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To the extent that life on earth is sustained by the
sun’s energy, transmitted through space as electro-
magnetic radiation, the interaction of this radiation
with the biosphere is a matter of vital concern to hu-
manity. In turn, the interpretation of photobiological
phenomena at the molecular level relies heavily on
the outcome of photochemical investigations of sim-
ple model systems. Thus visual response is triggered
by photoisomerization of the pigment retinal,®! an
example of the extensively studied photochemical
cis-trans isomerization of olefins,?2 while the pho-
toaddition of unsaturated molecules to produce cy-
clobutane derivatives? has served as a model for the
intrastrand photodimerization of adjacent thymine
residues associated with the photoinactivation of
deoxyribonucleic acid (DNA).4

Carbohydrates, proteins, nucleic acids, and other
components of biological systems do not usually ab-
sorb solar radiation in the spectral region >300 nm
transmitted by the ozone layer in the upper atmo-
sphere. Consequently the initiation of photobiologi-
cal processes often depends on light absorption by
accessory pigments or sensitizers of which chloro-
phyll and the carotenoids are examples. A physiolog-
ically important class of sensitized photobiological
reactions is that in which the damage or destruction
of systems, ranging from enzymes and nucleic acids,
through viruses and cells to plants, animals, and
man, is accompanied by the consumption of molecu-
lar oxygen.® The characteristics of this so-called
photodynamic action are remarkably similar to those
exhibited by the photoperoxidation of unsaturated
molecules, the detailed kinetic sequence of which is
moderately well resolved. It is therefore of interest to
examine the extent to which this reaction can serve
as a model for photodynamic action.

The Photoperoxidation Reaction

The sensitized addition of molecular oxygen to an
unsaturated organic substrate M is represented by
the overall process

S, hv
M T MO,

in which the light-absorbing sensitizer S remains
chemically unchanged -(except in the case of auto-
peroxidation described below) and the peroxide or
hydroperoxide MOz is usually the sole product. The
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term photoperoxidation was introduced® to distin-
guish this reaction from such photooxidative pro-
cesses as electron or H-atom transfer.

Examples? of reactive substrates or oxygen accep-
tors include compounds with an isolated carbon-car-
bon double bond and an allylic hydrogen atom
which form unsaturated hydroperoxides, cyclic con-
jugated dienes which form annular peroxides, a pro-
cess exploited commercially® for the production of
ascaridole from «-terpinene using chlorophyll as sen-
sitizer in the presence of sunlight, and certain cata-
condensed aromatic hydrocarbons and their deriva-
tives, which are capable of acting as their own sensi-
tizers (S = M) in a process of autoperoxidation.

Product analysis,® and the appearance of isosbest-
ic points in the absorption spectra of aromatic hy-
drocarbons undergoing autoperoxidation,® define the
overall reaction stoichiometry, and the reaction rate
has been measured as the rate of substrate deple-
tion,® of oxygen consumption,® or of product accu-
mulation.!? For a given system the rate varies di-
rectly as the absorbed light intensity [,%:11 and the
overall quantum yield y(MOz) increases wih both
the concentration of dissolved oxygen, [Oz], and sub-
strate concentration, [M], to limiting values;%-11.12
the reaction is not inhibited by products provided
these do not absorb the actinic radiation.® The sim-
plest reaction sequence qualitatively consistent with
these observations is that of Scheme I. This provides

Scheme I

S + hv — S*

S* —= § (+hv) (a)
8 + 0,— X (b)
X +M—MO, + 8 (c)
X =8 + 0, (d)

expression I for the overall quantum yield in terms of
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the rate constants k; of the ith process, where ygy is
the quantum yield of formation of the unspecified
excited state S* of the sensitizer, and the substrate
reactivity parameter!3 3 = kq/k. is available from
measurements of v(MOg) (or relative yield) as a func-
tion of substrate concentration [M].

