Oxidative Stress.

e Conformational Change of Fragmented SOD on Liposome under Stress Condition.

e Summary and Comparlson of SOD and CAT Activities

Figure 6 Flow chart of present study
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enzyme to control the oxidative agents and in the deeper understanding of the cellular

response against oxidati_ve stress.

The framework and flow chart of the pres.ent study is schematically shown in
- Figures 5 and 6. The obtained results in this work are summarized in the General
Conclusion éectiqn. Sﬂggestibns fdr Future Work are described as an extension of the

present thesis.
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Chapter I
Preparation of SOD LIPOzyme with Build-Up “and Beak-Down

Approaches: Recruitment of Synthetic Ligand or Oxidized/Fragmented
Superoxide Dismutase on Liposome Membrane |
1. Introduction
Su;iero?{ide dismutase, SOD, which is an intracellular enzyme vital to every .
cell in the body, is a ’n'letalloenzyme containing copper and zinc, and sometimes
manganese or iron, at the active site. SOD plays an importailt role in the protectioh of
“all aerobic biolegieal systems against oxygen toxicity and the free radicals derived
from oxygen, catalyzing the dismutation of superexicie into oxygen and hydrogen
 peroxide (McCord and Fridovich, 1969).
The O\iere)ipression of Cu,Zn-SOD in vivo has been reported to be related to
the negative respbnses of cells such as cell death (Amstad et al., 1994), the
enhancement of lipid peroxidatioﬁ (Elrey-Stein et al., 1.986), reduced tranqurt of '
biogenic .a'"mines‘ ‘(iEpstein et al., 200‘1), and decomposiiion of brain neurons
' (Ceballos-Pieei, et al., 1991). In in rvitro ‘experi'ments,. i’i has previously been reported
: thatA ihe e_nzynie is inhibited by one Qf the ieaction i)roducts, 'hydr‘ogen' peioxide, in the
absence of catalase} (Hodgson and Fn'doyich, 1975). Some researchers have attempied

to relate the H,0O,-induced 'l_oss of enzymatic activity of SOD (Salo et al, '1990;
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’Sankarapandi and Zweier, 1999) with the structural changes invthe enzyme active site
: (Cu2+l binding) (Ramirez et al., '2005), including increased preteolytic susceptibility
(Davies, 1987;.Blech an(i Borders, 1983; Choi et al., "2000), fragmentation (Sato et al.,
1'992.), and oxidation of the active site (Bray et al., 1974). The Cu,Zn-SOD .élso has a
free radicalf_generating function that utilizes its own product, H,O,, as a substrate (Yim
et al,, 1993; Kim and Kang, 1997). If hydroxyl radicals are geherated by the
Cu,Zn-SOD and H,0, system, .they can react w_ith suberegide dismutase itself and
other molecules in the vicinity of their geeeration sifeé (Goldstone et all., 2006). As a
result, the fragmentation of SOD js induced  at high concehtrations of hyerogen
pe-1'oxide (Nagami et al., 2005; Chqi et al., 1999; Kwon et al., 1998). The fragmeﬁté |
preduced by H,0, include the active site (~‘5 and ~16 kba) and the ‘non-active site
(sméaring between 3 and 16 kDa) (Rainiréz et al., 2005). -

In ‘a biological system, the SOD seemé to be moderately controlled en_ the
surface of biomembrane. For example, the extracellular SOD is known to be anchored
to biomembranes by binding with heparin in the membranes, although the amount of
extrac‘_ellular SOD expressed is signiﬁcantly lower as -compared with. that :of
intracellular SOD (Enghild et ai., 1999). The extracellular SOD may thus have a strong

resistance to oxidation and may maintain suitable oxidative conditions outside the cell.
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The role of biological membrane during the modulation of SOD activity should be
| clarified, espec;_ially under oxidative sﬁess conditions. In an in vitro.approach, Nagami
et al. have recently reported that Cu,Zn-SOD‘retai.ns 80%70f its initial activity in the ;
presence of lipoSonles after incubation with hydrogen peroxide for 24 hours (Nagami
et él, 2005). Under relatively mild stress conditions (less than 2 'mM hydrogen
peroxide), the liposomes were shown nqt only to prevent oxidation of SOD'Bu't also to
maintain its activity (Nagami et al., 2005). :

It has recently réported that the liposome membrane can recruit the oxidized |
SOD fragment on its surface to produce a comple); fhét has enzyme ac‘;ivity (Tuan et
al., 2008). Among the‘frag_meﬁts generated after SOD oxidation (6okayvara et al.,
1992; Kurahashi et al., 2001), ther¢ are sOme- Speciﬁc peptides contain its acti_ve‘site
(~5 énd ~10 kDa) (Rainirez et al., 2005‘), althbugh these ffagments have no SOD-like
activityfl The recruiting mechanism of fragmented SOD on membfane was considered
to involve the refolding and cqnformation of peptides by hydrophobic interacfion, in
’which,liposomels' perform a mOlecular chaperone-like function (Yoshimoto et al.l’, 1999
" and 2000; Kuboi ét al.;-2000). One of the gpeciﬁé peptides puﬁﬁed from revérserhase :
HPLC was recovered on mgmbrane aﬁd expressed SOD-like' activity (Tuan et al.,

-2008). HoweVer, the structural conformation of SOD fragments derived from
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oxidation has not been adequately clariﬁed yet. It is therefore important and essential ]
to clarify the mechanism of conformational change and/or réfolding of the oXidiz’ed
and frégménted SOD on the liposome membrane with the addition of metal ions as a
modification of the active center, as well as the enzyme'activity with the support of the
liposome membrane under strong oxidative stress.

Artificial enzymes that mimié the above antioxidativé enzymes and show high
‘ stabiiity need to be designed to efﬁcivently eliminate the ROS,' such as superoxide and
hydrogen peroxide. Much effoﬁ has been deVofed to the design and development of
artiﬁciél antioxidative enzymes (Kirby, 1956). Mh-porphj;ﬁn (Mn-PyP) éomplex is
known to be an effectiye material for the design of artificial antioxidative enzymés that
possess either SOD activity: (Batinic—Harber et al., 1998).. However, it has been
reported that Mn-PyP catalysis Adem'o'nstr‘ates relatively low acﬁvity in both SOD in
comparison With natural enzymes, although several efforts have been made to control -
their activities through the modulation of the metal ion distance in a ligand molecule
by its suitably designed chemical structures (Naruta e't al., 1997, Gerasimchuk et al.,
1999). Mn-PyP in the monofner state has often been utilized for the design of artificial
- SOD, as described in a series of previous reports (Batinic-Harber, 1997, Ohtsu et al., ,

2000, Michiels et al., 1994). Although there are other types of artificial SODs or SOD
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mimics (Nagami et al., 2004 and 2005; Umakoshi et al., 2008),‘ the strategy of the
design of the SOD mimics is mainly retained to “reproduce an active center of enzyme
. precisely” by using the weil-deSi gned ligand.

A model biomembrane, liposome, is a. possible candidate to provide a
.sop’histicateél platform to reproduce the catalytic centers of enzymes (i.e. SOD). Such a
lipeseme herewi’sh possesses several beneﬁts in the regulation of catalﬁic activity,
where it can previde (i).a nano hydrophebic envirenment, (ii) a stress-responsible'
character, (iii) a _microdomein structure, and (iv) membrane-membrane interactions.
- Some researchers have reported the effectiveness of the use of a model biemembrane
(liposome) as a platform to immobilize the functional catalytic centef (Nagami et al.,

A ;2004,‘ Walde, '2006, Murakami, 1996). ]énzyme-like activity, such as fhat of SOD
(Negami et al., 2004, Naéamiet 51., 2005, Tuan' et al., 2008) and cholesterol 'oxidasel
(Yoshimoto ‘et al., 2005) has elready been regulated by the memlsrane properties of the
| liposome, as well as .affordin'g functienal elements on the lipesome surface. The above
enzyme-like function of liposome, which can herewith be denoted as "LIPOzyme"
(Kuboi et al., 2006) can be. utilized for the design of the ertiﬂcial enzyrhes through the -

“Break-Down Approach” and from the “Bﬁild—Up Approach” (Figure 1-1).
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Activity Center Irl thiS Chapter, the
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T using two kinds of approaches
ol Recognition Si
By Stress

Re:uﬁnl:ion Sito
mics. " i

: : 3 (Figure 1-1), focusing on the

Functional Ligands
An;

Recognifon Stes preparation of SOD LIPOzyme.

First: “Build-up” type approach

Camoanant: s

Multi Functional LIPOzyme has been employed. The SOD

(Recognition — Reconstruction — Function)
LIPOzyme was first prepared by
Figure 1-1 Schematic Illustration o_f LIPOzyme

using the acylated amino acid,

which is compatible with the amino acids constructing the active center of SOD. After
the characterization of membrane properties of ligand-modified liposome, the
SOD-like activity was investigated. Second: “Break-down” typé approach has been
employed. The recruitment of peptide fragmen;cs of oxidized SOD (without enzymatic
activity) on membrane surface and the reactivation of inactive enzyme by the addition
of POPC liposomes was investigated, together with the reconstruction of the secondary

structure the enhanced binding of metal ions. Based on these results, the effectiveness

of the LIPOzyme has been shown as a summary of this chapter.
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2. Materials and Methods

2.1. Materials.

‘Bovine Erythrocyte Cu,Zn-SOD l(EC‘ 1‘.15..1.1), purchased from Sigma Aldrich
with a speciﬁc activity of 4470 U/mg (product No. S2515-30KU arld lot No.v
125K740), 'was. »use.d without  purification. | 1,2-dipalmit§yl-sn-glycero-3-
phosphocholine (DPPC: Th = 42.°.C),v l,2—dimyristoy1—sn-glycero- 3- phoépildcholine
(DMPC: T, = 23°C), énc} 1,2-dilauroyl-sﬁ-g1ycero-3-phosphocholine (DLPC: T}, -
0°C), 1fpalrnjtoyl-Z-oleoyl-sn-glycero-3-phosphocholine (POPC) ‘was purchased from
Avanti Polar Lipids, Inc (AL, USA) and was ﬁsed for the liposome prgparatio;l
described somewhere (Bangham et al., 1974). Dodecang);l-Histidi\ne (Dodec—His) and
Pyreﬁé-dodecanoyl—hjsfidine (Py-Dode;é-His) was synthesized and prepafed according
to the modified mefhod described in the previoﬁs literature (Yasuhara et al.l2(l)06). All
the other reagents ‘of analytical grade were purchased from Wako Pure Chemicals

~ (Osaka, Japaﬁ).

2.2 Preparations of Dodec-His modified Liposome.
The liposomes modified wifh Dodec-His were 'prepared.b'y using the following

procedure according to the previous work (Nagami et 2;1., 2005, Yashuharé ét al.,

2006; Umakoéhi et al., 2008). Phospholipid and Dodec-His (Wifh a mqlar ratio 10:1)

‘were dissolved in chloroform/methanol (lipid concentration: 2 mM). After the solvent
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was evaporated, ‘the resulting thin film was dried for at lea}st 2 hours under a vacuum.
The lipid film was hydrated by 50 mM potassium phosphate buffer to form the
multilamellar vesicles. The solution of the multilamellér vesicle was treated by
ultrasonication (15 min, 80 W, 5 ml) 6;1 ice (4 °C) to obtain the liposome with the size

of 30-nm.

2.3 Characterization of Membrane Fluiditjy.

The mgmbrane fluidity of liposomes was determined by using a hydrophobic
ﬂuorescgnce probe, 1,6-diphenyl-1,3,5-hexatriene (DPH) (Lentz, 1993). DPH was
added to the solution of liposérhe;copolym;_ers or liposome-proteiﬂs a{t a final
. concentration of 1 pM. The fluorescence pdlai‘ization of thé DPH | probe in the
liposome membrane was measured at a wavelength of 360 nm for the e'xcitatioﬁ and |
430 nm for the emission. The fluorescence intensity of the DPH was measured by
using the ﬂuorescént spectrdpho’tometér (JASCO FP-777, Japan). The degree of

fluorescence polarization (P) was calculated using the following equation:

1_d,+1)
P (1//_11_)

where I, and I, are the intensities of the Iight emitted with its polarization plane
parallel (/) and perpgndicular (L) to that of the exciting bearﬁ, respectively. The term
“fluidity” is invérsely proportional to the degree of ﬂuorescence'polarization_of the |
probe; that is, the ‘membrane fluidity’ of the interior of the membrane was defined by

(1/P) of DPH.
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2.4 Characterization of Ligands Cluster on the Liposome Surface.

It has been reported that the pyrene molecules with different clustering state
(mohomer and dimer) shows thé diffe_rent ﬂuofescence spectra. The cIuétering state of
the Dodéc-His_ molecules on the liposbme membrane was evaluated by‘using the
Pyrencé-conjugated acylated-Histidine (Py-Dodec-His). The liposome was modified
with Py—queb-His in replace of Dodec-His at molar ratio of 10%. The fluorescence
Spectra of the Py-Dodec-His modified liposome were measured by using the '
fluorescent Spectrophotometer (JASCO FP-777, Japan) at the excitation wavelength of
350 nm The spectra of ﬂuorescc;nce emission were recorded. The relative clustered
state}of" the ligands was assessed as a ratio of the fluorescence at excimer and that at

monomer (E/M ratio) (Nagairﬁ et al., 2005).

2.5 Metal Adsorption on Dodec-His Modified Liposome.

The metal adsorption experiment was carried out by shaking the IiposOmer
| suspension in the presence of metal ion at 25 °C for 24 h.  After the above operation, -

the liposome' and metal ion were separated by ultralfiltration (Ultra free MC;
Millipore) at the specific centrifugal condition '(5000 X g for 10 min). The
concentration of metal ion in the filtered solution was measured by using fluorescent

‘indicators for metal ion, such as Phen Green or Bio.

2.6. Analysis of Cu,Zn-SOD ftagmentatién by H,0,.
Cu,Zn-SOD (2uM) was incubated with H,0, (2mM) in phosphate buffer (pH

7.4) at 37-°C for various periods. The enzymatic activity and protein concentration of
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fragmented SOD were determined after the in;:ubation of SOD with H,O,. SDS-PAGE
technique was used for analyzing SOD fragmentation.

For thé SOD activity, a highly ~water-soluble tretrazolium salt, WST-1
[2—(4-lopopheny1);3-(4fnitrophcnyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt], produces a water-solu'BIe formazan dye upon redu;:tion with a
superoxide ahion, where the rate of the reduction with Oz’ is linearly related toA the
xaﬁthine oxidase (XO) activi;cy and is inhibifed by SOD. The absorption gpectrum of
, WST;l formazan was measured at 456 nm, and the SOD activity as an inhibition
activity éan be qQantiﬁed fchrough the decrease in color develoi)ment (Pres‘kin et al.,
2000). It was confirmed that the solution of Cu/Zn énd/or POPC liposomes showed
no SOD-lik_deﬁzymatic activity as the control cxperimehts. A possible contribution of
the free copper itself in the SOD activity w;cis aiso a.ss.essed‘ by the EDTA addition
experiment. After the complex of liposome, ﬁagméﬁted SOD, and Cu/Zn complex was
recovered by ultrafiltration, the addition of 100 pM EDTA to the above solutio,nv did
not affect the SOD-like activity Qf complex at all. The above negafive cqntrol shows

that the free Cu ions have no SOD-like enzymatic eictivity‘

The BCA Protein Assay Kit was used to determine protein concentrations. The

protein was precipitated in a cold acetone solution to separate it from contaminants so
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that a more accurate estimation of protein content in the sample could b.e‘ obtained. The
mixture was then centrifuged at 15,000 rpm for 20 min. Pe}lets solubilized in 50 pl
H,0 were added to 1000 pl of BCA reagenf solution and incubatedv‘“fo‘r .30 min ét 37°C,
after 'which the absorbance at 562 nm was méasured. A standard curve was set up to
analyze the protein céncentrations (Shlith et al.‘, 1985).

For SDS-PAGE analysis, aliquots of the Vsample were solubilized witﬁ the
denaturing buffer (025 mM TrisHCL, 8% SDS, 40% glycerol, 20%
L—mg:rcapfoethanol, '(‘).01%‘ brbmophenol blue) and were boiled a? 100 °C for 10 inin ‘
. before eléctrbphO?esis. An aliquot of .each samiole wassubjectéd tb SDS-P_AGE as
described by Laemmli (Laemmli,A 1970) using a slab gel (Pha.sltGelA ngh Dénsitly,A
acrylémide_% Q.Z%). The gels were sta;ined With O.2%-C00massie brilliant blue R-250. .
The amoun’; of protein was quantitatively characterized by the stéihiﬁg intenéify using
%he method-described by Sha§v (Shaw et al., 2003) and Scion Image SOﬁWare oﬁ the

website http://www.scioncorp.com/ .

2.7. Ultrafiltration of H,0r-Treated SOD

Ultrafiltration using é Millipore Ultrafree-MC ﬁlter with a moleculaf mass
cut-off of 10 kDa or SQ kDa was applied for fragmentation analysis. SOD after Beiﬁg
N treated by HZOZ was applied to the'\ uitraﬁltration tube énd éentriﬁlged at 15;000 'rpm

for 30 min at room temperature. The retentate portion had fra'gmenfs larger than 50
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kDa in MW, ‘which also bound liposomes’ (veslicles 100 nm in diameter), and the
| penneafe portion' had fragments smaller than 10 or 50 kDa in MW (called as free
| fragment or free SOD). Both were then analyzed to determine SOD activity and by
reverse-phase HPLC. The filter with a molecular mass cutoff of 3 kDa was applied to
_remove free copper released from active site.
As a cénfrol expériment, it was confirmed that all the activity of native SOD
(32 kDa) was detected in the “pérmeate” solution across the ultrafiltration membrane,
and neither measurable protein concentrations nor the activity were detected in the
“retentate” solution. As a negative control experiment, the oxidized SOD solution was
also. treated by ultrafiltration, resulting in both the SOD activity and measurable
protein concentrations being detected only in the “permeate” solution.. These results of
the control experiments indicated that the oxidized SOD did not form large aggregates .
at more than 50 kDa.;‘ The mass balance of protein concentration was checked to
confirm both SOD énd fragmented SOD wés not adsorbed on the ﬁltraﬁltratién
mémbrane. |
For the reverse-phase HPLC, a Shimadzﬁ HPLC sysfem equipped with an
- FCV-10AL pump aﬁd a DGU-20A; degassér, and both an SPD-10A UV-VS detectorv

and an LC-10AD liquid chromatograph were used. Elution profiles were monitored at
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- 220 nm on the UV detector. The mobile phase of acetonitrile and water (v/v: 7/3) with

a flow rate of 1 ml/min was applied at 25°C. A STR ODS-M column (0.46 x 15cm), in

which the particle surface was octadecylated, was used throughout this study.

2.8. Circular Dichroism Analysis.

The secondary strucfure of SOD was determined using circular dichroism
analysis (j—720W spectrometer; JASCO‘, Tokyo, Japah) at37°C. A 0.‘1 cm quartz cell .
was uséd for the measurement, and the CD spectra Were recorded from 190 to 250 nm.
Samples contained 2 |JM SOD in 50 mM potassium phosphate buffer with or 'with(;ut '
2 mM POPC liposofnes. It was preliminarily .conﬁrme‘d‘ that liposomes had no effect |
on the secondary structure of SOD. All CD measuremen‘ts_ Wer§ carried out using the
following parameters: 1 nm bandwidth, 50 nm/mm run 'spegd, 1 nm step size, 10 s

- response times, and an average of five runs.

2.9. Statistical Analysis.

Results are expressed as mean + standard derivation (SD). Alll expériments
were performed at least in triplicate. Data distribution was “analyzed, and statistical
differences were evéluated using the Student’s t-test. A P value of ~< 0.05% was

considered significant.
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3. Results and Discussion

3.1 50D LIPOzyme firom “Build-up” Approach: Dodec-His Modified Liposome with

Cu/Zn

It is important and needed to design and develop the liposome catalysis, which

can be defined as LIPOzyme (Kuboi et al., 2006), demonstrating the activity of the

SOD. As shown in Figures 1-2(a) and (b), the active center of SOD is known to

consist of the Cu and Zn

coordinating with six His residues
and one Asp residue. In this study,
it has been investigated whether
the molecular assembly of simple
and minimal elements (His and
Cu/Zn) on the liposome could
SOD-like

induce the activity

(Figure 1-2(c)). After the

liposome modified with

dodecanoyl-His (Dodec-His,
Figure 1-2(d)) was prepared, the

basic  characteristics of the

=ome

(c) Metal/Ligand-Modified Liposome

(a) Structure of Cu/Zn-SOD

W d
H—T‘COOH
E;Z
N
Ly
H

(d) Chemical Structure of Dodecanoyl-Histidine (Dodec-His)

Figure 1-2 Schematic Illustration of SOD
LIPOzyme Using Metal/Ligand-Modified
Liposome. (a) and (b) show the structure of
Cu/Zn-SOD and that of its active center (Data from
Protein Data Bank (ID=1CBJ,
http://www.rcsb.org/pdb/) were visualized by using
ViewerLite (http://www.accerlrys.com). (¢) The
schematic illustration of metal/ligand modified
liposome which could be utilized for the design of
the SOD LIPOzyme. (d) The chemical structure of
N-dodecanoyl-Histidine (Dodec-His) used as a
ligand to be modified.
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Dodec-His modified liposome and the adsorptidn behaviors of metal ions (Cu and Zn)

on it were systematically investigated.

3.2 Characterization of Properties of
Ligand-Modified Liposome

The clustered state of the
ligands with hydrophobic tails has
been reported to be ‘dependent on the
phases of lipdsome (Nagamiv et al.,
2005, Umakoshi et al., 2008). The
membrane properties of ‘Dddec-His
modified liposome, such as membrane
ﬂuidif;ll and ligand clustering, ’we're
first characterize‘d.
shows , the

Figure 1-3(a)

temperature dependence of the
membrane fluidity, an_alyzed By DPH;
of different type of liposomes. In the
case of DLPC liposome, the value of
m,emb?ane ﬂuidity was  gradually
inc_réased with the increase of the

temperature and was reached to the

saturated value at more than 40 °C. A
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Figure 1-3 Characterization of Membrane
Properties of Dodec-His Modified Liposome.
(2) Temperature dependence of the membrane
fluidity of the Dodec-His modified liposome
prepared with different lipids (DLPC, DMPC,
and DPPC). DPH was added at the molar

ratio of 1:250 against lipid concentration and

was used as a fluorescence probe of the
membrane fluidity. (b) Fluorescence spectra
of the Py-Dodec-His in different types of
liposome at 25 °C. (c) The relative
fluorescence of eximer and monomer (E/M
ratio) in different liposomes (DLPC, DMPC
and DPPC).
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distinct phase transition behavior was observed in the case of DMPC and DPPC
liposomés, where the value shafpiy increased at the temperature of 22 °C and 43 °C, :
respectively. It has been reporfed that the phase trahsition temperatures of the DLPC,
DMPC, and DPPC liposomes are 0 °C, 23 °C, and 45 °C, réspectively (Umakoshi etal,
2008). The observed temperature for the phase transition of liposome from gel phase
to liquid-crystalline phase was well corresponding with tilat of the previous report
although a slight. difference in the value of the membrane fluidity between .the
liposome and ligand.modiﬁed-liposome was observed. It was thus found that the phase
transition behavibrs of the liposome was not sigﬁiﬁcantly affected by the modiﬁcation‘

of the liposome with the 10mol% Dodec-His.

The clustered state of the Dodec-His molecules on the liposomé membrane was
further studied by ﬁsing the Py;Dodec-His as its probe m‘olec'ule. Figuré 1-3(b) shqwé
the fluorescence spectra of the Py-Dodec-His-modified liposomeé at 25 °C, where two
major peaks were observed at 398 nm and 480, nm. It has been reported that the Pyréne
molecul‘e shows thé different fluorescence values depending on the clﬁstering state of
the molecules (Nagami et él., 2005, Hinderliter et al._, 2001). The ﬂuores‘cence at 398
nin and 480 nm corresponds with the exteﬁts‘ of the‘ monqmef and dinier (‘excimer),»
respectively. The relative fluorescence of the .excimer and monofner (E/M) of the
probe molecules in different liposomes was shown in Figure 1-3(c). Although the EM
ratio in DLPC and DMPC liposomes at liquid-crystalline state was small, the value
was increased in tﬁe case of DPPC liposomes 'because of the increase of the excimer

extent.
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It has been previously shown that the Hexadecyl-porphyrin (HPyP) molecules
could undergo theif clusteﬁﬁg on the liposome surface, dépending on the physical state
of the lipid membrane, where the clustering of the molcculés was distinctly observed
“in the case of liposome at gel phaée (Umakoshi et al., 2008, Tuan et al., 2008). The -

.cl‘usterin.g- of acyléted-tryptophan, which has similar structure as Dodec-His, has
- reported to bé observed on thg lipid membrane surface at the gel phasé (Yasuhara et al.,
2006). It has been réportéd that the fatty écid, which has a hydrogen donor and

accepter, also show the clustering behaviors on thé lipid membrane at the gel phase

because of the hydrogen bond formation between the molecules in the hydrophobic

environment of the liposome membrane (McLeah and Hagaman, 1992). The present

ligand has the hydrogeﬁ bond donor and acceptef in the amide region of the molecule

as sh;wn in Figure i-th).' According to the '.previous rep(;rt. on the moiecular
'arrangement of the lipid membrane with different physical states (Héller ét al., 1993),

the lipid Bilaycr niembraﬁg At liquid _crystalline phase ;:ould intake mére water
molecules inside the lipid rﬁembrane as compared with that at gel phase, suggesting

that the former has the léss hydrophobic or hydrated surface.

