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cationic quenchers, MV* and Cu®, compared to K\'s in PVS
solutions. The novel effects of PSS on the enhancement of the
rates of electron transfer reactions due to longer excited life-
time and higher binding constant of a reacting species might
lead to improvement of the efficiency of photoenergy conver-
sion by proper choice of hydrophobic polyelectrolytes.
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In the absence of added salts, the addition of PVS enhanced
K, by about 10? times,? while we abserved only 1-4 times
enhancement of K, by PVS in 0.1 M NaCl solutions
presumably due to masking of potential field of the polyanion
by Na*.

The radius and length of monomer unit 6f PVS were estimated
as 10 A and 2.5 A, respectively.* We assumed the fangth of
phenyt group in PSS is 4 A. In our axperimental condition of G.1
M NaC), PSS may not exist as extended rod-like polyanion due
to reduced charge repulsion. Thus, volume fraction of the polya-
nion and binding constants of quenchers with PSS ¢orrespond
to their upper limits.

There is good possibility that the quenchers, especiaily M3+,
are associated with anly one anionic site of polyelectrolytes. In
this case, the hinding constants of quenchers with PSS are reduc-
ed by haif, and our argument on K’s is strengthened.
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The efficiency of photosensitization of methyl linoleate (ML) oxidation by N-acetyl-L-teypophan(NAT) and 3-methyt in-
dole(scatole) was markedly enhanced by increased concentration of ML in ethanol solution. The fluorescence intensities of sen-
sitizers were observed to be quenched by ML, indicating that ML interacts with the indole excited singlet state. The inhibition
of photosensitization by azide demonstrated a possible role of singlet oxygen in the photosensitization. The steady state kinetic
treatment of azide inhibition of photosensitization was expected 10 show linear increase of reciprocal yield of ML oxidation
product vs. reciprocal ML concentration at constant azide concentration, but the actual slope was nonlinear. This indicates another
competing reaction involved in the photosensitization, As a possible competing reaction, electron transfer from ML to the ex-
cited sensitizer was proposed, since the measured fluorescence quenching rate constant closely resembled electron transfer rate
constant determined from ML concentration dependence of oxidation product formation.
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Introduction

Irradiation of human skin with ultraviolet-B{UVB} light
(290-320nm) induces delayed erythema (sunburn). Damage to
cell membranes has becn cited as a possible initiating
photochemical process. The ligh-initiated disruption of cell
membranes is believed to be caused by photooxidation of mem-
brane lipids.*? The membrane lipids do not absorb light in the
UVB range significantly. Therefore, photooxidation of lipid re-
quires a chromophore absorbing UVB light as a photosensitizer.
Kochevar® propsoed that tryptophan (Trp) in membrane pro-
tein is one of the most possible native chromorphores function-
ing for this purpose. Supporting this idea, previous in-
vestigation* has demonstrated that Trp in peptides photosen-
sitizes the oxidation of methy! linoleate {ML) in ethanol solu-
tion. The photosensitization did not involve the photooxidation
product of Trp, N-formylkynurenine which isa photodynamic
sensitizer.>¢

The mechanism of photosensitization by Trp has not been
established yet. At first glance, the tryptophan in peptide ap-
pears to generate some singlet oxygen(*O,) which reacts with
ML to form a hydroperoxide, evidenced by observation that
hydroperoxide formation is quenched by azide(N3).* Other
results indicate that ML is oxidized by 'O, generated from
methylene blue in ethanol solution.” However, the azide inhibi-
tion of Trp-photosensitized oxidation of ML was not complete,
but partial, indicating multiple competing reactions involved
in the Trp-photosensitization. One of the competing reactions
may be photoejection of an electron which subsequently forms
superoxide ion(O3) through interaction with molecular oxygen
dissolved in solution. However, this pathway may not be im-
portant in ethanol solution, since the photoionization of Trp
in alcohol is not observed at wavelengths longer than 270num.*

Interestingly in the previous paper*, the relative photooxida-
tion of ML sensitized by Trp was reported to depend on ML
concentration. This was interpreted to be due to very efficient
photosensitization by a small amount impurity in ML which
was not detected even by HPLC and absorption spectroscopic
method. However, this does not eliminate the possibility that
photosensitization by Trp can be affected by ML. Thus, being
interested in the nonsinglet oxygen mechanism of photosensitiza-
tion by Trp, we reinvestigated the effect of ML concentration
on Trp-sensitized photooxidation of ML in ethanol solution,
using N-acetyl-L-tryptophan(NAT) and 3-methy! indole
(scatole).

