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Abstract

Phycobiliproteins are important photodynamic pigmental proteins. The photosensitized generation of superoxide radical
anion (O, ), hydrogen peroxide (H,0,), hydroxyl radical ('OH) and singlet oxygen (*O,) from three phycobiliproteins,
R-phycoerythrin (R-PE), C-phycocyanin (C-PC) and allophycocyanin (APC) has been investigated throughout irradiation of
these proteins with visible light of wavelengths longer than 470 nm. Upon irradiation of an oxygen-saturated aqueous
solution of C-PC, R-PE or APC, the generation of O, and 'OH was clearly observed by ESR-spin trapping with
5,5-dimethyl-1-pyrroline-N-oxide as the spin trap. The formation of 'OH can be significantly inhibited by catalase,
indicating that H,0, is aso generated in the system and acts as a potential source of "OH. Irradiation of the
oxygen-saturated aqueous solutions of the phycobiliproteins can also result in the photobleaching of these proteins.
Inhibition of the bleaching by superoxide dismutase (SOD) and catalase confirms further the generation of O,~, H,0, and
"OH, and their involvements in the photobleaching of phycobiliproteins. Furthermore, the bleaching can be significantly
inhibited by histidine and NaN,, two specific inhibitors of *O,, suggesting that ‘O, is also generated from C-PC, R-PE or
APC on photosensitization and participates in the photobleaching of these proteins. The photobleaching rates of these
proteins are sharply promoted in oxygen-saturated 2HZO, further verifying the generation of 102. Quantitative analyses of
the photobleaching rates (K ) are presented on visible-light-induced (A > 470 nm) damage to these phycobiliproteins under
some inhibitors of reactive oxygen species, which further confirm that the generation of reactive oxygen species and their
participation in the photobleaching of these proteins. Since the fluorescences of the phycobiliproteins are not quenched by
oxygen, it seems probably that the triplet states of these proteins are the inductors of O, and O, generated. Therefore, the
photodynamic action of phycaobiliproteins proceeds by both free radical and singlet oxygen pathways which could contribute
to the reported phototoxicity of phycobiliproteins in vivo.
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1. Introduction

Photodynamic therapy (PDT) is a promising new
treatment for light-accessible tumors [1,2]. The initial
photochemical processes leading to cell death may
follow two principal pathways: Upon light absorption
the triplet state of the photosensitizer transfers the
energy to triplet state O, (%0,) to yield singlet
oxygen (*0,), a potent oxidizer (Type Il mechanism),
or aternatively photosensitized formations of O,
and 'OH engage in charge transfer reactions with
biomolecules (Type | mechanism) [3]. Either path-
ways will require oxygen to propagate the damage
via radical chain reactions. The most widely used
sensitizers in PDT are hematoporphyrin derivatives
(HPD) and the enriched product Photofrin Il “ =
dihematoporphyrin ether (DHE) [4-6]. Although en-
couraging results have been obtained with these pho-
tosensitizing agents for a wide variety of neoplasms,
it appears that several limitations, such as low absorp-
tion coefficient in the phototherapeutic region (600—
900 nm) and dermal photosensitivity resulted from
prolonged retention of these agents in the skin, may
adversely affect the therapeutic outcome of PDT [7].
These limitations have led to a search for improved
photosensitizers for PDT.

Phycobiliproteins (PBPs), including phycoerythrin,
phycoerythrocyanin, phycocyanin and allophyco-
cyanin, are brilliantly colored, highly absorbent and
fluorescent components of the photosynthetic light-
harvesting antenna complexes of cyanobacteria, red
algae and cryptomonads. Previous studies on phyco-
biliproteins emphasized mainly on the photophysical
processes about energy capture and transfer aspects
of the different chromophores of these proteins [8—
10]. Recently, Morcos et a. and Zheng et a. have
demonstrated that phycaobiliproteins exert much
stronger photodynamic action on tumor cells com-
pared with HPD and they might be used as a new
type of photodynamic therapeutic agents [11-13].
Phycocyanin, employed in pioneering photodynamic
therapy of phycobiliproteins, exhibits several advan-
tages over the presently used hematoporphyrin
derivatives (HPD), i.e., ready preparation and easy
purification relative to HPD, high molar extinction
coefficients, wide UV-visible absorption, no side ef-
fects and significantly reduction of normal tissue
photosensitivity because of its fast metabolism in

vivo [13]. However, the mechanism of action for
these proteins, which was considered to be related to
reactive oxygen species [11,12], remains unclear.

