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The Investigation of Molecular Mechanisms in Photodynamic
' Action and Radiobiology with Nanosecond Flash
Photolysis and Pulse Radiolysis

ABSTRACT

Laser flash photolysis investigations on aromatic amino acids and proteins
have demonstrated that monophotonic electron ejection is the major initial act,
leading to ez, and the corresponding aromatic radicals, followed by back reactions
limited by available ey, scavengers. Results with ribonuclease.A, lysozyme and
carboxypeptidase A have led to information about the relationship of the photo-
lonization efficiency of aromatic residues to the microenvironment. Measurements
on the decay kinetics of photoelectrons have shown that the lifetimes and their de-
pendence on scavenger concentrations and dose are inconsistent with homogeneous
reactions. A new theory is proposed in which the photoelectron diffuses through
the medium as a quasi-free particle, where original pair-recombination competes
with scavenging and pair-pair interactions. This theory is in good agreement with
-laser flash photolysis studies on I-, Fe(CN)é-, tryptophan and tyrosine and con-
sistent with earlier photochemical scavenging measurements. The general analysis
of radiation sensitivity has been extended to suspensions of large biological targets,
such as vesicles, viruses and cells, particularly where the radical diffusion length -
is smaller than or comparable to the collision radius. The development is exemplified
with new work on inactivation of T7 bacteriophage by 25 Mev electrons and photodynamic
inactivation of Saccharomyces cerevisiae. Detailed studies on yeast have shown that
the sensitivity to singlet oxygen attack depends on the temperature and the culture
growth phase. Spin label ESR measurements indicate that the conditions of low photo-'
sensitivity parallel low membrane fluidity. Photodynamic action measurements are o
being carried out with 8-methoxypsoralen (8-MOP) emphasizing the primary steps. The
8-MOP triplet state has been populated by energy transfer from acetophenone and
shown to react with thymine. New work on lysozyme inactivation photosensitized by
8-MOP confirms the importance of singlet oxygen as the major damaging intermediate.
In related work, 8-MOP and other psoralen derivatives were shown to be anoxic radio-
sensitizers of T7 phage under protective medium conditions. The results indicate
that psoralens promote DNA cross link formations under the action of ionizing radiation.
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INTRODUCTION

This report summarizes research progress in the Biophysics Laborétory of
the IIT Department of Physicé for the approximate 15 month period starting
July 1, 1976. The scientific staff of the Laboratory includes Dr. L.I.
Grossweiner (Professor of Physics and Chairman of the Department), Dr. J.F:
Baugher (Assistant Professor of Physics), Dr. G.E. Cohn (Assistant Professor
of Physics) Dr. J.Y Lee (Research Associate), Dr. G. Goyal (Research Associate),
the IIT graduate students D; Becker, J. Collins, (Miss) H.Y. Tseng,.A.F. Tien,
and E. Zickgraf, and laborétory technicians (Miss) L.S. Heieh and P. Kbpera.
The Biophysics Laboratory collaborates with Michael Reese.Médical Center in
connection with pulse radiolysis and related ioniéing radiation studies, pgrtic-
ularly Dr. J. Ovadia (Diréctor; Department of Médical Physics and Adjunct”Pro—
fessor of Physics, IIT) and Dr. J.L. Redpéth (Attending Physicién, Department
iof Radiétion Oncology). The research projects desigﬁéﬁed by * were supported
primarily by ERDA Contfact No. E(11-1)-2217. The other projects are based on
other support where the contributions~of the Prinéipél Iﬁvésfig;tor Wefg'partialiy‘;

supported by ERDA.



RESEARCH PROGRESS

1. Photoionization of Proteins and Amino Acids in Aqueous Solution*

Previous work in this laboratory has demonstrated that pﬁotoionization of
aromatic amino acid residues is the major initial photochemical process in many
proteins (e.g., the review of Grossweiner, 1976). The ejected electrons have been
observed as hydrated electrons (e;q) and the disulfide bridge electron adduct

(RSSR™) accompanied by the spectra of the l-electron oxidation products of trypto-

‘phan (Trp+) and/or tyrosine (Tyr‘). A summary of current results obtained by

laser flash photolysis at 265 nm is given in Table I. (Thé-laser apparatus 1is
described in the previous Progress Report for the period 8/1/75-6/30/76.) The
photochemical generation of hydrated electrons from proteins leads to important
conclusions relevant to photobiology at the molecular and cellular levels:

(1)< Irradiation of cells at longer wavelengths than are absorbed by DNA
> 300 nm) can generate superoxide (O ) and hydrogen pen\oxide as:toxic photo-.
prpdﬁgtsg

(2) The photooxidatioﬁ of tryptophan (TRP) to N-formylkynurenine (FK). can lead

"~ to internal photosensitization at A > 320 nm and the generation of 0; and excited

singlet oxygen (102) as damagiﬁg intermediates.

The reaction sequence of (1) is:

®aq 0, 02 T H0, | | - D

]

ﬁhigh should be iﬁportant for any photolysis process in which e;q is generated under
aerobic conditions. The reactions pertinent to (2) proposed by workers in this

laboratory (Walrant et al., 1975) are:



.. Initial -

Protein Quantum Yields (265 nm) t%(e q
Trp” Trp* Tyr* e;q -88 - nsec
(a) (b) (a) (c) (a)
lysozyme 0.023  0.031 - 0.019 0.007 210
trypsin . 0.049  0.044 - ' 0.042 0.007 - 400
papain 0.044  0.025 - 0.038 0.003 ' 560
carbonic 0.00 0.052 - 0.024 0.005 290
anhydrase 4 .
subtilisin 0.032 0.027 0.064 0.048 - 400
Carlsberg .
subtilisin 0.037 0.066 0.025 0.052 - 370
Novo
subtilisin 0.017 0.032 0.032 0.046 - 360
BPN
RNase A
pH 6 - - 0.015 0.015 - 600 -
pH 11 - - 0.031 0.031 - 400
‘Catalase - - - 0.059 - 700
Histone . S 0.035 0.026 - - 100

(a) 0,, 50 nsec
(d) 02, 2 usec

(e) N2’ 50 nsec

1

Table I. Initial Quantum Yields from Laser Flash Photolysis of Proteins
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. . Proposed scheme for internal photosensitization
in bovine carbonic anhydrase and other tryptophan-con-
taining proteins.
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Numerous studies have shown that the photochemical products generated by
irradiating TRP from fhe near-ultraviolet to the visible regions can induce
bioloéical effects on isolated cells, including mutégenicity, inhibition of

DNA strand-break repair in E. ggli,‘and inhibition of growth and lethality to
cultured mammalian cells. This literature is reviewed by McCormick et al. (1976),
who propdse that H202 is the toxic product. Other workers do not agree that

HZOZ is the cytokic agent'(Zigman, et al. (1977). Howgver, there is independent
evidence that l02, a sensitized product of TRP phptooxidation via FK, ina;tivates
yeasﬁ (Ito and kobayashi, 1974; Cohn, et al. 1977) and is involved in tﬁe hemolysis
of human erythrocytes (Michelson and Durosay, 1977).

In addition to the generation of toxic products,.the photolysis of aromatic
residues may have a significant effect on'the fpnctional prote;n absorbing the
radiation. A long-term study in this laboratﬁry on the ultraviélet inactivation
of enzymes based on xenon lamp flash teghniques was updated and summarized in
the previous frogress Reporg and by Grossweiner, gs_gl. (1976). - The following
generél conclusions were ﬁade in that work: _

(15 The numbers of photoionized TRP or IYR’residues in a given protein are

comparable to the exposure as measured with conventional techniques.



(2) The photolysis of TRP or TYR leads to inéctivation of the enzyme when
thé residue is essential (e.g. lysdzyme and papain) or located immediately
adjacent to a key catalytic residue (e.g. trypsin). On the other hand, the photo-
oxidation of TYR in RNase is not an important inactivating step, consistent with
the long distance of the 3 exposed TYR residues from the active site. However,
the single TRP residue in subtilisin Carlsberg is photosensitive, despite the
distance from the active site region. In this case it was suggested that the
photoelectron attacks the essential histidine residue.

The above considerations based on detailed analysis of flaéh photolytic and
steady irradiation préduct yilelds in terms of the enzyme microstructures, indicate
that the flash photolysis method can provide new information about photoinactivation
mechanisms and the functional properties of the native enzyme. These studies

have‘been extended with laser flash photolysis to improve the time resolution from

.5 HUsec as available with the xenon flash lamp-photographic plate detection method

to 20,néec with the more sepsitive photoelectric detgction mgthod.

_ Thebinterpretation of thé protein results in Table I requires understanding
the initial photochemistry of the éromatic amino acids TRP, TYR, and the influence
of available disulfide reactivity. A great deal of previous work on aqueous TRP
derivatives summarized by Grossweiner (1976) has led to the identification of the
radical cation Trp+ (580 nm), the neutral radical Trp* (510 nm), and the triplet
state 3Trp.(460 nm), including the radical extinctioq coefficients>and pKa.
However, there 1s no general agreement as to the ofiéin of‘the‘elec;ron;or the -
nature of the primary photoioﬁization act. AThe recent work.irlthislabofétory

(Baugher and Grossweiner, 1977) indicates that monophotonic ionization from a short-