It is considered that the Dodec-His molecules could induce their clustering
because of the hydrogen bond formation of the amide group in the lipid membrane

- which can provide a relaﬁ,vely dehydrated environment..

3.3 Metal Ad&orption Behaviors on Ligand-Modified Lipbsome

A minimal reqﬁirement to elucidate the metalloenzyme-like activity is the metal -

adsorption on the surface of the ligand-modified liposome. The adsorption of metal
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ions, such as Cupper (Cu) and Zinc (Zn), on the Dodec-His modified liposome was

further investigated at 25 °C by varying the type of liposomes (i.é. DLPC, DMPC, and

- DPPC):

Figures 1-4(a) and (b) show

the dependence of the Cu and Zn

concentration on the amounts of
adsorbed metal ions on the

Dodec-His-modified liposome at 25

°C. The adsorbed amounts of the .

metal jons increased with the
increase of the metal concentration
'and_ were varied depeﬁding on the
type .of liposomes, where the
maximal adsorbtion was observed
in the case of DPPC liposomes; The
adsorbed amounts of Cu were, in
general, higher than those of Zn
when the same type ‘o‘f liposome
was . used. A V,Langmuir—type
isotherm was herewith} applied for

the analysis of the adsorption

behaviors and the theoretical curve
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0.2}

T=25°C .
Lipid: 10mmol
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Figure 1-4 Adsorption Behaviors of Cupper

- and Zinc on Dodec-His modified Liposomes.

Adsorption was performed at 25 °C for 12
hours in the solution of liposome composed
of 10 mM lipid and 1mM Dodec-His with
0.1-1 mM copper or zinc. (a) and (b),

. respectively, show the adsorption isotherm of

Cu and Zn on Dodec-His modified liposomes.
The curve was calculated based on the
Langmuir-type adsorption isotherm equation.
(c) shows the maximal adsorption (gumax) and
equibrium constant (K,4), which determined

from the fitting calculation of (a) and (b).
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was also shown in Figures 1-4(aj and (b). The parameters obtained from the fitting
analysts, such as gn.x and K, weresummarized in Figure 1-4(c). The tesults show
that the adsorption eotlstant (Kaa) of Cu was 2-4 folds higher than that of Zn. In both
cases of the Cu and Zn adsorption, the gm.x value was found to increase with the
inctease of the ntembrane fluidity-(1/P) at 25 °C,. where the ¢, values of Cu and Zn
on Dodec-His-modified DPPC liposomes were, respectively, 0.'5_6 and 0.41 mmol

against 1.0 mmol ligand.

The adsorption of tratlsition metal ions on the liposomes ntodiﬁed with the metal
affinity ligahds harboring catboxﬂ group and thiol group in the structure, where
similer adsorption behavior on the ligand modified Hposome was obtained in both
cases of Cu and Zn and the adsorptlon was governed by the hydrogen—bond network of

the ligand and the phosphate group of the 11p1d membrane (Nagam1 et al., 2004) |
| Different from thvel extraction behaviors in organic/water two-phase systems, the higher
selecttvity of the Cu or Zn adsorption was then observed (Nagami et_al., 2004). In the -
present experimental system, the ligand used, Dedec-His, has some possible chelating
“groups in the hydrophilic region ef the ligand, such as carboxyl group and imidaiole |
group (Figure 1-2(d)). Atnong them, the pKa Vetlues of the caiboxyl | group and
imidazole group were, respectively, determined as 9.1 and 5.6 through the pH titration
,exp.er‘iment if the Dodec-His was modified into the lipid meml:grene (data not shown),
implying that the metal ion COtild prefetably coordinate with imidazole group. At the
neutral pH region, it was also confirméd -that the UV absorbance at 260nm, derived

from imidazole group, was strongly affected by adding the metal ions to the

37



Dodec-His modified liposome, showing that the imidazole group of the ligand could

mainly contribute to the metal adsorption on the Dodec-His-modified liposome.

1t seems that the difference in the adsorption behaviors of metal ions could be
closely related to the environmental condition neighboring the coordination group of '
the ligand molecule. Espe;:ially, in the case of the DPPC liposomes which shows the
gel phase »,and higher clustering nature of the Dodec-His, the adsorption capacity of
both Cu and Zn was maximal. In the case of the natural Cu/Zn-SOb, the Cu and Zn
were éoordinat_ed with imidazole groups of six His residues and carboxyl group of an
Asp (McCord and Fridovich, 1969) ;'md its activity center was well wrapped by the
relatively hydrophobic amino acici residues (Pinto et al., 1997). It is generally known
that the hydrogen bond or metal-ligand coordination could be stébilized in the
déhydrated .(hydrophobic) environment (Chakraborty énd Patel, 1996). Considering its
hydfophobic (or non-hydrating) lenvironr‘nent of the surface of DPPC liposomes
(Heller et al., 1993), the cluster-formation of the ligands anci, furthermore, the

‘metal-ligand complex could be stabilized on the surface of the liposome.

It is thus concluded that a similar coordination structure, by the imidazole group
and carboxyl group of the Dodec-His, was formed on the surface of the liposomes and

could be utilized for the construction of the mimics of the active center of SOD.

3.4 SOD-like Activity of Metal/Ligand-Modified Liposome

Based on the above results of the basic characteristics of membrane and the
metal adsorption on it, the SOD-like activity of the metal/ligand-modified liposome

was finally investigated.
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The SOD activity of the liposomes modified with Dodec-His and metal ion (Cu
or Zn) was determined as the ICs, Valﬁe and the value was summarized in Table 1-1.

In the case of Zn/Dodec-His modified rliposome, the SOD-like activity was not

Table 1-1 Cémparison of ICso Values of SOD and Liposome-Recruited SOD

Metal / Ligand

- E / LIPO: ' - IC (*¥2
nzymes ‘ Zyme Ratio [-] (*1) so [UM].(*2)
[SOD LIPOzyme] (This Study) (*3)

<Ligand> <Lipid> <Metal>
Dodec-His DLPC Cu . 019 25 [48]
Dodec-His DMPC Cu 0.24 56 - [134]
Dodec-His DPPC Cu . 035 . 90 o [3.2]
Dodec-His DLPC Zn 0.06 n.d.
Dodec-His DMPC Zn 0.13 n.d.
Dodec-His DPPC  Zn 0.19 45 [8.7]1

[Others for Comparison]

: 7 0.36 C
Dodec-His DPPC Cw/Zn (Cu: 0.24, Zn: 0.12) 18 [6.5](*4)

His(*S)  POPC cu - ‘nd.

His (*5) POPC Zn - © nd. _

His (*5)  POPC Cu/Zn : - 3200 (*6)

HPyP ' DMPC Mn 1.0 0.35 - [0.35](*7)
[Enzyme]

Cu/Zn-SOD (Native) - n.d. 0.034

*1 Relatlve Ratio of Adsorbed Metal on Ligand. The value was calculated based on Langmuir isotherm
equation with parameters calculated in Fig.3(c).

%2 ICsy values were evaluated from the SOD inhibitory activity at different concentration by using the
NBT method. The values inside the square brackets show the ICs, values recalculated based on the
ratio of the adsorbed metal on the ligands.

*3  Initial concentration of metal was adjusted to 0.5 mM-

*4  Cu/Zn mixture was applied at the initial concentration of Cu (0.25 mM) and Zn (0.25 mM)

*5  SOD-like activity was measured just after 10 mM Histidine was mixed with 1 mM Cu and/or 1mM
Zn in the presence of POPC liposomes.

*6  The enzymatic activity of SOD was lost within 12 hours although it was kept for at least two hours

*7 . Previous data (H. Umakoshi et al., Langmuir, 24, 4451 (2008))

n.d.: The effective SOD actlvxty was not detected owing to the lower value in inhibitory activity (less than..

o 20%) .

-2 Nodata
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observed in the casé.of DLPC and DMPC lipoéomes and that for DPPC was low (ICs,
= 45 uM). The relatively higher value in SOD-like activity was observed iﬁ the case of
Cu/Dodec-His modified liposome as compared with that of Zn/Dodec-His modified
7 liposome. Although the ICs, value of DLPC and DMPC was similar with those of Zn
/Dodec-His modified DPPC (25 uM and 56 pM), the. SOD activity was maxinﬁal in the
case of the DPPC (ICso = 9 uM). The obfained 1Cs ‘valueSA were furthemior‘e corrected
based on the net aniounts of the adéorbéd metal on the Dodec-His modified liposome
(Figure 1-4) and were shéwn inside the square brackets. It was found‘-that the DMPC
liposomes with ‘mixed -phase of gel and liquid crystalline showed the loWest activity
and that was the highest in the case of DPPC liposomes modified with Cu and

Dodec-His. -

The obtained SOD-like activity of Cu/Dodec-His rribdiﬁed DPPC liposomes -
,vwas compared with those of other type 6f liposom¢ catalysis and natural SOD. The
addition of both Cu and Zn has pre\(iously reported to inc‘rease the SOD-like activity
of the oxidized and fragmented SOD on the surface of liposome (Tuan et al., 2008). |
Although the ad'ditio‘n' of both Cu and Zn was investigated; the activity level was ‘not
significantly affected (ICs = 8.7 pM). In order to cdmpare the role of acyl gfoup
.modiﬁcation, thé SOD-like activity of _Hisv' and Cw/Zn with lipbsomé we’is measured
similéfly in the case of previous study (Costanzo et al;, ‘1 993), resulting fhat the -
enzymat_ié éctivity level wﬁs approximately one-thgusan_d- times lower than the present
results and the SOD-like activity was no£ stéble forv"time'incubation. The aone results

show that the effectiveness of the His-metal complex on the surface of lipid membrane.
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vHowever, the SOD-like actiﬁty of Cu/Dodec-His modified DPPC liposomes was 10
times lower than that of hydrophobically-modified Mn-porphyrin (Nagami et al.,
2005). The value was also much lower (5% of native) than that of native SOD. It has
been reported that the inblecular recognition function of the iiposbmé itself céuld be
achieved by a combination of the nonQSpeciﬁc interactions of the 1ipid suffacé (Kuboi
and Umakoshi, 2006). Althéugh the level of the SOD-like activity of the present
lipoéome is reta_iﬁed to the lower level, its 'tuning could 'lbé performed through the .
modulation of the structure of active cénter complex and the regulétion of the substrate

recognition on the structure based on the basic characteristics of liposome surface’

induced under the stress condition.

It was thus shown that the simple ligand-modified liposome can create a metal
complex simjlér to fhe active center of SOD although the activity le{/el of SOD was
not so svigniﬁcant_ly.. Although SOD activity was succeésflllly inducéd on the liposome
surface, anofher approach should be employed from the viewpoint of the SOD acti_vi‘;y
level. '.

3.5 SOD LIPOzyme from Break-Down Approach: Ltposome-Recrutted Activity of -
SOD under Oxidative Stress Condition.

‘The SOD LIPOzyme has been prepared from the Break-Down Approach (Figu;'e
"1-5). The pepticie_ftagment of H;O,-treated Cu?Zﬁ-superoxide dismutase (S'OD); was
sden to be reactivated with ‘lipc;somes prepared by POPC liposome. The
, H_zOz-,treated SOD, which lost ité ac_tivity at different incubation times, ‘was

dramatically reactivated oﬁly by adding POPC lipbsomés, resulting in 1.3-2.8 times
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antioxidative function. The results
and discussion on this SOD LIPOzyme with “Break-Down” approach have been

shown as follows. -

3.6 Effect of Hydrogen Peroxide on the 'Enzymatic Activity and Oxidation of
Superoxide Dismutase: Role of Liposome in Protection of SOD from the Oxidation

In order to investigate the basic tendency of the conformational change and
fragmentation of SOD under the oxidative stress condition, the effects of hydrogen
peroxide on the enzymatic activity and fragementation of SOD were first investigated.

Figure 1-6 shows the responses of SOD as a. function of H,0, concentration:.
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fragmentation of SOD (Enghild et ali 1999) and ‘the @ -helix contents of SOD .
(Nagami et al., 2605). The Oz‘-helix neighboring the active center of SOD was shown
to be destroyed with increased H,0, concentrations and was completely lost at more
than 2 mM (Figure 1-6). Simultaneously, the fragmentatien of SOD was observed
- from the data of SDS—PAGE analysis -accordirig to a previoue report (Enghild et al.,
| i999), resulting in an estimated 75% of the SOD b‘eing' fragmented at more tlian 2 mM.
A simiiar result (81% fragnientation) was alst> obtained by the SDS-PAGE aiialysis of
the HZOé-treated SOD (Figure 1-6: half black-white circle). ’Irir contrast, the
fragtrientation of SOD reached. only 46% in the presence of the POPC lipcsomes,
despite the higher coiicentrations Qf | H,0, -(ZmM) (Figure 1-6: half black-white
square). tThe above results show that the POPC lipoeomes can positively act on SéD
under the oxidative stress condition to protect tiie enzyme from being inactivated
(Nagami et al., 2005), inducing'confonnatiOnal charige, and fragmentation.

The actiVity of SOD fragments in the presence of POPC lipol'somes was further
studied by analyzing the time course of SOD activity during its. oxidation and after
lipOSOme addition. The liposome-assisted activity of SOD has previousiy been
modeled as the SQDfliposome_ interaction with the “partially-denatured SOD,” which

loses the «-helix content neighboring the activity site of SOD (as observed in the
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circular dichroism spectra analy'sis)\(Nagami et al., 2005). However, the fragmentation

of SOD was herewith observed in addition to the inactivation and loss of secondary
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Figure 1-6 Dependence of H,0, Concentrations of the Fragmentation of SOD
Determined from SDS-PAGE analysis. Data of fragmented amounts of SOD (closed:
circle) (Choi et al., 1999) and @ -helix contents (closed square) (Nagami et al., 2005)
were replotted from previous studies. Fragmentation of SOD was conducted by the
incubation of 2 pM bovine SOD, in presence of 2 mM POPC (haft black-white square)
or absence of POPC liposomes (haft black-white circle), phosphate buffer pH 7.4, time
incubation 24 h. The reaction was stopped by adding catalase to a final concentration
of 100 pg/ml, and an aliquot was analyzed by SDS-PAGE. The bands of stained-gel of
SDS-PAGE analysis were evaluated by Scion Image Software relying on the density
of images (see Experimental Section). Data represent the mean + S. D. (n=3-5).

structure, especially, at H,O, concentrations. more than 2 mM (Figure 1-6). It is
hypothetically considered that some kinetic intermediates of SOD are fcrmed during
the oxidation of SOD with sz0§ and that these fragments are able to display the
activity throlugh'its interaction with the liposome membrane. The oxidation of SOD

and its interaction with lipcsomes were separately analyzed by employing their
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sequential t‘reaf(meﬁt; After 2uM SOD Waé incubated With 2mM H,0, (preoxidqtion),
2mM POPC liposomes was added to the reaction bath at 2h, 6h; and 12h (ﬁposom’é
addition). The results in Figuré 1-7(a) show the timer course of thé relative SOD
activity during preoxidation and after liposome addition. In the absence of liposomes,
+ the SOD activity was drastically reduced and reached sémrated values (Ie‘ss}than 26%)
in approximatgly 7 hours. When the l_iposorﬁes' Qere added 12 hours after the.
preoxidation, the dec;ease in SOD activity (15%) was reversed and reached 40% (2.66
t_imes_ inore). Sirﬁilarly, the SOD éctivity iﬁ different preoxidation periods was also
increased by thé_ 'additiqn of liposomes from 70% to 90% {1.28 times) and from 22% tb
| 60% (2.72 times) for' liposome addition at 2 and 6 homjs, respectively, after fhe
| preo;(idation (Figure 1-7(b)).
| It has .been reported that the; @ -helix content of SOD is_lost by szz in-both
th¢ absence and presénce of liposomes (Nééami et al., 2005). Our data show that SOD
fragmentation can also occur in the presence of H,0,, as previously reported (Enghild
et al.,_ 1999), resulting 1n the inactivation of enzymatic activity of SOD (Uchida and
Kawa;kishi,' 1994; Blech and .Bbrders, 1983).. During the; o,xidation, there are .some |
pbssibly tempofal intermediates sucﬁ as (i) SOD with a partially destroyed

conformation (nonfragmentation), (ii) specific fragments, and so on. The above two
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possible states can be related to the “lipoéome-assisted activity” which was varied

according to the preoxidation time in the above sequential treatment (Figure 1-7(b)).
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100 -J'l [JIII_ ' POPC Lilp)oéo}nés'
] |SOD: 2pM I : .
| |POPC 2mM - a0l |
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SOD Activity (Inhibition Activity) [/o] o>
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Incubation Time [hr] Oxidation Time of SOD

Figure 1-7 Response of SOD Activity _aftef Sequential Treatment of Preoxidation and |
Liposome Addition. (a) Time course of SOD Activity. A sample of 2.0 pM SOD was
treated with 2 mM H,0, in the phosphate buffer (pH 7.4) for 24 h at 37°C for the

~ appropriate time (2, 6, 12 hours) as a ‘preoxidation treatment, and 2 mM POPC

liposomes was added to the solution. The filled black circle is the control (without
POPC); the filled green circle is the recovery of SOD activity after liposome addition.
(b) Summary of the Increase in SOD Activity after Liposome Addition followed by
Preoxidation. All the data represent the mean + S. D. (n=3-5).

At lower levels of oxidative stress [i. e. a short treatment time (2 hours) at 2
mM H,0, or treatment at lower 'concentrations], the POPC liposomes can interact with
the partially destroyed SOD and similarly protect it from further oxidation, as

described previously (Nagami et al., 2005). This function of the POPC liposomes is
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Denature and Fragmentation of SOD under Oxidative Stress

. . Partially-denatured Denatured - Frogmented'
Native SOD ~ s0D SOD SOD
‘ (6h)

— A8

gﬁg Llposome g
o
)
(A) Liposome-Aséisted (B) Liposome-Assisted (C) Liposome-Recruited
Refolding ~ Activity Refolding/Activity
{Dr. M.Yoshimoto) (Dr. H.Nagami) - {L.Q.Tuan)

Figure 1-8 Conceptual Hlustration of Liposome-Recruited Activity of SOD under
Oxidative StrQSs. (1) Conformationally-changed intermediate could be refolded on the
-surface of - liposome (ii) Partiélly-fragmented’ intermediate could interact with
liposome and its activity was kept (iii) Fragmented SOD 1ntermed1ate could be
_recruited on 11posome surface and form a new structure.

support¢d by the supprgssion of fr_agmentation in the presence of liposomes (Figure
i-6). At '}higher 0xidation levels (12 ﬁours of preoxidation), the specific fragmenté
containing the active site of SOD are able to be récruited or; the liposomes and its
conformation can be repaired for thé continuous expression of SOD-like function.
Further exposurefnent of thé .SOD under Strong‘ oxidative stress (ﬁlore than 2mM or
- long oxidation time) could induce the fraémentation of the peptide into further smaller

_pieces, resulting in the less reactivation effect in spite of the presence of liposome
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(further discpsséd in Chapter III). As schematically shown in ngure 1-8, it ié thought
that both effects are elucidated at 6 hours preoxidatiqn, resulting in a maximal value in
the increase of SOD activit}; aﬁer liposome addition (Figure 1-7(b)). In the following
investigations, the possibly specific fragment of SOD at the higher levels of oxidative

stress was further determined.

3. 7Bindin g ofSpéciﬁc Pepti'de Containing Active Site on Membrqné Surface.

.Th.e binding of the peptide fragment of SOD on the liposomes was conﬁnned
through ult_raﬁltration anélyéis. After the éddition of liposomes, folléwed by
preoxidatioﬁ, the »sample was treated by ultrafiltration (50-kDa molecular cut-off filter),
which .enables us to separate the liposomes an(f the fragments bound on it from tlhe
non;bound fragments (Figure 1-9(a)). The SOD activity and pfotein> concentrations
were measured in both “permeate” and “retentate” solution after the ultrafiltration
cxperim‘ént. The lower activjty of SOD (25~45% of total SOD activity) was obsefved

- in the “permeate™ solution and, further, both the activity and specific activity of SOD

SOD activity was detected in the “retentate” solution, while the SOD activity was
reduced by increasing the preoxidation time (Figure 1-9(c)). However, the specific

activity of the SOD in the “retentate” solution was not changed, regardless of the
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iﬁcrease in the preoxidation time in contrast to that in “permeate” solution.
Furthermore, the relative ratio of SOD activity m ‘_‘retentate” to that in “permeate”
solution incfea;,ed with increases in ‘the preoxidation time (Figufes 1-9(b)(c)). The
above phenomenon clearly shows that the liposomes can gather speciﬁc fragments of
'b};idized SOD and reactiva‘c_e the specific fragment on the Iiposome vmel'nbrar_le. '
Nagami et al. have previously reported fhat the lip_qsome-assisted_ éctivity of
H202-tfeated SOD is_meinfained by the intefaetion between the POPC liposomes and
oxidized SOD (Nagami et al., 2005). It has ‘alsol oeen demonstrated inv a seriee of
previous. works that liposomes can perform a molecular ehaperooe-like=, function to
assist in the refo_lding of partly dendtured proteins (Yoshimoto et al., 1999 and 2000;
- Kuboi et al., 2000). However, the SOD was found to be irreversibly fragmented With :
H,0, in jusf a few hours (Figure 1-7(a)).  Another possible explanation based on the
molecular cheperone—like function of the liposomes and‘ the obtained- results s the
as_semblage and conformational rearrangement of. the infermediates of SOD on the
1iposome surface under a stress condition'. When the POPC liposomes were added to

the SOD treated with H,0,, the liposome membrane can recruit the fragments of.

. oxidized SOD, including the specific residues of the active sites and nonaetive parts,

49



(a) Conceptual lilustration of Ultrafiltration

i} Preoxidation (ii) Liposome ; i
gz)-n oy et (iii) Ultrafiltration ~ Retentate

. Solution

. .' ° » ; 3 e » © > ) l'J\IAtraﬁ!I)tration
2 | === hene

BN el

) _ Permeate
¢ Native SOD (32 kDa) Solution

-2{" SOD Fragment O Liposome (100 nm)

T T T

(b) Permeate 1
. 60f 5000
o Specific activity of Native SOD -

otein]

Specific activity of SOD [U-SOD/mg—Pr

. SOD Activity in Permeate and Retentate Solution [%)]

ohr ~ 2hr  6hr 12 hr
Data based on Timing of POPC addition
previous report - (Preoxidation Time)

o
/]
N

Figure 1-9 Oxidized SOD Activiiy and specific acﬁvity with POPC Liposomes
before/after the ultrafiltration operation. (a) Conceptual Scheme of Preoxidation,
Liposome Addition, and Ultrafiltration Treatments. A sample of 2.0 pM SOD was
incubated with 2 mM H,0, for the appropriate time (2, 6, 12 hours) in phosphate
buffer (pH 7.4). After 2 mM POPC liposomes was added to the solution, the final -
aliquots of 24-hour incubation were subjected to ultrafiltration to separate the
permeate solution, including the smaller molecules less than 50 kDa and the retentate
solution including the larger molecules or liposomes. In the preliminary experiments,
‘native SOD (32 kDa) and its oxidized molecules were confirmed to be included in
“permeate solution”. (b) and (c) show the SOD activity and specific éctivity of SOD in
the permeate and retentate solutions, respectively. The samples treated by this
ultrafiltration were further used for the RP-HPLC analysis (Figure 1-10).
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and modulate its conformation, leading to the display of new SOD-like activity
(F igure 1-7).

Normal and oxidized fonns'of’ SOD after ultraﬁltration‘ were further analyzed
by reverse-phase HPLC. Figure 1-10A shows the chromatograms of (a) nonnal SOD,
(b) oxidized .SOD solution,. and (c) “permeate” SOD solution after ultrafiltration of a
preoxidiéed and liposome-treated sampte. The results indicate that some oxidized
species such as P,Z, P3, and P4 were formed after the oxidation of SOD. It has been
reporteti that a 10-kDa fragment including the active center and other fragnlents ¢
kDa) of SOD can be formed by HzQz,addition dne to the fragmentation of‘ SOD
(Ramirez et al., 2005). The active site contains fonr His residues with Cu2+r and Zn*",
catalyzing the dismutation Qf toxic superoxide radical into. molecular oxygen and
hydrogen peroxide withont significant energetic cost (Branco et al., 2006). A UV
spectra analysis of the fragmented'}'SvOD separated by ‘HPLC indicated that the
fragmented SOD contains histidine residues or other residues with aromatic rings. The
detected peaks in oxidized SOD‘ correspond to the oxidized fragments reported.
previonsly.‘- Among tl.le‘above‘ fragments, the P4 fragment is thought to be relatively
hydrophobic, judging from its long retention in an octadecyl-column. As shown in -

Figure 1-10A(c), a part of P3 and the whole P4 fraction were not detected in the
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“permeate” solution after ultrafiltration, showing that these fragments interact with the
liposome membrane and continue to function as SOD together with liposomes because
they contained active-site fragments. For further invest_igatibn, the P4 fragment of
SOD, recovered from the RP-HPLC fraction, was co-ingubated with the POPC
liposomes together with Cu and Zn ioﬁs at 10 pM for supplementation of metals to
modify the gctive site. Similarly, the SOD activity was fouﬁd.to be increased to 32%
when the P4 fragment_(inacti\ve) was incubated with POPC and metal ions. Otherwise, '
the enzymatic activity of thié fragment has nearly increased to 4% in control
experimeﬁts with the addition of Cu®* al;d Zn2+’ or POPC only (Figure 1-10B). The
specific conformation of the P4 fragment with the POPC lipbsomes was also observed
:throﬁgh.circular dichroism analysis ‘(discus.sed in following sections). Binding of the
P4 fragment with lip.osomesvand its resulting conformational change can elucidate the
re-activation of the inactive SOD fragment.
From previou; étudiés (Ramirez et al., 2005; Nagami et al., 2005; Choi et al.,
1999) and our present results,'we can ‘conclude that the specific fragment (P4), which ,
has a hydrophobic site and a catalytic site of ‘approxima.telly 10 kDa, stﬂl displays the

original SOD-like function after recruitment on the liposome membrane surface. The
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above results also imply the possible significant role of the membrane, as a fail-safe

function, in the biological system during the response under lethal stress conditions.