In the present research, we report the detection of
the reactive oxygen species, i.e., superoxide radical
anion (O,7), hydrogen peroxide (H,O,), hydroxyl
radical ('OH) and singlet oxygen (*O,), generated
from the photosensitization of the three phycobilipro-
teins, R-phycoerythrin (R-PE), C-phycocyanin (C-PC)
and allophycocyanin (APC). In addition, oxygen-de-
pendent photobleaching mechanism of phycobilipro-
teins is proven by the effects of a series of reactive
oxygen inhibitors on the bleaching. In general, since
triplet state of photosensitizer is generally considered
to be an inductor of these damaging oxygen species
in PDT, our results also give evidences for the under-
standing of both the photodynamic action mecha-
nisms and the triplet state properties of phycobilipro-
teins.

2. Materials and methods

R-phycoerythrin (R-PE), C-phycocyanin (C-PC)
and allophycocyanin (APC) were extracted from dried
Porphyra yezoensis by extraction with 0.1 M phos-
phate buffer (pH6.8) and then by fractional precipita-
tion with ammonium sulfate from high to low con-
centrations (55%, then 50-45%). The crude sample
was separated through a Sephadex G-200 column
(Pharmacia, Uppsala, Sweden), and finaly purified
through a Bio Gel P-300 column (Bio-Rad, Rich-
monnd, VA). The purities of the proteins were exam-
ined by absorption spectra ( A../Ag > 4.0) and
electrophoresis. The absorption spectra of three pro-
teins were given in Fig. 1, the characteristic peaks of
these proteins are identical with that reported by
other researchers [14—16]. The aggregation states of
R-PE as (aB)qy, and C-PC, APC as (a), in neutral
medium were ascertained through the measurements
of their molecular weights using standard elec-
trophoresis method [17]. The powders of lyophilized
proteins were stored at —20°C and dissolved with
twice distilled water before use. 5,5-dimethyl-1-pyr-
roline-N-oxide (DMPO) and diethylenetriamine-pen-
taacetic acid (DTPA) were purchased from Aldrich
Chemica Company. Catalase, superoxide dismutase
(SOD) and histidine were obtained from Biotech.
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Fig. 1. Absorption spectra of R-PE, C-PC and APC extracted
from dried Porphyra yezoensis dissolved in twice distilled water.
The maximal absorption peaks of R-PE, C-PC and APC are
located at 562, 612 and 650 nm, respectively.

Technology Corporation, Chinese Academy of Sci-
ences. Heavy water (?H,,0) and sodium azide (NaN,)
were purchased from Beijing Chemica Plant, China.

The photobleaching rate was calculated by fitting
the experimenta data with the equation [18]:
A(t)/A0) = exp(—K,t), where A(0) is the ab-
sorbance of proteins at time 0, A(t) is the absorbance
of proteins after time t of irradiation, and K, is the
photobleaching rate (s™1). Photobleaching experi-
ments were performed under irradiation of a
medium-pressure mercury vapour lamp (450 W) on a
‘merry-go-round’ apparatus. Light of wavelength be-
low 470 nm was cut off by a long-pass filter, and the
apparatus was immersed in running water in a ther-
mostat at 20°C. The incident fluence rate was mea-
sured to be 18 W /m?. The solutions examined were
put in quartz cuvettes (10 mm X 10 mm) with a long
neck. The solutions were purged with argon or oxy-
gen for 10 min before irradiation according to the
experimental requirements. The maximum ab-
sorbances of the protein solutions were adjusted to be
1.0 before irradiation. UV-visible absorption spectra
were recorded on an HP diode array spectrophotom-
eter model 8451A.