" lived state othef than the triplet state is the principal step:

p

Re —Y s (1rp}* — Trp’ + o | , (111)



where {TRP}* may be the fluorescent state or an exciplex formed prior to

(or in competition with) the fluorescent state. The consideration of the
10 . -1

rate constants: k(e;q + Trp+) 5 3x10 gf

1

sec ’ and k(e~ + TRP)
. aq
3.6 x 108 M sec-'l shows that a substantial Qeg:ee of back reaetion takes
place under flash photolysis conditions. (The detailed ahe1y31s‘of-§;q.geeay
data for laser photolysis of various solutes led to 1nconsistencies ﬁiéﬁ~homof o :
geneous reaction kinetics and the conclusion that the back reaetion is Signi-' 
ficant even for low-intensity steady state irradiafions; see'section‘Z:below}j
However,'if the electron reacts with the radical, theﬁ e;d scavengers such asA
H+, 02 and N20 should enhance the radical yieldsvmeaeured after the electron has
. decayed. (For example, in the photolysis of aqueous I—, the yield of‘permanent
products 1s bromoted by e;q scavengers.) However, flash photolysis spectra
from~severa1'laboratories'show that the Trp'-yield-ie actually lower in 02 or
N20.than under'Nz. To explain this anomaly;:we have proposed that the back
reaction does not immediately lead to the original TRP. Instead, a new'iﬁter-
mediate Trp' is postulated that can oxidize the solute in turn:
Trp+ + e; — Trp' .
d _ _ (av)
Trp' + TRP — Trp* + Trp o
Although T:p'“has not been identified, it isvreasonable to assuﬁe it may_be'
the triplet state or ; biradical. The former would be comsistent with low-
temperature studies where UV irradiation of TRP leads to the aromatic.radicals'
and 3Trp phosphorescence. Alternatively, the deaﬁination reectioh of e;qvwith

Tnp+ may take place at the NH+ site leading to a 3-indolepropionic acid radical

3
that would not be easily distinguished from Trp.. The quantum yields in Fig. 1
are consistent with this mechanism. From pH 4 to pH 8 the initial electron
yield is 0.10 * 0.01, 20% lower than that for Trpf. The discrepancy indicates

a secondary pathway of radical formation not involﬁing the electron. However,
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the Trp+ yield is only 0.07-0.08 after 2 usec, where the loss is attributed
to electron depletidn via (e;q + TRP) and (e;q + e;q) which must compete with

(IV). The dependence of e;q on laser intensity in Fig. 2 shows that TRP photolysis
is linear from pH 4 to pH 8. Similarly,‘the e;q yield from Fe(CN)g- is linear, with
saturation at high laser intensities. However, for alkaline TRP the upward cur-
vature is indicative of a biphotonic contribution to the photoionization process,
corresponding to the increase of the primary yields (Fig. 1).

| The laser measurements have been extended to tyrosine and tyrosyl peptides
in new work, . to clarify the role of peptide bonding in the primary photolyéis
act. The transient spectra from tryptophyl-L-tyrosine in Fig. .3 show the phenoxyl
absorption of oxidized tyrosine (Tyr-) at 410 nm and the tryptophan radicais:
Trp+ at 200 nsec and Trﬁ- at 1.6 usec. This result indicates that both the TYR or
the TRP moieties can be photoionized, in contrast to the fluorescence of this
 dipeptide which is characteristic only of TRP. Assuming that the internal energy
transfer takes place from the TYR relaxed, excited singlet state; the electron
cénnot be ejected from this state of the TYR moiety. The linear dependence of

the ¢;q yield f?oﬁ TYR on laser intensity (Fig. 4) supports this conglusion.
Megsurements of the e;q and Tyr- yields (Figs. 5 and 6) show that they are equivalent
in both neutral and alkaline solutions for TYR-GLY, GLY-TYR, GLY-TYR—GLf, TYR-TYR
and the enzyme RNase A. However, for TYR itself, the Tyr: yield is about 50%

higher than e;q for the protonated phenolic group, indicative of an alternative
photolysis pathway, presumably splitting of the 0-H bond. The transient spectra
L—cystiﬁyl—bis—tyrésine (Fig. 7) has been resélved into the Tyr°‘and RSSR™ com—
ponents. However, in N20 or O2 the RSSR absorption is not suppressed, inqicating
that the transfer of the electron froﬁ TYR to ~SS—~ takes place via an intramolecul#r
process not involving free e;q. Similar non-quenching of the RSSR absbrption

has been observed_in'lysozyme, papain, and trypsin'(Groséweiner, 1976). The

quantum yields in Fig. 8 indicate that the internél electron transfer is independent
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of pH , while the e;q and Tyr- yiglds increase for the anion comparable to
the other tyrosine peptides.

Laser flash studies on severélvenzymes have led ﬁo detailed information
,abéut the photoionization process. The initial yields determined for native .
1ysozyme and lysozyme treated with N-bromosuccinimide (NBS) are given ip Table II.
Pre;ioué work (Imoto, et al. 1971) indicates that of the 6 TRP residues in
. lysozyme, TRP-62 and TRP-108 account for about 90% of the fluorescence. The
oxidation Qf TR?—62 by NBS induces about 50% fluorescence quenching (last
columh) as expécted. This treétment diminishes the Trp-* field'bf a factor of
2 but does not significantly alter the e;q yield; It is concluded that the
electron released by TRP-lOS.is trapped in the medium ag e;q while the electron
released from TRP-62 goes to a disulfide'bridge and other internal traps. (Note
thapsﬁhé relative e;q yields from native lysozyme and aqueous TRP are consistent
with ggq formation from 1 of the 6 TRP residues.) These studies strongly suggest

that the exposure of TRP-108 1in solution is considérably higher than deduced from

the crystallographic data showing that the side chain is aiﬁost complétely buried.

. Table II‘.“ : . Initial product yields for 265 nm laser photolysis of lysozyme and NBS-lysozyme -,

Photolyte oe)* Tt H—s=st - F
Lysoiyxﬁe (pH 5) 0.019 £+ 0.002 0.031 + 0.003 0.007 1.0
NBS-Lysozyme (pH 5) 0.016 + 0.002 0.015 £ 0002 0.004 - 051 £003
Tryptophan (pH 7.4) 0.10 + 0.01§ : .

* N,-sat; 50 ns delay.

t Air-sat; 1 us delay. -

1 Relative fluorescence efficiency; excited 285 nm, measured 340 nm.
§ From Baugher and Grossweiner (1976).

.Carboxypeptidaseﬂk(CPA) has 7 TRP residues and 19 TYR residues, with a
single -SS- bridge located about 20 X from the liganded zinc atom. The 1n1tia1
products yields are given in Table III for the.native enzyme and the apoenzyme.
For CPA, the Trp* yield at 50 nséc equals the sum of e;q plus RSSR . The number

of photolabile TRP residues is: (0.057/0.63) x (7/0.10) = 6.3, where 63% of the



incident 265 nm light is absorbed by the 7 TRP residues. The corresponding
number of photolabile TRP residues in the apoenzyme is: (0.044/0.63) x
(7/0.10) = 4;9. It is deduced that extraction of the zinc diminishes the
effective number of photoionized TRP residues by about 1 residue but doeé not
alter either e;q or RSSR . This result is quite surprising because nqng of

the TRP residues appears to be involved in the catalytic mechanism or substrate
bindipg; However, pulse radiol&sis data indicate that Br; oxidizes a TRP resi-
due to Trp- in'conjunctionAwith inactivation of the enzyme (Roberts, 1973),

suggesting that an exposed TRP residue interacts with the active site region

through long-range conformation changes.

TABLE III. Initial Product Yields for 265 nm Laser Photolysis of CPA and apo-CPA

Photolyte (e;q)* (Trp-)# (RSSR-)#
CPA (pH 7.5) 0.042 + 0.010 0.057 + 0.001 0.013 * 0.006

apo-CPA (pH 7.5) 0.039 + 0.002 0.044 * 0.004 -0.010 + 0.004

+

Tryptophan (pH 7.4) 0.10 0.01%% - o -

* .
Nz—sat;_SO ns delay

# Air-sat§ 1 ps delay

** From Baugher and Grossweiner (1977)

13 _,> AR



14

2. Non-Homogeneous Decay Reactions of ﬁhe Photqchemical Hydfated Electron*

The previous laser flash phogolysis studies on aromatic amino acids and
several inorganic anions led to the surpirsing result that the decay of the hy-
drated electron is significantly faster than predicted from homogeneous reactions
kiﬁetics and does not follow the expected dependence on initial e;q concentration
and scavenger concentrations. (Bryant et al., 1975). The decay curves were
approximately exponential in the initial stage for TRP, TYR, 1-MethylTRP, 1,
and‘Fe(CN)g- with about the same lifetime for all solutes (1 usec), which
increases with.teﬁperature at the same activation energy as the "inverse viscosity"
of water. Furthgrmore, measuremehtg of rgdical and e;q decays for TRP and
1-MethylTRP indicate that they react together during the initial decay period.
In retrospect, this is not-an unexpected result because homogeneous kinetics

- predicts that k(e;q/¥ Trp+) ~ 3 x 1010

8,1

y:lsec-l competes with k(e;q + TRP) =

sec_1 under flash photolysis conditions with (e;q)é =5 - 50 uM.

3.6 x 100 M
However, the approximétely'constant dgcéy lifetime for all of these solutes is not
explaine&, particulérly because‘e;q éoes not ;eac; yithAthe photolyte for the
cases of I and Fe(CN)g-. ) |

Prior to flash'photolysis studies, Stein and his colleagueg (Jortner, g£_3l.
1962 a,b,c,d, 1963, 1964) proposed that hydfated-electrons-are generated from
aqueous halideions and phenolate ion, based on steady irradiatién product yieids
in the ﬁresencerf aaded electron scavengers such as 02 or NZO'. The quantumvyield
of electron scavenging was found to obey the square-root concentrétioh dependeﬁée
predicted by the Noyes (1955, 1956, 1961) tﬁeéry of diffusive recombination, in .
‘which the geminate co-products eééaping primary recombination undergo secondary
diffusive recombination in competition with scavenging in. the "cage" and diffusive

separation into the bulk. According to Noyes, the efficiency of scavenger action

© -ks(S)t' : :
is given by: J h(t') [:1 - e ] dt', where h(t) is the probability
. 70 . 4
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(per sec) that a radical pair generated at t = 0 (or interacting at t = 0
without reaction) recombines at time t, ks is the bimolecular rate constant
for the scavenging reaction, and (S) is the scavenger concentration. The choice

of h(t) based on the random walk of a particle in 3 dimensions:

‘ _ 2,002
h(e) = (a/eBe” @ /BT W

leads .to the approximate solution:
Y =Y, + 2al' ¢ nks(-s) +. .. , (2)

where Y 1s the total quantum yield for electron scavenging, Y, is the '"residual

yield" for the scavenging of electrons fhat escape recombination at low scavenger

concentrations, and I' is the quantum yield for generation of the geminate radicals.