A B
- SODE %“M LA I A T T T T
P1 Pﬁggphrant'\eﬂ buffer pH7.4 40+ SOD: 2 HM |
Preoxidation: 12hr
‘ (a) Normal SOD POPC: 2 mM

- Cu/Zn: 10 pM

v P1
P3 (b) Oxidized SOD
v (2mM H,0,, 12hr)

20

(c) Ultrafiltrated SOD
After Oxidation

(No Binding with Liposome)
(50,000Da mol—cut)
(P4 Fraction is missing)

SOD Activity (Inhibition Activity) [%]

1 4 . . SOD Fr. + -+ . -+ A +
0 » 2 T4 o™ - o+ - 4
Retention time [min] POPC - - + +

Figure 1-10 A. C18-RP-HPLC Analysis of SOD and Oxidized SOD. The above
samples were compared with that of oxidized SOD after ultrafiltration. P1: native
SOD; P2, P3 and P4: derived from fragmentation. A part of P3 and all of P4 were kept
- by the liposomes after filtration. Solvent of acetonitrile and water (v/v: 7/3) was
applied for running RP-HPLC at 25°C with a flow rate of 1 ml/min and a wavelength
of 220 nm for absorption. B. SOD Activity of a Specific Fragment (SOD Fr.)
Recovered by RP-HPLC with and without POPC liposomes and metal ions. All the
data represent the mean + S. D. (n=3-5).
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3.8 Conformational Change of Native SOD under Oxzdatzve Stress and Fragmented
SOD in the Presence of Liposomes :

The oxidation and fragmentation of protein by oxidants concerned to the loss
of its secondary and tertiary structures (Davis and Delsignore, 1987). SOi) becomes
fragmented by hydrogen peroxide, depending on iile oxidntion time (Choi et al., 1999;
Tuan et al., 2008). SOD’s enzyme activity also decreases in correlation with the
fr_eiginentation. The conformation of SOD, incubated. v&}ith 2 mM hydrogen peroxide,
was first analyzed by CD measurenient. The péaik gradually shifted to 198 nm frdm
209 nm, showing that the decreases in o-helix and B-sheet confents involired" the
increase of random coil contents (Figure 1-11a). These results also demonstrate the
~ structural c}iange in SOD nnder oxidat(ive c_ondition's,v which is exnressed by the
decrease in a-helix, whose total disappearance was observed after 6 h oxidation, as
well as by the slight decrease in the B-sheet.

Interestingly, the addition of POPC liposomes, Cu and Zn ions together, to the
fragmented SOD recovered its secondary structure and furtherindnced SOD-like
- activity. The conformational chang.e of fragmented SOD into a native SOD-like
* structure was 'obs_erved in the presence of POPC- liposomes ;and Cu and Zn ions -

(Figure 1-11‘b). This process occurs because of the interaction of damaged protein

with the membrane and its refolding (Brown et al., 2004; Myari et al., 2001, Kuboi et
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al, 2004). The CD spectra also show that the metal coordination of the SOD fragments

to histidines induces B-sheet formation in the above conditions. CD spectra analysis

revealed that the refolding of the SOD fragments occufréd significantly when both -

[x10+6] (a) SOD OXidation [X10+6] (b) LlposomeS/Metal Effect
T - : T ; r T T T T T - T ~— T
SOD: 2uM; H,0,: 2mM , Fr—SOD: 2uM '

s s '\ POPC?2 mM cu? and Zn? 10uM
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Figure 1-11 Circular dichroism spectra of (a) SOD under oxidation and (b).
fragmented SOD with or without metal ions and POPC liposomes. (a) Significant

change in the secondary structure of SOD was observed under oxidative stress

conditions (2 mM H,0,, 2, 6, and 12 h incubation). (b) The secondary structure of -
SOD lost under oxidative conditions (2 mM) was recovered by the addition of both

metal ions (10 uM) and POPC liposomes (2 mM, 100 nm). -

- POPC liposomes and metal ions were added, Consequently, the structure of

fragmented SOD returned to a conformation similar to that of native SOD. The
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increase in o-helices of the fragments in the presence of only metal ions or oniy POPC
liposomes shows that there was a partial reconstruction of the acﬁve site by metal ions
or liposomes, respectively. Howevér,v in the presehce of both metal ions and POPC
liposomes, the a-helix contents grew significantly, from 0 to 4.4%. Similaﬂy, B-shéet
also ;ncreased in separate settings of experiments with metal ions, POPC .lipos'onies, or
both. The increases in o-helix and B-sheet coﬁtents in the fragmented SOD results
from the folding and. Aconformation of fragment SOD on the. surfaqe of POPC
liposomes in the presence of metal ions. Supplementatidn with POPC liposomeé, metal
ions together, contﬁbutes to the reéonstruction of new active sites similgr 4t.o the
oﬁgiﬂal one. ’

3.9 Reactivation of Fraginehted SOD and Modification of Active Site on Liposome
Surface.

The SOD-like activity of these samples»was also énalyzed (Figure 1-12), resulting in
-~ the high enzymatic activity undgr thg above conditions to induce the re_cover;l of the
secondary structure of the fragmenfé. Data obtained from contro1 experiments in both
CD analysis 'and activity measurement also indicated that fche réfolding occurred
mildly in the presence of metal or POPC liposomes orﬂy. Significantly, the liposome

membrane was thus found to play an important role in reconstructing the secondary

“structure of the active center of the oxidized SOD with the assistance of metal ion
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binding. The interaction of Cu and fragmented SOD in presence of liposome
membrane is considered to be involved in histidine residues of SOD fragments
(Casella et al., 1983; Dean et al., 2003; Buryak and Severin, 2004; White and

Holcombe, 2007).

100 ---<-emeemsemsenseees reseeeeoreeneees oo .
. Fr.-SOD 2 uM -
PORC 2 mM,,

- Cu” and Zn" 10 uM .

| Incubation: 12 hours
in PBS pH 7.4 at 37°C

T SOD Activity (Inhibition Activity) [%]
N
)

Figure 1-12 SOD activity of fragmented SOD with and without metal ions (Cu** and
Zn**) and POPC liposomes. Filled rectangle: Fr.-SOD recovered by ultrafiltration,
Open rectangle: Data from previous report (recovered from RP-HPLC) (Tuan et al.,
2008). All of the data represent the mean + SD (n =3 — 5).

The Cu binding to fragmented SOD with or without POPC liposomes was

investigated at different initial concentrations of Cu (Figure 1-13). In the presence of
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POPC liposomes, the binding .of‘ copper to fragmented SOD was found. to be higher
than that of control (without POPC liposomes). This result clarifies that the binding of
“Cu to fragments is stabilized by POPC liposomes. Based on the fitting analysis of fhe
edsorption cur\}e using Langmuir isotherm, the capacity of Cu adsorption (qmax) oﬁ the
fragmented SOD With POPC liposomes was estimated as approximately four times
that without the liposomes.' Under the above conditioﬂs, the SOD-like activity of the
fragment increased 4from 0% (inactive) to 52%. In previous studies, when SOD was. |
eﬁposed to an appropriate concentration of hydrogen peroxide, histidine in the active
site was oxidized into 2-oxo-histidine, and 34% of the total histidine was oxidized |
(Uchida ahd | Kawakishi, 1994; Lewisch and Levine, 1995). The m'ode. of Cu
colordiﬁation with peptides depends od the ﬁumbef of Cu ions bound, and Cu ions are
coordinated | by multiple hiétidine_ imidazole groups (Wells et al, 2006;
Aronoff-Spencer et al., 2000). Thefefore, reactivation of fragmented SOD in our
obtained resulte only reached an SOD-like enzymatic activity of 52%. Tﬂese ﬁndidgs
show that SOD ,fragr.n_ents can acquire new metal binding si.teslby'interacting with
libosomes, and can also acquire a new secondarystructure similar to that of native

SOD. The folding of the fragmented SOD in the presence of metals on the lipoSonie
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'surface implies ‘that the membrane is an essential tool in repairingr and recovering
'damage‘d' proteins and enzymes.

B The relatioe between the conformation of fragmented SOD and SOD-like
enzymatic ectivity in the presence of liposome and metal ions, further investigated _by

measuring the SOD activity and a-helix contents, was shown in Figure 4. This result

D T T T T T~ T T
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: %_‘ Without Liposomes 74.07 13.09
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Flgure 1- 13 Cu adsorptlon behaviors on fragmented SOD in the presence (O) orin
the absence (@) of POPC liposomes. A 2 uM fragmented SOD was mixed with 2 mM
* POPC liposomes and metal ion mixture (Cu®* and Zn®*) at various concentrations. The
Langmuir isotherm was applied for the fitting of the adsorption curve. The capacity of
~Cu adsorption on the fragmented SOD with POPC hposome was estlmated to be
approxunately four times that without the liposome.
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| ,indicates that the conformation éf fragmented SOD, représenting by the o-helix
content, -contribute to SOD-like activity of fragmented and recruited SOD. Receﬁt
cOnformaﬁional analjzsés have indicated that the structural insights into the binding and ,.
structuring process induced by peptide-membrane‘in_te’ractiOn (Dong et al., 2007). The
increase of copper binding to fragmenfed SOD in the presence of lipdsome membrane
to promote the o-helix contents can be explainéd that the fragments contained the
histidine-rich fesidues (data not shown) wh.ich have a’. strong affinity with‘ copper
(Belosi bef; al., 2004; Burns et al., 2003) and can control the redox actiﬁty of copper
(Nakamura et al., 2007). |

In previous findings, some kinds éf copper chaperone transport copper ions tb ‘
apo-SOD to form fully mature SOD structures (Argirova et al., 20635; 'i"he process of
dimeﬁzatioﬁ requifes either disulphide formation or metal coordination, Whereas full
catalytic function requires both (H6mberg et al., 2007). Thus, -in the correlation of .
fragment refolding with énzymatic activilty,’ either the liposomes or metal ions
independently induced the .refolding of fragmented SOD. The former playéd a:

significant role in the refolding process, as shown by CD spectra measurement (Figure

60



60 T T T '» I\ T T T T

Fb —SCOB 2 uM

P m

i Cuf and Zr|:4 -15uM
Phosphate buffer pH?7. 4

SOD Activity (Inhibition Activity) [%]

» 0 0o T2 ‘ | T4
Contents of a—helix [%)]

Figure 1-14 Correlation of the SOD activity and « -helix contents of recruited SOD on
the range of copper and zinc concentration. A 2 uM fragmented SOD was co-incubated
~with 2 mM POPC liposomes and metal ion mixture (Cv** and Zn ) at various
concentratlons ((0-15 pM)

‘ 1-11(b)).; However, in bofh cases, the enzymatic activity did not increase signiﬁéantly
(Figure 1-14). Otherwisé, the presence of both imetal ions and liposomes qontributed ,
not only to fragment refolding but also tq the recovery of enzymatic, activity. _The

:refolding of SOD fra_gnients in our results involyed the interactiqns of liposomes and
metal ions with fragmented SOD. Therefore, the complex of 1iposo£nes and metal ions
.can be considered a copper chaperoﬁé for ﬁ'aglnenfed SOD. Thésg results demonstrate

that the binding of Cu to fragmented SOD was promoted by POPC liposdmes (Figure
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1-13). Consequently, the fragmented SOD was structurally recovered as well as
functionally reactivated in the presence of liposome membrane._ The increases in
a-helix (Figure 1f1-1) and B-sheét in the 'process_ of the recofzery of the secondary
structure and the SOD-like activity %mply that fragmented SOD interacte& with POPC

liposomes on the membrane surface.

4. Conclusion

SOD LIPOzymes were pfepared based on “Build-Up” type andA“Break-Down”
" type ap_proaches.
SOD LIPOiyme Witil “Build-Up” Approach |

The- liposome modified with simple ligand and metal ions shows the
superoxide dismutase-like activity. The membfane fluidity of various liposomesv
modified with the functioﬁal ligand (Dodecanoyl-His;- Dodec-His) énd the clusteringA
B of the ligand on the liposome surface were first characterized, showing that the
clustering of Dodec-His_could be induced on the liposome surface at gel-phase. The
capacity of adsorptiqn of Cu and Zn was found to be increa‘sed,‘ dependending on the
type of vliposome,v resultin:g' in the fnaximal adsorption in 'liposome prepared by

1,2-dipalmitoyl-sn-glycero-3-phosphochdline (DPPC) at gel state and with higher
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ligand ciustering etate. As a result on the SOD-like activity of the
metal/ligand-modified liposome, the SOD-like activity was found to be induced by
.ilsing the above liposomes although its activity level is not so high. |
SOD LIPOzyme with “BreaieDown” Appreach

| | The peptide fragment of H,0,-treated Cu,Zn-superoxide dismutase (SOD) was
found to i>e reactivateci wit}i POPC liposomee. Thefraginentation of SOD. occnrred
under_ ox_idatiVe stress of hydrogen neroxide, as well as SOD inaetivation and the loss
ofan « -helix neighboring its activity center.-The H,O,-treated SOD, which lost their
| activit‘y. at different incubetion times, was drematically reactivated only bybt}ie' addition
ef' POPC lip_osomes, resulting ‘in 1;3~2.8 times‘ higher enzymatic activity. The
ultraﬁltratien analysis of HzOz-freated SOD co-incubated withr liposomes shows that
some specific peptide fragments of the oxidized SOD can interact wiih POPC
liposornes.l Tlie cemparison ef the vfractions detected in reverse—ph;clse chromatogréphy -
_shows that specific SOD fragments are ablé to contribute tq the re-activation of
oxidized and fragmented SOD in the presence of POPC liposomes. The liposomes can
recruit. thel potentially -active fragment of SOD amongi the lethally damaged 'SOi)

fragments to elucidate the antioxidative function.".
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Liposome mg:mbfané played an important role not only in the refolding .
- process of fragmented SOD but also in modiﬁcation of the active sites of fragments, as
would occur with molecular and metai chaperqnes. Liposome membrane was found to
, assist the conformational change of oxi;:lized and frégmented, superoxide dismﬁtase
(Fr.-SOD) and accelerate the adsorption of metal ioné on its fragrﬁent to. give the
| original .SOD-like aétivity. The loss of SOD activity and its secondary structure was
observed during 6 h éxidation in 2 mM hydrogen peroxide éolution. The secondary
structuré qf fragmented and recruited SOD, -analyzed by Circular Dichroism showed
that the full conformation of fragmen‘téd SOD occurred on the membrane surfape. The
contents of the oc.-helixr and B-sheet structures in the oxidized and fragmented SOD (2
uM) weré.increased only in the presénce of 10 pM Cu** and Zn** together, or in the
preéence of 2 mM POPC liposomes. The mixtﬁre of ail of these elements (fragme’nted ,
SOD and POPC liposorﬁes with Cﬁ2+ and Zn’") gave not only the incrégse; of the
o~helix and B-sheét contents but also the induction of the ‘high SOD-like activity.
Significance in the Cu binding to the oxidized and fragmented SOD was observed in
the bresence of POPC liposomés. These results SilOW that“the POPC lip_osofnes can act

like molecular and metal chaperones for stressfdamaged peptidés, resulting in the
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creation of a new SOD-like active center that continues to express the original
enzymatic activity under the oxidative conditions. -
The above two examples of SOD LIPOzyme preparation show that the

significance of the liposome as a core material of the biomimetic catalysis.
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Chapter II

Characterization of SOD LIPOzyme Preparéd with Break-Down Apprbach

1. Introductionr :

The interaction between membrane and fragmented SOD was discussed in
chapter I, in which membrane recognizéd fragménts originatéd from the oxidation of
SOD (step-i), refolded (step-ii) and, as a result, reactivated to give a SOD-like
enzymatic activity (step-iii). The mechanism of this interaction was represented by the
conformational changes of fragmented SOD through the modification of new acﬁvé
site on the ﬁembrane surface. However, the above three steps could be affected by the
characteristics of “membrane itself”. The ‘interaétion of liposome membrane and
fragmented SOD should be further clarified by investigating the effect of various
| lipoéome membfanes. A lipoéome membrane has. shown to recruit the oxidized SOD
- fragment on its surface td produce a complex that has enzyme activity in chapter L
Among tﬁe frag'mentslr generated after SOD oxidation (Ookawara et al., 1992;
Kurahashi et al., 2001), sorhe specific peptides contain its active site (~5 and ~10 kDa)
(Ramirez et al., 2005) although these fragments show a quite low SOD-like activity.
The recruiting mechanism of fragmented SOD on membrane was éonsidéred to
ihvolve the recognition and refolding of such specific peptides by hydrophobic,
electrostatic .interacti.on',' as wéll; as microdomain formation, in which ﬁpoSbmés
perf(;nn a molecular chaperon_e-like funcﬁpn (Yoshimoto and KuBoi, 1999; Yoshimoto

et al., 2000; Kuboi et al., 2000). The liposome-SOD fragment complex needs to be
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characterized, focﬁsing on the characteristics of the membrane, in order td establish its -
rational preparation method.

Much effort has been devoted to the design and' development of artiﬁcial
antioxidative enzYmes (Kirby,' 1996; - Batmic-Harber et al., | 199.6). A model
biomembrane, liposome, is a possible‘candidat‘e torprovide a common platform for
different catalytic centers of SOD. Such a liposome herewith possesses several
benefits in _the' regulation of catalytic activify, ‘where ‘it can provide (i) a nano
hydrophobic enviroﬁment; (i) a st.ress-responsible' character, (iii)) a microdomain
structure, émd (iv) membrane-membrane interactions. Some researchers have repoﬁed
fhe effectiveness of thé use lof a mddel biomembrane (liposome) as a platférm to
vimmo‘lkailize_ the fuhctional catalytic center (Naganﬁ et al;, 2004; Waldé‘, 2006;
‘Muraka‘mi et al., 1996). Enzyme—like activity, such as that of SOD (Nagaini et al.,
2004 and 2005; Tuén et al., 2008) and-cholesterol oxidase (Yoshimoto et al., 2005),
has air’eaciy b.eén reguiateci by the liposomé propertieé, as well as affording ‘functional
elements on the liposorﬁe Surféce. The above enzyme-like function of 'lipoébme,v which
can herewi‘éh be deﬁne_ci as “LIPOzyme” (Kuboi et al., 2006), can be utilized for the _
design of the art1ﬁc1al enzymes | |

In this chapter the oxidized and fragmented superox1de dismutase being
recruited on the hposome surface and representmg the SOD-like enzymatlc activity
was further characterized for the preparatlon of “break-down” type LIPOzyme. The
relation between the enzymatic activity of ‘recruited SOD and the charge and fluidity

of membranes was first ihVestigated. 'The adsorption of fragmented peptide on the
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membrane and SOD-like activity was observed. Based on characteristics of the
identified peptide fragment, a mechanism on the interaction of fragmented and

oxidized SOD with various liposomes was finally discussed.

2. Materials and Methods

2.1 Materials. , 7 .
1,2-dipalmitoyl-sn-glycero-3- phosphocholine (DPPC: T, = 42°C),
1,2-dimyristoyl-sn- glyéero- 3-  phosphocholine (DMPC: Tm = 23°%C),

}1-palrrﬂtoyl—Z-oleoyl-sﬁ-glycero-'3-[phbspho-rac-(1-glycerol)] (sodium salt) (POPG),
1,2;dioléoyl-3-trimethyla‘m'monium—propane (chloride salt) (DOTAP),F
1',2-di1aui'oyl—sn-glycero-3-phosphocholihe. (DLPC: T = 0°C), and
1-palmitole-oleoyl-sn-glycero-3-phosphocholine (POPC) were purchased from |
Avanﬁ Polar Lipids (Alabasfer, AL, USA) and §vere used for liposome preparation.
Dodecanbyl-Histidine (Dodec-His) and Pyrene-dodeéanoyl-histidine (Py-Dodec—His) |
was éynthesized and.prepared according to the modified method déscribed in the |
previous literature (Yasuhara} et al., 2006). Bovine erythrocyte Cu,Zn-SOD (EC
1.15.1.1), purchased from Sigma-Aldrich (St. Louis, MO, USA) with a specific
activity of 4470 U/mg (produc't no. S2515-30KU, lot no. 125K740); was used without
. further puriﬁcatiqn. All other reagents of analytical grade were pufchésed from Wako
Pure Chemical (Osaka, Japan).
2.2 Preparations of Liposomes.

 The lipids were dissolved in chloroform/methanol (10 mM lipid prepared will
- b.e diluted to 2 mM for each experiment). I_’OPC/Chl 28% was composed from POPC

and cholesterol with 28% mole in comparison to POPC. After the solvent was
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evaporated, the resulting thin film was dried for ét least 2 hOurs under a vacuum. The
lipid film was hydrated by 50 mM potassium phosphate buffer to form the
- multilamellar vesicles. The solution of the multilamellar vesicle was frozen in dry
ice-ethanol (-80 °C) and incubated in fﬁe water bath above the phase;transition
‘temperature. The above freezing-thawing treatment was repéategi five times ‘and was
then passed through two sfacked polycarbonate filters Qf 100-nm pore‘z size by using an

extrusion device to adjust the liposome size.

2.3. Characterization of Membrane Fluidity.

The membrane fluidity of liposomes was determined by using a fluorescence
probe, the hydropho‘bic probe,}DPH (Lentz, 1993). DPH was added to the solution of
liposgme‘—copollymers or ﬁpOsome-proteins at a final concentration of 1 uM. The
‘ ﬂUOresceﬁce polariiation of the DPH probe in the liposome membrane Was mgésured
" at a wavelength of 360 nm fc;r‘ the excitation and 430 nm for the’ emissions. The .
ﬂuorescence’ inténsity of the DPH was meésured by usin.g the ﬂuorescént
spectrophotometer (JASCO FP-777, Japan). The degree of fluorescence polarization
(P) was célcﬁlated using thé following equation: . |

: . 1 W)
P (,-1)

where I, and I ;are ‘tl»ie intensities of the light emitted with ifs poiarization planev
‘parallel (/) and perpendicular (L) to that of fhe' eéxciting beam, re'sﬁecti\;ely. The term
“ﬂuidity” is inversely proportional to the degreé of ﬂupi’escencé polarization of the
probe; that is, the ‘mémbrane fluidity’ 6f the interior of the mem'brane: ﬁyas deﬁned by

(1/P) of DPH.
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2.4. A'nalytical methods
Analysis of Cu,Zn-SOD fragmentation by H,0,. Cu,Zn-SOD 2 uM) was

incubated with H,O, (2 mM) in phosphate buffer (pH 7.4) at 37°C for 12 h. The
enzymatic activity and protein concentration of fragmented SOD were determined
after the incubation of SOD with H,O,. The SDS-PAGE technique was used to analyze
SOD 'fragmentation.
| For the SOD activity, a highly wéter—sdluble tretrazolium salt, WST-1
[2—(4-16popheny1)—3-(4¥nitropilenyl)-5-(2,4-di_sulfophenyl)-2H-tetrzlizolium, rrionosodi-
um salt], produces a water-soluble formazan dye upon reduction with a superoxide
anion, where the rate of the reduction with O, is lihearly related to the xanthine
oxidase (XO) activity and is inhibited by SOD. The absorption spectrum of WST-1
formazah was measured at 450 nm, and the SOD activity as an inhibition activity.can
be quanﬁﬁed through ‘the decrease in color development (Peskin and Winterbourn,
~2000).