Hydroxyl radicals and superoxide radical anions
were detected by means of the spin-trapping method
with ESR. Measurements of the ESR spectra were
carried out on a Varian E-109 spectrometer operating

at room temperature (X band, microwave frequency:
9.47 GHz). Oxygen-saturated solutions of phyco-
biliproteins (40 wl, 5 or 10 mg/ml) were injected
guantitatively into specially made quartz capillaries,
and were illuminated with a Shoeffel 1 kW Xe arc
lamp. A cutoff filter was used to eiminate light of
wavelength shorter than 470 nm. The incident fluence
rate was measured to be approximately 50 W /m?.

3. Results
3.1. Freeradical reactions

When an oxygen-saturated agueous solution con-
taining C-PC (5 mg/ml) and DMPO (45 mM) was
irradiated at wavelengths longer than 470 nm for 8
min, a four-line ESR spectrum (Fig. 2A) was clearly
observed with an intensity ratio of 1:2:2:1 and an
equal separation of 15.0 G between neighbouring
lines. This spectrum was analysed to be due to the
DMPO- "OH adduct, with a primary nitrogen splitting
triplet (a™ = 15.0 G), with each line further splitting
into secondary doublet by the 2-CH proton (a™ = 15.0
G), resulting in a four-line ESR spectrum with the
observed intensity distribution [19]. The intensity of
the signal increased significantly with prolonged irra-
diation of the solution (Fig. 3). When ethanol (1%,
v/Vv) was introduced into the irradiated system, the
ESR spectrum of the DMPO spin adduct of
CH;CHOH generated from the hydrogen abstraction
of ethanol by "OH was observed with aV¥ = 15.8 G
and a"=23.0 G (Fig. 2B) [19]. This result con-
firmed the assignment of the spectrum shown in Fig.
2A to the DMPO- "OH radical adduct.

The formation of hydroxyl radicals from C-PC on
photosensitization depends on both the C-PC and
oxygen concentrations and the intensity of the irradia-
tion. No ESR signal of the DMPO- "OH adduct was
detected in the dark or in the irradiated sample
without either C-PC or oxygen. Presence of catalase
in the system inhibited significantly the formation of
"OH radicals. As shown in Fig. 4, the signal intensity
of the DMPO-"OH adduct decreases sharply with
increasing amount of catalase and 50 wg/ml of
catalase eliminates > 90% of the ESR signal. Heat-
denatured catalase had no effect. These results indi-
cated that H,O, was aso generated in the system and
acted as a source of "OH radicals.
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Fig. 2. A: ESR spectrum of Hydroxyl radical produced by
irradiation of an oxygen-saturated aqueous solution containing
C-PC (56 mg/ml) and DMPO (45 mM) for 8 min; B: same as
panel A, but in the presence of 1% (v /v) ethanol and the solution
was incubated in the dark for 1 min after irradiation; C. ESR
spectrum produced by the irradiation of an oxygen-saturated
agueous solution containing C-PC (10 mg,/ml), DMPO (0.2 M)
and DTPA (1 mM). Instrumental settings. microwave power, 10
mW; modulation amplitude, 1 G; receiver gain, 2-105. Light
source of the illumination: > 470 nm visible light from a Shoef-
fel 1 kW Xe arc lamp at aincident fluence rate of approximately
50 W,/m?.

