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Introduction

Photodynamic therapy (PDT) has been acknowledged as an alternative
technique for cancer treatment. In PDT, tumor is destroyed by reactive oxygen
species (ROS) such as hydroxyl radical (OH"), singlet oxygen ('O,), and
superoxide radical (O®"), which are produced by the reaction of the excited
photosensitizers (PSs) and oxygen (O,) [17].

Porphyrins are ubiquitous in the fields of photodynamic therapy and are
among the most prominent classes of photosensitizers [21]. Several porphyrin
derivatives have been synthesized and tested for use in PDT. The molecular
structure, in particular the number and position of the positively charged groups
and the hydrophobic character of the porphyrin molecules, probably are
important in their interactions with biological targets. The electrostatic
interaction of positively charged porphyrins with the negative charges on the
tumor cell membranes and bacterial surfaces possibly facilitates their
penetration through membranes and increases their PDT efficacy [18].
Currently, scientists are looking at the development of novel photosensitizers
(PSs) to improve the therapeutic outcome and reduce the nonspecific side-
effects of these anticancer agents [18]. PSs were successfully bound to several
classes of water soluble compounds such as proteins. The protein carriers are
inherently biocompatible, they have the benefits of a nano-metric-size object,
which improves bioavailability of the compound [15].

We have previously studied the complexes of several cationic porphyrins
with some blood proteins (hemoglobin [12], albumin [13], transferrin [10],
ceruloplasmin (CP) [11]). It was shown that these proteins can serve as carriers
of cationic porphyrins in the blood for PDT. Since CP is actively used as an
anticancer drug [2, 16], and its complexes with cationic porphyrins with
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anticancer activities [12, 13] can exhibit a synergistic effect in anticancer
therapy. In particular, the spectral and fluorescent characteristics of complexes
of photosensitizers (PSs) with CP, desorption of PS with changes in the
physiological conditions of the medium (pH and salt composition of the
medium) [14] were investigated. We also studied the effect of light at various
exposures (0 - 60 minutes) on the optical absorption of PS and their complexes
with CP [1].

CP (132-kDa) is B2 glycoprotein that is synthesized and secreted by
hepatocytes as a holoprotein. It is a member of a multicopper oxidase group,
which contains more than 95% of the copper ions in serum [3]. Copper is a
necessary element of angiogenesis (tumor vascularization), ensuring the tumor
active growth, inducing to the surrounding tissues and weight gain [S]. Among
the physiological functions of CP, besides participation in copper transport, its
ferro-oxidase activity must be noted [16]. The oxidation of Fe** to Fe*" by CP is
necessary for apo-transferrin conversion to transferrin [16]. Due to increased
need of iron for tumor development, the transferrin receptor (TfR) is more
expressed in tumor cells compared with the surrounding normal tissue [6, 23].
After the binding of transferrin to TfR on the cell membrane, its internalization
occurs by endocytosis [19].

In this connection, the study of influence on the oxidase activity of CP
caused by its’ involvement in the complexes with cationic porphyrins seems to
be an important aspect for PDT of tumors.

This paper discusses the oxidase activity of CP separately and in
complexes with porphyrins. Our aim was to reveal whether complexation or
illumination change the oxidase activity of CP. Also, electrophoresis was
performed to clarify the change in the protein structure due to illumination.

Material and Methods

Isolation of CP from human blood plasma. For the isolation and
purification of human CP, the gel filtration chromatography on Sephadex G-150
(super fine) and G-25 (Pharmacia Biotech, Sweden) columns and ion exchange
chromatography on a DE-52 (Whatman) were used according to works [4, 9].
The purification procedures were modified and briefly consisted of: ammonium
sulfate precipitation of blood plasma proteins, ion exchange chromatography on
DE-52 cellulose column, dialysis and after concentration on DE-52 column, the
obtained blue-green CP fraction (in 0.05 M PBS + 0.2 M NaCl) was subjected
to the gel filtration on Sephadex G-150. The collected light blue fractions were
again concentrated on the DE-52 column. This column was washed
consecutively with 0.01 M PBS (pH 7.2), 0.025 M PBS, 0.05 M PBS and 0.2 M
PBS. The main fraction of CP was eluted with 0.2 M PBS (pH 7.2) and
additionally purified on a Sephadex G-150 column. The obtained CP sample
has a high purity index: I = Ag1o / Azgo > 0.049 [22]. The CP concentration was
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measured using the known extinction coefficient: €12 = =14.6 [9]. As a result
of realized purification procedures, 1.5 ml with concentration of 9 mg/ml (5.6 x
10 M) protein was received. The total amount of obtained CP was 13.5 mg.
Fig. 1 shows the absorption spectrum of the purified human CP. The absorbance
at 600 nm conditioned the characteristic blue color of the CP, due to content of
Cu*? ions.
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Fig. 1. The absorption spectrum of purified from human
blood CP in 0.01 M PBS, pH 7.2