~ The BCA Protein Assay Kit was used to determine the protein c;)ncentrations.
The protein was precipitated in a coid acetone solution to 'separaté it from
contaminants, so that a more aécurate estimation of protein content in the sainple could
be obtained. The mixture was then céntrifuged' at 15,000 rpm for 20 mm Pellets
~ solubilized in 50 ul H,O were added to 1000 pl of BCA reagent solution énd incubated
for 30 min at 37 °C, after which tile absorbahce atr 562 nm was measured. A standard

| curve was set up to analyzé the protéin concentrations (Smith et al., 1985).-
Ultrafiltration of H,0,-Treated SOD. Ultrafiltration using an Ultrafree-MC filter

~(Millipore, Biilen'ca, MA, USA) with a molec‘ula_r mass cutoff of 10 kDa was applied
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for fragméntatioh analysis. SOD, after bging treatéd by HzOg, was applied to an
ultrafiltration tube and centrifuged at 15,000 rpm for 30 min 4t room temperature.l
Aliquots were then analyzed by reversé—phase HPLC, and their enzymatic activity was
determined. The filter with a molecular mass cutoff of 3 kDa was applied to remove
free copper released from active site. |
~ For the reverse-phase HPLC, :a Shimadzﬁ .(Kyoto,' Japan) HPLC systeﬁl
equipped with an .FCV-AIOA_vL pump, 2 lD_GU-20A3 degasser, an SPD-ldA UV-VS
detectdr, and an LC-lOAD -li;luid chromatqgraph was _used. lEl_lit\ilon profiles were
monitored at 220 nm on the UV detec‘_zbr. ;I‘he mobile phase of acétoﬂitrile/water (v/v
7/3) with a flow rate of 71 mL/min was applied at 25 °C. An STR ODS-M column (0.46
| ém x 15 cm), in which thé particle surface was octadecylate;d,was used throﬁghout this
study. | |
| : Treatmenf of SOD and frégmented SOD. The SOD, totally oxidized into -
fragmenfs for 12 h in 2 mM H,0,, was ulifaﬁ]tered by é 10 kDa molecular- cutoff filter
to obtain the potentially active debris (fragmentgd SOD) containing the active sites |
(Tuan et ;11.,‘ 2008; Ramirez et al., 2005). ‘The 10 kDa fragments filtrated from
ultrafiltration were incubated with POPC 2 mM an}d'metal ions (Cu** and Zn**) 10 uM
for each of several alternatives of POPC or metal ipns in phosphate buffer at 37 °C for
12 h. The énzymatic activity of thev cofniolex of liposomes, fragmented SOD, and metal ,

ions was determined. Amino acid sequences were analyzed by Protein Institute.
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- 2.5. Stattstzcal Analyszs

Results are expressed as means + standard dev1at10n (SD) All expenments were
performed at least in triplicate. Data distribution was analyzed, and statistical
differences were evaluated using Student’s #-test. A P value of <0.05% was considered

_significant.

3. Results and Discussion

3.1. Reactivation and Adsorptton of Oxidized and Fragmented SOD Recruited on
Various Liposomes

The liposome has reported to recruit the oxidized and fraglnented SOD on its
surface and induce the SOD-like activity as described in chapter 1. The fragmented
SOD was alrso shown to acquire its secondary structure through the coordi‘nation. with
metal ions on the surface of the liposome. Ttre effect of liposome types on the
11posome-recru1ted act1v1ty was 1nvest1gated

Figure 2- l(a) shows the SOD-like act1v1ty of the fragmented SOD (2 uM) with
Cu and Zn (10' uM) in the presence of various types of liposomes (2 mM lipid). In the
presence of POPC liposomes, the SOD activity was approximately 50%, which is
compatible with the previous results in chapter I.. The value was reduced depending on
the type of zwitterionic lipid (DMPC and DPPC). As shown in Figured2-1(b), the
membrane fluidity was reduced in correspondence with the decrease of the SOD
activity. It has been reported that the phase transmon temperature of the POPC DMPC,
and DPPC 11posomes are -4 °C 23 °C, and 45 °C, respectlvely (Umakoshi et al , 2008),

where the POPC liposomes exists in a liquid crystalhne phase at the temperature tested
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Figure 2—1 Effect of Liposome Type on Recovered Activity of Fr.-SOD and Its Adsorption
on the Liposome. (a) Recovered Fr.-SOD (2 uM) was treated with 10 pM Cu** and Zn®*
‘with various Hposomes (2 mM lipid concentration). The SOD activity. was shown as a_
percentage of inhibitory abtivity. (b) The basic characteristics of liposome membrane, such
as membrane ﬂuiditsl méasured by DPH (O) and relative charge of the hydrophilic head
group of the lipid molecules (®). (c) The percentage of the adsorpfion of Fr;-SOD on the
surface of lipdsome. After mixing the Fr-SOD and liposome, the non-adsorbed Fr.-SOD
was recovered by ultrafiltration. The percentage of adsorption was determined from the
mass-balance of the prbtein concentration before and after the ultrafiltration.
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here. It has been also répbrteci that the membrane- fluidity of the liposome could
increase the hydrophobicity of the liposome surface (Kuboi et al., 1997; Umakoshi et
. al., 1998). The above tendency of the SOD enzymatic activify coﬁld be related to the
- hydrophobic interaction between thc fragmented_ péptides and liposoine membrane.

As showﬁ in Figure 2-1(a), the SOD acfiVity was furtherAincreased in the case
of the POPC/Ch liposome, resulting in thé 62% ’activity, although thé membrane
fluidity was not signiﬁcantiy increased (Figure 2-1(b)). It has been reported that the
POPC/Ch liposomes possess microdomain structures on its surféce and the
microdomain strﬁcture shows higher’éﬂirﬁty with the peptide compon_e‘nté (Taylor and
Roséman, 1996) owing to the hydrogen bond stabilization of the ‘peptide on the
membrane (Yoshimoto et al., 2005). It has Been reported that the stability' of the
hydrogen bonds inside the peptide cbuld be modulated with the wrapping hydrophobic
residues (I;‘emandez and Berry, 2003). The lstability effect of the hydrogen bond m
'liposbnie fnembfane, m,ipid; lilas‘ élreédy ‘been“ aﬁalyzed by using the inirnobiliied
liposome chromatography (Yoshimoto, 2004) and also liposomekdielectric dispersion |
analeis (Shimanouchi, 2005), based on the hydrogen bond stability of protein |
repqrted by Fernandez. The Miipid .values of POPC/Chl was shown .in Eigure 2-1(c),
resulting that the values of peptide édsorption and SOD-iike aétivity were well
corresponding with the» Miipid values. The; hydrogen bonds', which contribute to the
cOnfofrhationa_li change of fraé,rhent and its iﬁte'ractiOn with .Iiﬁosome; coulci be
enhanced in the hydrophobic environment provided by the liposome membrane.

| The effecf of the charged liposomes was also investigated by adding the POPG
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and DOTAP hposomes An opposne effect on the liposome addition was obtamed The
SOD-hke enzymatic activity was reached to 78% in the presence of DOTAP whlle the ,
value was only 3% in the case of POPG 11posome's (right keys-in Figure 2-1(a)). The
calculated net charge of head -greup of a lipid'mlolecule at this exberimenfal condition
was shown in Figure 2-1(b). Different from the above liposomes G’OPC, DMPC,
DPPC, and POPC/Ch), the surface of POPG liposqmes has been negatively charged |
owing te the phosphate groﬁp and that of DOTAP has been positively charged by the’
ceﬁfﬁbution of the tetra-ammonium group. As can be seen in the chemical structure of
the PC-lipids, bit also has a posiﬁvely charged choiine—group ,together with the
phosphate group, impiying that the edge of membrane surface has positively—charged \
group. It has been feported that the liposome c'ould} interact with the negatively
charged biemacromolecule (i.e. RNA) because of their electrostatie interaction (Janas.
et al., 2006). The above results: and the previous findings show tﬁat the fragmented -
SOD to be recrilited on the sﬁrface of liposoﬁe because of the electrostatic interaction

between them.

" In all the condition of vaﬁous liposomes, the adéorbed amounts of the
: fragmented SOD on the liposome were anelyzed by using the ultrafiltration techﬁique_
as shown-thigure 2-1(¢). The 'p.ercentage of the adsorption was well ‘r,ela’_ted to the
variation ef the SOD-H_ke jactivity. The adeorption behaviers of the SOD .fragment
shew that the “lipoéeme-recmited' activity of the oxidized and ‘fr'agmenAted ‘SOD”. ‘coul‘d _

be derived from the interaction (recognition) of the fragmented peptides with the
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liposome surface, implying that the interaction was governed by the combined effect
of the _electrostatic interaction, hydrophobic interaction (Carpenter et al., 19'97; Rankin |
et al. 1998) and hydrogen bonds. The fragment to be recruited on the liposome surface
could have a negative charge, hydrophobic surface and unsfable hydrogen bonds not
wrappéd by hydrophobic environment. Although this mechanism has not been
. clarified yet‘in deta_il; the role of meﬁbrane is to display the potentially-harboring
functions of polypeptide. In the case of denatured SOD,'denamréd SOD itseif can be
refolded into the native staté by its.global minimum of stabiiizqtion energy. In this
case, th¢ liposome membrane plays a supporting role to accelerate the refolding rate.
In present study, fragmented SOD potentially shows several local minimum state of
stabilization enefgy, where it itself cannot be refolded. Thereforg, the | liposome
: membrevm,eA could proﬁde a global (or local) minimum of stabilization energy, Which
give an appropriaté strucﬁne to induce a' suitable abtivify in the given environment.
That is why specific frégment has to interact with membrane to be stabilized. The
driving force for this interaction apd the conformational change is hydrovgen bond
stability in hydr;)phobic “environment. Fragmented SOD has unstable Vhydrogen
bonding and liposome has ﬂuqtuatcd hydfogen bond stability Vde'pending on the

membrane composition (especially POPC/Cholesterol), resulting in the interaction of
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. fragmented SOD and liposome to require the vstable hydr,ogén bonding in hydrophobic
environment. If the fragmentation could occur, the protein skin layer could be removed
and protein becomes naked (ex.Fr-SOD). The naked peptide ,h'as’ many desolva;ced
hydrogen boﬁds on its surface, but it shows the certain conformation debending on the
Sﬁrrounding environment. If the liposome could exist there, it 'provi‘des a local
'min.imum of stabilization energy because the surface has a slight hydfophobic
potential, Which céuld interact in a léng distance, against bulk water phése. The bound
peptidg could affect the liposome surface because of its fluctuation nature. The
complex could induce another local (or globgl) minimum for both structures. In the
case of water soluble protein, its surface turned to hydrophobic on the ﬁpp‘some
surface and it was released from surface (Folding or Translocation). If it has_ lo§ver
hydrogen ‘bond stability (i.e. amyloidgenic protein), it‘ cbuld be stabilized on the X
surface (possible dgstfny: LIPOzyme, membrane protein, initiator »Qf fusion, etc.).
The conibination of the‘ non-speciﬁc interactionr could convert to the specific
interaction because of the dyhamié and stress-rcsponsi\'ze nature of the liposome with
~ nano-scale interface.

However, the recruited’ SOD-like 7activity< was }not always followed in ‘this

phenomenon. For example, the interaction of oxidized POPC and fragmented SOD
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was also investigated (to be discussed in chapter III). In this condition, the adsorption

of fragmented SOD to membrane was so high although the recruited SOD-like activity

was low. The above results imply that there could be, at least, two steps such as (i)

peptide adsorption and (i1)

reconstruction of its conformation to

induce the liposome-recruited

enzymatic activity. A mechanism of the
above liposome function is-now under

investigation.

3.2 Characterization of Oxidized and
Fragmented Peptide Recruited on
Liposome Surface

Based on the ébove results, the
oxidized and fragmented peptide
recruited on the liposome surface was
furthermore characterized. The
molecular weight of the oxidized and
fragmented SOD was analyzed by
using the SDS-PAGE. Figure 2-2(a)
shows the CBB-stained image of the

analyzed gel. In the case of the native
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Figure 2-2 Basic Characteristics of Fr.-SOD.
(a) The CBB-stained image of SDS-PAGE
analyzed gel. The native SOD, oxidized SOD
(12 and 24 hours) and recovered SOD were
applied for the SDS-PAGE analysis. (b) The
UV spectra of the native SOD, oxidized SOD
and the recovered SOD
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SOD, the dimer (31.5 kDa) and monomer (16.2 kDa) were observed (Lane 1). By
treating the SOD with 2 mM H,0,, such original bands were gradually lost and small
fragments were newly formed (Lane 2 and 3). ,The liposome recruitedr ﬁ'a'gment
recovered finally shows two main bands at 12.5 kDa and 8.1 -kDa and also show the
much smali fragments below these Bands (Lane 4). The molecular weight of the ﬁnally
recovered. fragrhents could range from./ 8 kDa to 10 kDa. The UV spectra of the
. fecovered SOD were coﬁtrasted with the native one as shown in Figure 2-2(b).
Similarly in the case of the native SOD, a strong peak was obse’rvedralt 260 nm,
showing that ther SO.D fragﬁient could possess the His and aromatic groups in its
struct@r’e. The comparison of the absorbance at'205 nm shows that the SOD frag‘meﬁt

could be abundant in the amino acids harboring the carboxyl groups as compared with
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~ Figure 2-3 Relative Concentrations of Amino 'Acids of Native SOD and Fr.-SOD. The
amino acid composition was determined by reverse-phase HPLC after the hydrolysis of the

| peptides in NaOH solution (Analysis in Protein Institute: See experimental Section). The
variation of relative concentration of each amino acid was shown as the relative ratio of the
amino acid concentration of Fr.SOD against the native SOD. |
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the simply-oxidized fragment. The amino acid composition of the native SOD and the
fragmented SOD was further investigated. Figure 2-3 shows the rezlative. concentration
of the 18 amino acids of native SOD (black keys) and the fragmented SOD (red keys).
The vatia_tion of amino acid of fragmented. SOD against the native one was also shown
as a relative ratio of these values. Although the decrease in the relative concentration
of Hfs residue was obser\;ed, the increase of the charged amino acids and hydrophobic
“amino acids was obser'ved.v The ab.ove results show that the fragmented peptide has a
charged end hydrophobic surfece and also possess the His residues although its

absolute amounts were lower than those of the original one.

3. 3 Liposome Can Recogmze the Specific Fragments of Fragmented SOD through
Integrated Interactwn Theory.

The surface characteristic of the fragmented SOD was fmally dlecussed based
on_fhe above results and also t_he basic database of the native SOD. The structure data
of the Cu/Zn-SOD (PDB ID: leBJ)vlvere used for the discuesion in Figui'e 2-4.
Figure 2-4(a) shows the positioﬁ of the His residues_ in the SOD structure, Where the 6
His residues contribute to the formation of its activity center among 8 residues. The
position of the Secondary structure of SOD was shown as. solid lines in Figure 2-4(b),
where B-sheet structure is mairily distributed along them except for the o-helix
_‘st‘ructl.lre neighbor‘ing to ifcs activity center. ’fhe ;elafive score on the secondary
structures, predicted by Chou and _Fasman method, wesv also shown as curves in
| Figure 2-4(b). Although the predicted score in general matched with the actual

secondary structure in the case of B-sheet or B-turn, some unmatched domains were

observed in focusing on the predicted o-helix value; where the relative scale was high
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Figure 2-4 Basic Characteristics of SOD at Any Position along Amino Acid Sequence
from N- to C-Terminal. All the data were analyzed based on structure data of domain A of
native SOD registered in Protein Data Bank (http://www.rcsb.org/, PDB ID: 1CBJ). (2)
The position of His and (b) secondary structure (red: a-helix, blue: pB-sheet, green: p-turn:
Curve; prediction by Chou and Fasman Method; Bold Line in the top; actual secondary
structure). (c) The moving-average of the surface net charge of neighboring nine amino
acids by assuming the Glu and Asp show -1 and His, Arg, and Lys show +1. (d) The
moving-average of the surface net charge of neighboring nine amino acids by using the
hydrophobicity scale reported previously (Kyte J. and Doolittle R.F., J. Mol. Biol., 157,
105 (1982)). (e) The extents of desolvation of hydrogen bond by hydrophoblc res1dues
in main chain and side residue of SOD, where the hydrogen bonds at any position are
stabilized in the case of the higher extents of desolvated hydrogen bond (Fernandez, A.
-amd Berry, R.S., PNAS, 100, 2391 (2003) / Fernandez, A: amd Scott, R., Biophys. J., 85,
1914 (2003)). - Yellow—colored bands in (b)-(e) shows the domain w1th both negative
charge and high hydrophobicity and blue-colored bands shows that with low stability of
hydrogen bonds among the yellow regions. .
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in Nos.18-30, 74-80, 95-100, 92-124 although the actual structure was B-sheet or
B-turn structure. Figure 2-4(c) shows the relative values of the surface charge of the
side residues. of the amino acids, where the negative charge were clustered in the
N-terminal region (No. 1.0-40) and middle region (No. 70-90). The hydropathy plot
was shown in Figure 2-4(d), where the hydrophobic residues were assembled in some
domains along the amino a01d sequence (Nos.1-12, 22-38, 81- 120, and 130-152) As
shown in Figure 2-4(e) the stability of the hydrogen bonds of the main chain and side
re51duev were also plotted based on the previous method on the caleulatlon of the
hydrogen bond-wrapping (Fernandez and Berry, 2003; Fernandez and Scotty, 2003).

There are some valleys in the curve of hydrogen bond stability of both main chain and
side residues. The results obtained in the previous section show that the SOD fragment |
has negative charge and hydrophobic ‘surface (Figure 2-1). | Among the possible -
sequences of the ‘SOD, the amino aside residues’ harboring  the above two

characteristics were picked up and were shown as yellow-colored bands. It has been
- reported that the proteins with under—wrapped hydrogen bonds could favorably interact
~with the lipid membrane (Fernandez and Berry, 2003). Among the yellow-colored
bands, the specific domainsy with low stability of the hydrogen bond were further
shown as blue-colored bands . | |

Although the fragment recruited on the hposome has not been specified yet it is
suggested that the parts of the SOD shown as yellow- and blue-colored bands in.
Flgure 2-4 could be candidates of its fragment considering the data on the SOD-like

activity recruited on the various types of liposomes. Liposome membranes that can
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recruit  the _SOﬁ

HALC #CHCA

fragment could have
potentiais to recognize
the peptide  with
unstable
hydrogen-bond

(FiguI;e 2-4(e)),

pmmE o S considering: ‘the

Figure 2-5 Mass Spectra of SOD fragment to be recruited on the

_ tential  abilit t
_ surface of POPC membrane. PO 2 d , ©

form the o-helix of the
.. peptide (Matched regicn of predicted and practical s‘econdary strccture in Figure
2-4(b)). The above t‘estllts also imply that the obtaincd fragment characteristics could
provide useﬁtl infor’matioh on thc "‘ntolecular—recognition function” of the lipid
membrane itself. |
;In order to justify the acove cnaIYSis of the amino acid sequence bztsed on the
physicochemical pcrameters, the pebtide recruited on thc liposome surfacc was
recovcred and was further analyzed by using the mass spectra. Figure 2-5 shows the
mass spectta of the peptides to be recruited on liposome by using RP-HPLC. Peaks
‘were detected at m/Z= ‘8229.64(I’-I+l ) and m/Z=4116.16(2H"), rcsultiﬁg in the exact mass
of 8229.64. The amino acid sequence to satisfy the above m/Z wasv. searched in
Cw/Zn-SOD ~via  sequence ‘identification tool on the ExPacy .Web

(http://us.expasy.org/tools/fmdpept.html). The amino acid sequences identified by
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exact mass are shown as follows

70 80 90 , 100 110
(L)SKKH|GGPKDEERHV|GDLGNVTADS|NGVAIVDIVD|PLISLSGEYS|

120 130 140
IIGRTMVVHEIKPDDLGRGGNIEESTKTGNAG|SRLAC(G) in 1CBJ.pdb

As discuSsedv abdve, the fragmenta‘;ion of SOD produced the rational specific
and nonspecific peptide. The hydrolytic mechanism of SOD by hydrogen peroxide was
'explained by the interaction of ﬁee c':oppver released from active site (Uchida and
Kawakishi, 1994, é’ato et al., 1992). When Cﬁ was released without chélators, éopper
rebinds to- unknown residues in SOD, where Fenfon-like reaction occurs in the -
presence of excess H,O, and produces hydroxyl radicalv. Hydroxyl radical then reacts
with protein to fonn a protem backbone-centered radlcal and mduces non—actlve‘s1te
fragmentatlon of SOD (Sato et al., 1992; Chev10n 1988; Kocha et al., 1997, Hawkms
and Davies, 2001). The oxidation occurred specifically at Cys6, Cys55, and C'ys144 in
backbone, His46 and His44 in active site and Pro64 neighboring tc; the active site
- (Kurahashi et al., 2001) to produce the nonspecific and specific fragments, respectivcly.
The obtained SOD fragment, described in the above section, was the peptidé from
Ser57;Cys144, where both edges of its fragment were neighboring to the
- H,0,-sensitive Cys residues as described in the previous paper. Our r_eéﬁlté on the
recruited SOD fragrﬁent are well .corresponding with the previous findings. The
possible'réspdnse of the SOD mole;:ule was schematically shown in Figure 2-6. Under
the oxidative stress condition, the conformation of some poﬁjons of SOD was partly

destroyed and Cu ions were released from the molecule. If the liposome could coexist
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with the partly-damaged form, the SOD conformation could be refolded (Yoshimoto,
1999) or it could be activated through its interaction with the liposome (Nagami, 2005)
(Figure 1-8). However, owing to the formed hydroxyl radical caused by the released
Cu ions, the specific parts of the peptide backbone could be attacked, where the Cys
residues in the random coil structure being exposed to the SOD surface would easily
be fragmented. In this case, the “primary intermediates” (Fr-1, Fr-2, and Fr-3) under
oxidative stress could be formed. Liposome could recognize the specific peptide
among the primary intermediates. Under the strong oxidatjve stress (i.e. higher
concentration of H,O;; >2mM: Figure 1-6), the further fragmentation could occur and
small peptides could be formed because the buried residues were exposed to the
surface owing to the 1* oxidation, resulting that the liposome cannot reactivate them.
The peptidé to be recruited on the surface liposome could thus be predicted by

considering the oxidative stress-sensitive residues.
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Figure 2-6 Modulation of SOD fragmentation by hydrogen peroxide.
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Figure 2-7 Tertiary structure of the identified peptide predicted based on
SwissModel(a) and cut view from the native structure of native Cu,Zn-SOD(b)

The tertiary structure of above amino acid sequence was modeled in SwissPlot
and was shown in Figure 2-6(a), together with characteristics of the above sequences
(Figure 2-6(b)). One side of the peptide fragment has hydrophobic surface which
seems to wrap the activity center-constituting His residues. The secondary structure of
the modeled peptide has B-sheet structure in this structural region. In the opposite side,
there are acidic amino acids, which give negatively charged domain neighboring the
activity center. Contrasting to the tertiary structure of the peptide fragments in native
SOD (Figure 2-7(b)), the hydrophobic and negatively charged groups seem to be
clustered in a limited region and some under-wrapped hydrogen bonds are ex1st1ng on
the surface. As discussed in Figure 2-1 and Figure 2-4, the peptide fragment of SOD
containing the active site was easy to interact with suitable membranes, especially,

DOTAP and POPC/cholesterol liposomes as mentioned above, to be refolded and
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reactivated. The above results show that the identified peptide is well corresponding

with the phenomena on the liposome-recruited activity.

34. Membrané Toxicity and Its Functions under Stress Condition.

| The change Qf membréne fluidity in the interaction of typical liposomes and
the p\eptide fragment waé discussed to point out thé differences between normal
Iﬁembrane and damaged membrane (toxic mémbrane). The discussion focused the four
kinds of liposome; (1) POPC as a control, (2) DOTAP, positively charged liposome,
3) POPC/c_holésterol, domain formingAmembrane, and (4) Ox-POPC, tbﬁ(ip membrahe.
| .fl“he scheme of membrane structure was described in Figure 2-8. The membrane
fluidity bf DPH ﬂuorescén"_c pfobe, buried deep> within the acyl chain region o,f the
bilayer, has reported to reflect the ‘acyl chain mobility and chain Ordgf iﬁ the
hydrophobic core. (Lentz, 1989, 1993). Tﬁe obtained results shown in Figure 2-9

indicated that there was a decrease in membrane fluidity of liposome while liposome

. o .
PPN N e : . | _ .
/\/\/\/\:/\/\'/\/i/,}("\‘oc?- o\/\'l“‘( i 2 & § éi i
' it
' [o]
o~ oA N . g ( § § 5 y :
/\/M/\/\/vf“:xh % & & &
, ° " Cholesterol domain Oxidized lipid domain
DOTAP , -~ forming POPC liposomes forming POPC liposomes

Figure 2-8 Typical lipids and domain formation models. _
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had a contact with the peptide fragment. 8

Liposomes 2 mM g Without Fr.—SOD

. Fr—-SOD 2uM i . |
Phosphate buffer pH 7.4 M win Fr-soD

Such decreases are typically observed with
insertion of hydrophobic part of peptide into

a membrane (Hoyt and Giérasch, 1991).