Footel? has discussed the evidence supporting the
role of the low-lying singlet state of molecular oxy-
gen, O2(Ag) (at ~8000 cm-?! above the O2(32)
ground state), as the reaction intermediate X in so-
lution, and its physical and chemical properties have
been extensively reviewed.l# The analysis of kinetic
data presented below is based on the assumption of
an Oz(1A) reaction intermediate, although it is rec-
ognized that this is kinetically indistinguishable
from a sensitizer-oxygen complex (of sensitizer-inde-
pendent reactivity) and that to date no spectroscopic
evidence has been reported for the presence of
02(*A) in a condensed system undergoing photoper-
oxidation.

Knowing the identity of the ‘“‘reactant,” or elec-
tronically excited species responsible for its initia-
tion, is essential to the complete understanding of
any photochemical reaction. In the present context
this concerns the role of excited singlet and triplet
states of the sensitizer, either or both of which may
generate Oz(*A) in the spin-allowed exothermic oxy-
gen-quenching processes 1 (if the sensitizer singlet-

1S* + 0,°%) — *s* + 0,(A) 1)
triplet splitting AEqr > 8000 cm~1) and 2 (if the
8 + 0,°%) — 8 + 0,('A) (2)

sensitizer triplet state energy E+ > 8000 cm~1). The
O2(*A) precursor is identified kinetically by an anal-
ysis of the dependence of the overall quantum yield
on the concentrations both of dissolved oxygen and
of the inhibitor azulene.

Oxygen Dependence of Quantum Yield at High
Oxygen Concentrations. Equation I may be written
in the form

v(MO,) = 75*{1 TT;:E.ZQ[]OZJ}{ B8 E—M[]M]}

where 7sx (=k,—1) is the lifetime of the O3(1A) pre-
cursor S* in the absence of oxygen. Accordingly if
vs# 18 insensitive to oxygen concentration, y(MOz)
will also be independent of this variable when this
substantially exceeds (kprsx)—1. Gollnick and
Schenck? find that this condition is satisfied when
[O2] > 2 X 10-3 M for the photoperoxidation of 2,5-

(13) C. 8. Foote, Accounts Chem. Res., 1, 104 (1968).

(14) D. R. Kearns, Chem. Rev., 71, 395 (1971); T. Wilson and J. W.
Hastings, Photophysiology, 5, 49 (1970); K. Gollnick, Advan. Photochem.,
6,1(1968).
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dimethylfuran sensitized by a series of halogenated
fluorescein dyes, and conclude that, since g4 > 1/(2
X 10-3ky,) ~ 50 nsec, which exceeds the fluorescence
lifetime, the triplet state of these dyes is the precur-
sor of Og(*A) (process 2); this is to be expected for
these sensitizers in which AEgr < 8000 cm-1, and
process 1 is energetically prohibitive.

Stevens and Algar®.15 have presented a detailed
analysis of the oxygen concentration dependence of
quantum yields of photoperoxidation sensitized by a
series of aromatic hydrocarbons in which AEqr ex-
ceeds the excitation energy of Oa(1A) (8000 cm—1).
In addition to the possible formation of O3(A) from
sensitizer singlet and/or triplet states these authors
also consider triplet-state formation from oxygen
quenching of the sensitizer singlet state in addition
to the unimolecular intersystem crossing route. It is
convenient to define the following parameters:
P(03), the probability that a sensitizer singlet state
is quenched by oxygen at the prevailing concentra-
tion, independently available from oxygen quenching
of sensitizer fluorescence as (Fo — F)/Fo, where Fy is
the fluorescence intensity in the absence of oxygen;16
a, the probability that oxygen quenching of the sin-
glet state generates Ogz(*A); 5, the probability that
oxygen quenching of the singlet state produces the
sensitizer triplet state; ¢, the probability that oxygen
quenching of the triplet state produces Os(1A).