The parameter B' is the total probability for recombination of the geminéte pair:

'B'~=J h(t')dt’ L | . (3)
o . : . . ’

and is related to the photochemical quantum yields by: B' =1 - Yr/r' Jortner, 4

‘et al. (1962a)obtained the exact solution of (1):

“(2a/B")VTE_(SY
Y = '.I‘[l - B'e :l (4)

which reduces to (2) at low scavenger concentrations.
" The functional dependence predicted by (2) or (4) was found for various
photolytes (1, Br , Fe(CN)g- , phenolate) in the presence of electron scavengers

(ﬁ+, NZO’ 02, H P04-5 acetone) with approximately correct relative values of kS

2

from system to system. However, the key parameter 2avk rangesAfrom 2 to 60

(liters/mole)%, which is much too large to be coﬁsistent with the Noyes theory of
4 L

diffusive displacements. " The experimental results imply values of a v 10- sec

6

and "cage" lifetimes '\:10_6 sec, while the Noyeé theory leads to a <10 and life-

10

times <10 1Y sec. Nevertheless, there has been no apparent explanation for the
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discrepancy excluding the total inapplicability of the diffusive recombination
theory. Dainton and Logan (1965) p;oposed an alternative mechanism in which
the rapid reaction of the photoelectron with a scavenger may not permit adequate
time for the formation Af the ionic atmosphere of the electron, leading to a
decreased rate constant for scavenging by charged solutes ‘at high solute con-
centrations. However, ﬁhis model does not explain the square-root concentration
dependence of scavenging quantum yields observed by Stein and co—workersf

In photochemical scavenging experiments the reactions of.the photoelectron
are inferred by measuring the'ability of added scavengers to compete with electron
back reactions. Laser flash photolysis provides a direct probe of the same
procéss, where the decay of the eleétron and the effect of scavengers on the decay
pfocess are monitored by absorption spectroscopy. The apparently inconsistent loﬁg
lifetimes of the electron estimated. by apﬁlying Noyes theory to photochemical
scévengiﬂg yiel&s are, in fact, quite consistent with the 1asef flash photolysis
results. Accordingly, Grossweiner and Baugher (1977) p;oposed the inapplicability
of the "solvent cage'" model ddes not rule out applying the Noyes mathematical
approach in the longer time regime, where the long-range diffusion of the electron
through‘the medium competes with inhomogeneous elecfton—radical back reactions
and pseudo-firét order scavenging reactions.

We first consider the case where the geminate palrs are sufficiently separated
so that only reactidns of the electron with the original radical'compete with
scavenging iﬁ the bulk by the photolyte and/or added solutes. The probability that

an electron survivés both decay process from t = 0 to t = t is given by:
' -ks(s)t
p(t) =e [l—f

- We proceéd formally by substituting h(t) 6f (1) leading to the decay function:

t |
h(e"ae’ | ' e

(0]

-k (8t , ' -
p(t) =e ° [1 - B' erfc (a/B') VATt ] . (6)
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© p 00 2 .
where erfc x = (2//7) j e X dx. .The expansion: erfc x =1 - (2x//7)
- - X

[1- x2/3 + x4/10 - ...] leads to an approximate form of (6) valid for

t >> 1ra2/8'2
[
-k _(S)t _
p(t) = e s [1 - B' * Za//E] ‘ (7

These equations predict that the electron decay function is the product of the
exponential rate as determined by reactions with scavenger S§ (which may be the
photolyte) modulated by a scavenger-independent term related to the diffusive

back reaction of the original pair. Although the decay predicted by (6) is non-

exponential, the mean electron lifetime can be defined‘as:

?=I tdp /J dp _ ' 1 A (8)
Jo 0 ‘ | .

A

The integratioﬂs in (8) are easilyvcarried out using (1), (5) and the approximation

t .
of (7) for the [:l - I h(t')dt':] term in dp leading to

o

-(2a/B") »}'ﬂ’k (s ]
+ (1 -8' )/k (S)

a»"n’?ks(s) |:1 + e

€=  -(2a/8") /A (5) ~
2a/m<sZs) + B' e + (1 -8")

[Formally, each of the 6 integrals‘in (8) is a Laplace transform prwith
p = ks(S).:] In comparing the predicted dependence of t on (S) with experimental
data it is convenient to use the reciprocal form:

-(2a/B") YTk (s)
B'e + ZaVﬂk ) +: (l - B")

1/t

k (S)
S | -(2a,/s')'/—'nk Q) o
Y [ 14 e s ]j+<1-s')'

@-
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The probability that a pair eventually recombines is also of interest. Since
(Y-Yr)/P is the probability for scavenging and Yr/F is the probability that the
electron escapes both recombination and scavenging, the recombination pf follows
from (4) as:

~2(a/B') Yik_(5)

P, = RBle (10)

0
Al;ernatively, the same result can be calculated directly from P. = jo h(t)e_kS(S)tdt.
The attempt to calculape t in the absence of scavengers by substituting (1)
in_(8) leads to a divergent integral. This result is not surprising beéause h(t)
is based on ramdon walk in 3 dimenéions, ih which there is a finite probability
that two parficles executing independent steps will never meet. Nevertheless, the
mean electron lifetime in the absence of scavengers can be estima;ed as the time

required for the integrated probability of recombination to attain half the maximum

, t' .
value. Taking J h(t)dt = B'/2 gives:
0.
. 'y 2 ' '
€' = 13.8 (a/B") a1

For example, 1f a/B' equals 10-6, 107

-9

, O 10-4 sec%, the corresponding electron
lifetimes are 10—11, 10 °, and 10-7 sec, respectively,

The decay function (6) has only two arbitrary parameters: ‘B' is the proba-
bility of electron-rédical.back reaction in the absenceloffscavengerS‘and has been
taken as unity. [The deqay curves are not sensitive to the specific Qalue of B'
with an appropriate change of the a-parameter (Grossweiner and Baugher, 1977{].
The a-parameter which is related to. the electroﬁ lifetime was gdjusted for a good
fit to the data. Typical results for laser photolysis of Fe(CN)g— (Fig. 9),
various TRP concentrations (Fig. iO), TYR (Fig. 11), and alkaline TRP and TYR
(Fig. 11) are in good aéreement with the predictions, particularly for the initial

stages of the decay period. The values of the a-parameter in Table IV are relatively

independent of the bhotolyte, as expected if the electron lifetime is controlled
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P(t)

o

I 2 3 . 4
t(,usec)

Figwe g ,Comparison of eq 6 with electron decay after 265-nm laser
photolysis of aqueous 0.66 M K,Fe(CN)s*. The line is calculated for
. ﬂ’=1anda—58>(10“

P®)
10%

" 08;
0.61
0.41

021

2 .t(//sec) 3

Flmro)o,Comparson of eq 6 with electron decay after 265-nm laser
photolysis of aqueous tryptophan at different initial concentrations:. (O)
71 uM; (X) 330 pM (Q) 568 uM; (®) 1500 uM. The 3 values are in
Table ¥/,

’P(ti
10
osf o
06;
041

0.21

Figure 1§, pomparisonofaqﬁw:helecbondemyafterzss-nmbser

photolysis of: 350 uM tryptophan at pH 10.9 (@, dotted line); 1560

. ] #M aqueous tyrosine (X, dashed line); 1300 uM tyrosine at pH 11.0
" (O, solid ine). The fines are calculated with eq 6 using & values in Table



10°VIST, (M"2)

Figure 1L..Dependence of experimental electron decay lifetimes on
Square-root tryptophan concentration. The sofid line is based on eq

9for f = 1, ks = 3.6 X 108 and & = 3.0 X 104,

TABLE {Y, Summ of Electron Decay Results

'y °
O 204
Y
= A
F\l [+) [}
£ o
n
-o 10 ooo
o @ &
0.
O‘b o
20 40, 60

' . (e& 3 0» lo‘a

Photolyte pH u‘}d st/2

- 71 uM tryptophan Aq 2.8 4.1

132 uM tryptophan Aq 4.7 2.8

330 uM tryptophan Aq 64 25

568 uM tryptophan - Aq 7.9 2.5

1500 uM tryptophan Aq 7.1 3.4

. 850 uM tryptophan 10.9 5.8 3.5
1560 uM tyrosine Aq - 3.2 4.1 .

1800 uM tyrosine 11.0 | 10.7 3.4

- 02MI- o Aq 11.3 4.2

. 660 uM Fe(CN),*- Aq .74 5.8

¢ Based on eq 6 with g’ = 1.

20
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by the diffuéion‘through the medium. The measured dependence of the electron

‘lifetime on the TRP concentration (Fig. 12) is in good agreement with the

4 sec;5 from the decay data.

prediction of (9) taking a = 3 x 10
The departure of the decay curves from (6), particularly at high initial

e;q'yields, is attributed to the onset of bimolecular reactions wherg the

. electrons have time to react with electrons or radicals generated in other

pairs. This case was treated by introducing into the decay equétion for homo-

geneous first-order and second-order electron decay reactions the time dependent

rate constant equivalent to (6):

d . : h(t) :
31:- = - | k (5) +. - p(t) = - k p(t)
1- J h(e')de’
o .
For the case where t §> ﬂaZ/B'Z:
o 1 ' -
',kt = ks(s) + 12)

C2e + (%78) @ - 8Y

The bimolecular contribution to electron decay may‘Be estimated for the case of -

high recombination probability by substituting the binomial expansion of (12)

into the differential rate equation:

-—d(gaq)/dt = kt(eaq) + k (eaq)‘ (13)

leading to the integratedAsolution for the case where Y = (1 - B')/2a << /t:

“k (S)t + Y/t
Jto/t e '
(14)

(e )/ (e ) = :
s Tadle Ly (sye 4y, L YRS - -
e ' ° °+ k'(eaq)oe R Vﬂto7kszssl[érf X - erf~xd]
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where x = Vﬁsis)t - Y/¢4ks(s) and to is an arbitrary starting time corresponding

’

to (e;q)o. A reduced formof (14) for low scavenger concentrations and high
recombination probability is:
vt /t

(e )/ (el ) = 0 . 15)
R (e;q)oto L/7e, - 1] :

which predicts the dependence of the decay halftime on (e;q)o as:

k' (e v iy - e | e (16)

aq)o %

Comparing (15) with (7) for low initial electron yields indicates t, = 432;

3/2

consistent with t J“ a/t dt = 1.

o : -
The experimental points in Fig. 13 for the dependence of the eaq lifetime
from 350 M TRP on the initial e aq yleld are in good agreement with (16) taking

10 -1 %

k(e + eaq) = 1.1 x 10 M “sec "l and a = 3 x 1074 sec”. The observed variation

aq :
of;tg from 1.2 psec at (e;q)o =5 1M to 0.7 usec at (e;'q)o = 20 pM differs
significantly from the predictions of homogeneous kinetics where che t%lshouldA
decrease 5 usec to 2.5 usec for the same (e ) variation. Homogeneous kinetics
is 1n even poorer agreement for the dependence of t% on TRP concentration, where
the data of Fig. 12 indicate chat t% decreases from 2 Hsec at (TRP) = - 70 M '

to 0.7 usec at (TRP) = 1.5 mM. In this case homogeneous kinetics leads to a t%~

variation from 11 usecrto 1.2 usec.