Membrane Fluidity (1/Pppy)
N

}Among the standard liposomes

which have been used,v the above liposomes

such as (2), (3) and (4) have different 8

~

s &£
QO'C} ()
£ & 4
< Q o

characteristics from the standar li osomes. ' : '
-haracteristics stand d p Figure 2-9 The change in membrane

\ ‘ ~ fluidity of typical liposomes in the
In the case of (2) DOTAP, it basically has a interaction with the peptide fragment.

positively charged surface and. can thérefore
be utilizea as a gene vector of DDS because of its electrostatig interaction with the |
negativély charged cell n‘;el'nbrané. In the case of (3) POPC/cholesterol, it has been
reported fhat the mjcrodomain structure could form on its surface via hydrogen—l;ond
formation between the hydroxyl-group of cholesterol and phosphaté group of ﬁpid.
Recent results show that the hydrogeﬁ bond 4of the POPC/Ch liposo-mes‘ is not stable
and can be stabilized via the >interac.tion with proteins possessing their unstable
hydrogen bonds (Yoshimoto, 2005). In the case of 4 oxidized POPC, the aldehyde:

group could be formed inside the hydrophobic tails and, sifnilarly in the case of
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Figure 2-10 RP-HPLC analysis of arsenic-substituted POPC. POPC 5 mM was incubated
with ‘arsenate 50 WM at 30°C in phosphate buffer (pH 7.3). POPC-bound arsenic lipids
were detected by an RP-HPLC. Elution profiles were monitored at 254 nm on the UV
detector. The mobile phase of acetonitrile/water (65/35 v/v) with a flow rate of 1 mL/min
was applied at 30°C. An Inertsil ODS-SP column (0.46 cm x 2.5 cm) was used throughout
this study. P1 represents POPC. P2 represents a product of the reaction between POPC and
arsenic. - . : : : L

POPC/Ch, the hydfogen boﬁd of lipqsome membrane could be destabilized. Based on
the aBove results, all the above liposomes have “abporinal characteristics” in surface
charge for DOTAP and in hydrogen-bond stability for POPC/Ch e{nd Ox-POPC.

There are spine otiler possibglities of such a membrane abnormality. Especially,
when the metal ions were added in the system, the i’nemBrané properties._;could be |
modulated through (i) its binding to membrane surface (Ca, Ni, Cu, Fe, Zn, etc), (i)

substitution of atom (As, Hg, etc), and (i) the oxidation of membrane species via
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redoxv-tumover of the nletal ions (Cu, Fe, Mn, etc) (Nagami et al., 2005). One possible
example of the effect of metal on Such an abnormal state of membrane is “As”. As ion
has both (ii) and (iii), resulting in the variation of the nature of phospholipid (Figure
2-10). It. has recently been l‘eported that a new series of ‘cationic phospholipids
éharacteriéed by a cation_ic ‘charge with a phosphorqs or arsenic atom is being
develOped (Stékar, 1995 and Guenin, 2000). The transfection activities of new cationic
As-phospholiplds were studied in vitro in aifferent céll lines (HeLa, CFT1, and K562)
and in vivo using. a luciferase reportér gene. It was also cleinonstrated that catiorl
substitution on the polar dorﬁain of cationlc phpspholibids (N replaced l)y P or As)
'resultecl in a significant increasé in transféction activitieé in both the in_ vitz;o and in
vivo assays, as well as a decrease in cellular toxicity (Floch et al., 2000). In this way, -
the As-treatment of the lipid (lip_osom_e) could also plovide “abnormalizationf’ of
liposome surface (Tuan et al., 2008).
From the above results of membrane toxicity»(vmembrane abnormalization), the
_ varié.tion of a toxic state of memﬁrane is considered to be related with a protective and
" resistant.mechanism of membrarle under strorlg stress condition via the induction -
membrane-recruited activityj to display the LIPOzyme activity. Consequently,

- membrane can adopt the severe stress to produce the adaptive functions to protect its
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interiors from the lethal damage in

biological system. The membrane

toxicity could, in the future, be studied

by using the “liposome”-based

analytical method, such as (metal

affinity-) - immobilized liposome

chromatography and membrane chip.

3.5. Analysis of Elemental Process of
SOD LIPOzyme Activity.

The liposome-recruited activity of
the 6xidizéd and fragmented SOD was
found to cénsist of thé following steps:
() peptide ﬁ'agment binding, (ii) folding
of the‘frégment on the liposomé surface,
and (1ii) activity center formation on the
surface. These elemental steps on the
liposome-recmited activity were furthej
investigated by sfudyil;g their.
relationship.” Figure 2-11 shows the

relationship between membrane fluidity,



measured by DPH, and (a) peptide binding, (b) contents of a-helix, (c) .those of
B-sheet, and (d) SOD-like .activity. The data seem to b.e scattered althoﬁgh there are
some trend of the relationship.

In the case of peptide binding (Figure 2-11(a)), it seems that there is a linear
relationship among the PC liposomes (Nos.1-3), showing that the binding of peptide
on.the PC surface was basically dependent on the membrane fluidity of liposome and
(local) hydrbphobicity of the peptide. In .the case of positively ;:harged liposomes
(No.5), the binding was enhanced because of the additional electrostatic interactioﬁ
between tﬁe negatively charged démain of the peptide and the positively charged
liposome surface. When the liposome surface was negatively charged,‘ the péptide
| binding was suppressed because of the electrostatic repulsive force among thém (No.4).
POPC/Ch (No.6) and Ox-POPC liposomes (No.7) are exceptiohal for the above
tendency. It has been reported thaf the POPC/Ch liposome shqws higher afﬁﬁity =
‘against the low p proteins, which has unstable hydrogen 'bond‘s in its main peptide
structure, because of the microdomain formation on the liposome éurface and change
the hydration state ‘;)f the microdomgin surface (Yoshimoto, 2004). In the case of
ox_idized-POPC liposomes, the acyl chain of the 1ipid molecule could fo@ the
aldehyde group on the edge of the lipid, resulting in the perturbation Qf oxidized
‘domain of the ‘men'lb'rane and the formation of hydrogen bond donor inside the
-hydrophobic en_vifonment (Shimanouchi, 2005). If the stability of the hydrogeh bonds -
of mcmbrahe itself was varied, the peptide with lower stability of the hydrogen bonds

could easily: be bound on the surface because of the SOD fragment ‘properties,
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identified in_Figure 2-7, has lots of “under-wrapped” hydrogen bonds on its surface.
Although fhe pfecise situation of both membraﬁes was different, the decrease of the
hydregen eond stability of the liposome surface could be related with this increa;se of
the binding of the peptide. As a short summary on the first elemental process, the

peptide binding was found to be controlled by the integrated interactive forces of (i)
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electrostatic, (ii) hydrophobic interactions and (iii) hydrogen bonds.

Figure 2-12 Recovery of Secondary Structure of Oxidized and Fragmehted SOD by
the Addition of Liposome. (a) CD Spectra of Oxidized and Fragmented SOD with
Various Kinds of Liposome. (b) Percentage of Secondary Structure of Native SOD and

Oxidized SOD. Recovery of Secondary Structure of (¢) a-Helix and (d) B-Sheet after
Liposome Addition (100% and 0% of Secondary Structure was respectively set at
contents of Natlve and Ox1dlzed SOD)

The recovery of secondary structure of fragmented SOD by the addition of
- liposomes was analyzed The result 1nd1cated that a-helix contents increased in the

case of POPC, POPC/Chl DOTAP llposomes resulting in the i mcrease of SOD-like
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activity of LIPOzyme (Figuré 2-12). However, in the case of Ox-POPC liposémes, tﬁe
o-~helix contents increased but SOD-like activi.ty\-of this complex Sdid not increase. It
coulbcll be due td the strong interaction of ﬁagment and Ox-POPC lliposomés and
| induction of the other function (to be discussed in chapter III).

" In the case of folding process (Figurés 2-11(b)(¢)), the data of the contents of
secondary Structure, suéh as d—helix and [-sheet, were normalized by using the
'binding data in order to eliminate the effect of the difference of the peptide binfling.

Figures 2-13 show the relationship between membrane ﬂuidity and percentage of
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Figure 2-13. Relationship between Membrane Fluidity and Percentage of Recovery

of Secondary Structure of (a) o-Helix and (b) B-Sheet after Liposome Addition. (c)
and (d) show the normalized value of percentage of secondary structure of the
fragmented peptide. |

94



~ recovery of sécondary structure by libosomes. If the folding of the peptide could
“correspond with its adsorption, the data would be clustered on the dotted line (Figﬁre
2- 13(c) and (d)). In the case of the a-helix (Flgure 2-13(c)) only one exceptional data
was observed in the case of POPC/Ch liposomes, showmg that the POPC/Ch surface
can enhance the o-helix formation. In the case of the B-sheet (Flgure 2-13(d)), there
are tﬁree exceptibns: decrease in POPC/Ch and DOTAP liposome and increase in
POPG‘ liposome. The foiding of the recruited peptide was thus considered to basically
depend on the binding of the peptide and there"a;’e three exceptions; (i) POPC/Ch
increase o-helix and.decrease B-sheet, (i1) POPG increase B-sheet, and (iii) bOTAP
de;:rease the B-sheet. | |
The last step is the formation of activity center to induce the SOD-liké activity.
| The data of Figure 2-11(d) were similarly normalized by the peptide adsorption as
shown in Figure 2-13(c) and (d). The data of PCs and DOTAP (Nqs.1-3",.'5) were
scattered on a single lihe, showing that these lipqsomes similarly bind and fold the
peptide to induce the expected SOD enzyﬁlatic _activ_ity. In the case of POPC/Ch
liposome, the data was shifted 'pOSitivély (N6.6)_, probably caused by the
conformational modulation (increase of a-helix and ‘decrease of B-sheet). On the
contrary, POPG liposome negatively affected to the SODfliké activity, implying that -
‘the excess formation of B-sheet could inhibit the. abtivity center formation on th.e»

surface. Unexpected from the binding and secondary structure, the oxidized POPC
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Figure 2-14 Summary of Display of SOD LIPOzyme Based on SOD Fragment
liioosomes also induce the negative effect on the SOD activity, imp.lying‘the differént
effects of the oxidized POPC on thé activity center formation. Although some points
should further be investigated, the total process of thé libosomejrecruited activity was

_summarized and schématized in Figure 2-14.

Based on the above results on the liposome-recruited activity. of oxidized and
fragmented SOD, the strategy for the design of the éntioxidative LIPOzyme Was '
gstablishéd and was shown in Figure 2-15. After one would select thg peptide library,
the LIPOzyme optimfzation could be performed by checking the (i) binding, (ii)
| folding and (iii) active site formation. In the case of SOD-LIPOzyme, the beptide
mixture of the oxidized and fragmented SOD was used apd the processes (i)-(iii) were

exa‘minéd by using the standard liposomes which differs in hydrophobicity, surface
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Figure 2-15 Summary of Prepafation / Characterization of Antioxidative LIPOzyme
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3.6 Comparison of SOD LIPOzyme with Previous SOD Mimics

The SOD activity level is compared - SOD Activity Ladder

1% — : —= Herme { Ligand
Fr-SOD/POP C/Chi with CWZn (*9) | a=e Oligo-peptide
i 2R)} e LIPOZyme (Build-Up)

o | [POZyTR {Break-Down)

among natural SOD and its mimics as

/CuZn[(bdpi)(gHscN)zl(C|04)a 1)
= {(Cu—im-ZnL2HY Cu—im-ZnL _))(CIO,); (*4)
10+ Mn-OBTMPYP (*5)
—e—Mn-TMOE%-PyP (*5)

1 ="""~DMPC/ HPyP Mn (*6)
——Mn-TE%-PyP (*5)
DPPC / Dodec—His /Mn (pH 9) (*7)
| ==~Fr-soD/POPC (*8)
10k Mn-PyP (*6)
O e ticVahis Aty 3
S
Cu—HisValHis (*3) 2

shown in Figure 2-16. There are several

ligands in order to induce the SOD-like

activity. Ohtsu et al have already shown

e —MN-TMPYP (*5)
DPPC / Dodec—His /Mn (pH 6) (*7)

SOD Activity (% against Natural SOD) (%}

the highest SOD activity level (Ohtsu et

1T . 29 107t
al., 2000). In the case of “Build-Up” type
' ’ Ohtsy, et al., J. Am. Chem. Soc. 2000, 122, 5733-5741.
Costanzo et al., J. Inorg. Biochem. 1993, 50, 273-281

Boka et al., J. of Inorg. Biochem. 2004, 98, 113-122

Pierre et al., J. Am. Chem. Soc. 1995,117, 1965-1973.
Batinic-Harberle et al., Dalton Trans. 2004, 11, 1696-1702.
Umakoshi et al., Langmuir 2008, 24 (9), pp. 4451-4455
Umakoshi, Tuan et al., Membrane (Maku) 2008, 34. 180-187.
Tuan et al., Langmuir 2008, 24, 350 — 354.

Tuan et al., Membrane (Maku) 2008, 34. 173-179.

LIPOzyme, the maximal SOD activity

PCENONO LN

was approximately 5%, which is more

than conventional oligopeptide mimics pyonre 216 Ladder for SOD Activity

and is less than the above Fukdzumi’s SOD. On the contrary, the SOD activity le\;el'
was signi_ﬁcantly increased when the SOD LIPOzyme was prepared by usiﬁg the
“Break-Down” type approac_h, reésulting in the more.than 78% (Fr.-SOD/DOTAP) of
native SOD, showing the significance of the LIPOzyme design using break-down
approach. However, to obtain the optimal lipozyme, the POPC/Chl 28% is the best

choice because of its stability under continuously oxidative stress (Chapter III).

4. Conclusion
The preparatioﬂ of SOD LIPOzYme from (i) “build-up” and (ii) “break-down”

approaches was described in chapter I, resulting that the higher‘ efficiency was

98



obtained in the case of the latter case. The method to prepere the LIPOzyme was
shown By clarifying the membrane characteristics and the elemental processes of
liposome-recruited ectivity (binding, refolding and reactivation). First, the addition of
, zwitterienic liposomes with high membrane fluidity or that with positive cnarge was
found_ to increase the ‘SQD—like enzymatic ectivity of fragmented. SOD although the
‘negatively charged liposome has no effect on its activity. The analyzed characteristics
of the peptide, together with the above ﬁn.dings, imply that the liposome-recruited
activity of the fragmented SODV was related to the recognition of the SOD n'agment by
the liposome caused by the Combmation of electrostatic and hydrophobic interaction, |
end hydrogen' bonding between the peptide and‘) lipeseme membrane. The
ligand—mediﬁed membrane also po_sses_sed the SOD-like enzymatic activity. ‘It was
easily considered that the modification of active site from the suitable ﬁgand and
liposomes requires the eoordination of the imidazole group -\and carboxyl group of the
quec-ﬁis on the membrane surface. The previous s'tudiesindicated that no systematic
investigation of the possible rqle' of speciﬁe Vlipids or ‘the chemical properties of
membrane lipids on the yield ‘of fefolding, fonnaﬁon of refolding intermediates, or
alteration of the refolding pathway Wa_s' included in these_‘stu'dies. Membrane -protein
folding is more complex than interaction with the lipid bilayer approximated as a
simple hydrophobic core beunded by water interfaees (Bogdanov and Dothan, 1999).
The obteined results pro'vided en'evidence that the damaged membrane (Ox-POPC),
domain forrnedmembrane (POPC/Ch) possessed the different_-charaeteristics frem the
' ofhers; Therefore, they can easily recognize the damaged peptide (fragment derived

from the oxidation of SOD), then refold the damaged peptide frégment. The becoming
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damage is considéred to be related with the function of membrane to resist and
tolerance to the leihal stress such as toxic stress of heavy metals. The damaged
membrane in reSistance to the toxicants and in recruitment of fragmented SOD will be
discus>sed mor.e'detail in the following sections, particularly focusing on the regulation
vof enzyme-like activities of LIPOzying on the membfane surface under continuously
okidative stress. The method to preﬁare the LIPOzyme was finally summarized as a

scheme based on the above findings.
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Chapter 111

\

Preparation of Antioxida_tive LIPOzyme based on Modification of Peptide
Fragment under Stress Condition ~

1. Introduction

The membrane activity in recruitment and reactivgtion of daméged peptide
was discussed and clarified in the previpﬁs chapters through‘the gase'étudy of the SOD
_LIPOZyme preparation ﬁsing the oxidized and fragmente& SOD. In process of
recruitment’ of “potentially-ﬁmctioha ” elements, a membrane was shown to act aé a
. metal. and molecular 'chaperoﬁe for the specific ﬁagmeht of SOD, resulﬁng in the
recognition, ébnformational changes,' and its reactivation to induce new SOD-like
enzyme. The role of the membrane activity and membrane toxicity hés to be studi_ed m
;elatio_n to }the creation of 2 new enzyme .complex di_splayi’ng“ the biﬁmctional
enzymatic activities tol rgpair the stréséﬁll enviroﬁméntal cOndition.' A “vmembraneb
toxicity”v can herewith b¢ defined as thé toxic sfate of membrane under toxic stréss or

Membrane Toxication oxidative stress as

schemaﬁcally shown in

EREEEN l> »
Membrane Activation : . . —
R ) ‘ .- Figure 3-1. The membrane

. MembraneActivity == Ability of (1) : : o

~ Membrane Toxicity e Ability of (2 . L. . ‘
i @ toxication could be induced
" Figure 3-1 Definition of membrane toxicity and o ’

' membrgne activity. when the membrane” was
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exposed to the above stress condition. The destruction of the membrane structure and
its functions coirld induce the cell death. The membrane could have an ability to
inversely activate its toxic state and 'fo repair 'the toxic or stressed environment
surroundirlg the membrane.

Some examples of the “possible” activity of the membrane in a biological
‘system have been reported in the previous researches. In biological systems, the
membrane can act as a physical boundary to péck various kinds of bieelements needed
to maintain the cellular homeostasis and, also, an active interface that pretects the
interiors from the damages caused by ROS (Pamplona et al., 2002). The accumulation
of toxic materials induces the loss of the membrane integrity, and an increase in
permee_bility to protons and ions (Dﬁan,et al.,, 2003). In that case, the state of
memerane ‘becomes toxic and may affect its surrounding environment. However, :
orgarrisms', especially microorganisms, have some mechanisms" oecurring on the
merrr_brane tq monitor the toxie stress. The adeptation of membrane to toxic stress or
oXidaﬁve stress is necessary for cellé in environmenr. The previous s,tudy relating to
membrane toxicity indicated that the interactions of trle ROS with hydrophobic parts
of the cell could play an importarlt role in the rnechanism of the roxic action (Shirei,

1987‘).} With respect to the adaptation to toxic effects of lipophilic compounds, theSe
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compouﬁds are not relevant. Changes in the hydrOphdbicity of the éell wali may be of
more interest. It has been showri that bacteria v\v?vith hydrophobic éell walis have a
highef affinity for hydrophdbic compouﬁds than do bacterid with more-hydrophilic
cell walls (Jarlier and Nikaido, 1994; \;an Loosdrecht Vet al., 1990). In previous reporf,
~ under toxic stress of copper, one major mechanism of | copper toxicity towards
' nﬁcroorganisrps is thé 'disruptiovn of plasmé membréne integrity,- where fhe variation of
the fatty acid composition of tﬁepléSma membrane vvs;as found to dramatically alter the
suséeﬁﬁbility of Saccharqmyces cerevz;siae to Cu2+ tokiéity (Avery et al., 1996). The
membrape seems to become tolerant with the stresses, especially oxidant stress and -
toxi:c stresé,' through the induction Qf possible potentiai functions of the membraﬁe
- itself.

Antioxidatiye enzymes are commonly known to act against such OXidative
' stresé. As mg:ntidned in the above sections, the ROS has been reported to cause various
kinds of damage, such as membrane lipid perozcidation, DNA oxidation, and enzyme -
, inactivation. In those cases, tﬁe role of antioxidants was meﬁtiqned as an eliminator of

SOD . .ROS. SOD, ‘which is one of the most.

20, + 2H*> H,0, + O, |
' : ' important antioxidative ~ * enzyme,
| CAT: | | IR -
2H,0,? 2H,0+ O, = catalyzes the dismutaion of the

Figure 3-2 The reactive elimination of .
reactive oxygen species by SOD and CAT
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superoxide (02';) into hydrogen péroxide (H,0,) and molecular oxygen. Hydrogen
perdxide is also van oxidant needs'to be cleéreci from the living organism. Therefore,
bcatalase (CAT) fﬁrther converts hydfogen peroXide into water and molecular oxygen.
These seqﬁential reactions to elhninaté the ROS can be summarized in the Figure 3-2.
(1) Superoxide Dismutase: SOD outéompetes damaging‘rea'ctions of superoxide, thuS
prétecti_ng the cell frpm supefoxide toxicity. The feaction of superoxide with
non-radicals is spin forbidden. In biological systems, this means that its main reactions
are with itself (dismutation) or With another biological radical such aé nitric oxide
(NO). The superbxide anion radical (O;") spontaneousiy dismutes to O, _and hydrogen
peroxider (H,0,) qui‘;e rapidly (~1_O5 M' s at pH 7). SOD is}biologically nécessary
because superoxide reécts even faster with certain targets such as. NO radical, which
. makes peroxyhitr_ite. Similarly, thg dismutation rate is second order with respect to
initial superoxide concentration. Thus, the half-life of lsuperloxide is actually quite loﬁg
at low concentrations (e.g. 14 hours at 0.1 nM), alfhough it is very short at high
concentrations (e.g. 0.05 seconds at 0'.1 mM); In contrast, the reaction of superoxide_
-with SOD is first order wi_th respect to ‘superoxide' concentration. Mbrebver,
superoxide dismutase has the fastest tumé?er number (reaction.re’lte'with its substra’te)

* of any known -enzyme'(~109 M! s (Klug-Roth, et al., 1972, 1973; Imply and
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Fr__idovich, 1991). The above clear descﬁptions of _SOD‘ reflect that SOD is an
' | i‘ndispénsable antioxidant in all living .organisms. (2) Catalase: Besides of the SOD,
CAT also plays a role at the end of the ROS elimigatidn by convérting ﬁydrogen
perdxide,into water; CAT is a common enzyme foﬁnd in nearly all living orgénisms. |
Active site of catalase mainly contains Fe or Mn within the hem'“ group (Kono and
Fridox-rich, 1983; 'Shim"a et al., 2061; Honor et al., 2006). Cata.lase' also has one of the
highest tmﬁover rates of all enzymes; Vone}mblec_:u»le of catalase can convert millions éf -
“molecules of hydrogen peroxide to water and oxygen per second (Beer and Sizer,
1953;;~Ma¢h1y and Chaﬁce, 1954). The combination of SCD and CAT in biological
system is necessafy. | |

- A “membrane” under the' oxidative vstressr could display the. above
antioxidatiye functions 'sﬁch as SdD and CAT in the 1;ep1a§e of the natural ¢nzymatic
syétem in ‘order to repair its thic state and, also,,. the toxic environment. One of the
responses of the membrane (liposome) is thé SOD LIPOzyme, prepared' thfouéh the
recognition, folding and }activation of the specific ﬂagment ‘of oxidized SOD as
descﬁbed in chépter I and -c;haptér 1L One of the antioxidative machinefy could be
supported. by such a “membrane activity”. The above functidns of inembrane itself

could furthér be applied to the preparation of fhe biomimetic mateﬁals,‘ such as
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artiﬁcial enzymes or enzyme mimics, which have different kinds of functions. In the
conventibnai approach, some researchers have attempted to invéstigaté the roles of
SOD and CAT by using the covalent éonjugates between the vascular wall
glycosaminglycan chondroitin sulfate (CHS) and the antioxidant eniymes superoxide
dismutase '(SOD) and catalase (CAT) (Maksimenko et al., 2004). The copjugétion of
SOD apd CAT by CHS, as thé result; represented both enzylhatic activities with a high
effectiverniess. ~.The rﬁembrane-incorporated or -.encapsulat,e-d enzymes have been
conduéted to maintain the lifespan of enzyme\ in vitro experiments (Turrens et él., :
: 1984; Niwa et al., 1985, Michelson and Puget, 1986), as well as in impliéaﬁon- of
disease treétment (Petelin et al.r, 2000; Freeman et al:, 1985; Ledwo_;yw, 1991 ;v
Thibeal,_ﬂt et al., | 1991) by the transfer of enzymés into the disease body. Based on the
characteristics of fhe membrane, one also designated and controlled the enzymatic.
actiﬁty of membrane-carried enzymes (Yoshimoto et al., 2.007)'. In‘ the above examples,
there are some unsuccessful -aspects such as (i) less efficiency, (ii) the difficulty in
design, and (iii) the low stability of the cgtalysis. It is expecting that new type of
b‘i-enzymatic; mimics couid be. prépared by utilizing the ‘fmémbrané activity”, clarified
in the previous chaptei's. 3

In this chapter, the bifunctional enzyme which expresses the simultaneously -
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SOD-like and CAT-like éctiyity was prepared by utilizing the response of membrane
_itself under the additionally of strongly oxidativé strésé of hyc-irogen peroxide, focusing
on the LIPOzyme preparation based on “membrane toxicity”. The oxidized iipOsomes
an& cilolesterol liposomes were found to play a significant rolé in LIPOzyme
displayirig procéss, including recruitment, reactivafiqn ‘and regﬁlation of SOD
fragments cierived from the oxidation and fragmentation qf SOD. In this cése, oxidizgd
ar;d cholesterol liposomesAare considered as the toxic membraﬁe_s. It is expected that
these toxic membranes céuld hafze a sig11iﬁqant potentiai. To clﬁcidate séveral
~ “anti-stress” functions, in converting supéroxide to hydrogen peroxide (SOD-like
7‘ activity), and then, hydrégeﬁ peroxide to water and oxygen (CAT-like activity). It has
beeﬁ showh' that the }compléx rcpresents a potentiai function which ’continuo_usly.i
converts hydrogen peroxide to water and oxygen to prbtect SOD L]POzymé complex
from the further oxidation, although the CAT-like activity of énzyme complex is not so

high in comparison to native catalase,..