The overall quantum yield, ~,, of O2(1A) forma-
tion, available experimentally as +(MO2)(1 + 8/
[M]), is given by eq II if oxygen quenching of the

Ya = aP(0y) + yasee (IT)

sensitizer triplet state may be assumed complete
under conditions where P(QO3) is significant. Since
the quantum yield vss of triplet-state formation may
be expressed as the sum of the intersystem crossing
yield y1s(1 ~ P(O2)) in the presence of oxygen and the
oxygen-induced singlet-triplet conversion efficiency
6P(02), eq II reduces to eq III, which describes the

Ya = ey;s + P(Ole + (6 — yio)] (I1I)

linear dependence of v, on P(O2), measured inde-
pendently as 1 — F/Fy, exhibited by the data shown
in Figure 1 for a number of sensitizers. _

Within the limits of experimental error the inter-
cepts v» = evis at P(Og) = 0 of the data lines in
Figure 1 are equal to published values of y4(na-
phthacene)'” or of 1 — vy for the sensitizers exam-
ined, indicating a value of unity for ¢; it is there con-
cluded that the energy transfer process 2 is predomi-
nantly responsible for oxygen quenching of the sensi-
tizer triplet state either directly or, in the case of
higher energy triplet states (Et > 13000 cm-1), via
the intermediate production®® of Oz(13) (at 13000
cm~1) which must undérgo a rapid quantitative re-
laxation to O5(1A).2°
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Figure 1. Plot of Os(1A) yield y4 against fraction P(Oz) of sensi-
tizer singlet states quenched by O2 (eq III). (@) 9,10-Dimethyl-
1,2-benzanthracene (DMBA); (X) naphthacene; (J) anthan-
threne with DMA acceptor; (®) anthanthrene with DMBA accep-
tor; (&) rubrene; (0) 9,10-dimethylanthracene (DMA). Solvent
benzene at 25°,

The data lines in Figure 1 extrapolate to a limiting
quantum yield of Os(*A) formation of unity when
oxygen quenching of the sensitizer singlet state is
complete (P(O3) = 1), or in terms of eq III (with ¢ =
1)

a+ 6 =1

This condition eliminates process 1 (which with pro-
cess 2 would lead to a limiting value of 2 for 4 ) and
is most simply interpreted in terms of process 3 (§ =

'S* + 0,(Z)1—=1 8% + 0,(°%) (3)
1, a = 0), or the formally spin-forbidden process 4 (6

'$* + 0,2) — 'S + 0,('A) (4

= 0, ¢« = 1). This kinetic ambiguity is further re-
solved by an examination of the effects of the
energy-acceptor azulene on the overall quantum
yield.

Azulene-Inhibited Reaction. Azulene A may in-
tercept both the singlet and triplet states of 9,10-
dimethylanthracene (DMA) in the energy-transfer
processes 5 and 8, to produce the lowest excited sin-

'DMA* + A — DMA + 'A* (5)
*DMA* + A —= DMA + °A* (6)

glet and triplet states of azulene which undergo
rapid nonradiative relaxation?® and are not subject

(20) P. M. Rentzepis, Chem. Phys. Lett., 3, 717 (1969).
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to oxygen quenching in air-saturated benzene. Since
DMA itself has a negligible intersystem crossing
yield (Figure 1), the addition of azulene should re-
duce the quantum yield of DMA autoperoxidation
according to relationship IV («¢ + § = 1), where the