Cricigue
1. The proposed decay mechanism for photoelectrons ejected by UV irradiation
of aromatic solutes and inorganic anions postiilates that the -electron diffuses
through the medium as a quasi-free entity, where the back reaction of the electron
with the original radical competes with scavenging by the photolyte and/or other

solutes'and reacts with electrons and radicals generated in other pairs. The .
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[e54] Figure 14. Fit of Eq.6 to electron decays
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predicted decay function and the dependence of the electron lifetime on
scavenger concentrations and the initial electron concentration are in good
4aéreement with the laser flash photolysis data obtained with I, Fe(CN)g-,
TRP an& TYR in neutral and alkaline solutions,
» :
' 2. The time during which original-pair back reagtions take place 1is
_considerably longer than would be expected from diffusion theory. For a
?ypical value (e;q)Q =5 W thé geminate pairs are separated by 400 X. Taking
D(e;d) =5 x'lO-s cmz/sgc, the electron requires about 0,05 psec to diffuse a
corresponding r.m.s. distance. The possibility cannot be excluded that this
calculation is wrong and the hydrated electron has a lower mobility than indi-
cated by the limited experimental determinations of this duantity, Assuming the

high mobility is éorrect, it appears that the fitting procedure does not dis-

tinguish properly the limit of (6) based on only original-pair back reactions

and (14) or (16) in which péir?pair interactions are included. However,‘it has
been found that (16) fits the data as well as (6) after about 0.5 psec delay and

the numerical solution of (13) using the exact p(t) function gives a good fitvovér_

the entire time range. This result is illustrated in Fig. 14 for the decay of

electrons generated from TRP in the presence of Zn++.

3. The parameters a and B' determined from the e;q decay data are consistent

with the equivalent parameters based on photochemical scavenging experiments.
This agreement resolves the earlier controversies over the relationship of the
scavenging experiments to the Noyes' cage recombination model. If a solvent

cage of ’\:10_10

no experimental evidence for its existence has been reported as yet. More likely,

the large initial separation of the electron and radical after full solvation pre-

cludes the formation of this sﬁructure.

sec duration is formed during photoionizatién process in fluid water,
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3. Kinetics of Damage to'Large Eiological Targets in Media¥*

In vitro investigations of radiation damage to large biological targets,
e.g. vesicles, viruses, bacteria, yeast, and mammalian cells, are usually carried
out by irradiating thelsytem in dilute suspension. " In lonizing radiation studies
the damaging intermediates generated in the external medium must reach the target
by‘diffusional processes, in addition to‘the damage induced by energy absorbed
within thé biological system. Similarly in photodynamic action, light absorbed
by intermal and external sensitizing molecules may be effective, where tﬁe dif-
fusive processes of the external intermediates paralleis the "indirect action"
of lonizing radiation. The analysis of dose-response data for these cases is
usually treated with competition kinetics, in which ;he primary species generated
in the medium reacts withlthe biological target, in competition with scavenging by
available solutés and the generation of damaging secondary species by such scav-

enging processes. The general case is Indicated by the reaction scheme:

ARVAVAVAVE 3 —1“‘—;&9 R-! o W)
Tk (T) T| kg (T)
T' . T'

where.R’ is the primary radical, R*' is the‘secondary radiéal generated by reactions
of R'.with the scavenger S, T is the active target, T' is the damaged target, and
the.k's and a's are the bimolecular and psuedo-first order rate constants, re-
spectively, for the processes shown. The straightforward~application of steédy-

state reaction kinetics leads to:
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n'kgk! (s') -
W‘Z%(_T’]/ [a + k(1) +Ik ()] AN

G, = - 9.637 x 10° d(T)/dD = G (T) | nky +
where Gi }s the number ofAbiologiCAI events per 100 ev absorbed in the medium,

GR is the'number of primary radicals éenerated per 100 ev, D is the absorbed

dose in rads, S' is the scavenger that leads to damaging secondary radicals, anq'
- the n's are the probabilities that'reactions of the primary-or secondéry radicals

with the target lead to an observable effect. The integrated solution is:

M/ (@, = e D/D3; ' | (18)

with
L 1 1 ] L
n'kok!(s')

1/D4; = 1.0377 x 107° Gy [:nkT.+ .] / [a+xy(m+z 58(55](19)

| | a' + ké(t)
It follows directly that:

G, = (1)/1.0377 x 107% b (20)

37
This conventional approach suffers from two major problems: (é) The key rate
constants kT and ké.are unknown for biological targets and frequently are esti-
mated incorrectly as kT ='4ﬂfoD, where rQ is the target radius and D is the
radical diffusion constant, (b) The method is not easily extended to multi-hit
kinetics. In connection Vith (a), it should be noted thatAthe Smoluchowski result
for diffusion-limited reéctions is only valid when the target radius r_ 1s much

smaller than the diffusion length of the radicals, which may be taken as
_ e : ' ' : 2
p = (0/a) o (21)

where a(sec_l) is the radical decay rate constant.
An alternative approach based on target theory has been developed, by ex-

tending an analysis originally due to Hutchinson (1975) for ﬁr;mary radical attack
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on spherical targets to include secondary radicals._

The average number of "hits" on the system after dose D can be expressed

as:

11

n=6.25x 10 D(rads) {~'102(vddo/Eo) + Gpd [nRvR + No Vg ]} A (22)

where vd.is the térgét volume (cm3) for direct action, VR and Vg are "reaction
volumes" for the indirect attack of primary and secondary radicals, respecfively,\
the n's are the corresponding damage effiéiencies, Eo is the eneréy (ev) of a
direct "hit", do and d are the mass densities of the direct action target and the
medium, respectively. The dose-response curve for one-hit kinetics can be
expressed és: |

f = me_;- o ©(23)
where £ 1s the surviving fraction and m is the "extrapolation number" for the

high dose‘region of multi-target one-~hit kinetics. (For pure exponential decay

= 1.) The linear slope of the'logef vs D plot is given by:

- d(logef)/dD =n/D = 6.25 x 10ll D { lOZ(VA/do/Eo) + GRd [nRvR + nR.vR,] }

providing a direct relationship between the dose-response data and the parameters

of (22). 1t is coﬁvenient to define the radiation sensitivity as l/Dd’ where

: Do is the dose required for a 63% decrease in f on the linear region:

= . 1ol [ 102 ’ : :
=1/ = 6.25 x 10 { 10%(vpd /E)) + Gpd [ npvp + npaved] } (24)

‘The Gi value for the indirect action component is given by:

= C G [h + nR;vR,] R ‘ | . (25)

-where CT is the target concentration (cm_3).
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In aﬁplying the above formulation to experimental data, the n's are the
key unknowms in (24) and (25) beéause the v's are fully determined by physical
parameteré. For the priméry radicals, Hutchinson (1957) has shown that:
| .

vg = dr_p’q(L + r_/p) | (26)

and

1/q = 1 + (47r D/k) (1 + r_/p) ‘ 4 (27)

in which k is the '"true' rate constant at the surface of the target and the
radical diffusion length p is defined by (21). For diffusion limitéd ra&ical
reactions q = 1;.otherWise only the product qn can be determined since k is
unknbwn.’ The above result 1s obtained by calcdlating the probability tﬁat a
radical generéted at ry from the ceﬁter of the target.can reach thé surface in
<competition witzoscavenging: Pr (rl) = q(ro/rl)e—(rl-ro)/p. It follows immediaﬁely
that: v = [r 4ﬂr12Pr (rljdrz . | |
, o o
This Hutchinson result is extended to secondary radicals generated by

scavenging of R' by calculating the integral:

-3 oo l

_ 2 2 1pe A )

vpr = J 4mr,” dry J 4mrg'Pl (r) C. (r) dr (28)
r r (o} 1 :

where P; (r) is the probability that the secondary radical generated at r reaches
o
L Cr (r) is the normalized, steady-state concentration of secondary radicals at

1 .
r generated by primary radicals formed at ry at a rate of one per second, and g'
is the genefation rate constant of secondary radicéls (sec—l). The detailed

analysis (Becker et al., 1977) leads to:

r - ‘
' 172 42 ' _o_ . ' o
Vg = 4ﬂro§ (p“p'"/D)g [l + 5ot ] _ o (2?).
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where the primed terms apply to the secondary radicals and the un-primed terms
to the primary radicals.
Substitutien of (28) and (29) in (24), dropping the direct action term,

and taking d = 1, gives:

11 2 2
S =6.25 x 10 GRp [hR(dﬂroq)(l +_ro/p) + Nyt (4"roq')p' g'(1 + ro/p+pv)]

(30

This result is equivalent to (19) for the case where the target separation is much
ienger than the tadical diffusion length, i.e. kT(T)‘<< a.+-ZkS(S) and ké(T) << a'.
'(Experimentally, this case obtains when the radiation sensitivity does not depend
on the target concentration.) However, the key rate‘constants are now expressed

explicitly as:

kT = 6.023 x 1020'(4ﬂroD) q(1 + rO/p) ,
, (31) -
k! = 6.023 x 1020 47z D")q" (1 +.fQ/pfp') g