2. Materials and methods

2.1 Materials ,
Bovine Erythrocyte Cu,Zn-SOD (EC 1.15.1.1), purchased from Sigma Aldrich

with a specific activity of 4470 U/mg- (product No. S2515-30KU and lot No.
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125K740j, was used without puriﬁcation.‘ Catalase, obtaiﬁed from Sigma Aldrich in
crystalline foﬁn with a specific activity of 10,000 units/mg, was used .without
puriﬁcation. ‘ l-palrﬂitoyl-Z-oleoyl-sn-glycero-3-phospﬁochéline - (POPQO),
1-palmitoyl-Z-oleoyl-sn-glycéro-3-[phospho-rac-(1;glycerol)] (sodium salt) (POPG),
1,2-dioleoyl-3-tﬁméthylammonium-prépane (phloride salt) (DOTAP) all purchased
from Avanti Polar Lipids, Inc. (AL, USA) 'we;re used fpr the liposome preparatibn. All "
the >ot1.1Aer réagents of analytical grade ‘were purchased from Wéko Pure Chemicals

(Osaka, Japan).

2.2 Preparations of Liposomes

The lipids were dissolved in chiorofonﬁ/methanol (10 mM lipid prepared will
be diluted to 2 mM for each experiment). POPC/Chl 28% was composed form POPC
and’ _cholesterél with 28% mole in cbmparison to POPC. After the soivent‘ was
evaporated,. the resulting thin film was dried for at least 2 hours under a vacuum. The |
lipid film was hydrated. by 50 mM potéssium phosphate buffer to., form the
multilamellar vesicles. The solution of the multilamellar vesicle was frozen in dry
ice-ethanol (-80 °C) and incubated in‘_ the water bath above the phase—’gransition'
temperature. The abové freeziﬁg-thawing treatiﬁe'nt was repe,atéd ﬁve times ahd was
thén passed through two stacked polyparbonate ﬁltérs' of 100-nm pore size by using an
extrusion device to adjust the 1iposom§ size. Preparation of oxidized iiposomes 'was

processed in following steps. Pre-incubation 2 mM POPC with 2 mM H,0, and 1 mM
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Cu®* in 24 h. After oxidatibn of POPC, a purification of oxidized POPC (ox-POPC)
was .carried out by chloroform:metﬁanbl:vs}ater (2:1:0.8 v/v) ae described somewhere
’(Bligh and Dyer, 1959). Ox-POPC liposomes made from ﬁuriﬁed POPC lipids‘were,
| experimentally conducted with Fr.-SOD as the same case of POPC 1iposomes in

recruitment of fragmented‘ SOD.

2.3 SOD Activity Analysis

For the SOD actix‘lity, a 'highly Water-solﬁble tretrezolium salt, WST-l
[2-(4-lopophenyl)-3—(4—nitropheny1)-5-(2;4-disulfophenyi)-2H-tetrézolium,‘ Iﬁonoeo-
dium sailt], éroduees a water—soluble formazan dye upon reduction with a su;;eroxide
~ anion, where the ra'ee of thereduction with 02' is linearly related to vthe annthine
' oxidase X0O) ectivity and is inhibited by SOD. The abserption spectrum of WST-1
- formazan wae measured at 450 nm, and th‘e. SOD aetivity asv an inhieition acﬁvity can

be quantiﬁed through the decrease 1n color development (Peskin et al., 2000).

2.4 CAT Activity Analysis

The CAT activity was measured by Catalase Asséy Kit though the reductibn
- of hydrogen peroxide by the enzyme complex. This assay method is based on the
measurement of the ‘hydrogen peroxide substrate remaining after the action of catalase.

" First, the catalase converts hydrogen peroxide to water and oxygen (catalatic pathway)
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and then thfs enzymatic reaétion is stoppved with sodium azide. An aliqupt- of the
;eaction mix is then asséyed for the amount of hydrogen peroxide remaining by a
éolorimetric method (Fossati et al., 1980). The c‘olorimetric method uses a substituted
phenol (3,5-dichloro-2-hydroxybenzenesulfonic acid), which couples oxidatively to
4-aminoantipyrine in the presence of hydrogeh peroxide and horseradish per,oxidase
(HRPj to givé é red Quinoneimine dye (N 4(4-antipyryi)-3-chloro-.S-sulfohatep-benzo-

quinone-monoimine) that absorbs at 520 nm.

2.5 Circular Dichroism Analysis.

The secondary structure vo‘f SOD -was'dgtermined vusing circular dichroism
analysis (J-720W spectrometer; JASCO, Tokyo, Japan) at 37 0C». A 0.1 cm Quartz cell -
\yas qéed for the measﬁrement, and the CD spectra were.recérded from 190 to 250 nm.
Samples contaihéd 2 va SOD inb 50 mM potassium phosphate buffer with or without
2 mM POPC liposomes. It was prelimiﬁaﬁly confirmed that liposomes'had no effect
on the secondary structure of SOD. All CD measurements were carried out using thé
following péramet‘ers:' 1 nm bandwidth, 50 nm/min run speed, 1 nm step size, ’10's '

response times, and an average of five runs.
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2.6 Treatment of SOD and Fragmented SOD.
The SOD, totally oxidized into fragménts for 12 h in 2 mM H,0,, was

ultrafiltered by a 10 kDa molecular cutoff filter to oﬁtain the potentially active debris
(fragmeﬁted SOD) containing the acﬁve sites (Ramirez et al., 2005; Tuan et ai., 2008).
The 1‘0 kDa fragments filtrated from ultraﬁltration were incubated with POPC 2 mM
and metal ions}(Cu2+ and Zn**) 10 pM for each of several alternatives of PQPC or
| metal i(;ﬁs in phosphafe buffer at 3‘7A °C for 12 h.. The enzymatic aciivity of the
complex of liposomes, frggmented SOD, and metal ions was determiﬁed. VStru'ctu‘ral

change'in fragmented and recruited SOD was observed by CD spectra.

2.7 Statistical Analysis.

Results are expressed as means + standard deviation (SD). All experiments
were performed at least in triplicate. Data distribution was analyzed; and statistical
differences were evaluated using Student’s r-test. A P value of <0.05% was considered

signiﬁca.nt.

3. Results and discussion

3.1 Active Cenier Jor Cu,Zn-SOD and Mn-CAT.

The active sites of SOD and CAT _Werc attempted to be mimicked to

investigate the possible formation of bifunctional LIPOzymes. the active site of
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(a) Active Center for Cu,Zn-SOD
PDB ID: 1CBJ

(b) Active Center for Mn-Catalase
(Non-Heme Type) PDB ID: 1JKV

(c) Active Center for Mn-Catalase
(Heme-Type) PDB ID: 1TGU

Figure 3-3 Active Center of Cu,Zn-SOD and Mn-Catalase

LIPOzyme. The active centers of the SOD and CAT were first studied based on the

consisting of the six His residues and one Asp residue, which coordinate copper and

zinc (Figure 3-3(a)). Mn-CAT also has a bimetal active center of Mn-Mn, coordinated

* structural data of these enzymes (Figures 3-3). SOD has a bimetal active center

by three Glu residues and two His residues (Figure 3-3(b)). In contrast to the active

center of heme-type catalase (Figure 3-3(c)), the distance of bimetals is well regulated

in both SOD and CAT, where the former distance (6.59A) is wider than that of the

latter (3.19 A). The basic information of the above enzymes was also studied in

relation to the secondary structures, charge, hydrophobicity, and hydrogen bond
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stability as shown in Figure 3-4. The yellow Bands show the position of amino acid
residues consisting of the active center of Cu,Zn-SOD and ‘Mn-CAT, wheire t}ie
relatively—uniform characters aie observed in the amino acid residues consisting of
active‘c’enter. The above amino acid residues show @) positiVe charge, (ii) hydrophilic,
énd (iii) stable hyd_rogeil bond nature a]though thé other ainind acids: nei'ghbor_irig to_
them or betweiail them show oppositel characteristics, such aé (i)’ negativé charge, (ii)i
hydroplicibif:, and (iii)’ unstable hydrogen bbnd nature. In pract’icé, tile cixidizedéin dv
fragmen’ied .SOD' (Fr-SOD), which héis shown in i:hapter II, has the abOV? latter
characteristics of .'(i)’-(iii)’ and further has a h&drophcibic surface (region chistering

hydrophobic residues) on the back of the Cu/Zn binding sites and negatiilely charged

(i) Cu,Zn-SOD (1cBy) . . (ii) Mn-CAT (1JKV) : (iii) Mn-CAT(Heme) (1TGU)
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. Figure 3-4 Basic Characteristic Profiles of Cu,Zn-SOD and Mn-Catalase
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surface on the same side of the metal binding sites. The above characteristics
positively affect the induction of SOD-like activity because the Fr-SOD could be

bound on the liposome surface through the integrated interaction and could also be

Insertion of ding & } ,-__Deeper Insemon [
' Hydrophobic ¢ ot % Activation Frm R ~-° &Bi-Activation 17 -
“,,. Reglon i (Cu,-'Zn) ;(‘ R XA e (Multl-Cuf'Zn) ‘ A

’1.-7 - .'-.T,, ﬁ:{"' Popm e e .,.gfv.m: 2m1 REEO TR e

" o= 4635. Sty “S oL Fake % i, L3 i.; S REny ek it Tl "‘m. "“ S‘n S J‘i
crw“:ﬁvf“'@"“' "’t"ﬁ’. b4, US“ '*’“" ,‘vﬁ -”;Lv 2 Tattai Fnﬁ" E n‘% "Vi”‘“*““" Nt
POPC Lipid Bilayer tntra molecular Interactlon Inter-molecular Interaction

Figure 3-5 Speculative Illustration of Possible Destiny of Fr-SOD in Membrane

folded by the stlabilization effect of hydrogen bond in the hydrophobic environment
inside the lipid membrane. Such a series of process could be modulated depending on
the characteristics of the membrane itself as described in chapter II (Figures 2-1 and
2-8). The speculative illustration of the possible actions of Fr-SOD in membrane has
been shown in Figure 3-5. Although only the SOD-like activity was focused in chapter

I and II, the inter-molecular complex of the Fr-SOD inside the membrane could also be
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formed and the membrane characteristics could be dynamically changed under thé
stress céndition. In such cases, it 1s possible that tﬁe 'bimetal -complex between the
Fr-SOD and another F.r-SOD was formed on the surface. In c.hapterFII, tﬁe membrane
fluidity was shown to be reduced especially at the interior of the lipid membrane
(Figure 2-8) and there are sqme mismatch between the secondary structure and SOD
“activity (Figure 2411). The above results may .imply tha;c there.is an existence of the
“inter-molecular” complex of Fr-SOD, which could indpce the “CAT”-like activity.
Although there are many reports on thé SOD mimics by using ‘Fhe biomimetic
synthétic ligands.or oligopeptideé, few examples of SOD-like model complexeé have
~been .investigated as catalysts to convert the hydrogen peroﬁide into §Vater and’
molecular oxygen. A statefnent has been Vconﬁrmed from various results that a good
SOD-model complex should first be a good CAT-like model complex (Gao ;ét al,,
2001). -

The Mn catalase (Non-Heme) has reported to be a hexamer of the
a-helix-rich subunit as shoWn in Figure 3'-6(‘a).7' The active ceptér composed on
bimetal comp'lex of Mn (Figure 3-3(b)) is surrounded by the a-helix structureé which

are abundant in the hydrophobic residues (Figure 3-6(b)). If the possible bi-metal
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(a) Mn-CAT (Non-Heme)  (b) Subunit of Mn-CAT

4 . 5 .
. Active
- Center

Figure 3-6 Structure of Mn-Catalase (Non-Heme)
complex could be formed on the membrane (Figure 3-5), the induction of CAT-like
activity has been achieved. Similarity of the amino acid sequence between the CAT
and the SOD fragments, which were identified in chapter II and includes the active
center forming amino acids, was studied as summarized in Table 3-1. The results
showed that the similar conformation of the peptide, possibly forming active center of

Table 3-1 Partially-matched Alignment of Amino Acids between SOD and CAT.

SOD (PDB: 1CBJ) CAT (PDB: 1JKV)
92-102 . VAIVDIVDPLI 67-17 MAHVEMISTMI
127-131 GNEE 63-66 GTEE
17-82  LGNVTADSNGV 23-39 LGGQWGETTGM
74-79  DEERHV 65-70 EEMAHV
102-109  ISLSGEYSIIGRTMVVHE 131-148  VTSSGNLVADMRFNVVRE
84-89  NVTADS 144-149  NVVRES :
80-86  GDLGNVT 31-37 GQWGETT
128-136 GNEESTKTG 30-38 GGQWGETTG
75-78  EERH 178-181  ETQH

* Blue font: Matched Residue, Bold/Underlined: Active Center
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Mn-CAT, could also be iﬁduced in the case of oxidizgd fragme_:nt Aof SOD. In practice,
- the obtained fragment (Residue 66-144) is consisted of the random coil and two
B-sheets in the nativé SOD structure. However, according to- the secoﬁdafy structure
prediction (Chou and Fasman Method), there are some residues which tend to form the
a-helix strqcture and with relative hydrophobic nature (fof example, 75-80, 104-;1 10,
112-122 in Figur‘e 3-4(i)).) Th¢ bimetal comple;( of Cu, to .show the CAT-like actiﬁty, '
éould Be formed byv forming the thelii structure :inside the membrane and
inter-molecular complex of the SOD fragments‘.

The co-induction of Vlr)oth SOD and CAT is also effective from the viewpoint
of the _biofuﬁctioqal catalysis-design. The SOD-like activity of LIPOzyme has already |
shown- to be .obtaingd in variations of Values dependin;g on the liposome. properties
(cﬁapter I). From the “Build—Up” type approach, the ligand-ﬁodiﬁed liﬁosomes '
possessed the “biofunctiénal” enzyine-like a;:tivities (SOD and CAT) on the same spot
on the liposome surface (Umakoshi et al., 2008). The design of catalase from ligand
and metals has been conducted by several researchers by using the ligand cbmplex
;Niﬂl the Cu (II) (Gao, 2001) and Mn (1) T(Sakiy:;.lma et al., 1993; Larson and Pecoraro,
1991; Mathu? ét al., 1987.)>. However the catalase eﬁzy;matié éctivity"df ‘those

complexes was not so high in comparison with the native catalase, resulting from the
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slow reaction rate for ligand-ﬁodiﬁed_ catalase.

In -the following, taken together with the Viéw vpoint‘ of membrane _activity in
| incorporation vwith the ﬁeptide fr?glﬁent and metal jons (chapter I and chapter II), the
strong stress condition was applied to check the éctivity of LIPyOzyme vin elimination
of ROS by the addition qf hydrogen peroxid; into the formed LIPOzyme suspension. |
Interestingly, the LIPOzyme has possessed the CAT-iike enzymatic aptivity by clearing |

. the added hydrogen peroxide.

3.2 CAT-like Activity of the Ltposome-Recruttmg SOD Fragment.

After fragmented SOD was recrulted on the liposome surface, the CAT-hke
activity of the liposome-recruited SOD coﬁplex was ipvestigated. All conducted -
' sampies pOssess fhe .CAT-like enzyrﬁatic activity ‘which converted '.aldded hydrogen
peroxide to water and oxygen. The results were shown in Figure 3-7. In prev_ious
report, tile interaction of fragmented SOD and'lipasomes was differently depending on
the characteristics of liposomes. Among the expeﬁmented liposomes, the interaction
between DOTAP and Ox-POPC with fragmented .SOID' was the strongest. Their
SOi)-like en'zymati;: activities are 'signiﬁcantly diﬂ'erent, 77.6% e;nd 17.15% f'or.
" DOTAP and va-POPC,, respectively. Otherwise, .the CAT-like activities of these

complexes was opposite, 1.4x10% and 10.5x10° moly,op/min/ molcatalyst for DOTAP and
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Figure 3-7 SOD-like (a) and CAT-like (b) activity of enzyme complexes under
continuously oxidative stress. Hydrogen peroxide was initially added to solution ‘of
-enzymes and periodically 1 h in 24 h. CAT-like activity was measured through the
reduction of hydrogen peroxide. The shown values of SOD-like enzymatic activity
are initial values before the addition of hydrogen peroxide. H,O, added was totally
cleared because of CAT-like activity after 1h of incubation.

| , Ox-PVOPC, respectively. In the case of POPC/Ch and POPC, the' CAT-like activity was
also high. The results indicated that the interaction between neutral liposoﬁles and -
fragmented SOD mediated the high CAT-like activity. On the contrary, the interaction

of DOTAP liposomes and fragmented SOD induced a less CAT-like enzymatic activity.
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This may be due to the formation of CAT-like active'site on the membrane surface or
the conversion of active sites from SOD-like enzyme to CAT-like enzyme occur on the
éurfage of neutral liposomes easier than that on the positively charged liposomes. The'
interaction of fragmen§ and DOTAP liposome‘é mainly occurred on the. membrane
surface due to the electros';a'tticv interaction, resulting in nb insertion of peptide in the
hydrophobic regién to induce the CAT—liké activity as well aé stabilization of enzyiﬁe.
'The iipid c;xidation by added h‘ydrogen‘- per;));ide also 'plays a role in induct.ion. of
- CAT-like activity. The DPPC liposdme; which exists at “gel—phase”, is a control |
experiment (Figure 3;7). The compléx of DPPC liposome and SOD-fragmeﬁt }induced
SOD-like activity but no CAT-like activity wﬁen strong stress of hydrogen peroxide
was ai)plied. The results - demonstrated thét the change of characteristics of -
hydréphobiq region of liposome enhanced ';che deeper insertioﬂ of fragmeﬂt into
mem‘t;rane, resulting in the induction of CAT—like acﬁvity and stabilizaﬁon of
SOD-LIPOzyme. The control experilnents with 10 pM copper and 2 mM POPC
liposomes only were proven that copper did not.affect the decomposition of hydrogen
peroxide as pfeyiously reportéd (Yoshimoto ef al. ‘,2007-).

There was nét signiﬁcanﬁ intera;:tion of fragmented SOD .;cmd POPG

(negatively charged liposomes) due to the conflict of their charges. However, the
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cholesterol-containing' POPG liposomes had a contact with fragmented SOD, resulting
in the reactivation of SOD-like enzymatic activity with the value of 30%. Such
interaction also mgdiatéd the CAT-like aétivity under continuously exposed-‘oxidative
stress. In another éxpieriment on domain formation effect, the CAT-like activity of
vPOPG/Ch—fragments compiex reached 8.63(103_m01H202/min/ molcatalist, being lequal‘ to
the value of POPC/Ch—ﬁagnient- corr;plexr, although POPG ﬁpo‘sbmes -have not -
sigmfﬁcénﬂy. interacted- Wim the peptide ‘fragmen;c due to the electrostatic force of -
negative charge. Thus, th‘ePOPG/Ch-fragme'nt éoﬁplex has Been forrr;ed and stable
under strongiy oxidative stress. The obtained results indicated that the _d‘om_ain‘
formation could play a suppoiting role in the interaction betwgen the liposome
membrane and fragmented SOD. In previous Study, the nove1 marcocyclic
héterodinuclear catalase-like model complex with Cu and Zinc as the active site was
suc;chsfully syﬁhesized by Gao and co-workers. Tﬁ'e anély"s‘is has been shown that the
’CAT‘-likeA activity dismuted the substrate H,O, molecules tilrough a homo-éleaving
pathway. The> reavcti(')n‘ rate was estimated throqgh the O, release from the CAT-like
l;eaction. The _CuZﬂ-ligahd. CAT-like complex can decompos;,e’ H,0, With a reactiqh
] réte 9x10° moleoz/min/mblcawlyst (Gao | ét al. 2001). With ér;other~'éspect? fhe |

" ligand-modified liposomes have both CAT-like and SOD-like functions on the
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catalytic site on the membrane surface. | The obtained results indicated that the
characteristics of membrane also affect the.modiﬁcation of active sites and expression
of enzyme-like activity. In previous report, DMPC liposomes itself had a CAT;like
activity with an enzymatic activity of 1.4x10° ‘mOlyr02/Min/moleyays and POPC
liposomes also possessed CAT-like activity but lesser than DMPC liposomes. The
m_echanismi concerns to the decbmposition of hydrogen peroXidé d¢pended on the
phfsicoéhemical propérties of the lipid head group region (Yoshimoto el al., 2007).
Briefly, both nierﬁbrane and a'rtiﬁciaI. comple)i serve as ar CAT-like activity,
but reaction rate was very low in comparison to native catalase. The obtained result in
vpresent study can bé considered as the acceleration effect of the reaction rate in
comparison with the previbus results. The impbrfant- expectation is that, with specific
characteristics of membrane surface, liposome-re;:ruited _SQD in the present study had
CAT-like activity that prevents the newly formed éomple); from the stress of hydrogen

peroxide.

3.3 Stabilization of S’OD/CAT LIPOzyme under Continuously-Exposed Oxidative
Stress. : ' _

The stability of the SOD LIPOzyme was studied under the strong oxidative
stréss. Hydrogen peroxide was initially added to the enzyme solution and periodically -

1 h for totally 12 h. Catalase activity was measured through the reduction of hydrogen
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Figure 3-8 Time Course of SOD Activity of SOD,
SOD with POPC Liposome, and SOD LIPOzyme
under Periodical Exposurement of Oxidative Stress.
2mM H,0, was added for every one hour and the
sample solution was kept at 37°C. (a) shows the SOD
activity of the sample and (b) shows the H,0, level in
the system. The dotted line in -(b) shows the
- theoretical concentration based on the assumption that
the H,O, was not decomposed.

peroxide. Two mM of H,0,
added to suspension of the
lipésome-recmited SOD
complex - Were cleared
Within 1 h by the induction
of CAT-like activity of these
complexes. Thus, the"'
continuous éddition of
hydrogen peroxide ‘was
conducted to check both
CAT-like activity and the
stability of compiexes. As '
shown in Figure 3-8, m the

beginning, the SOD-like

activity of . complexes reduced. It is maybe because of the adaptation tjtne of

complexes to respond to strong oxidative stress.

After‘the' adaptation . process, the complexes become durable in SOD-ljké

enzymatic' activity and continue displaying the CAT—like activity. This phenomenon
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iﬁdicates that the complexes of liposorhes and fragfflented SOD were .stable under
strong oxidati\}e stress while native SOD and mixture‘Of SOD and POPC liposome
(initially) are féasiblé to be oxidized and fragmented. Native catalase has been
reported to decrease the CAT-like enzymatic activity in a series of vexperiments _to.
evaluate the enzyﬁlatic activity of the liposome-encapsulated catalase (Y, oshirﬁoto et
al., 2‘007). The interaction befween membrane and molecular enzymes maintains the
- stability of eﬁzyﬁle, especially under oxidaﬁve stress. The stability of bifunétional
enzyme in the present study résults fromrthe characteristics of interaction, such as '
ﬁydrophobicity, electrostatics and hydrogen borhldv stability. In the case of .DOTAP
liposomes, the interaction of ‘lipo.'some and fragmehted SOD was strong in the re;:ox}ery
- of SOD-like activity.. Howevé;, in the continﬁoﬁs stress exposure (stréng stress for
long .time), this ‘intefaction becomesv unstable, resulting in the less CAT-like activity
and the decrease of the SOD-like acﬁvity after only 3‘ h of oxidative stress of hydrogen
peroxide (SOD-like activity was changed from 78% to 17%) In the case of the‘
Ox-POPC and POPC/Cill liposomes, the SOD-like activity was glso kept whilé
CAT-like activity was ;expressed'simultaneOusly. Among fhe‘experimented lipospmes,

Ox-POPC was lthe most stable. It seemed not to be affected by the oxidative stress.
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condition, repreéen’cing the high stability of SOD-like activity. All complexes, except
for Ox-POPC liposomes, mildly declined their SOD-like activity.

Table 3-2 Kinetic parameter of CATslike activity for LIPOzyme and other catalase

Enzyme Substrate Catalase* LIPOzyme**

K (mM) Kou ) KK (M5 Ko (mM) ka6 kK M'5T)
POPC LIPOzyme H,0; 16.39 75x1¢° 45%x10° 16.39 597x10°. © 3.6x 107
POPC/Ch LIPOzyme H,0, 99,59 6729x 10° 34x10°. 99.59 268x10°  2.7x 107
OXPOPC LIPOzyme H,0; 80 995x10°  4.0x10° 99.5 31.87x10°  3.2x107
DMPC LIPOzyme H,0, 257 20 7.7x 10° 257 . 797x10° 3.1x10*
POPG LIPOzyme H,0, No activity " No activity )
Horse liver catalase H,0, . 1.23 1.25x10° 102 x10°  This study
[Mn(bpia)(1-0Ac)}(ClO4), H,0; 315 1.1x10° 34x10°  “Triller etal, organic Chemistry 2002, 47, 5544 — 5554,
T. thermophilus catalase H,0, ‘83 26x10° ’ 31%x10°  Shaket al,, Biochemistry 1994, 33, 15433 — 15436,
Mn(IID(2-OH-5-Cl-salpn)); H,0, 47 - - 16 34'x10°  Gelasco and Pecoraro, JACS 1993, I15, 7928 — 7929.
Horse liver catalase H,0, 1100 3.8x107 35x 107 Nagy et al., ). Biol. Chem. 1997, 272, 31265 - 31271,

* Calculation base upon the peptide concentration
** Calculation base on the liposome concentration. There are approximately 80 fragments adsorbed on 1 liposome.