’Y(MOQ) ___ F {
Y(MO,)A ~ F,

Sko[A] .
k[0;] + akG[A]} av)

quotient F/F, describing azulene quenching of the
singlet state (process 5) is available from indepen-
dent measurements of azulene quenching of DMA
fluorescence, F, and the term in parentheses arises
from the triplet-state quenching process 6. The ex-
perimental quantity v(MOg)Fa/v(MOg)AF is found??
to be a linear function of azulene concentration, in-
dicating azulene interception of the DMA triplet state
with &« <« § > 0; in the absence of intersystem cross-
ing, this triplet state must originate from oxygen
quenching of the DMA singlet state (process 3).
This evidence in support of process 3 as that predomi-
nantly (if not wholly) responsible for oxygen quench-
ing of the sensitizer singlet state is consistent with
the expectation that k3 > k4 on the grounds of spin
conservation, and is confirmed by the recent pulsed-
laser studies of Potashnik, Goldschmidt, and Otto-
lenghi?? who find that 6 = 1.0 £+ 0.2 for a series of
eight aromatic hydrocarbouns in toluene.

A quantitative analysis of the data in terms of eq
IV provides the value ks = 3.3 = 0.5 X 10° M~
sec~!, which is lower by a factor of 9 than the diffu-
sion-limited rate constant k3 = 3.15 £ 0.20 x 1010
M~1 sec~1 for oxygen quenching of the correspond-
ing singlet state; this is consistent with a spin statis-
tical factor of Y% anticipated for the detailed quench-
ing sequence?®

r---»‘S(S-oz) — ’3* + 0,(2)
ST+ 0,05) t%sAoa — '8 + 0,'%)
'(8-0,) — 'S + 0,('A)
in which only one in nine of the sensitizer-oxygen
complexes (S-0z) has the resultant spin angular mo-
mentum of the products 1S + O2(1A). Direct mea-
surements of ks by Patterson, Porter, and Topp?*
have shown that the encounter quenching probabili-
ty increases with decreasing energy of the triplet
state to a limiting value of ¥ for the anthracene trip-
let state at 14,700 cm—1,

Oxygen Dependence of Quantum Yield at Low
Oxygen Concentrations. At sufficiently low concen-
trations of dissolved oxygen unimolecular relaxation
of the sensitizer triplet state of lifetime 374 will effec-
tively compete with the oxygen quenching process 2.

This introduces an additional term to the quantum
yield expression which may now be written as

(21) B. E. Algar and B. Stevens, J. Phys. Chem., 74, 3029 (1970).

(22) R. Potashnik, C. R. Goldschmidt, and M. Ottolenghi, Chem. Fhys.
Lert.. 9,424 (1971).

(23) B. Stevens and B. E. Algar, Ann. N. Y. Acad. Sci., 171, 50 (1970).

(24) L. K. Patterson, G. Porter, and M. R. Topp, Chem. Phys. Lett., 7,
612 (1970).
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¥(MO,) ={’YIS + k3175[02}}{

Pl ks*740,] } { [M] }

1+ &Pr[0.]) L8 + [M]
(V)

where 174 denotes the lifetime of the sensitizer sin-
glet state. Since 17y is orders of magnitude shorter
than 3rg the overall yield is limited by oxygen
quenching of the singlet state (described by the first
term in equation V) at all oxygen concentrations for
those sensitizers with high fluorescence yield (yi5 ~
0), but is limited by oxygen quenching of the triplet
state (defined by the second term in V) when vy is
significant.

Dependence of Quantum Yield on Substrate
Concentration., In accordance with eq V the slope/
intercept ratio of the observed linear function
v(MO32)-1 ([M]-1) at constant oxygen concentration
provides the substrate reactivity parameter § =
ka/k. which varies with substrate over five orders of
magnitudel® or from 55 M for (relatively unreactive)
cyclohexene to 3 X 10-¢ M for (reactive) DMA and
rubrene. The independence of 8 on the sensitizer,
and its identity with the reactivity parameter for the
same substrate toward addition of chemically gener-
ated O3(1A), provide the most compelling evidence
for the intermediary role of Oz(*A) in the photosensi-
tized reaction.!®> In this case kg describes the
unimolecular relaxation of O2(*A) (process 8) of life-
time 7, = 1/ks, and the marked dependence of 3 on
substrate must originate in a similar variation of the
rate constant k. describing substrate-singlet oxygen
addition (process 7). Koch25 has investigated the tem-