The possible formation of superoxide radical anion
(O,7) upon photochemical activation of C-PC in
oxygen-saturated agueous solution was also ascer-
tained. In this experiment, higher concentrations of
DMPO (0.2 M) and C-PC (10 mg,/ml) were used and
DTPA (1 mM) was added to the irradiated sample to
inhibit the formation of "OH. The ESR spectrum
obtained from DMPO-superoxide adduct is shown in
Fig. 2C, which aso contains a small contribution
from the DMPO-"OH adduct. The hyperfine cou-
pling constants for the DM PO-superoxide adduct de-
termined from Fig. 2C are a¥ =14.1 G, a"'=11.3
G, and a" =1.3 G, which are consistent with the
reported values for the DM PO-superoxide spin adduct
in agueous solution [19]. When superoxide dismutase
(40 wg/ml) was present in the sample it completely
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Fig. 3. Dependence of the relative intensity of ESR signal of the
DMPO- "OH adduct on irradiation time. Other experimental con-
ditions are the same as for Fig. 2A.

prevented the formation of this spin adduct, confirm-
ing its proper identification. Control experiments ver-
ified that C-PC, oxygen and light were all necessary
to produce the DM PO-superoxide adduct.

The formation of O,~, H,0, and "OH from C-PC
on photoexcitation were also confirmed by the effects
of SOD and catalase on the self-sensitized bleaching
of C-PC. C-PC absorbs strongly at 612 nm (see Fig.
1). Irradiation of an argon-saturated aqueous solution
of C-PC with light of wavelengths longer than 470
nm resulted in gradually irreversible decrease in the
absorbance at 612 nm from C-PC (line 1 of Fig. 5),
suggesting the self-sensitized photobleaching of C-
PC. The bleaching under argon was probably due to
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Fig. 4. Plot of the effects of various concentrations of catalase on
the relative intensities of ESR signals of DMPO-"OH adduct.
Other experimental conditions are the same as for Fig. 2A.
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Fig. 5. Changes in absorption of C-PC measured at 612 nm as a
function of irradiation time. line 1, C-PC in argon-saturated
agueous solution, Ky =(4.71+0.09)-10"° s~ %; line 2, same as
line 5 but in the presences of SOD (100 wg/ml) and catalase
(100 wg/ml), Ky=(1.23+0.01)-10"* s™1; line 3, same as line
5 but in the presence of NaN, (1.0-10~®mol /1), Ky=(1.42+
0.02)-10~* s™%; line 4, same as line 5 but in the presence of
histidine (1.0-10~°mol /1), K4=(1.81+0.02)-10"* s~ ; line 5,
C-PC in oxygen-saturated agqueous solution, K, =(2.25+0.02)-
10~* s™L. Theinitial absorbances at 612 nm of all samples were
adjusted to 1.0 with twice distilled water. The data were fitted
with a single exponential decay function [A(t)/A(0) =
exp(— K4t)] yielding photobleaching rates (K4) of C-PC under
the various additives. The condition of illumination: > 470 nm
visible light from a 450 W medium-pressure mercury vapour
lamp on a ‘merry-go-round’ apparatus at a incident fluence rate
of 18 W/m2,

the conformational changes of phycocyanobilins
caused by the photoinduced C-PC dissociation from
trimer to monomer [20], or due to the direct damages
to the aromatic amino acids and the bilins of C-PC
similarly to the photodestruction of phycobiliproteins
by UV-B radiation [18]. When oxygen was intro-
duced in the system, the photobleaching rate of C-PC
was enhanced sharply (line 5 of Fig. 5). Calculation
from lines 1 and 5 of Fig. 5, the photobleaching rate
in oxygen-saturated solution is about 5.0 times as fast
as that in argon-saturated solution (see Table 1),
confirming that reactive oxygen species participated
in the bleaching of C-PC. From Fig. 5, the fraction of
the bleaching rate of C-PC was attributed to the
reactive oxygen species which is calculated to be
79%. In the presence of SOD (40 w.g/ml) or catalase
(50 wg/ml) the bleaching of C-PC was inhibited by
15% or 25% (data not shown), further suggesting in

situ formations of O,~, H,O, and 'OH, and their
involvements in the photobleaching of C-PC.