The gbove results imply tﬁat the hydfophobic interaction, especially in ther

case of damaged membrahe (Ox-POPC) and dafnaged peptides, blays an impoﬁant
‘role m repruitment of fragménted SOD ahd -in create a newly enzyrﬁatic function
_(CATélike ~actirvity). The CAT-like activities of LIPOzyme was sumrﬁarized ih Table
3-2. The CAT_-Iike activities vof ligand modiﬁed complei and native catalase are alsé
shown to make a vis'iblle comparison betWeeﬂ LIPOzyme and the other catalaées, The
level of CAT-like activity of the LIPOéymg: WaS- fozundv to be higher than that of

previbus CAT-mimng 'although: the; value vwas not so high in comparison Wiﬂ"l native
- catalase. If one liposome is considered as a molecﬁle (thére are 80 peptides adsorbed

on a liposome), the CAT-like activity of LIPOzyme will be equal to native catalése. :
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Table 3-3 The membrane fluidity of liposomes in the interaction of liposome and
fragmented SOD. |

~ Membrane fluidity (1/P, DPH) Membrane fluidity (1/P, TMA-DPH)

Conditions
Without F--SOD ~ With Fr-SOD  Without Fr-SOD  With Fr-SOD
DOTAP 5.52 475 4.3 4.15
POPC/Chl 4.3 3.39 288 2.62
Ox:POPC 541 432 425 418

POPC : . 5.36 4.97 3.1 - 312

This intéracﬁon of lipo’somes and peptide fragment to méd'iatg the CAT-like
activity was also expr¢ssed ‘thr'ough-the change of membrane fluidity. The obtained ’
results are shown in Table 3-3. In all -cénductéd liposomes, the membrane fluidity of
tile sur.face' (TMA-DPH) was not change when liposomes interacted with the
frégmented SOD. On the éontrary,- that of hydrophobic region (DPH) decreased wheﬁ
they-intera'cted wi‘.ch.frag'mented SOD. "The above results imply tﬁat fhe hydrophbbicify
plays_ an imi)ortant role inAth‘eir interaction »w‘hich is stable under stréss ;cohdition, :
expressing the SOD-like and CAT-like activity. A little decrease of the fluidity of |
membrane surface (TI\;IA-DPH)' occu'rrea with DOTAP liposomes. The results show
that the electrost;tic iﬁtera;:tion is the key fgcto; affecting ‘the céntact of 'fhis lipdsome.
: énd fragménfed' SOD. As a cc;risequence, this‘ interact’ién wdé not stable uﬂder
contiﬂuously oxidative stress after the recruitment of fragmented SOD, repre_séﬁting

the low CAT-like activity and the decrease of SOD-like activity. The domain
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formation also affected the liposome-fragmented SOD interaction. It was confirmed
| that the liposome displaying the SOD fragment was stably and highly active in

- CAT-like and SOD-like activity in both recruitment and stabilization.

3.4. Conformational Change of Fragmented SOD on Liposome under Stress
Condition. : ' |

- The conformational change of the SOD fragment was studied among the

possible states of LIPOzyme. The CD spectra of fragmented SOD, recruited SOD, and
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Fr—SOD 2 pM
Catalase 2 pM
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were shown in- Figure 3-9.

The increase of o-helix

Q

contents from fragmented

SOD to final form indicated

Mollecular Ellipicity, 6, [deg. cm? mol™]
S

that the conformational

- Illllllllllllllllllilllll,lllll' o

Change Qccurred Inactive  SOD . CAT

1 L X 1

200 T20

240
significantly. The rearrange Wavelength [nm]
| . Figure 3-9 Secondary structures of SODs and
Catalase in the relation of SOD-CAT-like activity.
Recovered SOD was formed under oxidative stress of
_ - hydrogen peroxide (H,O,). H,O, was added
structure on the. membrane periodically 1 h in 24 h to complex of POPC
liposomes and fragmented SOD, after this complex
surface  mediates  the Wwas recruited to have SOD-like activity.

of contents of the secondary
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suitable adaptation‘ of recruited-SOD fragment under the given | oxidative stress,
resulting from_ conformational change fr‘om» B-sheet to (x-helix (Table 3-4). It is
maybe a mechanism to form more a(;tive sites on the membrane surface to control and
monitor the stress with the Lbest efficiency. The tolerance for oxidative stress could be
- considered as an adaptation of biomolecules in a “stressful” condition. The

modification of liposome-recruited‘SOD under continuously oxidative stress induced

the refolding of damaged fragments and rearrangement of recruited ones to mediate a

Table 3-4 The contents of secondary structure of SODs and catalase:

Contents of Secondary Structure [%]

Condition .
' o-helix B-sheet B-turn  Random coil

Native SOD 74  61.7 4.4 26.5

Fr-SOD 0 36.7 15 48.3
Re-SOD (SOD) 4.4 548 96  31.3
Re-SOD (CAT) 555 0 26.6  18.0

Native Catalase 40.5 11.0 179 305

CAT-like structure. The interaction of fragmented SOD and oxidized POPC liposomes
and cholesterol-cohtaining POPC liposomes was 100 strong to induce the decrease of
B-sheet on the membrane surface and the increase of a-helix in intermembrane layers.

As a result, the change of obtained conformation of recruited-SOD fragments occurred
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and the CAT-like structure was induced aﬁef the continuous exposure to oxidat’ive‘ :
effect. The variation of UV absorbance of the SOD/CAT LIPOzyme before and after
the addition of thé hydrégen beroxide also shows that the variation of s_tructu‘rcv of
metal-ligand compiex, together with the secondary structure. of neighboﬁng residues -
(data not shown). Thus, this stfu.cture not only ensures the CAT-like éctivity

I3

expression but also maintains SOD-like activity.

35 Sumhzary and Comparison of SOD and CAT Activities
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~ Figure 3-10 Ladder for Comparison of SOD and CAT Activities

The SOD-like and CAT-like activity of Fr-SOD recruited on the liposome

with Cu and Zn ions \‘Jverevsummarized as a ladder in Figure 3-10. If one could select
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the conventional biomimetic approach or “Build-Up” fype approach of LIPOzyme for
“ the designA of thé artificial enzyme, their aétivity was not equal to the natural eniymes.
However, one could get thg higher a&ivity of SOD by. selecting the “break-down” type
aioproach for LIPOzyme prepar’aﬁon_. Furthermore, one could display bicatalytic
centers for SOD and CAT on the single liposome surface. This type approach ‘based on
the potentially—posseésing functions of “liposome” itself (LIPOzyme preparation

method) could be a new pioneer technique to mimic the natural enzyme function.

4, Conclusion

It is concluded that the membrane-recruited SOD possessed £he CAT-like
activity under contihuousiy oxidative stress. The DOTAP liposomes expressed the
- weak CAT-like activity although it had a high SOD-like activity. The neutral
* liposomes and modified liposomes with the cholestérol show their stable and high
.enzymatic activify in stress conditioh, 1¢ading to the expression of both SOD-like and -
CAT-like activity with ~high 'values. Among | all the experimented mémbranés, the
damaged membranes (Ox-POPC) have a str_on'g: interaction with damaged-_peptides
derived from the oxidation and fragmentation of SOD. Although the complex of
Ox-POPC-fragmented SO_D obtained the mild SOD-like acti_vify, it represented high
~ CAT-liké activity and was very stable under continuously oxidative stress. The role of |
| damaged membrane in recognﬁion of damaged peptides is to | actively recover the
non-sense peptide’to be useful materials and to induce its conformational change. The
- oxidative vstress. iﬁ cond_ﬁcted experiments also plays a sighiﬁcant role in mediéting the

new complex. of liposomes and fragmented SOD to produce a novel fuhctiori, to show
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CAT-like enzymatic activity. The membrane was thus shown to induce both SOD and
CAT activities as a résponsé agaiﬁst the oxidative stresé by using and convertiﬁg the
“potentially-active” peptide fragment on the membréﬁe surface. The above results also
show that the LIPOzyme activities céuld fationally bé induced based on thé membrane

‘toxicity together with the environmental stress condition.
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General Conclusion

The potential roie of membrane in recognition, recrcitmént, and rééctivation of
damaged materials as well as regulaﬁon of antioxidants was characterized in order to
create a new value, the active center mimics of enzyme, on the liposome surface
(LIPOzyme) under oxidative stress. The membrane for recognition ahd reactivation of
the stress-exposed peptides on the membranesurface was first designed, where the
oxidized and fragmented SOD (superoﬁci,de dismutase) was recruited and rcfolded to
cohtinuously induce the -enzyme-like activity (SOD and CAT (catalase)). The above
LIPOzyme activity Was found to be displayed on-the mcmbrane via at lcast three steps:
(1) binding (recognition), (2) refolding," aﬁd 3) redctivaticn. All steps of tﬁe
“LIPOzyme(displ'ay” ‘were found to concern to both characteristics of membfanes and
fragments, both‘in which were exposcd to stress condition. The hydrophobicity, charge .
and hydrogen bond staBility were prcve_d to act as driving forces for the interaction
(binding/recognition) between membranes and peptides during the LIPOzyme display
processes. The..display of bifunctionally énzymatic activities (both SOD and CAT) of
the recovered complexof liposomes and fragmented SOD signiﬁcantly concerns ‘to the
oxidatively damaged membrane (Ox-POPC lipcsomes), resulting in the elucidaticn of
its CAT-like activity and higher stability. of LIPOzyme activities than that of standard
| liposome under continuously oxidative stress. The protective role of membranc
appears Visibly in the damage of membrane Vié its antioxidative role. Suchv LIPOzyme
activities displayed on the damaged meinbraneS have becn prcmisingly applied in

.clinic and in monitoring the oxidants of environment. The interaction of the
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merlnbranes- and fragments has been ﬁnally developed (i) to design the active site of
enzymes from the damaged fragments and (ii) to control and monitor the oxidants in
)environment. As a result, the target of LIPOzyme in production of antioxidative
eﬁzyme has been ﬁrstlyl approached. |
In chapter 1, the SOD LIPOzyme was preéared by using the potential function

of lipos,ome‘ itself from “Build-up” and “Break-down” approaches. |
Build—Up Type LIPOzyme

| The liposome .fnodiﬁed with simple ligands and metal ions presents the
SOD-like 'acti'vity. The membrane fluidity of various liposomes modified with the
functit;nal ligand (Dodecanoyl-Histidine: Dodec-His) and the clustering of the ligand
6n the liposome surface were first characterized, 'showing that the clustering of
‘Dodec_-Iv-Iis éould be induced on the liposome surface at gel-phas/e. The capacity of
~ adsorption of Cu and Zn was foﬁnd 'th be incre'aséd, dependingy on the type of lipospme,
résﬁlting ‘ in tﬁe -maximal | 'adsorprtion in  liposome prepared b}lf
1,2-dipa1mitoyl-sn-glycero-3-phosphociloline (DPPC)A.a’t gel stéte and With high vligand
clusteringr state. As a result on the SOD-like activity of the metal/ligand-modified
liposome, the SOD-like activity was found to be induced by ﬁsing the above liposomés
although its enzymatic ac;tivity is not so high._
Bréak—Dov"'n Type LIPOzyme |

| The pepticie fragment of Hzoz-treated SOb was fc;und to be reactivated &ifh,
POPC liposomes. The ‘fragméntation of SOD occurred under oxidative stress of

hYdrogen‘pe:r'oxide, as well as SOD inactivation and the loss of an o-helix heighboring
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its activity center. The H,O,-treated 'SOD, which lost their activity at different
incubation .times, was signiﬁcéntly reactivated only by the additioﬂ of P015C
liposomes, resulting in 1.3~2.8 timés higher én‘zymatic activity. The ultrafiltration
“analysis of H,0,-treated SOD co-incubated with liposomes shows that some specific
peptide fragments of the oxidized SOD can interact with POPC liposomeé. The
'comparisop of the fractions detected in reverse-phase chrématography indicates that ,‘
the speciﬁc SOD fragments are able to contribute to the reactivation of | oxidized and
fragmented SOD in the prescnc'e of POPC lipbsomes. The liposomes can recruit the
~ potentially active fragment of SOD among the lethally damaged SOD fragments to
elucidate the antioxidative function. Liposome membrane played an important role not
only in the refolding proceés of fragmented SOD but also in modification éf the active -
sites of enzyme, as wouid occuf with molecular and. metal chaperbnes. Liposome
membrang was found to as§ist thé .convforma'tional change ‘of oxidized anci fraginented
sﬁperoxide dismutase (Fr.-SOD) and acceleraté thel adsorptionb of metal ions oh its
fragment to givg the originél SOD-like activity. The loss of SOD activity -and its
secondary sﬁjucture was obSérved during 6 h oxidation in 2‘ mM hydrogen peroxide.
The secondary structure of fragmented and recruited SOD showed that the full
conformation of fragmented SOD occurred on the membrane surface. The conteﬁts of
the a-helix and B-shéet structures in the oxidized and fragmented SOD (2 uM) §vere
increased only in the presence of 10 QM Cu** and anf together, or in the pfésence of

2 mM POPC liposomes. The mixture of all of these elements (fragmented SOD and

POPC liposomes with Cu®" and Zn®") gave not only the increase of the a-helix and
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B-sheet contents but als‘o the induction of the high SOD-like activity. Significance in
the Cu binding to the oxidized and ffegme_nted SOD was observed in the presence of
| POPC liposomes.ﬂThese results show that the POPC liposomes can act like molecular
and metal chaperones for strees-damaged peptides, resulting in the creation of a new
SOD-like active center that contmees to express the originel enzymatic activity under
the oxidative conditions.

The interaction of oxidized aﬁd fragmented SOD with iiposomes has beeﬁ
reported in- cﬁapter I to mediate tﬁe original SOﬁ-like enzymatic acﬁ&ity. In chapter II,
the break-down fype LIPOzyme was further charaeteriied through the effect of
membrane properties on their recruited activity of oxidized and fragmerited-SOD. The
addltlon of zwitterionic hposomes with h1gh membrane ﬂu1d1ty or that with positive
charge was found to mcrease the SOD-hke act1v1ty of fragmented SOD while the
negatlvely charged liposome has no effect on the: enzymatlc activity of pepnde |
fragment. The SOD;like- activity was found to be, stfongly kdep‘endent on the adsorbed
amount of the peptiees on the lipoeome sufface.. The analyzed characteristics of the
peptide, together with the above findings, imply that‘the lipesome-recruited activity of
- the fragmented SOD was ‘str‘orvlgly related to the recognition of the ASOD fragment by
.the liposomes caﬁsed' by the combination of electrostatic and hydrophobic interaction,

and hydrogen Bending between the peptide and lipesome membrane. The ‘DOTAP and
POPC/Ch liposomes were significantly considered as active membranes when thley'
.recruit and reactiyete the fragmented SOD with the high efficiency. Other§vis’e,

. negatively charged liposomes (POPG) almost did not have a contact with the
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fragmented SOD, thus they could not refold it. Particularly, the Ox-POPC interacted
with fragment strongly, representing the high_ percentage of adsorptive fragment on the
membrane surface and also. refolding although the SOD-like activity is not so'high.
The higher stability of SOD-LIPOzyme in Ox-POPC in contrast- to DOTAP is
considered to be dependent on the insertion of the peptide into the hydrophobic region
oi‘ the membrane. The enzymatic activity of the complex also -depended on bothr
properties of liposome and ligand and characteristics of liPOSQme,- which could control
the"enzymatic activity of LIPOzyme. A scheme for the preparation oi‘ LIPOzyme was
finally proposed based on the obtained results. |

IIn chapter III, antioxidative LIPOzyme (SOD/CAT LIPOzyme) was prepared
through the recruitrnent, refolding and regulation of ‘the oxidized and fragmented SOD.
Arnong t}ie‘c'onducted liposomes in the experiments, cholesterol-containing‘YPOP'C
liposomes and oxidized POPC liposomes (damaged membranes) have a strong
interaetion_ with damaged peptides derived from the oxidation and fragmentation_ of
SOD, resulting in the easy conversion of enzyme-like function under vcontinuously
‘oxidative stress condition. The complex of liposomes and fragmented SOD became'
.stable under oxidative .stress. condition, except for DOTAP iiposome-fragmented SOD.
The role of toxic membrane in recognition of damaged peptides is to actively recover
and structurally change them to be useful materials. fhe oxidative stress in conducted
experiments also plasls a signiﬁcant role in mediating the new complex of liposomes
and ﬁagmented SOD to produce a novel function, obtaining CAT-like activity. The

LIPOzyme plays an important role in the clearance of ROS because the eliminating
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| activities of ROS could occur mainly on the surface of the liposome membrane. The
current research is a promising model for future applications in antioxidation.

The obtained results finally indicate that the reciprocal conversion of
enzymatic activities mediated tﬁe diversity of membrane function in recognition,
recruitment and reactivation -of damaged enzyme to modify new enzyme-like
complexes (LIPOzyme) under oxidative stress.‘ Moreover, the mediation of membranes,
‘under oxi&ative stress condition, played an imporfant role in protection of the interiors.
Qf membrane from the lethal damages. The use of membrane functions in controlling
and monitoring. stresses '_ 1s essential and vital in .the production c;f enzymes for

industrial applications with safety, low cost and energy.
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Suggestions for the Future Works

1. Recruitment of “Potentiélly--Active Peptides™ for ofher LIPOerme Display.

~ The ﬁagmentgd SOD was recruited and actively recovered by the liposome
membrane. The mechanism of this process was found to be related to the interaction of
liposomes and fragmented SOD, in which liposomes recognizé, refold and reabtivatc
the ﬁagments due to the characteristics of both fragments and liposomes. The
damaged enzyme or protein seems to be hydrophobic and to have unstable hydrogen
~ bonds. Therefore, the familiaf properties of liposomes, especially hydrophobic_ity;
induce the suitable interaction betwéen them. As a fesult, liposome can easily recover
the damaged enzyme and protein structurally and actively. After the recruitment, the
-complex of liposome and recovered enzyme becomes stable ﬁnder stronger and longer
oxidative stress. A variety of applications of lipqsome~recruite'd eﬁzyme (LIPszme)
in regulation of oxidants was i)rospectively coﬂsidercd because of its stability under
~ continuously stress condition. Such a "strategy to prepare the LIPOzyme can be applied
to the display 6f the other types of enzyme-like_activities; The LIPOzyme ﬁas-some
benefits such as (i) high stability, .(ii)' high efficiency, aﬁd (iii) multi-fu_nction. By. '

recruiting the “potentially-active peptides” from the various peptides originated from
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some biofesourcés, the bio-environment friendly-bioreactor that could display the
suitable enzymatic'mnctions on the surface in response to the environmental 'toxicifcy
' can'b’e'designed}and developed in the ﬁmre.
2. Tuning-up of LIPOzyme Activity with Synthetic Ligands of Peptide and Their
Combination

| Tﬁe specific ﬁeptidé originated from thé oxidatibn of SOD was d'eteﬁnined to
cc.)ntain the arcti've‘ si’;e. The impbrtant obj e‘cti\?e :is to vmodify the acti&e site from‘ :
unusable substances to creaté a new active éite on the membrane surface. The aminb
acid seqﬁences mimics from the fragmented SOD should be synthesized and applied to
' the modification of active ‘sit.e,' together with metal ions, on the ﬁembrane. Membrahe
could be considered as a carrier which has the spaées cbntaining more éctive sites than
_ thos¢ of free native enzymes in solution. Thus, the enzymatic activity of compléx of
membrane-fragments increéses the reaction rate and resists to the stress condition. The
combination of the peptide-displayvedr' LIPOzyme or “break-down” type LIPOzyme
. With the “build-up” | type LIPOzyme could also be achieved to shoﬁ the
multifunétional activities because of embryonic gature of the liposome membrane and
its,.wider surface area. Thé dés_ign of such fused LIPszme witlll‘stable ﬁlulti-functjons

could positively affect the desigh and development of the possible LIPOzyme reactors
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de'scribed. above.
3. More studies by using damaged membrane or toxic membrane in recruitment
of toxic materials.

The e'ffe(:t. of toxicant (arsenate) to biological membrane was conduqted and
achieved the initial results.. In this work, arsenate induced the‘ increase of membrane
fluidity under mild concentration of arsenic and the cell death or the membrane
disruption undér high concgntratibn of arsenic.

When cells are eXposcd to :‘ar‘senate,\ their life activities are immediately aﬁ‘gcted by
various biochemical reactions, such as the binding of arsenic to membranes and the
| substitution of arsenic for phosphate or the choline hgad of phospholipids in' the
biological membranes. The effects of arsenate on the life activities of ‘algae. (Chlorella
vulgaris) depend on arsenate concentre/xtiohs and exposure timeé. Algal cells and the
artiﬁciél membraneé (lipbsqmeS) éxposed to arsenate could induce the iﬂcrease of
membrane ﬂuidity. In the presence of arsenate, the membranes were fluidized due to
the binding and substitution of arsenate groups for phosphates or the choline head on.
the their membrane surface. The. ph‘enomenon‘ in turn enhanced ‘the membrane
permeébility aﬁd led to the accumulation of arsenic and subsequent céll death. At high

concentrations of arsenate, the liposome or cell membranes were destroyed, resulting
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in liposome disniption or cell death, respectively. The experiments with POPC
liposomes with‘ arsenate once confirmed the chemical interactions happening on thé
liposome sﬁrface. That was one of various mechanisms 0c¢urring in the interaction of
toxic metals with biomcmbrane. According to the view point of previous report (Floch
et al., 2000), it iS initially suggested that arsengte can replace the choline group more
easily than the phosphate group of POPC molecules of the biongembranes. It is thus
considered that arsenic toxicity mainly affects cell membrane and model membran'e
(liposoﬁle). However, in some cases, the membranes play a positiye and protective role |
in the removal of toxicants, beécause the removal activities of toxicants happen mainly
on the membranes. In practice, arsqnolipids and arsonoliposomes (a kmd of foxic _
membrane) have been appljed in the treatment of cancer cells (Gortzi et al., 2002 and |
2003). The obtained results contribute to the explanation of interaction mechanism
between membrane and toxicants, eépecially arsenic cqmpouhds. The correlation of
membrane ‘activity‘ and membrane toxicity was proposed to diversify ‘the role of
membrane in biological systems. In soin¢ case, toxic membrane becomes a useful tool
- in deteéting the toxic materials. The synthes;isl (;f arsenic-cdntaining lipids- and
liposomes was proposed to clarify the role of toxic membrane in cpntrollin‘g ‘the

toxicants and damaged fragments derived from lethal stresses.
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Arsenate is one of the most poisonous elements for living cells. When cells are exposed to arsenate, their
life activities are immediately affected by various biochemical reactions, such as the binding of arsenic to
membranes and the substitution of arsenic for phosphate or the choline head of phospholipids in the bio-
logical membranes. The effects of arsenate on the life activities of algae Chlorella vulgaris were investi-
gated at various concentrations and exposure times. The results demonstrated that the living activities_
of algal cells (10™° cells/L) were seriously affected by arsenate at a concentration of more than 7.5 mg
As[L within 24 h. Algal cells and the artificial membranes (liposomes) were exposed to arsenate to eval-
uate its effects on the membrane fluidization. In the presence of arsenate, the membranes were fluidized
due to the binding and substitution of arsenate groups for phosphates or the choline head on the their
membrane surface. This fluidization of the biological membranes was considered to enhance the trans-
port of toxicants across the membrane of algal cells.

© 2008 Published by Elsevier Ltd.

1. Introduction

Arsenic is one of the most significant global environmental tox-
icants. Humans can be exposed to arsenic through the intake of air,
food, and water. Trace amounts of arsenic in drinking water can
endanger human health, mainly because arsenic compounds in
drinking water occur in inorganic forms which are toxic (Aberna-
thy et al.,, 2003). Arsenic in natural waters mainly as inorganic arse-
nite and arsenate. Organic arsenicals also occur in natural, but their
toxicities are much lower than inorganic arsenic (Chen et al., 1994;
Li et al., 1995).

In living cells, arsenic exists in the states of +5, +3, 0, and —-3. It
can form alloys with metals and covalent bonds with carbon,
hydrogen, oxygen, and sulfur (Ferguson and Gavis, 1972). Because
its biochemical properties are similar to those of phosphate, arse-
nate can replace phosphate in energy transfer phosphorylation
reactions, resulting in the formation of adenosine diphosphate
(ADP)-arsenate instead of adenosine triphosphate (ATP) (Gresser,
1981). However, the arsenate concentration required for the for-
mation of ADP-arsenate is reported to be as high as 0.8 mM (Moore

Abbreviations: As, arsenic; As (V), arsenate; As (li1), arsenite; POPC, 1-Palmitoyl-
2-Oleoyl-sn-Glycero-3-Phosphocholine; Calcein, 3,3-bis [N,N-bis(carboxymethy)-
aminomethyl] fluorescein.

* Corresponding author. Tel./fax: +81 (0)6 6850 6285.

E-mail address: kuboi@cheng.es.osaka-u.ac.jp (R. Kuboi).