0,('a) + M — MO, (7
0,('A) —0,(2) ®)

perature dependence of 3 for 46 substrates sensitized
by ten different dyes in a series of pure and mixed
hydroxylic solvents over a subambient temperature
range of up to 140°. As shown schematically in Fig-
ure 2, 8 values for these substrates exhibit four types
of temperature dependence in this range depending
on the magnitude of 8 at 20°; this in turn is deter-
mined by the relative magnitudes of the rate con-
stants describing dissociation (kg) and peroxide for-
mation (ky) of the substrate-oxygen complex (M-

02) formed at the diffusion-limited rate
kp[M]1[O2(1A)]in the detailed reaction sequence
kp 3
0,('A) + M —= 'M-0,) £, MO,
kR
in terms of which
B = kglk; = ky(kg + ky)/kpky (VD)

3 therefore ranges from a diffusion-limited value (ky
> kg) of kg/kp < 0.002 M for very reactive sub-
strates to reaction-limited values (ky < kg) of
kskr/kpky > 0.05 M for relatively inert acceptors at
ambient temperature, and the respective tempera-
ture dependence illustrated by curves I and IV of
Figure 2 provide the activation energies

(25) E.Koch, Tetrahedron, 24, 6295 (1968).
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EN = Ep + Ey — Ep - Eg

The close correspondence of Eg! with the activation
energy for viscous flow  Ep for most solvents exam-
ined indicates that 7, = 1/ks is essentially indepen-
dent of temperature over the range examined, while
the argument that Ez ~ Ep for a weakly bound
complex leads to the conclusion that EglV ~ Ey
which varies from 2.3 kcal/mol for 2-methyl-4-phen-
ylbutene (3 = 0.15 M) to 10 kcal/mol for 2-butene (38
=12.5M).

REACTION LIMITED

0,01 1
8
Mol/1 DIFFUSION LIMITED
0,001 -
0,0001 +r—r—— : T T — T
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T

Figure 2. Schematic variation of reactivity parameter 3 with
temperature (after Koch).28

Curves II and III of Figure 2 describe a transition
from reaction-limited to diffusion-limited addition of
Os(1A) to substrates of intermediate reactivity at
ambient temperature as the temperature changes.

Relaxation and Quenching of O2(*A). The radia-
tive lifetime of O2(1A) estimated from the integrated
absorption coefficient is 2700 sec or 45 min.28 In air
at atmospheric pressure this is reduced to 0.088 sec
due largely to the quenching process

0,('A) + 0,°S) — 20,(°%) 9

for which a rate constant of 1.3 X 103 M -1 sec-! has
been reported.27

Foote and coworkers?® have shown that the re-
markably efficient inhibition of photosensitized per-
oxidation by B-carotene in solution is accompanied
by cis-trans isomerization of this inhibitor which,
however, is not otherwise significantly consumed.
These observations are consistent with the energy
transfer process 10 which provides an upper limit of

(26) R. M, Badger, A. C. Wright, and R. F. Whitlock, J. Chem. Phys.,
43, 4345 (1965).

(27) R. P. Wayne, Advan. Photochem., 7, 400 (1969).

(28) C. S. Foote, R. W. Denny, L. Weaver, Y. Chang, and J. Peters,
Ann. N. Y. Acad. Sci., 171, 139 (1970).
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0,('A) + f-car —= 0,(°F) + *p-car 10}