Fot the case of small targets (i.e. r, << p, p' ), (31) reduces to the Smolukowski
result, However, when the target dimensions are comparable to or larger than the
radical diffusion lengthe then k, ~ rozD;5 éven for the diffusion limited case
@=1. |

_ Figure 15 shows the dependence of (left ordinate) in k (S) for T7 phage
taking‘atandard values Gog = 2:7» Doy = 2.3 x 10 -3 Cm /sec and r, = 350 2. The
OH decay rate constant was:taken as 1.2 x 104 sec -1 based on the measurements
; of Becker gtqgl, (1977) in 60 mM phosphate buffer at pH 7, where T7 phage was
irradiated with 25 Meb'electrons. The decrease of the OH teaction volume with -

increasing scavenger concentration is accompanied by the increase of the secondary

radical target volume v'. This quantity was calculated for a secondary species with
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a' = 1x 104 sec-"1 and D' = 0.6 x 10-5 cm2/sec. The right ordinate shows' the

correspbnding radiation sénsitivity (l/D37) taking q'n = (0.5 as a

r'/ Y01 oH
typical value. Experimental results for irradiation of T7 phage in 60 mM buffer
(plus 1 gg MgSO4) in the presence of amino acids, sugars, and anions are given

in Fig. 16. (This work-was done at Michael Reese Hospital in collaboration with
the present program.) With tﬁé exception of Br the general dependence onb(S)
follows the predictions. (The anomalously high sensitization by high Br may

be due to the conversion of Br; to Brg—'or anion binding to the phage at high

Br concentfations.) Table V indicates the relative sensitizing ability of the
various additives relative to OH radicals; where v' measures the ability of the
secondary radical to reagh the phage surface and-n#. measures the inaétivating
efficiency at the surface. D37 leads to the product of these quantities as givenA
in the last column of the table. The separation of 1n and v requires an independent
defermination of nOH gnd information abput a', the secqndary radiéal decay rate.
Based on thg change of D37 with pulse dose, #eckef gg_gif (i97f) obﬁainéd qon”on =
0.0027 for T7 phage in phosphate buffer. In one set of measurements, T7 phége

was irradiated in the presence of 90 mM Br to convert OH to Br;-and histidine

was added to scavenge the Br; (Fig..l7_, open circlgs). The dashgd line is thed
fit to (30) based on D'(Br;) = 0.6 x 10-5 cmz/sec from Stokes' law, k(OH+Br ) =‘

1 7 -1

1.1 x 109 M sec-l, k(Br; + histidine) = 1.5 x 10 yf séc_l, and the "best fit"

g, - N, - = 0.,0013 and a' = 450 sec-l. The results show that Br,_
Br2 Br2 2

has a better chance of reaching the phage surface because of the longer lifetime

parameters

than OH but is about half as effective for inactivating the phage at the surface.
However, the overall effect is sensitizing relativé to OH as expressed by the
measured D37 values, |

The same'analysis can be applied to photodynamic action, where the triplet

state of the external sensitizer is the “primary" radical and singlet oxygen (4)
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cNS™
Uracil
Histidine
Sucrose
Ribose
Glucose
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(a) Rate constant for reaction with OH radicals,

(b)) Minimum solute concentration for secorndary radical dominance,

10. 7 ks

(M~ sec
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11

2.5

2.1

1.1

(b)

loﬁ/ks

(mi1)

0.05

- 0.09

0.14

0.2

\

y (€)
10's?

(rad_l)

2.4

;.0
0.5
2,3
1.5

1.7

(c) Sensitivity to secondary radicals; N, -sat 60 mM buffer,

Table V. Sensitivity of T7 Phage to Secondary Solute Padicals.

2

n'v'/n
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oHVOH

0.63
0.50

0.26

10.13

0.60
0.39

0.45

1.61
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or 0; is the '"secondary'" radical. The equivalent to (24) for this case is:
_ ,0
1/D37 = 4o (nTVI +n,vy) , (32)
where ¢; is the intersystem crossing efficiency of the sensitizer. The cor-
responding quantum yield of the observable effect is:
93 = Cp/Dyy | (33)

where the dose is in units of quanta/cm3.
A typical application to the data of Cohn and Tseng (1977) on the photo-

dynamic inactivation of Saccharomyces cerevisiae sensitized by eosin Y illustrates

the utility of the method. The semilogarithmic survival cufves are linear in

the high~dose region with an iﬁitial shoulder. fThe‘resuits with 10 UM dye led.

to DO(NZ) ; 2.0 and DO(OZ) = 0.5 on a relative dose écale. The énhancement of

¢i in DZO and protection by azide (Cohn gglgl., 1977) indibate that A is tﬁe
dominant secéndary species. Accordingly, direct substitutions in (32) lead to
nA/nT4= 25 with appropriate values of the v's from (26) and (29). [ In calculating
ghe v's it was assumed that q = q' = 1; r, = 2.5‘miérons; p% = bT/ [kT+SﬂS) f
kT+02(02)] pi - bATA; g' =,pAkT+02’ Vheré all quantities for eosin Y and oxygen

are known or can be estimated accurately; see Grossweiner (1977). It is found

2 3

that Vp = 29 x 10“12 cm3 ih N2 and v, = 1.4 x 10-'1 cm3'and vy = 4.6 x 10-12 cm

T
in 02.] .The inactivation quantum yield on the high dose region was 1.2-x 10'-13 at
an active yeast concentration of 8 x 105/cm3. Taking ¢; = 0.64, (32) and (33)
give Ny = 5 x 10-.8 and the product of Np and the yeast surface area 4ﬂr02 gives
400 A2 as the size of ﬁhe sensitive target. It may be concluded tha; a target
comparable to the dimensions of a protein molecule remains available for one-hit

inactivation by singlet oxygen after éaturation of the low-dose, multi—farget

regime where the sub-lethal damage occurs.
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4, Photosensitization by Psoralens

The clinical applications of psoralen derivatives in épnnection with
phototherapy of psoriasis and vitiligo has led to considerable interest in the
mechanism of their photosensitizing properties. It is generally accepted that
psoralen derivatives form monofunctional and bi~functional photoadducts with DNA
pyrimidine bases‘(g.g. Musajo and Rodighiero, 1972; Pathak gg_él,, 1974; Musajo
et al., 1974) although the specific relationship of the photochemical products
to the Biological effects has not been explained. Recent work from this labératory
(Poppe and Grossweiner, 1975) deomonstrated‘that 8-methoxypsoralen (8—MOP)-photo-
sensitizes the inactivation of hen lysozyme and the oxidation of I—, and that singlet
oxygen (A) is the major damaging intermediate. This result is surprising becéuse
the previous work indicatgs that the cellular DNA damage does not involvg oxygen.
However, we.found that the presence‘of-poly (dA-dT) inhibits the pﬁotooxidizing
reactions, s;ggesting that the dark binding of 8-MOP to the substrate promotes
the Iype‘I pathway. These findings are relevanfitb‘the clinical applicétiéns of
psoralensjas well, because.A is a labile species damaging to proteins and membranes
and might‘se ipvolved in theAundesirable side effects of the_phptotherapeutic éro—

cedures. The preliminary studies on photosensitization by 8-MOP has been extended

" in new work to obtain additional information about the initial photosensitizing

mechanisms.

Electronic Excitation of 8-Methoxypsoralen

~a) Fluorescence. The fluorescence emission of 8-MOP in H20‘measured with a
Perkin—ﬁlmer Model 204 Fluorescence Spectrophotometer shows'a major band at 495 nm
(uncorrected) with a weak band at 615 nm for 311 nm excitation. ‘A new band appears
in water—glyéerole solutions near 380 nm reaching the maximum intensity in 100%
glycerole. The fluoresgence lifetimes &ere~measuréd with a PRA Model 510 repetitive
fiash'lamp providing 3.5 nsec pulses fr;m an air discharge. .The signal was detected

with a 1P28 photomultiplier and measured with a PAR Model 162 Boxcar Averager.
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The lifetime analysis was carried out with a deconvolution method based on
"least squares" using a PDP 11/45 digital computer located at Michael Reese
Medical Center. ‘Ihe results obtained by exciting 8-MOP through a Corning CS

No. 7-54 filter.(204 - 400 nm) and measuring the emission through a CS. No. 3-72
filter ( >450 nm) are: H20 —.1.4 nsec (129 nsec); 60% glycerole-H20 - 2.4 nsec;
100% glycerole - 2.6 nsec (2.5) where tne results in narenthesis were reported
in preliminary work of Poppe and Grossweiner (1975).

In view of the interest in the effect of substrate binding on the photo-
‘chemical mechanisms of psoralens, the fluorescence efficiency was measured in water-
glycerole solutions of varying viscosity. The results in Table VI show a marked
increase of fluorescence efficiency with viscosity, suggesting that molecular
rigidity may promote population of the excited‘singleﬁ and triplet states.