When R-PE or APC was used instead of C-PC as
the sensitizer, similar photosensitized formation of
0O,~, H,0, and "OH was also observed by ESR-spin
trapping (data not shown) and SOD- and catalase-
inhibitions (shown in Fig. 6 for R-PE and Fig. 7 for
APC). Recently, it has been demonstrated that phyco-
biliproteins exhibit photoinduced charge transfer phe-
nomenon in their electrochemica cells, suggesting
that these proteins can act as an electron donor or
acceptor when a proper acceptor or donor is present
[21,22]. Thus, it was inferred that a photoinduced
electron transfer from the phycobiliproteins used (C-
PC, R-PE and APC) to oxygen might occur in our
system and lead to the formation of O, . In agueous
solution, the O, formed after irradiation underwent
rapid dismutation to H,O,, which was then trans-
formed to "OH radicals via Fenton reaction and/or
other unidentified pathways.
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Fig. 6. Changes in absorption of R-PE measured at 562 nm as a
function of irradiation time. line 1, R-PE in argon-saturated
agueous solution, K,=(6.75+0.28)-10"° s~ %; line 2, same as
line 5 but in the presence of NaN; (1.0-10° mol /1), K4 = (1.03
+0.03)-107* s71; line 3, same as line 5 but in the presences of
SOD (100 pg/ml) and catalase (100 pg/ml), K,=(1.13+
0.03)-107% s71; line 4, same as line 5 but in the presence of
SOD (40 pug/ml), Ky=(1.4840.05)-10"* s™%; line 5, R-PE in
oxygen-saturated aqueous solution, K4 =(1.78+0.04)-10"4 s~ %;
line 6, R-PE in oxygen-saturated solution of heavy water, K =
(2.89+0.08)-10~* s~ L. The initial absorbances at 562 nm of all
samples were adjusted to 1.0 with twice distilled water. The
fitting method and the condition of illumination are the same as
for Fig. 5.
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Table 1
Photobleaching rates of three phycobiliproteins at the different conditions used
Samples Ky(s™h?

R-PE

C-PC APC

(6.75+0.28)-10~°
(1.78+0.04)- 1074
82.107°

(2.89+0.08)- 10~
(1.03 + 0.03)- 10~ *

Argon bubbling in H,O

Oxygen bubbling in H,O

White and Stryer ©

Oxygen bubbling in 2H,0

Oxygen bubbling in H,O with NaNg

with His -
with SOD (1.484+0.05)- 10~
with SOD and Catalase (1.13+0.03)- 1074

(4404 0.16)- 1075
(1.154+0.02)- 1074
6.2-107°

(1.59+0.02)- 10~
(8.36 +0.06) - 10~ °

(471+0.09)- 1075
(2.25+0.02)- 1074
85-107°

(356 + 0.06) - 10~ 4
(1.42+0.02)- 1074
(1.81 + 0.02) - 10~ * -
(7.384+0.07)-10°°

(123+0.01)-107* (6.79+0.03)- 1073

& According to A(t) /A(0) = exp(— K4t), the data were fitted with a single exponential decay curve, see text for details. The samples
were illuminated with > 470 nm visible light at a incident fluence rate of 18 W,/m? at 20°C.

® The data derived from the work of White and Stryer [27]. Using K,=3.8-10"2! ¢l®, we transform & (photodestruction quantum
yield) given by White and Stryer into K, (photobleaching rate) in order to compare with each other.

As mentioned above, superoxide dismutase (SOD,
40 pg/ml) and catalase (50 wg/ml) could totally
eliminate O, ", H,0, and "OH formed from C-PC on
photosensitization. When an excess of SOD (100
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Fig. 7. Changes in absorption of APC measured at 650 nm as a
function of irradiation time. line 1, APC in argon-saturated
agueous solution, K4 =(4.40+0.16)-107° s™%; line 2, same as
line 5 but in the presences of SOD (100 p.g/ml) and catalase
(100 pg/ml), K4=(6.79+0.03)-107° s~ %; line 3, same as line
5 but in the presence of SOD (40 wg/ml), K, =(7.38+0.07)-
107° s7% line 4, same as line 5 but in the presence of NaN,
(1.0-107%mol /1), K4=(8.36+0.06)-10"° s~ ; line 5, APC in
oxygen-saturated agueous solution, K4 =(1.15+0.02)-10"* s~ %;
line 6, APC in oxygen-saturated solution of heavy water, K =
(1.59+0.02)-10~* s~ L. The initial absorbances at 650 nm of all
samples were adjusted to 1.0 with twice distilled water. The
fitting method and the condition of illumination are the same as
for Fig. 5.