22.5 kcal/mol on the triplet-state energy of g-caro-
tene, together with a logical interpretation of the
protective action of carotenoids in photosynthetic
systems against the damaging effects resulting from
chlorophyll sensitization.?® Quantitative studies?8 of
the §-carotene inhibition of Methylene-Blue sensi-
tized peroxidation of 2-methyl-2-pentene in benzene-
methanol solutions lead to a value of kg/kig = 3 X
10-¢ M, indicating that the transfer process 10 is
some two orders of magnitude more efficient than
0O2(*A) addition to the most reactive acceptor (8 = 3
X 10-¢ M for DMA). If kqo is assigned an upper
limit equal to the diffusion-controlled value of 3 X
1010 M~-1 gec~? for the oxygen quenching of singlet
states in benzene, a lower limit of the lifetime 7, of
O2(1A) in the same solvent may be computed as
Th = kg = kpfky X 3 X 101 ~ 11 usec

Recently Merkel and Kearns3® have measured the
O2(*A) decay constant kg indirectly by monitoring
the depletion rate of a reaction substate M following
laser excitation of the sensitizer. For small changes
in substrate concentration the relaxation equation

—d[M)/dt = k;[O0,("A)][M]

Ra[05('A)]o[M
is integrated to yield

1 exp[—(ks + kMI)]

B [O,(CAY[M
[M] = [M], ~ [ ,E i k>[]§\[/1] ]] exp[—(ks + B{M))t]
—d—l‘%@ & (hy+ ki[M]) X 23
where [M] is the final substrate concentration and

D = «d([M] — [M],) denotes the change in opti-
cal density of substrate. Measurements of the relaxa-
tion time (kg + k7[M])-! at two concentrations of
substrate are sufficient to obtain ks (and k7) which
exhibits the hitherto unsuspected dependence on sol-
vent shown in Table 1.

Table I
Solvent Dependence of O2(*A) Lifetime?®

Solvent T1A usec OD7830(1 cm) ODezso(l cm)
H,O 2 0.47 3.4
D20 20 0.06 0.27
CH;3;0H 7 0.18 3.9
C,H;0H 12 0.14 2.0
CeHio 17 0.09 0.08
CeHs 24 0.009 0.11
CH3CN 30 0.016 0.14
CHClj 60 0.002 0.013
CS. 200 <0.0005 0.00
CCly 700 <0.0005 0.00

aFrom P. B. Merkel and D. R. Kearns, J. Amer. Chem. Soc.,
94, 7244 (1972).

(29) W. A. Maxwell, J. D. Macmillan, and C. O. Chichester, Photochem.
Photobiol., 5,567 (1964).

(30) P. B. Merkel and D. R. Kearns, J. Amer. Chem. Soc., 94, 1029, 1030
(1972).
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Stevens and Perez3! have found that the quantum
yield of DMA autoperoxidation in benzene decreases
with increase in oxygen concentration in the range of
0.1 to 0.3 M (corresponding to oxygen pressures of
from 200 to 600 psi) which is attributed to process 9
with an estimated rate constant of 6 £ 4 X 10* M1
sec~1, Although this is considerably larger than the
value for the same constant in the gas phase, it is
some three orders of magnitude too low to reduce the
lifetime 7, to 24 usec. A simple theoretical interpre-
tation of process 8 in terms of electronic to (solvent)
vibrational energy transfer has been presented by
Merkel and Kearns3? who relate the solvent quench-
ing efficiency (expressed as 7,) to the solvent optical
densities at 7880 and 6280 c¢cm~-! corresponding to
the 0-0 and 0-1 components of the O3(*A) — 04(32)
transition; their expression

1/ry ~ 0.5(0Dygg0) + 0.005(0Dgyg0) (usec)™

agrees remarkably well with the experimental values
of 7. listed in Table I and accommodates the tenfold
increase in t, observed when D20 (with lower opti-
cal densities at 7880 and 6280 cm—1) replaces H>O as
solvent.