1

Table VI. Dependence of 8-MOP Fluorescence Efficiency on Visc051ty on Water--
Glycerole Solutions

Wt % glycerole viscosity .' o fl(rel)*
- ' (cp)
8.7 1.3 0.01
20 1.8 | 0.089
35 3.1 ©0.165
40 ' 3.7 0.205
50 6.0 ‘ 0.36
60 | 10.8 ' 0.267
70 o 22.5 0.43
80 ' 60.1 0.49

90 - 219 0.51

*ekcited 302 nm; measured 350 nm,
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b) Flash Photolysis Studies on 8-MOP. In preliminary work, Poppe and

Grossweiner (1975) reported that flash irradiation of 8-MOP (> 305 nm) generates

a broad, visible ebsorption with poorly resolved neaks near 600 nm, 480 nm and

<360 nm. The decay lifetime was about 200 usec in glycerole and 1.8 usec in

in HZO' The transient product was attributed to the 8-MOP triplet state based

on the exponential decay and quencning by oxygen at kq = 1 x lOg.A Indirect
evidence indicates.that the 8-MOP triplet state is involved in the C4~cycloaddition
to pyrimidine bases in DNA, based on luminescence spectra (Pathak et al., 1961;
Mantulin and Song, 1973), molecular orbital calculatiqns (song et al., 1971),
zero—tield splitting parameters (Moore et al., 1976) and pnotochemical studies
(Bevilacqua and Bordin, 1973; Gervais and.Schryver, 1975). A more definitive
identification of the flash photolysis transient has been made by generating the
same transient absorption with triplet energy transfer. Based on the estimated
triplet energy of 8-MOP of 61.7 kcal/mole (Gervais and Schryver, 1975) from
phosphorescence spectra, possible donors are benzophenone (ET = 69.3 kcal/mole)

and acetoohenone (E =73.6 kcal/mole). In one set of experiments, 6 mM benzophenone
was irradiated in benzene containing 0.026 M ethanol with and without 25 uM 8-MOP,
(These conditions were selected to minimize direct light absorption by 8-MOP)

The transient spectra at 100 usec delay showed the benzophenone ketyl radical

at SZOiend 545 nm and an additionaliabsorption when 8-MOP wes present which is

attributed to the triplet state. A more definite result was obtained with

_acetophenone sensitization where irradiation of 0.02 M in benzene with 2 M ethanol

gives the ketyl radical (Fig. 18) and the addition of 25 UM 8-MOP leads to sig-
nificantly higher overall absorption with peaks near 500 nm and 600 nm., The
lowest line shows the triplet spectrum obtained by direct irradiation of 75 UM
8-MOP (3X higher) without acetophenone for comparison.

The above experiments were done With the xenon flash syetem and photographic

plate detection. Laser flash experiments with 8-MOP in water (Fig. 19) generates
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Figure 18. Photosensitized formation of triplet 8-MOP by
: _acetophenone in benzene with 2M ethanol ;
NOD irradiated at A > 305 nm
041
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Figure 20. Flash photolysis transient spectra from 75 ﬁM 8-MOP
in the presence of 0.01M Thymine; irradiated at
A > 305 nm N
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a well-resolved triplet spectrum in watér. Decay measurements in 807 gly-
cerole-water, to slow down the decay rate, led to a first-order decay lifétime
of 210.i 35 usec at 380 nm, 480 nm, and 590 nm indicating that a single product
is formed. It should be noted, however, that Land (1977) reported an 8-MOP
triﬁlet absorption obtained by pulse radiolysis in benzene that does not show
the 600 nm band, a discrepancy that must be resolved.

In current work, 8-MOP is being irradiated in the presence ofvthymine to
determiﬁé the initial photochemical reactions invovled in photoadduct formation.
The results in Fig. 20 indicate that triplet 8-MOP reacts with thymine to form
a new produc£ with absorption bands at 530 nm and near 600 nm. Land (1977)

8 1 1 but the

reported a rate constant for the case of psoralen of 7.5 x 10 y? sec
reaction may be slower for 8-MOP, ’\:107 yrlsec—l based on oﬁr preliminary data.
This work is in progress and will be extended to other DNA bases, polynucleotides
and DNA.

c) Photosensitized Inactivation of Hen Lysozyme

Poppe and Grossweiner (1975) reported that 8-MOP photosensitizes the
inactivatién'of hen lfsozyme t§ near-UV irradiation. The importance of singlet
oxygen (A) was demonstrated by protection with added azide.ion and the enhanced
inactivation quantum yield in D20. Furthermore, the dependence of ¢1n on the |

initial lysozyme concentration led to the rate constant k(L + 4) = 1.3 x 109

yfl sec-'1 in agreement with 1.9 x 109.repor£éd by Kepka and Grossweiner (1973)
for eosin sensitization'anq 1.5'x.10% ogtainéd by‘Matheson et al., (1975) Vhere
A was generated directly with a Nd-YAG laser. The continuation of this work
indicates that the 8-MOP/lysozyme system is more complicated than originally be-
lieved, although the major role of A is strongly suppofted. In contrast ﬁ: 1

as the acceptor of A, the sensitizing action of 8-MOP is only important in D20/02

systems, as evidenced by the representative inactivation quantum yields data below:
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with 8-MOP (200 uM) without 8-MOP

N2 02 . N2 02
H,0 0.4 2.2 0.4 1.5
D,0 3.1 .25 0.8 1.2

The smallér changes with irradiation ;onditions'probably are related to hydrogen\
exchange, impurity sensitization, direét absorption by lysozyme‘in the near-UV .
region, etc., thch have not beeg explored in detail. In order to evaluate the A
contribution, histidine was added as a competitive acceptor, based on k(A + His) =
1.7 x»108 Mrl,sec_l (Matheson et al., 1975). The results in Fig. 21 sho& that
protection of 2.7 uM lysozyme iﬂ the presence of 200 uM 8-MOP (D20/02) takes‘
place at (His) ~ 10'5_g, much too low to be explained by bulk reactions. Further-
more, the e#tent of protection saturates and begomes less effective at (His) "V
03 | |

A pqésible explanation for the unexpected results involves fhé binding of 8-MOP
to the eﬁzyme, a situatién previously encountered in connection with the eosin/
lysozyme system (Kepka and Grossweiner, 1973). ‘If this is the case, protection
at low histidine concentrations may result from. competition for the key binding
site betwgen 8-MOP and histidine, while the subsequeﬁt énhanced photosensitivity
at higher histidine concentrations can be éxpléined by bulk reactions of A with
. 8-MOP énd the formation of toxic products. Indepeﬁdent support of this mechaniém
derives ffom the depéndehce of the lysozyme inactivation rate on lysozymé con-

centration. ‘Data for the slope of the semilogarithmic enzyme activity vs time

plot (200uM 8-MOP, D20/02):

(Lys) uM 1.1 1.6 2.2 2.7

Activity (min 1)  0.034 0.022 " 0.019 0.015
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Figure 21. Effect of histidine on photodyﬁamlc inactivation

1.3 of lysozyme sensitized by 8-methoxypsoralen;
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lead to k(L + A) v 1 x 10ll gfl sec—l if bulk reactions are involved, an un-

realistically high result.' However, the same data are conSistentiwith usual
binding cbnstants if the complexing of 8-MOP to the enzyme strongly sensitizes
the enzyﬁe to the attack of A,’as shownlto be the case for eosin, where the
binding site was identified with essential Trp 108 on the enzyme surface. The
cbmplexing_of psoralens to(protéin is of evident importance in conjﬁnction with
the pﬁofotherapeutic‘applications, pafticularly where singlet oxygen is a key
photoproduct. This photochemical study is being continued in current work and

will be extended to binding studies based on fluorescent techniques in new work.
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5. ‘Radiosensitization by Psoralens

Anoxic sensitization of T7 bacteriophage by 8-~MOP was reported recently in a
collaborative investigatioﬁ with Michael Reese Medical Center (Becker et al., 1975).
In view of the great interest in anoxic sensitizers in conﬁection with radiation
therapy of cancer, the preliminary work has been extended in order to obtain addi-
tional information_about the mechanism and generality of the effect‘for other
psoralen derivatives.

. The experiments“were carried out by irradiating T7 phage suspensions in 100 mM
histidine or in nutrient broth (NB) under conditions where solvent radicals generated
in the external medium are effectively scavenged. The survivallcurves were accurately
exponential and independeﬁt of phage titre from lOAlto 108 per cm3. 'The irradiations
were performed with 1 psec pulses of 25 Mev electrons at a typical.pulse dose of
1 réd/pulse and the phage activity was assayed by means of placque‘fdrmétion on
E. coli ﬁ/r. The other experimental details are available in the Ph.D. Thesis of
D. Bécker‘(Illinois Institute of Téchnology, May 1977) and in Becker gg_gl,; (1977).

The results in Table VI show that 8-MOP enhances the radiation sensitivity S
(1/D37) py a factér of 3 in anoxic NB but not'with 02 satﬁ;ation. There is ampie
evidencé that oxygen promotes single strand breaks (ssb) and double strand breaks
(dsb) in ph;ge DNA including T7; e.g;'Blok and Loman (1973).5 Thgsé.auéhors
suggested that 02 blocks a.non-strana-break lesion (nsb) proposed as cross 1inké'(c1).
Accordingly, it is reasonable to_ﬁostulate that the bifunctional ageng 8—MOP promotes
the cl damage compoﬁent and that this process is inhibited by oxygen. The pro-
‘tection of T7 by dithiothreitol (DTT) is consistent with other sulfydryl agents.
However, the combined actiop of 8-MOP and DIT leads to higher sengitivity_in 02,

a surprising "oxygen effect'" in phage which usually is ﬁot affected by oxygeﬁ or
is less sensitive.

The relationship between the DNA lesions and phége inactivation has been the

subject of much recent work. In a study of PM2 phage circular, double-stranded
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10" S (rad l)

Medium Additive(s) N2 02
Nutrient Broth (3 ) 0.078 0.068
Nutrient Broth 0.3 mg 8-MOP 0.20 0.068
Nutrient Broth 25 mM prT (©) 0.028 1 0.063
Nutrient Broth 0.3 mM 8-MOP

+ 25 mM DTT 0.055 0.11

100 mM Histidine - 0.32 0.33
100 mM Histidine Ny 0 0.32
100 mM Histidine 25 mM DTT 0.17
100 mM Histidine 0.3 mM 8-MOP 0.74 0.36
100 mM Histidine 0.03 mM 5-Mop (d) 0.63 0.35
100 mM Histidine 0.03 mM TMP  (e) 0.83 0.30
100 mM Histidine 0.3 mM DHP (£) 0.56 0.33

(a) 8 gl ADifco Bacto Nutrient Broth
(b) 8-methoxypsoralen
(¢) dithiothreitol

(d) 5-methoxypsoralen
(e) 4,5',8-trimethylpsoralen
(f) 5,8-dihydroxypsoralen

Table VI. Radiation Sensitivity of T7 Phage in Protective Conditions
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DNA, Van der Schans et al. (1973) assumed that the various damage types con-
tribute independently to inactivation and deduced that the relative contributions
of ssb, dsb and n are 8.5%, 4.5% and 87% respectively. The corresponding inacti-
. . . _ _ _ s
vation efficiencies per lesion were fSsb = 0.02, fdsb = 1.00 and fn = 0.28fn s

where fi is the inactivation efficiency of a nucleotide alteration in single-

stranded PM2 DNA. In these experiments.the extracted DNA was irradiated with 60Co

in Oz-sat, dilute aqueous solutions. Similar measurements of Van der Schans and

Bleichrodt (1974) carried out in NB at -196°C led to: f£ = 0.02, £ 1, and

ssb dsb
fn = 0.13fz. These results provide good evidence for the high lethality of dsb>

and low lethality of ssb under conditions of direct and indirect action,but cannot
be extended to non-strand break damage in the intact phage. The recent work of

Hawkins (1976) on T7 indicates that covalent, DNA-protein cross links are formed

by 6000 irradiations in aerobic buffer with 1 mM histidine. Since.this medium

scavenges external radicals (Fig. 16) it can be concluded that radiolysis of internal
water and/or direct action promote cross links.