Experimental Section

Materials, N-acetyl-L-tryptophan(NAT) and 3-methyl in-
dole(scatole) were used as supplied from research Plus Lab. and
Sigma Chemical Co., respectively. Methyl linoleate(ML) ob-
tained from Sigma Chemical Co. was purified by
chromatography on silica gel, as described in the previous
paper,* and its purity was determined by observing a single spot
on silica gel TLC(hexane/ether/acetic acid, 35/2/1 by volume)
and by observing no absorpiton peak beyond 220nm which is
characteristic of impurity.

Measurement of fluorescence quenching. Fluorescence spec-
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tra of NAT and scatole were measured on Jovin Yvon JY-3
spectrofluorometer at ambient temperature. The quenching of
NAT or scatole fluorescence was observed upon addition of ML,
and its rate was determined from the Stern-Volmer equation
{equation I) by using least square analysis. Solutions of the
fluorescers{0.03mM) and ML(0.01-0.05M) were deoxygenated
by gentle bubbling with 99.99 % nitrogen through the solutions
in septum-capped quartz cuvette just before the measurement
of fluorescence. Equation I is given by

F,
F'l"'kcrx(ML} (1)

where Fo/F is the ratio of fluorescence intensities of NAT or
scatole in the absence or presence of ML, and k, d 7,are
guenching rate constant and fluorecence lifetime, respectively.

Irradiation. Iiradiation was performed in a modified Merry-
Go-Round? attached with a Bausch & Lomb 200W medium
pressure mercury lamp. 1 ml samples were irradiated for 90 min
in matched pyrex test tubes which transmit less than 10% at
270nm and lower wavelength. The incident radiation was filtered
with 1cm of water, Irradiation of NAT was also performed in
parellel with all samples to correct day-to-day variation in
fluence rate.

Gas chromatography. Irradiated samples were analyzed by
Yanaco (3180 gas chromatography with flame ionization detec-
tor immediately after irradiation. The column (3.0mm x 1.5m)
was packed with 20% DEGS on .aromosorb W and maintain-
ed at 170°C,

Results and Discussion

Photoreaction of ML was performed in the presence and
absence of 0.3mM scatole or NAT. The amount of photoreacted
ML was determined by monitoring the decrease of ML peak

8 24}

>

b |

,g\” NAT

—— 16} (o}

c

-..9. $ Scatole

9 12t

s

L

2 o

Q.

—

P =R

&
0 A A A A A N
0 001 002 003 006 005 006

ML, (M)

Figure 1. The effect of ML concentration on its photooxidation in the
presence and absence of scatole and NAT. ML in air saturated ethanol
was irradiated with A>270nm for 80 min along{a} or with £.3mM
NATI(®) and scatole (O}, The relative decrease in area of GC peak at-
tributed to ML photooxidation is plotted vs. ML concentration. Points
represent the mean value from duplicate results.



Photasensitized Methyl Linolsate Oxidation

area of gas chromatography. The photoreaction of ML is assign-
ed to be photooxidation, since no change of ML peak was
observed when irradiation was done with N,-purged sample.

Figure 1 shows the relative photooxidation of ML as a func-
tion of ML concentration in the presence of scatole or NAT.
This result is in good agreement with that monitored by HPLC
as reported previously.* Negligible oxidation occurred when ML
was irradiated alone. These results indicate that NAT or scatole
photosensitizes oxidation of ML, and that the relative photosen-
sitization is increased with ML concentration. One would not
expect the change in relative photosensitization with ML con-
centration, if the photosensitizing ability of sensitizers are not
affected by pure ML.