Photodynamic Action

Operationally defined as the photosensitized dam-
age or modification of biological systems in the pres-
ence of molecular oxygen, photodynamic action has
been extensively investigated and recently re-
viewed.32 It is implicated in the spectacular effects
suffered by victims of porphyria, an inherited disrup-
tion of porphyrin metabolism which can result in the
accumulation of these potential sensitizers in the
skin; in its milder form typical histamine release
symptoms follow exposure of the patient to sunlight,
but the proliferation of facial hair in severe cases
may have proved fatal to those burnt at the stake as
werewolves in the Middle Ages.33

Of the simpler biological systems perhaps the best
documented from the kinetic standpoint is photody-
namic enzyme inactivation resulting from the modi-
fication of those amino acid residues, notably histi-
dine, tryptophan, and methionine, which are suscep-
tible to photosensitized oxidation in the free state.3?
Since the peptide linkage is unaffected, this selective
technique of key residue modification has been uti-
lized to investigate the nature of the active enzyme
site.3* The dependence of sensitized inactivation rate
on light intensity3® and enzyme3¢ (Figure 3) and
oxygen37 (Figure 4) concentration are those charac-
teristic of the photoperoxidation reaction and logi-
cally require the consideration of O2(*A) as the reac-
tion intermediate. Indeed, singlet oxygen has been
shown to inactivate at least one (lyophilized) en-
zyme3® and to react with the four major components

(31} Unpublished.

(32) J. D. Spikes and M. L. MacKnight, Ann. N. Y. Acad. Sci., 171, 149
(1970).

(33)
(34)

Newsweek, 26 (June 22, 1970).
W. J. Ray and D. E. Koshland, Jr., J. Biol. Chem., 237, 2493 (1962).

(35) C. A. Ghiron and J. D. Splkes Photochem. PhotobLoZ 4, 907
(1965).
(36) Spikes and B. W. Glad, Photochem. Photobiol., 3,907 (1965).
)

J.D
(37) C. F. Hodgson, E. B. McVey, and J. D. Spikes, Experientia, 25,
1021 (1969),
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Figure 3. Photodynamic inactivation of trypsin in air-saturated
aqueous solution at 15° and pH 8, illustrating typical linear de-
pendence of yg~! on reciprocal enzyme concentration. (O) sensi-
tizer methylene blue (12.5 uM); (@) sensitizer FMN (150 uM).
Lines drawn with same slope/intercept ratio to give § = 7 X 10-5
M. Data of Spikes and Glad.38

of ribonucleic acids,3® while the rate of photosensit-
ized oxidation of certain amino acids has been shown
to increase by an order of magnitude in D50, reflect-
ing a similar increase in the lifetime of O2(1A) in this
solvent.40

From a quantitative standpoint the quantum yield
ve of enzyme inactivation by a photoperoxidation
mechanism may be represented by eq V in the form

_ kstS[Oﬂ }{ [E]
Ye = Yis {1 + kors[0:]) L8 + [E]

if it is assumed that the sensitizer triplet state is
produced only by intersystem crossing from the
short-lived dye singlet state with efficiency ys. The
value of 37y calculated from the oxygen concentra-
tion at which the yield is half the maximum value
(Figure 4) is on the order of 10 usec (if k, is assigned
a spin-limited value under the stated conditions)
which is characteristic of the sensitizer triplet state.
Moreover, the values of 8 (=kg/k11) for enzyme in-
activation computed as the slope/intercept ratios of
the reciprocal yield-enzyme concentration data lines
in Figure 3 are essentially independent of sensitizer

(38) B. Stevens, D. G. Delgado, and J. G. Cory, Jr., Nature (London),
227, 500 (1970).

(39) F. R. Hallett, B. P. Hallett, and W. Snipes, Biophys. J., 10, 805
(1970,

(40) R. Nilsson, P. B. Merkel, and D. R. Kearns, Photochem. Photobiol.,
inpress.