wg,/ml) together with catalase (100 pwg/ml) were
added to the present system, the photobleaching rate
of C-PC was only inhibited by 45% (line 2 of Fig. 5).
This result led us to assume that another reactive
oxygen mechanism, most probably the singlet oxygen
mechanism, could also cause the photobleaching of
C-PC, and subsequent experiments were carried out
to examine this assumption.

3.2. Snglet oxygen reactions

Linetsky and Ortwerth have recently reported that
histidine (His) reacts hardly with O,~ and "OH and
S0 can be used as a specific inhibitor for singlet
oxygen [23]. When histidine (1.0 - 107> mol /1) was
introduced to the oxygen-saturated sample of C-PC,
the photobleaching rate of C-PC was decreased by
the extent of nearly 20% (line 4 of Fig. 5). The
effects of various amounts of histidine on the bleach-
ing of C-PC was also examined. The results are
shown in Fig. 8. It can be seen that the bleaching rate
decreases drastically with increasing amount of histi-
dine, strongly confirming the involvement of 1O2 in
the photobleaching of C-PC. Since no additional
sensitizer except for C-PC was involved in the sys-
tem, it was evident that 1O2 was generated from
C-PC upon photosensitization. Furthermore, when
histidine was replaced by NaN,, another specific
inhibitor of 102, similar inhibiting effect was also
obtained. As shown in line 3 of Fig. 5, 1.0-10°°©
mol /I of NaN; reduces the photobleaching rate of
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C-PC by an extent of 37%. This further confirms the
generation of singlet oxygen from the photosensitiza-
tion of C-PC and its involvement in the photo-
bleaching of C-PC.

Another important evidence for the C-PC photo-
sensitized generation of ‘O, comes from the *H,O
effect on the photobleaching of C-PC. As shown in
Fig. 9, when measurements were repeated with *H,0
in place of H,O, the bleaching rate of C-PC in-
creased by 58% due to the increased halflife of 'O,
in this medium (lines 2 and 3 of Fig. 9). Histidine
(1.0-107° mol /1) inhibited the photobleaching rate
of C-PC by 43% in *H,0 (line 1 of Fig. 9).

From Fig. 8 it can also be observed that, even at
higher concentrations of histidine, inhibition of C-PC
photobleaching is not complete. Moreover, the curve
reaches a plateau for histidine concentrations between
1.0-1072 mol /I and 5.0- 103 mol /I. This incom-
plete inhibition indicates that, in addition to the 'O,
mechanism, other mechanisms, such as oxygen-inde-
pendent photodissociation of C-PC and oxygen-de-
pendent photodestruction resulted from O,~, H,0,
and 'OH (vide supra), also produce the photo-
bleaching of C-PC. Calculated from Fig. 8, the frac-
tion of C-PC bleaching caused by ‘O, is about 36%.

When R-PE or APC was used instead of C-PC as
the sensitizer, the similar photosensitized generation
of 0, and its involvement in the photobleaching of

100
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754

70

65 1

Relative photobleaching rate of C-PC

60 T T T T T
1E-6 0.00001 0.0001 0.001 0.01
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Fig. 8. Dependence of the photobleaching rate of C-PC in the
oxygen-saturated agueous solution (initial Ag;, om = 1.0) on the
concentrations of histidine. A value of 100 is arbitrarily attributed
to the photobleaching rate of C-PC in oxygen-saturated aqueous
solution in the absence of histidine.