0887-2333/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.tiv.2008.05.012

et al., 1983). Arsenic is well known for its ability to induce the pro-
duction of superoxide (Barchowsky et al., 1999; Lynn et al., 2000).
If excess superoxide is produced in the pancreatic cells, an impair-
ment of insulin secretion is expected (Tseng, 2004), With respect to
biological membranes, there are some reports indicating that ar-
senic compounds affect the structure and functions of cell mem-
branes, especially those of human erythocytes (Zhang et al.,
2000; Winski et al., 1997; Winski and Carter, 1998).-

The final purpose of the current study was to examine the ef-
fects of low concentrations of arsenate at different exposure times
on the life activities of algal cells and on liposome, the “artificial”
membrane system discovered more than 40 years ago by Bangham
et al. (1965) that has become a versatile tool in biology, biochem-
istry and medicine. The cell membrane is a diffusion barrier which
protects the cell interior. Therefore, the change of its structure and
functions results in the disturbance inside or outside membrane. In
the present study, to more deeply understand the molecular mech-
anisms of the interaction between arsenic and biomembrane, we
exposed the cell membranes of algae and artificial membranes (lip-
osomes) to arsenate. By using the fluorescence microscope, spec-
trofluorometer and the reverse-phase high performance liquid
chromatography, as well as the atomic absorption spectrometry
analyzing bound arsenic on the membrane, we initially determine
the interaction between arsenate and biological membranes. The
results showed that arsenate changed the characteristics of the
membrane by substituting phosphate or the choline head of
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phospholipid molecules on the biomembrane. Fluidization of the
membrane or increase of the membrane fluidity, permitting the
toxicants to move into and/or be released from the cells, was also
investigated under arsenic toxic stress. Based on the results, the
toxic effect of arsenate on the artificial and cell membrane was fi-
nally discussed.

2. Materials and methods
2.1, Materials

Arsenate solution with a concentration of 60% was purchased
from Wako Pure Chemicals (Osaka, Japan): FeCl; from Sigma-Al-
drich was used for the comparative experiments to estimate the
toxic strength of arsenic (V) and iron (Ill). 1-Palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) was purchased from Avanti
Polar Lipids (Alabaster, AL, USA) and was used for liposome prepa-
ration. Calcein 3,3-bis [N,N-bis(carboxymethyl)-aminomethyl}
fluorescein, purity 98%) was obtained from Wako (Osaka, Japan).

Algal cells of C. vulgaris, purchased from Wako Pure Chemicals,
were used after a purification procedure in which the cells were
centrifuged at 800g for 5 min and the supernatant was removed.
The other reagents were of analytical grade. ’

2.2, Liposome preparation

. POPC was used to produce liposomes. In brief, the phospholipid
‘was dissolved .in chleroform, the solvent was evaporated under
-vacuum, and the resulting dry thin film was dried for 2 h under
Vacuum at room temperature. The lipid film was hydrated by dis-
persion in 50 mM phosphate buffer (pH 7.3) to form multilamellar
vesicles. The multilamellar vesicle suspension was frozen in dry
ice-ethanol (-80 °C) and was dispersed above the phase transition
temperature for five cycles. The resulting suspension was passed
through two stacked polycarbonate filters of 100 nm pore size by
using an extrusion device. .
For successful separation of all membrane llpldS algal cells
were ground to fine powder in the presence of liquid nitrogen.
While cells were still frozen, methanol-chloroform-water (2:1:
0.8, v/v) (Bligh and Dyer, 1959) was added in a ratio of one part tis-
sue to three parts solvent. The extraction was continued until the
sample completely lost its color. After filtration, the cleared extract
was transferred into a separation funnel. A 5 ml volume of chloro-
form and water was added for complete separation of the two
phases. The chloroformic fraction was collected and evaporated
to dryness using a vacuum evaporator at 40 °C. The dry residue
was then dissolved in 0.2-0.5 ml chloroform. The above lipids were
analyzed to determine the membrane-bound arsenic.

2.3. Toxic effect of arsenate on algal cell membranes

Pure cells were incubated with different arsenate doses to eval-
uate the effects of arsenic toxicity on living cells. Algal cells of C.
vulgaris with a density of 10'° cells/L were incubated in Proteos
medium, a modified form of Bristol medium (Nichols, 1973), with
various concentrations of arsenate (H;AsO,) under neon lights
with an intensity of 3000 lux at 30 °C.

" The cells were incubated for 24 h, and tﬁe effects of the arsenate -

concentration on the living cells were investigated by measuring
fluorescence intensity with a synchronous scan as an index of
the number of living cells (Liu et al., 2005). At the same time, the

optical density at 650 nm of media solution was measured in com- .

bination with counting the number of cells in a Quadrate chamber.
The time-dependence of the toxicity of arsenate on cell viability
was then examined. Algal cells were incubated with different con-
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centrations of arsenate for 12, 24, and 48 h, and cell viability was
determined by measuring the fluorescence intensity.

2.4. Effect of arsenate on model cell membranes (liposomes)

In order to clarify the mechanism of the cellular toxicity of ar-
senic, the structure of the compound formed between arsenic
and 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine  (POPC)
liposome was examined. POPC (5 mM) in 50 mM phosphate buffer
was incubated at 30 °C for 12 or 48 h with the following molar ra-
tios of arsenate to POPC: 1/300, 1/200, and 1/100. The pH value was
kept at 7.3. POPC without arsenate was also incubated as a control.
The change in the binding structure between POPC and arsenic
according to the incubation time was investigated by running re-
verse-phase high performance liquid chromatography (RP-HPLC)
to detect arsenic bound to POPC liposomes in the incubated
solutions. '

2.5. Fluidization of membranes of POPC liposomes and algal cells under
arsenic toxicity

Fluidization increases the permeability of membranes, permit-’
ting the toxicants to move into andjor be released from the cells.
In this study, we investigated changes in permeabilization by arse-
nate dosage in both algal cells and POPC hposomes using two par-
allel experiments.

Cell membrane permeability under a toxic condition induced by
arsenate was examined by means of the accumulation of calcein, a
fluorescent probe, in algal cells of C. vulgaris. Algal cells were incu-

" bated in Proteos medium with MES buffer containing 7.5 mg AsfL -

of arsenate and without arsenate as a control. Calcein (0.05 mM)
was added to the medium as a fluorescent probe. The concentra-
tion of calcein in the media solution; which was analyzed periodi-
cally during the incubation, was calculated to estimate the
transport of calcein into the cells.

A series of experiments was conducted to examine the fluidiza-
tion of POPC liposomes that had been treated with arsenate. Calce- '
in was entrapped in POPC liposomes, which had a diameter of
100 nm prior to incubation. Arsenate (50 UM as a final concentra-
tion) was added to liposome solution (5 mM of POPC) at 30 °C.
The change in the concentration of calcein, which was released
from the liposomes by fluidization of the membrane structure into
the solution, was measured according to exposure time. Triton
X-100 at a concentration of 1% was added to the solution to release
all the calcein entrapped in liposome membranes. (Felix et al,

2002).

2.6. Analytical methods

A Shimadzu reverse-phase HPLC (RP-HPLC) system equipped
with an FCV-10AL pump and DGU-20A; degasser was used, as
were a SPD-10A UV-vis detector and LC-10AD liquid chromato-
graph. Elution profiles were monitored at 254 nm on the UV detec-
tor. The mobile phase of acetonitrilefwater (65/35 v/v) with a flow

" rate of 1 mL/min was applied at 30 °C. An Inertsil ODS-SP column

(0.46 cm x 2.5 cm) was used throughout this study. POPC-bound
arsenic lipids were detected by an RP-HPLC..
Free arsenic and bound arsenic was detected by hydride gener-

- ation atomic absorption spectroscopy (HG-AAS). A Varian SpectrAA

220 Atomic Absorption instrument (with software SpectrAA 220-
ver. 10) connected with Varian Vapor Generation Accessory,
VGA-77, was used. An heated oven containing a Varian quartz hy-
dride absorption cell was connected to the hydride system and
placed in the optical path of the instrument. With HG-AAS, the
minimum concentration of arsenic for the possible detection is

1 ppb.
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In the exposure experiments, the concentration of calcein in the
supernatant was determined after centrifugation at 2200g by a
fluorescent spectrophotometer (JASCO FP 6500; Jasco, Tokyo, Ja-
pan) at wavelengths of 495 nm and 515 nm for excitation and
emission, respectively.

2.7. Statistical Analysis

Results are expressed as the mean + standard deviation (SD). All
experiments were performed at least in triplicate. The data distri-
bution was analyzed, and statistical differences were evaluated
using the Student t-test. A P value of <0.05 was considered to be
significant.

3. Results and discussion
3.1. Toxic effect of arsenate on algal cell membranes

The toxic effect of arsenate on the algal cells was first investi-
gated. Fig. 1a shows the color change of the algal cell suspension
induced by 24 h of incubation of algal cells with arsenate. Fig. 1b
indicates the spectra of fluorescence intensity after 24 h of incuba-
tion with various concentrations of arsenate. Increases in the arse-
nate concentration resulted in decreases in fluorescence intensity,
which implied the death of algal cells. Arsenate attached to the cell
membrane to produce reactive oxidative species, which easily oxi-
dize lipids and membrane proteins and which could result in cell
destruction (Delnomdedieu et al., 1995). Although there are many
previous reports on the binding of metal ions on algae, few efforts
have been made to characterize the complex of metal ions and al-
gae. The photodegradation of estrogens and photoproduction of
hydroxyl radicals in algae solutions with (or without) Fe (III) were
observed in previous work (Liu et al., 2003, 2004). Therefore,
experiments were conducted with arsenic (V) and iron (11I) to com-
pare their toxicities (Fig. 1c). The above results with arsenate and

75
Control mg/L

Alga: 100 cellsiL

b Proteos medium pH 7.3 at 30°C
5 Contr Incubation time: 24 h
5 400} :
&
2
2 d '3.75 mg AsiL’ E
o
£

7.5 mg AsiL
& 200} i
(7}
8 37.5 mg AsiL
2
[=] 5 4
=
i 75.0 mg As/L
U 1
300 400

Wavelength [nm]

Normalized fluorescence intensitive []

L.Q Tuan et al./ Toxicology in Vitro 22 (2008) 1632-1638

iron (as a control experiment) indicated that arsenate was more
toxic than iron under the same experimental conditions. By
destructing the cell membrane (images obtained from the fluores-
cence microscope), arsenate induced cell death, which appears
after only a short incubation time and increases drastically in
experimental period (24 h).

Fig. 2 shows the cell viability after 24 h of incubation with var-
ious concentrations of arsenate. The viability of cells decreased
sharply as the arsenate concentrations increased. Under a fluores-
cence microscope, cell aggregation, in which the cells were still
alive, was observed at arsenate concentrations between 30 mg
As/L and 45 mg As/L, while a cell disruption process, indicating cell
death, was observed at arsenate concentrations of 60 and 75 mg
As/L.

According to our experimental results, even a low concentration
of arsenate adversely affected the viability of algal cells. A 75 mg
As/L of arsenate induced cell destruction and 45 mg As/L of arse-
nate induced cell aggregation after 24 h of incubation. This acute
toxicity can be explained by membrane fluidization, which en-
hanced the permeability of the membrane, leading to high accu-
mulation of arsenate in the cells.

The viability of algae was also examined by incubating algal
cells with different concentrations of arsenate for a time-depen-
dence of exposure. The results shown in Fig. 2 indicate that the via-
bility of algae was affected not only by the arsenate concentration
but also by the incubation time under toxic conditions. An experi-
ment was conducted to determine the site on which arsenate was
adsorbed. After incubation of alga with arsenic, the lipid compo-
nent of the algal membrane was extracted and was analyzed by
an atomic absorption spectrometry device to determine the per-
centage of the total arsenic that had accumulated on the mem-
brane. Fig. 2b shows that the algal membrane adsorbed an
increasing amount of arsenic along with the increasing arsenic
concentration in the culture solution. The membrane is the main
place where adsorption reactions of nutrients occur both passively

Algal cell: 10" cells/L
Proteos medium pH 7.3 at 30°C
Incubation time: 24 h

100

B

3

Iron (l11)

- Arsenic (V)

100
Concentration of metals [mg/L]

Fig. 1. Effects of arsenic (V) on the synchronous-scan fluorescence intensity of 10'° cells/L C. vulgaris solution with As (V). Control (without As) and with 3.75, 7.5, 37.5, and
75.0 mg As|L of arsenic (V) and with Fe (§ll) as a comparison. Algal cells were incubated with arsenic at 30 °C for 24 h. (a) The color change of algal solution at different
concentrations of arsenic. (b) The fluorescent intensity of algal solution. (c) The effect of toxicants on algal culture and disruption of cell membrane under toxic stress of

arsenate.
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Fig. 2. (a) Cell viability as a function of time and arsenic concentration. (b) Kinetic constant of cell death (O) and arsenic adsorption on the cell membrane (W). After
incubation of cells with arsenic, the cell membranes were extracted (Section 2) to determirie the arsenic amount on biomembranes.

and actively. Remarkably, it is not the toxicant itself which induces
- .cell death, but rather the cell membrane, following its adsorption
-of arsenic. Thus, an increase in the arsenic concentration resulted
‘in an increase in cell death (Fig. 2a). However, in some cases, the
membrane plays an important role in removal of toxicants from
the environment. One of the essential removal mechanisms is the
‘binding of arsenic on the membrane. This mechanism is an indis-
pensable part of the interactions between toxicants and the cell
membrane. To demonstrate this phenomenon, an artificial mem-
brane model (liposome) was used in the following’ expenments
for the reaction with arsenate.

3.2. Effect of arsenate on model cell membranes (liposomes)

The cell membrane can be considered a “frontier” facing the at-
tack of toxicants (Zhang et al., 2000). In order to better understand
- the interactions between the membrane and toxicant, experiments
were carried out using POPC liposomes and arsenate. The resuits
indicated that the liposomes were fluidized and disrupted by arse-
nate, which was regarded as evidence that arsenic bound to the lip-

osomes and affected them directly. However, the chemical binding

with POPC molecules might occur after they are loosely attached to
liposomes. The relatively high level of membrane-bound arsenic at
the beginning of the total process implies a rapid binding of arse-
nate from the bulk solution to the membrane. The release after ra-
pid binding might also result from the transfer of arsenic from
kmetlcally favored binding sites in the membrane to more thermo-
dynamically stable ones in both the membrane and cytosol (Win-
ski and Barber; 1995). In a recent report about As (IIl), it was
~ suggested that the arsenite anion may form a hydrogen bond di-
rectly with the PO; group of dimyristoylphosphatidylethanol-
amine (DMPE) molecules in competition with hydrating water
molecules as well as amino groups. Reduction of the effective
PE-PE head group interaction should leave the phosphorus group
free, and hence its mobility should increase as well as the interfa-
cial area of lipid. Thus, there is a direct insertion of arsenic into the
head group (Suwalsky et al., 2007).

Fig. 3a and b show the results of RP-HPLC analysis for the POPC
solutions after 12 h and 48 h incubation, respectively. In Fig. 3a, the
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first peak (P1) was detected at 2.7 min, wﬁich represénted the

. POPC, while the second peak (P2) shifted to 4.0 min. This shift indi-

cates the change in the binding structure of arsenic to the POPC
molecule. One of the possibilities is that arsenate molecules bound
to liposomes by a hydrogen.bond or electrostatic force, and then
were chemically entrapped in liposomes by the substitution of
arsenate for the phosphate group or choline group of POPC mole-
cules, as described above, and this process was accelerated by

~ 48h incubation (Fig. 3b). It has recently been reported that a

new series of cationic phosphonolipids characterized by a cationic
charge with a phosphorus or arsenic atom is being developed (Ste-
kar et al., 1995 and Guenin et al., 2000). The transfection activities
of new cationic.As-phosphonolipids were studied in vitro in differ-
ent cell lines (Hela, CFT1, and K562) and in vivo using a luciferase

“ reporter gene. It was also demonstrated that cation substitution on

the polar domain of cationic phosphonolipids (N replaced by P or
As) resulted in a significant increase in transfection activities in
both the in vitro and in vivo assays, as well as a decrease in cellular
toxicity (Floch et al., 2000).

In a previous report, arsenate was shown to replace phosphate
in many biochemical reactions, because two compounds have sim-
ilar structures and properties (Dixon, 1997). For example, arsenate
reacts in vitro with glucose and gluconate (Gresser, 1981 and Lag-
unas, 1980) to form glucose-6-arsenate and 6-arsenogluconate,
respectively. Glucose-6-arsenate is a substrate for glucose-6-phos-
phate dehydrogenase and can inhibit hexokinase, as does glucose-
6-phosphate (Lagunas, 1980). Arsenate can also replace phosphate
in the sodium pump and the anion exchange transport system of
human red blood cells (Kenney and Kaplan, 1988). However, the
concentration of arsenate required for such reactions is high and
not physiologically relevant. Furthermore, these effects may hap-
pen only in acute intoXication and may not be effectlve in subjects
chronically exposed to low-dose arsenic,

When binding, arsenate interacts with phospholipid by a hydro-
gen bond or electrostatic force only. In the case of substitution,
arsenate replaces the phosphate or choline groups of POPC mole-
cules. Consequently, arsenate was able to change some of the char-
acteristics of both the artificial and algal membranes in the present
study.
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Fig. 3. RP-HPLC analysis of arsenic-substituted POPC. POPC 5 mM was incubated with arsenate 50 pM at 30 °C in phosphate buffer (pH 7.3). POPC-bound arsenic lipids were
detected by an RP-HPLC, Elution profiles were monitored at 254 nm on the UV detector. The mobile phase of acetonitrile/water (65/35 v/v) with a flow rate of 1 mL/min was
applied at 30 °C. An Inertsit ODS-SP column (0.46 cm x 2.5 cm) was used throughout this study. P1 represents POPC. P2 represents a product of the reaction between POPC

and arsenic.

3.3, Fluidization of membranes of POPC liposomes and algal cells .by
arsenic toxicity: a mechanism for cell death by arsenic toxicity at low
" arsenate concentration

" Fig. 4 shows the release of calcein from the POPC liposomes
after exposure to 50 uM arsenate. Fifty percent of the total amount
of calcein was released in the first 1h of incubation, and the

l V| L] T
= POPC Liposomes: 100 nm
= 100 _Triton X=100
% . (Positive Control)
2 |Astv) Addition
(0]
- e e-As (V)ipH 7.3
£ N
[ .
°O H
® ;
O 50! 7
s [
o [ <~ CABJ/pH 4
g i :
e H
8 ]
g ~ <~CAB/pH 5
0 .1 — ' L +_le~CAB/pH 7
0 1000 2000

Incubation time [min]

Fig. 4. Arsenate induced the fluidization of POPC liposome resulting in the release
of calcein from the inside to the outside of the liposome membranes. Calcein was
captured inside the liposomes, Free calcein was washed by phosphate buffer, and
then arsenate was added to the liposome solution. The release of calcein indicated
that arsenate induced membrane fluidization. Previously reported resuits on the
effect of bovine carbonic anhydrase (CAB) and triton X-100 on membrane
fluidization were plotted (Kuboi et al., 2004) for purposes of comparison. -

remainder was continuously released over the remainder of the
24 h experimental period. On the other hand, no calcein release
was observed in the control experiment without arsenate. This is
possibly because of the membrane fluidization of the POPC lipo-
somes under arsenic toxicity. When liposome membranes become
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Fig. 5. Calcein accumulation in algal cells due to fluidization of the algal membrane.
The cells were incubated in a Proteos medium with (4 ) and without arsenic (@), and
the fluorescent probe, Calcein adsorption by algal cells under arsenic toxic stress
was analyzed periodically during the reaction, ’
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fluid or are disrupted, entrapped calcein is released into the
environment, resulting in increased fluorescence intensity. The re-
sults show that arsenate induced membrane fluidization. A previ-
ous study was conducted to compare the toxicity of arsenate
with that of other substances such as hovine carbonic anhydrase

and_ triton X-100. (Kuboi et al., 2004). Like this previous study, '

our present results underscore that arsenate is one of the most
toxic elements.

To examine whether arsenate induces blomembrane ﬂUIdlZa-
tion, experiments were conducted with the exposure of algae to
arsenate and calcein. The results are shown in Fig. 5. The perme-
ability of fluorescent probe {calcein) into cells initially occurred
quickly. The process of calcein adsorption into cells reached a state
of balance even though the concentration of calcein outside the
cells was still higher than that inside. The accumulation of calcein
in the algal cells was dependent on the incubation time: The en-
hanced accumulation of calcein by increasing exposure to arsenate
was considered to have been induced by fluidization of the cells,
leading to an increase in' membrane permeability.

In'inducing cell death, arsenate initially fluidizes the membrane
and then destroys it. The adsorption of arsenate by the cell mem-
branes through passive or active mechanisms also can lead to gen-
eration of reactive oxygen species (Yamanaka et al., 1989, 1990)
that oxidize lipids, proteins and, genes (Delnomdedieu et al.,
1995). Cell death is the inevitable consequence. The information
obtained in the present study is necessary for application of algae

-to the treatment of toxicants (heavy metals).

~4, Conclusion

The present study demonstrates that low concentrations of
arsenate adversely affected algal cells. Arsenate with more than
. 75 mg As/L induced cell aggregation and death after 24 h. This
acute toxicity induced the fluidization-of the membrane, which
.in turn enhanced the membrane permeability and led to the accu-
. mulation of arseénic and subsequent cell death, Arsenate fluidized
"liposomes as well as cell membranes. At high concentrations of
arsenate, the liposomes or cell membranes were destroyed, result-
ing in liposome disruption or cell death, respectively. When arse-
nate bound to the POPC liposomes, binding sites occurred at the
phosphate head of POPC or choline of POPC liposomes. Arsenic
(V) was also substituted for the phosphate or choline group of
POPC molecules as well. According to the view point of previous re-
port (Floch et al., 2000), we initially suggest that arsenate can re-
place the choline group more easily than the phosphate group of
POPC molecules of the biomembranes. Thus, we considered that
arsenic toxicity mainly ‘affects cell membrane and model mem-
brane. However, in some cases, the membranes play an important.
role in the removal of toxicants, because the removal activities of
toxicants happen mainly on the membranes. The current research
is a promising model for future applications to the treatment of ar-
senic contamination.
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Appendix _
Arsonoliposomes Enhanced the SOD-LIPOzyme Activity

The arsonoliposomes play a role in recruitment of superoxide dismutase (SOD)
fragment. POPC lip_osomes. were incubated with the various concentrations of arsenate

. from 75 to 7500 ppb as arsenic (V) in 24 h to produce arsonoliposomes. The
arsonoltposomes (2 mM) were incubated with fragmented SOD (2 uM) in 12 h. The
obtained results showed that (1) the increase of arsenate adsorption iay liposome
membrane and (2) arsonoliposomes highly reactivated the SOD activity of fragmented
SOD from no activity to maximum 93% at 2250 ppb of arsenic. The results indicated that
toxic membrane was easy to interact and reactlvate the damage enzyme (fragmented -

SOD).
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Figure 1 The adsorption of arsenic (V) by POPC liposomes and SOD-like activity of
arsonoliposomes and fragmented SOD complex

Experimental

1. POPC liposomes (5 mM POPC) were incubated with As (V) at various concentrations
from 75 to 7500 ppb and control (0 ppb) in 24 h. After 24 h of incubation with arsenic,
arsonoliposomes were collected by using the ultraﬁltratlon method with a 50 kDa
cut-off filter. ' ' '

2. After 2 mM arsonohposomes were 1ncubated with 2 uM fragmented SOD in 12 h
SOD-like activity of complex was measured. :

3. Adsorption of As on 11posomes was analyzed. by using atomlc absorption
spectrometry (AAS) to measure free arsenic in solution after an incubation of POPC
liposomes with arsenic (V ) '
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Nomenclature

(1/P)
(EM)
. Ax

L,

I
ICs
K
OD,

Qmax

I,

Phase transition temperature

150

-]

Membrane fluidity of liposome [-]
Ratio of fluorescence mtensuy of an eximer/monomer of pyrene  [-]
Absorbance at x nm
Fluorescence intensity of parallel to the excited light [-]
Fluorescence intensity of perpendicular (-]
* 50% inhibition concentration of superoxide dlsmutase [uUM]
Equilibrium constant of metal adsorption [uM]
Optical density at x nm , - [-]
Adsorption capacity ' [mol/mol-peptide]
[°Cl



List of Abbreviations -

 CAT
EDTA
DLPC
DMPC
Dodoc-His
DOTAP
DPH
DPPC
Fr.-SOD
Ox-POPC
POPC
POPC/Chl
POPG

Py-Dodec-His
'ROS
SOD

Catalase
Ethylen diamine tetraacetic acid (metal chelator)

"1,2-dilauroyl-sn-glycero-3-phosphocholine

1,2-dimyristoyl-sn-glycero- 3- phosphocholme
Dodecanoyl-Histidine

1,2-dioleoyl- 3-tnmethylémmonium—propane (chloride salt)
1,6-diphenyl-1,3,5-hexatriene '

1,2-dipalmitoyl-sn- glycero 3- phosphocholme

Fragmented SOD

Oxidized POPC

1-palmitoyl-2- oleoyl-sn glycero 3-phosphocholine
POPC/cholesterol
1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodlum
- salt)

Pyrene-dodecanoyl-histidine

Reactive oxygen species

Bovine erythrocyte Cu,Zn-SOD
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