The C values for inactivation and strand breaks in T7 phage irradiated with

60Co in protective conditions reported by Blok and Loman (1973) are summarized in

Table VII. [The damage yields per 100 ev absorbed by the phage DNA are related

to the S values by: G, = 9.637 x 1011 S (rad™t) /M (daltons).] Since G__, and

Gdsb are 1.4 and 2.7 times higher in‘02, respectively, nucleotide damage or another
non-strand break lesion must be strongly inhibited by 02; The general approach of
Van der Schans et al. (1973) has been employed by assuming additivity of damage

contributions: G = f G L +f£ f , Where the last'term refers
in ssb ssb . b

dsbGdsb f nsbGns

to non-strand break‘damage of any type including cross links. 1In order to estimate

the contribution of nsb damage it is assumed: (a) f = 1 and (b) 8osb ~ 0

dsb b

in oxygenated protective media without other additives. The data in the first two rows

of Table VII lead'immediatély to: fSsb = 0.13. When these results are applied to

the data in rows 3 and 4 it is found that (fG)nsb = -0.03 and (fG)nsb = 0.00,
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Condition

N,

%

N2 + 0.15 M
+ thioglycol
02 + 0.15 M
+ thioglycol

N, + 0.3 mM

2
+ 8-MOP

0, + 0.3 mM

N, + 0.3 mM

+ 8-MOP + 25
DTT

2

+ 8-MOP + 25 mM

DTT
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I3

0, +0.3mM -

2 3 4 2 6 7
(a) (b) (c) - () (d) (e)
Gin this work ssb/Gin Gdsb/Gin ‘Gf)nsb (Gf)nsb/cin

0.39 0.30 3 0.10 0.19 0.5

0.32 0.26 5 0.33 0 0

0.097 0.11 (f) 7 0.40 0.0 0

0.22 0.24 (£) 5 0.32 0.0 0

- 0.77 - 0.47 0.6

- 0.26. - 0.0 0

- 0.21 - 0.11 0.5
0.42 - 0.5

(a) T

in 0.1 M thiourea.
(b) in 1X nutrient broth
(c)
@) ,

fssb = 0.;3 and fdSb =
(e)
(f) with 25 mM DTT

Fractional contribution of non—straqd(break damaée to inactivation yeilds

0.20

Phage inactivated per 100. ev. absorbed in DNA; from Blok -and Loman (1973);

Strand breaks per phage inactivated; from Blok and Loman (1973)

Calculated yield of non-strand break damage per IQOIev based on
1.

Table VII. ' Inactivation and DNA Damage Yields in T7 Phage Irradiated in Protective Media
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respectively, fér anoxic and oxygeneated solutions with high thioglycol or in
nutrient broth.

The analysis supports the conclusion that non-strand break damaée is strongly
inhibited by either oxygen or high sulfhydryl in the presence of effective
radical scavengers. The maximum contribution of nsb lesions to inactivation is
estimated in columns 6 and 7 assuming that the presence of 8-MOP does not enhance
the yields of strand breaks. The results in the last column indicate that 8-MOP
'promotes~the formation of nsb damage by a factor of 2.5 in anoxic conditiéns.
However, the sensitizing action of 8-MOP is equivalent to nitrogen alone when both
oxygen and sulfhydryl are present, leading to a nsb éontribution the same as anoxic
pbage in NBi These considerations stroﬁgly suggest the psoralens ac£ a; cross-
linking agents probably promoting covalent bon&s between the phage DNA and protein.
The‘ihhibiting effect of ogygen on cross- link formation has been observed previously
for irradiation of dry DNA (Alexahder énd Lett, 1960) and moist DNAA(Hagen and
Wallstein, 1965) and may involve blocking of the primary radical site by perioxi-
datiog. The particularly ﬁigh lethalitj of DNA—protein cross links fdr iﬁtact
pﬁage cah beAattribﬁted to‘inhibition of DNA injection.' ‘.

The chemical basis of 8~MOP sensitization has been clarified by recent pulse
radiolysis ;tudies on aqueous solutions of 8-MOP in the presence of nucleic acid
basés; The rate constants for the initial reactions of e;q or OH with 8-MOP ére
1.0 x 1010 and 1.1 x 1010 y:l sec-l, respectively. Elecfron transfer experiments
were carried out in which the nucleic acid base was irradiated with 25 MeV electrons
in.the presence of 8fMOP,"unde: conditions that either e;q or OH reacted first with
“the Base. It was found that the electron adducts of thymine, uracil, cytosine and
adenine transfer the extra electron fo 8~MOP with 100% efficiency at rate constants

9 -1 -1

"~ 4 x 10 'MT' sec T3

BH + 8-MOP ——> BH + 8-MOP .




However, in the corresponding reactions of the base OH adducts double-bond

ring addition products in the case of pyrimidines (Myers et al., 1968) molecular
complex formation (VI) was found to be about three times more frequent than

electron transfer to 8-MOP (VII):

: ' BH(OH) -~ (8-MOP) - | (V1)
BH(OH) + 8-MOP

BH(OH), + 8-MoP~ + HT (VII)

- Reaction (VI) may be the first step.of 8-MOP cross link formation in protective
media, followed by the subsequent reaction of the complex with.a protein lesion.

The blocking of (VI) by oxygen or sulfhydryl is consistent with this mechanism:

"BH(OH) + O

2 —_ BH(OH)-—-O2 . A (VIII)

-ﬁH(OH) + RSH— BH(OH)(HZ) + RS * (IX)

~ where BH(OH)-—-OZ- is the hydroperoxy radical of the hydroxylated base and
BH(OH)(HZ) is the hydroxydihydro derivative of the base. The high contribution
2 and SH.(Table VI)

can be explained by several possible mechanisms. For example, the hydroxyperoxy

of cross links to inactivation when 8-MOP is present with both 0

radical of (VIII) might.be redqced by SH fo 0; and BH(OH), which in turp reacts
with 8-MOP localized by pre-irradiation bidding.

The results in 190 qg histidine (Table VI) differ from NB in that the sensi-
tivities are about‘3’times higher, indicative of contributions from‘secondary
histidine radicalé and possibly the radiolfsié of internal water. (The_insensi—
Fivity to 02 and NZO indicgteé‘that.e;q gnd OH from external water are not involved.)
Several psoralen derivatives including 8-MOP are anoxic sénsitizéfs in 100 mM

histidine including 5,8-dihydroxypsoralen which is not a skin photosensitizer.
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6. Photodynamic and Photosensitized Inactivation of Saccharomyces cerevisiae®

The biological effects of photodynamic action are being investigated in yeast
cells with emphasis 6n damage to cell ﬁembranes in vivo. Yeast provides a par-
'ticularly advantageous éysfem for these studies since the organism multiplies
rapidly and can be cultured on relati?ely simple media. The osmotic stability
provided by the cell wall allows yéasg to be suspended in water rather than a nu-
trient mediuﬁ for irradiation, so that no inadvertent potential sensitizers from
either grow;h medium or buffers are present. In addition, yéast is a eukaryotic
micro-organism, so that the results may provide the basis for understanding of
photoirradiation damage in higher eukaryotes. |

Previous results have demonstrated that eosin Y remains in solution outside
the cell where it éan sensitize damage to the plasma membrane and that eosia.is
not toxic and does not affect the normal ratg of cell muitiplication~(sée Progress
Report; 7/1/74—6/31/75). Irradiation in the presence of eosin and molecular oxygen
resulgs iﬁ a éubsténtial decrease in cell survival which depends 16gafi£hmicélly on
the dose at higher doses bu; which exhibits a low~dose shoulder. Anaerébic ir;
radiatiqh'in the presence_qf eosin results in only a small degree 6f killing, while
;irradiation of an oxygen-saturated'suspenéion in the absence of eosin causeslﬁo
detectable killing. These results demonstrate that both'eosin and molecular oxygen
are required for the iﬁactivation of yeast by visible light and that neither endo-
genous sensi;izers nor toxicity of the dye is involved (see Progress Report,
7/1/75-6/30/76) . |

a) Kineties and-lO2 Mechénism of Eosin-sensitized Yeast Photoinactivation

Survival curves were obtained by irradiating str;in Y55 diploid yeast with
visible light (A > 400) in the presence of oxygen and eosin Y. The cells were
washed twice with distilled water and were resuspended in sterile aqueous eosin
for irraidation. Prrallel measurements for irradiation of nitrogen-saturated
yeast suspensions in ;he preseﬁce of ebsin‘showed a marked reduction in.the degree

of cell inactivation. Survival curve parameters are summarized in Table VIII.
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Dy x 10- .

o (erg/cmz) Relative Extrapolation

Bosin Concentration Temperature. (" C) Saturating Gas (400-550 nm) .. Sensitivity Number .(m)

(M) ' ’
5 27 0, 30.9 ©0.060 1.0
| 5 30 0, 4.44 0.419 1.6
| ' | -

| 10 30 0, 1.86 1.00 3.3
2 30 N2 15.1 . 0.124 1.1
10 30 N2 7.17 0.260 1.3

Table VIII. Relative Sensitivity of Y55 Yeast to Eoéin—Sensitized Photokilling

18
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These results show that inactivation is caused primarily by eosin;sensitized
photodynamic attack, although some'dégree of anoxic sensitization may be involved.
Since eosin Y has been identified as aﬁ extracellular sensitizer, the piasma _
membrane must be considered as a possible primary ﬁarget for the damaging agents
which eosin generates (Cohn and Tseng, 1977): |

Correction of Survival Curves for Eosin Bleaching

Irradiation of aqueous eosin solutions in the presénce of oxygen causes
phbtooxidative bleaching of the dye at a rate which-dependé on.the oxygen con-
centration (Imamura, 1956; Usi et al., 1965). BleachingvrateS‘were‘determined‘
for eosinrY inlaqueoﬁs éolution by measuring the- decrease in.optical density at
515 nm as a function of irradiation time. Therésults obey tﬁe:formula:
kgt

c(t) = ce (34)

with RE = 0.0136 min 1 for the eosin concentrations of interest, where c, is the-
initial dye conceﬁtration gnd c(t) is the concentration at a later time t. The
decrease in the concentration of active eosin cauSedAby bleaching would ;ause the
absorbed radiation dose to~decre§se with tiﬁe, The fractional absorption during

the course of the irradiation is given by:

‘ ~kgpt
- E
CAG) =1-e 2.;03(ono)e

Multiplying this expression by the incident intehsity, I(t) and the beam cross
sectional area (a) and integrating .over time giﬁes the effective absorbed radiation
dose D(t):

t'
) dt! .