Oxidase activity of CP. The oxidases have two substrates, oxygen and
reducing substrate. The blue oxidases - laccase, CP, and ascorbate oxidase, as
well cytochrome ¢ oxidase are the only enzymes known to reduce both atoms of
molecular oxygen to water, that is to transfer four electrons. The net reaction is,
thus (S is a reducing substrate) [20]:

0,+4S +4H" > 2H,0 +4S", (1)

The activity of CP was determined spectrophotometrically using the
method described by Curzon et al. (1960) [7]. CP oxidizes p-phenylenediamine
and related substances to colored products. In our case, CP oxidizes N, N-
Dimethyl-p-phenylenediamine (DPD):

N, N-Dimethyl-p-phenylenediamine, H,Q“ 0 > Oy jdized proctuct.  (2)

Conditions for measurement were as follows: T = 37°C, pH = 5.5, A= 550
nm, light path = 1 cm. The absorption measurements were carried out by
Shimadzu UV-VISIBLE Recording Spectrophotometer UV-2100 (Japan).
Constant temperature was maintained during the measurements with the
thermostat MLW UH 4 (Germany).
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The reaction mixture in 2 ml contained Sodium Acetate Buffer, (200 mM,
pH 5.5), 0.1 ml of Sodium Chloride Solution in case of control sample (100
mM, enzyme diluent) and 0.1 ml of CP or complex in case of test sample. The
test samples contain 0.39 mg/ml CP in cold sodium chloride solution (Table).

Table
Reaction mixtures
Solutions Test Blank
Sodium Acetate Buffer 2 ml 2 ml
Deionized Water 0.80 ml 0.80 ml
Sodium Chloride Solution (Enzyme Diluent) - 0.1 ml
CP or Complex of CP with porphyrin 0.1 ml -

The solutions were mixed by inversion and equilibrated to 37°C and then
0.1 ml DPD (153 mM) was added to each reaction mixture (test and blank).
After that, the increase in Asso,, for approximately in 5 minutes was recorded.

The calculation of CP oxidase activity was performed by following
formula [27]:

. (A Assonm st — AAssonm Blank) (3)(df"
Unity _1 min el
ml (0.01)(7)(0.1) (3)

In this formula:

(3) = Total volume (in milliliters) of assay

(df) = Dilution factor

(0.01) = Change in Absorbance at 550 nm (Unit Definition)

(7) = Conversion Factor to published Unit Definition of a 7 ml reaction
volume

(0.1) = Volume (in milliliters) of enzyme used.

One unit will cause a AAssy of 0.01 per min using N, N-dimethyl-p-
phenylenediamine as substrate at pH 6.4 and 37 °C, in a 7 mL reaction volume
[25].

Electrophoresis. We carried out polyacrylamide gel electrophoresis and
relied on the recommendations for the preparation of gel solutions in the basic
buffer system [8]. We modified the method for our purpose. The electrophoresis
was carried out by using the MUPID-EXU (Japan) horizontal electrophoresis
system. To perform protein electrophoresis using a horizontal electrophoresis
system, we modified the equipment, added a horizontal mica plate on the gel,
thus inhibiting the entry of oxygen, and providing favorable conditions for the
polymerization of the polyacrylamide gel. After the procedure of electropho-
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resis, the gel was stained by Coomassie Brilliant Blue G-250 (5 mg in 3.5 %
Perchloric acid).

Photosensitizers. The following cationic Zn-porphyrins were used in the
work: Zn-TBut4PyP, Zn-TOEt3PyP, Zn-TOEt4PyP [11].

Statistical analysis. The statistical parameters (mean values, standard
deviation) used in the experiments were calculated using Microsoft Excel and
Origin 7.0 (Origin Lab Corporation).