Photoperoxidation in Solution 95

0.008
0.006 -

0.004

- ] //O

105] Mx 103

L 1 1 J/ J

0 0.3 06 I 15
Figure 4. Variation of quantum yields for photodynamic inacti-
vation of a-chymotypsin (40 uM) with concentration of dissolved
oxygen in aqueous solution at 15° and pH 8. (0) MeB sensitizer
(12.5 uM), (@) sensitized by FMN (150 uM) after Spikes, et al.37

and lie within the (albeit wide) range of those re-
ported for photoperoxidation. It is, however, remark-
able that the rate constant for reaction 11 calculat-

E + 0,(A) —» inactive enzyme (1)

ed, from the appropriate §-values (for trypsin) and
the singlet oxygen lifetime 7, = 1/kg = 2 usec in
water, as

ky = Yz,8 = 7 % 10° M7 sec™

should approach the diffusion-limited value for selec-
tive attack of Oz(*A) on the large protein molecule;
this may be indicative of sensitizer binding close to
the active enzyme site.

Although these kinetic features of photodynamic
enzyme inactivation are consistent with a simple
photoperoxidation mechanism, others are not; thus
extrapolation of the quantum yields reported for the
methylene blue photosensitization of trypsin to infi-
nite values of both enzyme and oxygen concentration
provides a limiting value of vg* '~ 0.005 which is
lower than the reported value of ;g for this sensitiz-
er by a factor of ~40. Undoubtedly the reaction se-
quence is more complex than that indicated, due
largely to the necessary use of water-soluble dyes as
sensitizers which are themselves susceptible to
photochemical change and which exhibit acid-base
and association equilibria to introduce pH and sensi-
tizer concentration as experimental variables. That
these sensitizers play a chemical, in addition to a
purely physical, role is evidenced by their consump-
tion as the reaction proceeds;3% indeed it appears
that proteins3® and certain amino acids*! exercise a
protective function toward sensitizer photooxidation.

(41) B. Stevens and A. Warman, unpublished.
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The kinetic evidence indicates only that the over-
all reaction sequence involves two intermediate
species with lifetimes in the microsecond region, one
of which is quenched by oxygen while the second in-
teracts with the enzyme. A strong candidate for the
former is the sensitizer triplet state, which may or
may not be bound to the protein, and which will
react with any species present (oxygen, enzyme, or
unexcited dye) to an extend depending on its con-
centration and the appropriate rate constant.*? Thus
the lifetime of this intermediate determined from the
data in Figure 4 is on the order expected in the pres-
ence of micromolar quantities of enzyme or dye if it
is determined by a diffusion-limited interaction with
these species*® rather than its (presumably much
slower) unimolecular relaxation. However, since the
enzyme does not inhibit the reaction, its quenching
of the sensitizer triplet state must itself initiate an
inactivation sequence which is stabilized by molecu-

(42) C.S8.Foote, Science, 162, 963 (1968).

(43) Measurements of the oxygen concentration dependence of quantum
yield at different enzyme (and dye) concentrations would elucidate this
point.
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lar oxygen at a subsequent stage. These various
alternatives have been examined by Spikes and
coworkers,3% who conclude that no single exclusive
mechanism can accommodate the diverse reaction
characteristics.4

Fortunately for the victims of porphyria, specula-
tion has not been inhibited by mechanistic uncer-
tainty. If the symptoms of this disease are indeed
provoked by photodynamic action involving a singlet
oxygen intermediate, they might be expected to re-
spond to treatment with a physical quencher of this
species; the reported effects of dosage with g-caro-
tene are little short of spectacular.33

I wish to thank Dr. B. E. Algar for providing experimental data
faster than it could be interpreted, the National Science Founda-
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and GP-28331X, and Dr. David Kearns for prepublication copies
of his papers.

(44) Note Added in Proof: Nilsson and Kearns (Photochem. Photobiol.,
17, 65 (1973)) have shown that the photodynamic inactivation rates of trypsin
and of alecohol dehydrogenase are increased by a factor of ~ 10 in D20 consis-
tent with the increased valve of 7 4 in this solvent (Table I) if dye and enzyme
concentrations are sufficiently low to prevent their binding.