In order to explore the effect of ML on the photosensitizing
ability of the sensitizers, primarily we have measured
fluorescence spectra of the sensitizers in the presence and
absence of ML. The fluorescence emission maxima consistent-
ly appeared at 347nm with excitation wavelength 285nm or
295nm, regardless whether ML present or not(data not shown).
This indicates that microenvironment of sensitizers is not chang-
ed. However, fluorescence intensities of sensitizers were observ-
ed to be quenched by ML. Presented in Figure 2 are the results,
plotted in Stern-Volmer fashion (see equation [), of ML quen-
ching studies of scatole and NAT in ethanol. Assuming 5.2 and
6.4 nsec as the fluorescence lifetimes of scatole and NAT™
respectively, the bimolecular collisional quenching rate cons-
tant is approximately 0.5-0.6 x 10'* M s™. This value indicates
that the diffusion-concrolled reaction is effective in quenching

of fluorescence of scatole or NAT.

Some olefins structurally similar to ML quench the
fluorescence of aromatic flucrophores by forming a transient
exciplexes which are often non-fluorescent**- ‘2 and promoting
electron transfer'® or intersystem crossing.** Thus, it can be
speculated that the following photophysical processes of sen-
sitizers(S) such as NAT or scatole are possible in the presence
of ML under anaerobic condition(Scheme I},

Ay

S : >'S (1)
18 k’ *S+hy, @)
1S k' »S (3)
15 k‘“ » 38 {4)
'S+ M L——————3> S+ ML*. (5)
{or
ke
1§ 4 M L= S + ML, ®)

where k's represent rate constants for fluorescenct emission(k,),
internal conversion(k,), intersystem crossing(k...), ML-enhanced
electron transfer(k,) and ML-enhanced intersystem crossing(ks).

Foigure 3 shows that the relative photooxidation of ML
((MLO,)/[ML],) sensitized by NAT and scatole is inhibited as
the concentration of azide ion, a singlet oxygen quencher, in-
crease, supporting the possible role of singlet oxygen in the ox-
idation of ML again as previously observed*. If step (6} in
scheme 1 is dominant for the fluorescence quenching, compared
to step (5), the formation and dissipation of singlet oxygen can
be processed competitively in the presence of sensitizer, ML and
a singlet oxygen quencher(Q), as shown in the following Scheme
11,
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Figure 2. Stern-Volmer plot for ML-induced fluorescence quenching
of NAT| @) and scatole{C} in deaerated ethanol. The concentration
of each fluorophore was 0.03mM. A8 =347nm A, = 285nm or
295nm. Slit width for excitation=10nm.

S+p— w54, 7
0,+ML—2__, MLo, )
0, +Qq— 4 qo, (9)
‘o,+0——k"—-—- 0,+Q (10}
0, ks >0, 1)

where k’s are rate constants for energy transfer from °S to
*0stk,), 'Oz-induced oxidation of ML(k,) chemical quenching
of 'O, fk.), physical quenching of 'O,(kg} and autodecay of
'0sfky). Quenching of singlet sensitizer is negligible, since the
short lifetime of the singlet state requires a very high concen-
tration of azide jon. The steady-state kinetic treatment of
Scheme I and Scheme I1 gives the following equation II for the
quantum yield of formation of product MLO; (@,02).1*

kise he(ML)
kotk, ho GL)+ G Ry, (1
This equation II can be inverted and reduced to the following
equation III.

¢m.o;= (

TGP

kot
Pitor= A (14 2et EHRI Q) (k’H‘

(I}
Equation III allows linear plots of [MLO;]™* {the amount of
product formed in a given time) vs [ML]™, showing straight
lines with common intercept. However, the actual siope increas-
ed as the [ML] increased in non-linear fashion for both NAT
and scatole photosensitized ML oxidation(see Figure 4). This
indicates that another competing reaction is invoived in the
photosensitization of NAT or scatole for ML oxidation.

Alternatively, electron transfer (step (§)) may be dominant
for quenching of NAT or scatole fluorescnece. Thus, the follow-
ing kinetic scheme 111 may be considered for the formation of
a photooxidation product of ML as a result of the sensitized
¢lectron transfer between sensitizer and ML.

(S+ML*)+0, ——— Oy (12)
ML +0; —_— MLO, (13)
'S+0, — 3 (14)
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Fgure 3. The effect of azide ion concentration on the relative photoox-

idation of ML in the presence of NAT with respect to ML concentra-
tion, 0.01M(A) 0.02M{), 0.03M(E), 0.04M(O) and 0.05M( @),
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Figure 4. Reciprocal plot of ML oxidation product yield vs. recipracal
ML concentration with respect to various concentrations of azide ion;
OmM{Q), 2mM(A), 4mM(A) and BmMI( ). See detail in text.