Results and Discussion

The oxidase activity of CP was assessed, which was isolated from donor
blood plasma using ion exchange chromatography on cellulose DE-52 [9] and
additionally purified gel filtration on a column with Sephadex G-150 (see in
Materials and Methods). After purification on a column with Sephadex G-150,
CP had an oxidase activity of 33.2 U/mg (unit/mg). The oxidase activity of
BIOCERULINUM® produced by ©biopharma (Kiev, Ukraine, register number
Ne UA/0763/01/01) is not less than 9 U/mg [26]. Hence, the oxidase activity of
purified CP by described method demonstrates 3.7 times more than the oxidase
activity of BIOCERULINUM®.

Complexes of CP with the following Zn-porphyrins were obtained: Zn-
TBut4PyP, Zn-TOEt3PyP, Zn-TOEt4PyP according to the previously described
method [1, 11, 24]. The unbound metalloporphyrin was removed by gel
filtration on a Sephadex G-25 column. CP obtained after Sephadex G-25
column was used as a control. In this sample, the oxidase activity was 2.1 times
lower compared to CP after G-150 (Fig. 2). CP and its complexes with Zn-
porphyrins were illuminated for 30 minutes with a tungsten lamp with a power
of 50 W (30 mW /cm?) with the illumination range of 380 - 1100 nm [1]. The
oxidase activity of all studied samples was calculated using the formula (3). The
results are shown in Fig. 2.

@ non illuminated Oilluminated

"

CP oxidase activity (unit/mg)

CP after G-25 CreZn-TButdPyl CP+Zn-TOEOFyPF CP+Zn-TOEWUPY P

Fig. 2. The CP oxidase activity. The data represent the mean = SD (standard deviation)
of three experiments each in triplicate. P<0.05, n=3
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As follows from Fig. 2, 30-min illumination with a tungsten lamp of all
solutions: of CP without any additions and of its complexes with three Zn-
porphyrins resulted in a nearly identical twofold decrease in the oxidase activity
of the protein.

For a more detailed characterization, we applied the electrophoresis
method for the following samples:

1. CP (additionally purified by gel filtration on a column with Sephadex
G-150).

2. CP+Zn-TBut4PyP (non illuminated).

3. CP+Zn-TOEt3PyP (non illuminated).

4. CP+Zn-TOEt3PyP (illuminated).

5. CP+Zn-TOEt4PyP (non illuminated).

6. CP+Zn-TOEt4PyP (illuminated).

Each sample (12 pl) contained 2 mg/ml of CP.

Fig. 3. Polyacrylamide gel electrophoresis

The results of electrophoresis are shown in Fig. 3. where CP is presented
in the form of two bands of its isozymes. As follows from Fig. 3, no significant
changes occur in the peptide molecule upon the binding of cationic porphyrins
to CP.

The obtained data manifested that the type of the peripheral group (butyl,
hydroxyethyl) and their position (3rd or 4th) in the pyridyl ring of Zn-
porphyrins did not significantly affect the oxidase activity of CP. In the
presence of [CP + Zn-porphyrin] complexes in the blood, CP perhaps retains
oxidase activity, which is one of the most important physiological functions of
this protein. The illumination of CP complexes with porphyrins did not destroy
the protein structure but decreased the oxidase activity of the protein nearly
twofold (the same effect as for CP without porphyrins). This observation
suggests that at application at PDT, the illumination of [CP + Zn-porphyrin]



86 Menununackas Hayka Apmenun HAH PA 1. LXI Ne3 2021

complexes in the microenvironment of cancer cells, in addition to the
porphyrins’ photodynamic effect, will bring to decrease of the oxidase activity
of CP, resulting in the hindering of angiogenesis in the malignant tissue.

Conclusions

- Neither the types of peripheral group (butyl, hydroxyethyl) nor their
positions (3rd or 4th) in the pyridyl ring of Zn-porphyrins have significantly
influence on the oxidase activity of CP.

- The illumination of the CP complexes with porphyrins did not destroy
the structure of protein.