Change of absorbance at 612nm
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Fig. 9. Changes in absorption of C-PC measured at 612 nm as a
function of irradiation time. line 1, same as line 3 but in the
presence of hitidine (1.0- 10~ mol /1), K4 =(2.04+0.06)-10~*
s71; line 2, C-PC in oxygen-saturated solution of water, Kg=
(2.25+0.02)-10"* s~ %; line 3, C-PC in oxygen-saturated solu-
tion of heavy water, K,=(3.56+0.06)-10"* s™*. The initial
absorbances at 612 nm of all samples were adjusted to 1.0 with
heavy water or twice distilled water. The fitting method and the
condition of illumination are the same as for Fig. 5.

R-PE or APC were also observed by NaN,-inhibiting
and *H ,0-enhancing experiments (Fig. 6 and Fig. 7).
Control experiments showed that oxygen could not
guench the fluorescences of phycobiliproteins under
our experimental conditions. Thus the photosensitized
generation of 'O, from the phycobiliprotein used
(R-PE, C-PC or APC) is considered to proceed via
excitation energy transfer from the triplet state of the
phycobiliprotein to ground state oxygen and the fol-
lowing reactions may occur:

"PBP(So) ﬁ» 'PBP(S)) Kisc *PBP(T)) "PBP(S))

{Oz
102

and then:
PB +'0, — Products

Though no direct experimental evidence for the
existing triplet states of phycobiliproteins has been
obtained. Severa indirect facts, such as the observa-
tions of delayed luminescence and phosphorescence
of these proteins at 77 K [24,25], show probably the
formations of the triplet states when phycobilipro-
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teins are excited. Herein, the detection of ‘O, from
phycobiliproteins on photosensitization gives another
important evidence for the existing triplet states of
phycobiliproteins.

4. Discussion

On the basis of our experimental results, the path-
ways for the generation of reactive oxygen species
from phycobiliproteins (PBPs) on photosensitization
can be summarized as shown in Fig. 10. It shows that
exposure of oxygen-saturated solution of PBP to
visible light results in the generation of both singlet
oxygen and superoxide. Dismutation of superoxide,
either spontaneoudly or by the enzyme SOD, giverise
to hydrogen peroxide, which is then transformed into
hydroxyl radicals. Since the fluorescences of PBPs
(R-PE, C-PC and APC) can not be quenched by
oxygen, it seems probably that the triplet state of PBP
[*PBP(T,)], generated from intersystem crossing
(ISC) of the excited singlet state of PBP [*PBP(S))],
is the inductor of both 'O, and O;~. Therefore, the
photodynamic action of PBPs proceeds by both free
radical and singlet oxygen pathways which could
contribute to the reported PBP phototoxicity in vivo
[11-13] through their abilities to oxidize a wide
variety of biomolecules, including lipids, proteins and
nucleic acids [26].

Our studies indicate that reactive oxygen species,
including O;~, H,0,, "OH and "0, generated from

A: Absorption
F: Fluorescence
P: Phosphorescence

ISC: Intersystem crossing
ET: Energy transfer
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Fig. 10. Proposed pathways for the generation of reactive oxygen
species from phycobiliproteins on photosensitization.

OPBP(Sp)

three phycobiliproteins on photosensitization, lead to
the photobleaching of these proteins by self-sensi-
tized photooxidation. The photobleaching rates of
three phyco-biliproteins under the various inhibitors
of reactive oxygen species were listed in Table 1.
From the table we can see that the photobleaching
rates, for R-PE, C-PC and APC extracted from Por-
phyra yezoensis, are on the order of 107> s in
argon-saturated solution and 10~* s™* in oxygen-
saturated solution. These values of K ;4 basically coin-
cide with that of White and Stryer [27]. From Table 1
it could be seen that the values of White and Stryer
were located at the middle of our results. This is
understandable because the samples were bubbled
with argon or oxygen before irradiation in our experi-
ments but their samples were simply dissolved in
natural agueous solutions. It must be noted that our
results are not completely identical with that of White
and Stryer, because many experimental conditions,
such as light source and origin of phycobiliproteins,
are different.