The quantum yield for formation of MLO3(@az02) can be 0b-
tained by steady-state treatment of kinetic Schemes [ and III,
assuming F as the fration of the radical ion pair(S~ + ML*.)

which forms MLO, (see equation IV).'®
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Figure 5. Reciprocal plot of relative quantum yield for product for-
mation vs. reciprocal ML concentration. Data were taken from Figure

1. (@), for NAT, {0O), for scatole.

TABLE 1: Rate Coustants for Fluorescence Quenching Electron Transfer

of Sensitizers for Methyl Linoleate
10%k,* 10k ¥
Sensitizer o 10,
M5t M-t
NAT 0.20 0.61
scatole 0.16 0.47

“Rate constant for electron-transfer determined from ML concentra-
tion dependence of oxidation product formation, ® Rate constant for
fluorescence quenching from Stern-Volmer plot (Figure 2)

ko(ML)

$ueor = F e R2 (00 +mry)

The reciprocal value of relative quantum yield for product for-
mation(R) is proportional 10 @,.01, giving equation V,
, k,+k,+k . +k3(0 1
1/R=F' (1+ %, ( '])[M_L] {V)
where F' is the proportionality including F. Figure 5 shows the
plot of R vs [ML]™, giving lincarity as expected. The k,, values
were determined from the slopes and intercepts by assuming
5.2 and 6.4 nsec as fluorescence life-times of NAT and scatole,
respectively.'® The rate constant for fluorecence quenching(k?)
of NAT or scatole by oxygen was measured to be 1.2 x 10*®
M- 571, Table 1 lists the values of k, which are almost identical
with k, within experimental error. This suggests the possibility
of involvement of electron-transfer mechanism in NAT or
scatole photosensitization of ML oxidation.

In conclusion, tryptophan seems to sensitize photooxidation
of methyl linoleate through electron-transfer in competition
with 'O, formation. The electron transfer may be more effec-
tive for photosensitization of oxidation of ML at higher con-
centration, because the fluorescence quenching of sensitizer by
ML is involved in the first step of oxidation.
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An approximate solution of the Fokker-Planck equation with the nonlinear drift term due to a Schlégl model is obtained and
the result is compared with the methods proposed by Suzuki. Also the effect of nonlinearity on the correlation length at the

stable steady state is studied.

Introduction

In recent years, there have been considerable interests in the
behavior of systems far from the thermodynamic equilibrium,
which exhibits instability. Such phenomena are observed in
many fields'-*. Especially, the laser model* draws a great at-
tention. Recent investigations of several authors® 7 have pro-
vided the analogy between transitions in unstable systems and
phase transitions. Their theory is applicable to any system whose
macroscopic behavior is governed by nonlinear evolution
equations.

If there is no random force which is caused by internal
microscopic fluctuations, a system in an unstable state does not
undergo decaying process. Once the decay of the unstable state
is initiated, fluctuations are amplified by the linear contribu-
tion which shows exponential divergence. Later, these fluc-
tuations are affected by the nonlinear effect and then have the

*Present Address: Department of Applied Chemistry, National Fisheries
University of Pusan, Pusan 608, Korea

finite steady state value. This fact has been studied from the
Langevin eq. by Suzuki® with his scaling theory and also by
Valsakumar and his coworkers.?

Also several authors have tried to obtain the probability
distribution function satisfying the Fokker-Planck eguation.
Among them, Suzuki* '° has divided the whole range of time
into three parts, that is, initial, intermediate and final regimes
and introduced the scaling theory connecting the initial and in-
termediate regimes. This theory is successful in describing the
intermediate regime but does not describe the final steady state
properly. Later, he has proposed the unified theory'! using the
properties of the exponential streaming operator. In addition,
Valsakumar** has obtained the formally exact probability
distribution function using Trotter’s formuia, but it has a rather
complicated form and is difficult to handle.

In this work we study a chemical system which can be describ-
ed by a stochastic variable governed by a Fokker-Planck equa-
tion. The nonlinear drift term in the Fokker-Planck equation