- The illumination for 30-minute of the solutions of CP and its complexes
with Zn-porphyrins with a tungsten lamp decreased the oxidase activity of the
protein nearly twofold.
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Bansnue cBera Ha OKCHIA3HYI0 aKTHBHOCTD HEPYJIO0IIJIa3MHUHA
Y€JI0BCKAa B KOMILICKCAX ¢ KATHOHHBIMH Zn-nopdmpm{aMI/l

A.A. 3akosH, JI.B. MkpTusn, I'.B. I'roJibXxanaansx

B wuccrnemoBanuu mpencTaBieHO BIMSHUE OOTYUYCHHS CBETOM BHIUMOM
007acTH Ha OKCUAA3HYI0 aKTUBHOCTE IiepyromiazmuHa (LII1) gemoBeka B KomII-
JIeKCaX ¢ KaTHOHHBIMH MeTaiuionopdupuaamu. MccnenoBanst komrmekcest LIT ¢
Zn-nopupUHAMHU C BBICOKMM KBAaHTOBBIM BBIXOJOM TCHEPALMU CHHIJIETHOTO
kuciopona: Zn-TBut4PyP, Zn-TOEt3PyP, Zn-TOEt4PyP.

Lenpro uccmenoBanus OBIIO OMPENETUTD, BINSET JIH 00pa30BaHUE KOMII-
JIeKca W OCBellleHHWe Ha okcunaszHyio aktuBHOCTH LIII. Ilokaszano, uro obGpa-
30BaHHE KOMILJIEKCOB C HCCIIEAYEMBIMH MOPGUPUHAMH CYIIECTBEHHO HE BIUSACT
Ha okcuaasHyto aktuBHOCTH L{[1. OGiyueHue Bosb(hpaMoBOii JlaMIIol B Teue-
Hre 30 muHyT pactBopoB LT m xommiekcos [IIII+Zn-mopdupuHbI]| CHIKAIO
OKCHJIa3HYIO aKTHBHOCTH Oenka mouty BABoe. COTrIacHO MONyYeHHBIM Pe3yilb-
tatam, Uit akTuBHOCTH LII1 He BaxkHBI HU THI nIepudepudeckoil Tpymbl (0y-
THJ, TUAPOKCUITHI), HU UX TOJIOKEHHE B MHUPUAMILHOM Kouiblie (3-e min 4-e)
Zn-iopdpupunaa. Ocsemienne LI1 u ero koMIwiekcoB ¢ MOpPUPHHAME HE pac-
HIETUTSII0 OEITKOBYIO MOJIEKYITY.
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Lnyuh wqpkgnmpiniup junhntuyhtt Zn-ynpbhphtitkph htn
YnduyEputibpnid Jwipnnt gipnynujjuquhtih opuhnuquht
wlunhynipjut ypu

U.U. Qupnjui, L.9. Ujpunsjui, @9, Gnijjuwipuiyui

Usumwnwtipnid ubpyuyugyt) E nruwghtt swnwquypdwut wqnb-

gnipjniup dwpnnt ghpniynujuquhth (8M) opuhnuquhtt wljnhynipjut
Jpw Juunhnbwght Zn-wnpdhphuubph htwn Yndykputbpnid: Nrunwd-

twuhpybp Eu 8M-h Yndybkputbpp uhtqbunwht ppdusdth pwpdp
plubtnughlt kp mbkgnn hbwlyju] Zn-wynpbhphubbph htwn'  Zn-
TBut4PyP, Zn-TOEt3PyP, Zn-TOEt4PyP:

Uju mumdbwuppmput byuinwlis b wupgl] wend o

wpynp 3M-h opuhnuquhtt wjnhynipyut ypuw ndyipumgnyugnidp
b nuuwynpnudp: 8nyg b wpdl], np nuunidbwuhpyuws Zn-wynpdh-
phuubph hkwn 8M-h §ndwkpuwgnjugnidt twjwunpku sh wqpnid uygh-
nwlnigh opuhnuqujhtt winhympjui Jpu: 8N-h b [8M + Zn-wnp-
$hpht] Ynuw bpulikph (nisnyputph 30 pnwbk wbngnipudp Yndpudh
jwdwny (nruwynpnudp phpnid L uyhwnwlnigh opuphnuquyhtt wjnhynt-
put Yhuny swih fuqiub: Zudwdwgt unwg]uws wpyniuplbph Zn-

wnpdhphukph sSwjpuyhtt $niuljghnbiwy fudpkpp (poiphy, opuphkphp
npuitg quytnt nhppp whphnhjuyhtt onuynid (3-py Ywd 4-pn nhpp)
8M-h opuhnuquyjhtt winhynipjutt hwdwp kwfub sku: 8M-h b wnp-

dhphtitph htwn npw Yndubputbph |nuwynpnudp sh phipnud uwgh-
nwlnigh puypuydwi:
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