Also shown in Table 1, the photobleaching of
these proteins can be prevented effectively by the
treatment with O, quenchers sodium azide and histi-
dine, as well as by inhibitions of O;,~, H,0,, "'OH
with SOD and catalase. On the other hand, heavy
water, capable of increasing halflife of 'O, in this
medium, accelerates obviously the photobleaching of
three phycobiliproteins. These results strongly con-
firm that reactive oxygen species are produced from
the phycobiliproteins and involve in the photo-
bleaching of these proteins. Nevertheless, White and
Stryer [27] reported that neither molecular oxygen,
peroxide, nor oxygen radicals seem to be primarily
responsible for the photobleaching of phycoerythrin.
This conclusion is totally at variance with the results
reported here. How to explain this discrepancy?
Firstly, our observation agrees with the work of
Delange and Glazer [28], where they found that the
peroxy radicals could damage phycoerythrin and re-
sult in the photodestruction of the protein. In addi-
tion, our recent work [29] also verified that reactive
oxygen species could be generated from phyco-
biliproteins on photosensitization and responsible for
their photobleaching. Therefore, it can be concluded
that reactive oxygen species are at least partially
responsible for the photobleaching of phycobilipro-
teins. Why did White and Stryer not observe the
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fluorescent change of phycobiliproteins when addi-
tion of reactive oxygen inhibitors? The possible rea-
son is that the sensitivity of the measurement of
fluorescent change is not high enough in order to
examine so much small changes originated from the
inhibition effect of the additives in their experiments.
Let us concentration on the details of their experi-
ments. In their illumination experiments of R-PE, the
light intensity is 8.6- 10™® photons/s (514.5 nm),
i.e., 3.3 mW. When such small light energy attached
a 100-w.| capillary tube, which served as the flow cell
for the moving protein solution, it may be inferred
that the change of fluorescence is very weak, more-
over, the fluorescent changes come from inhibitions
of the additives occupied only alittle part in compari-
son with the total fluorescence. Therefore, it is essen-
tial that the sensitivity of the detector for probing the
fluorescent change must be very high. From their
results presented in Fig. 9 in their paper, it could
obviously be seen that those data appear differences
to some extent. But perhaps some scatter from the
sample interfered with the detection, resulting in the
sensitivity of the detector is not enough to differenti-
ate the small change.

Phycobiliproteins, as a new type of agent applied
in PDT, exhibits several advantages compared with
HPD (see Section 1). Nevertheless, the potential im-
mune responses of human to these proteins are likely
to limit their application in PDT. Therefore, it is
necessary and beneficial to investigate the immune
reactions of phycobiliproteins. In the previous stud-
ies, the immuno-chemical properties of various phy-
cobiliproteins that contribute to the understanding of
evolution had been presented [30]. As a photody-
namic therapeutic agent, the studies on the immune
reactions of phycobiliproteins and the effects of these
reactions on human are not carried out until now.
According to the works of Morcos et a. and Zheng et
al. [11-13], phycocyanin exhibits much strong photo-
dynamic effect on atherosclerosis and tumor, and no
side effects were observed. The previous results of
our laboratory also indicated that R-phycocyanin from
Porphyra haitanensis stimulated human B lymphatic
cell reproduction, and this effect of R-PC can en-
hance the immunological competence of human [31].
Moreover, phycobiliproteins were extracted from var-
ious algae, such as Porphyra yezoensis, Polysiphonia
urceolata etc, most of which are eatable. Therefore,

phycobiliproteins, as a kind of natural photosensi-
tizer, seem not to bring harmful immune reactions to
human body when they are applied in PDT. Of
course, the studies on the application of phycobilipro-
teinsin PDT only just begin, we think the researches
about the immune reactions of these proteins to hu-
man are of importance in the future clinical practice.
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