. _
D(t) = J I(t') a 1 -e
o)

-2.303(0Dd)e-kE
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The effective exposure time is:

t
) dt’ . ) ' (35)

Dt ) ok
Ta J - o~2:3030D) e E

T(t) = a

0
Where T(t) is the exposure time which would Be“required to obtain the measured
value‘of-N(t)/No in the absence of dye bleaéhing.“
~kpt'
- E
The integral for T(t) was evaluated by expanding the term e 2'303(01)0)e :

leading to:

n+l

o (-1)™ (2.303¢00) ))® (@ - e "KEL
T(t) = = | 0

kE n=1 ' n - n'

(36)

The corrected surviving fractions for the photodynamic inactivation of yeast by
5 and 10 uM eosin at 30° fqllow a single curve which exhibits a low dose shoulder

and an exponential decrease at higher dose (Cohn and Tseng, 1977).

Quantum Yield Calculations for Cell Inactivation
The quantum yields ¢ were calculated from survival curves with the following

expression (Glad and Spikes, 1966):

| N /t,, R
, _ 1lim | N(t) [.. "o’ "37 : o
¢ = Do [D(t) ]‘ (dQ/dt) | (37)

where (dQ/dt)t=0 is the initial rate of light absorption, t 1is fhe time at

37
which 377 of the original cells. still survive and n, is the original number of
cells. The. incident intensity ié given by:
: A2 (A2 o
Pinc = IA Ixadk = J nkh—dl,
. 1
where nx is the number of incident photons per unit wavelength interval per unit

time. The emission intensity of the h.p. mercury-xénon arc is approximately
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Constant over the wavelength range 400 nm~ 550 nm except for two sharp peaks at
438 nm and 546 nm. However, eosin absorbs weakly outside the wavelength region
500 nm ~— 530 nm and the total number of photons, N, incident on the sample per

unit time can be obtained by integrating:

N = J n)\d}\ = Thehk . (>\2A - A1) (38)

A

where A = 530 nm, A, = 500 nm and A\ = A,-A; = 30 nm. The incident intensity
was measured as 1.0 x 106 erg/cmz—sec for the interval 400-500 nm, so I = IXAX =
2.0 x 105 ergs/cmz. Substituting the_numerical values and usingia = 3.0 cm2
gives N=1. 6 x 1017 photon/sec

The results labeded "uncorrected quantum yield" in Table IX were obtained
by using the measured incident dose to determine the number of incident photons,
but this overestimates the actual dose (Jagger, 1967) because extracellular eosin
Y attenuates‘the beam as it passes through the sample cuvette, and absorption by cell
components could further attenuate the oeam. Corrections to the incident dose for
the absorption of light by eosin have oeen determined from the published tables,
assuming'that dose decreases exponentially with<penetration distancevinto.the
sample and ignoring light scattering (Morowitz, 1950). Corrected values of ¢
are nresented in the last two entires of Table IX.

The inactivationiof quantum yields can be related to molecular parameters
using.competition kinetics:

‘ ki(yeast)

¢ =N oy, — ' o ' (39)
A"T A1/‘[A + kT(yeast) ' : . '

where ¢° = 0.64 is the intersystem crossing probability, Y = 0.89 is the
T : A

- efficiency that. the reaction of triplet eosin with oxygen leads to singlet
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Concentration of Eosin Y (M) 5.0 ’ 10.0

ty, (sec) @) | 6840 . 4320
fractional absorption e 6.669 : 0.890
uncorrected quantum yield ‘ 3.34 x‘10-14 3.99 x 10"14
Morowitz correction factor A 0.46 ‘0.30
corrected quantum yield - 7.3 x 10714 1.3 x 10713

(a) No = 2,38 x 107/cm3

o Table IX. Quantum Yield Calculations for Eosin-Sensitized Photodynamic
| Inactivation of Yeast



56

oxygen (Usui, 1973), Ny is the inactivating efficiency of A and Ty = 2 usec
is the decay lifetime of A in water. The results in Table IX lead to nA =
1.2 x 10_7 at low dose, based on kT = 4ﬂroD. A more rigorous calculation with

target theory (see section 3 of this proposgl) gives Ny = 5 x 10_8 corre-
spondiné.to a local target on the yeast surface about 400 22.

Additional expgriments were carriéd out to explore the importance of singlet
oxygeﬁ,as the dominant inactivating agent. The resultsin Fig. 22 show that
phe'singlet oxygen quencher,-N;, protects against photodynamic inactivation,
particularly in the high dése, exponential component. The data in‘Fig. 23 and
Fig. 24 provide additional support, where the quantum yields are enhanced in
DZO as the medium. Thére.is a significant temberature effect, where thé high
dose killihg rate in DZO was 14 times higher at 19°¢ and only 1.4 times higher
at 30°C. The results of various experiments (Table X) indicate a temperaturé
dependénf‘component to photodynqmic senéitivity that far exceeds the W252 increase

in the diffusion constant of molecular oxygen in water for this temperature range.

1077 ¢,
t = 19% t = 30°C
low dose high dose low dose high dose
H,0 (N,) 0.00 0.00 | 0.00 - 0.10
H,0(0,) 016 : 0.16 . 0.27 1.71
 D,0(N,) 0.00 . 0.00 | 0.00 0.05
D,0(0,) 0.79 - 428 0.81 ' 3.35

Table X. Photodynamic Inactivation of Yeast Sensitized by Eosin Y
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F‘igure-zz. Photodynamic inactivation of yeast by
25 uM Eosin Y in }120; ‘effect of
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Figure 23. 'Photo&ynaxﬁic inactivation of yeast by Eosin Y;-
Effect of D,0 and 0, at 19C
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'F:igure 24, Photodynamic inactivation of y'ea.st by Eosin ‘Y; :
Effect of DZO and.O2 at 30C
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The sensitivity also shows a remarkable dependence on the growth stage (Fig. 25):

the "plateau" stage cultures are strongly resistant, "mid-log" phase cells are

. high sensitive and "late-log" phase cells are equally sensitive on the high

dose region but with a longer shoulder. The implications of these high dose
results on the photodynamic mechanism are being explored in current spin label
work.

b) Spin Label Studies of Yeast Membrane Photodynamic Damage

Nitroxide spin labels are being used as a nonperturbing probe of photo-
dynamic damage to the yeast plasma membrane, based on the effect of the micro-
environment on the motion of the probe molecule, as followed by ESR absorption

measurements. Spin labeling ESR techniques have proved to be of great value in

. studies of the physical properties of membranes at the microscopic level under a

variety of'conditions (Berliner, 1976). Spin labels can be prepared by the co-
valent addition of a five— or six-membered r1ng containing a nitroxide group to
a molecule which is compatible with the lipid—protein bilayer unit. Within the

membrane the label assumes a.positionin which it samples the.properties of the

'system (Keith et al. 1973) Rotational tumbling times of the labels ‘can be de-

termined from measurements of the heights and widths of the three nitroxide ESR
lines (Williams et al., 1971), and these values reflect the motional hindrance
caused by the rigidity of the molecular environment. Systematic variations in membrane
physical properties.result in corresponding changes in spin label rotational ciffusion
which correlate well with alterations in membrane function (Eletr et al., 1974).

The hyperfine splitting between oeaks and the‘position of the center of the spec-

trum both depend on the polarity of the molecular environment and can be employed

to determine the partitioning of amphiphilic spin labels between aqueous and hydro-

- carbon regions (Hubbell and McConnell, 1968). Fluidity and order at different po-

sitions across the membrane can be investigated with the use of lipid spin labels

synthesized from fatty acids or hydrocarbons in which the position of the nitroxide
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group varies, so that a depth profile of membrane properties can be constructed
(Mofsexgg_gi., 1975). Accumulation of spin labels into microscopic regions of
high local probe.concentration within the sample can be detected by the appearénce
of spin exchange and magnetic dipole effects between labels'(Cohn et al., 1974);
Scandélla.gg_gl,, 1972). Each of these spectral features reflects particular
microscoéic physical properties of the membrane, so that a judicious choice of
spin labels permits the exploration.éf a broad range of membrane phenomena at
the molecular level. |

Parﬁicular emphasis has been given in recent work to the effect of growth.
stage énd‘temperature on the membrane properties. Typical spectra in Fig. 26
with 1ipid spin iabel 12NSme (see Progress Réport; 7/1/75-6/30/76) éhow free
rotation of the séin label in the early stages of exponential growth, as evidenced
by the narrow triplet spectrum. However, as the culture multiplies the specfra
indicéte the growth of‘a second contribution, corresponding to a less fluid
and ;ess;poléé environment which eventually dominates at the highest cell‘densi;.
ties. Tﬁe corfesponding values of the rotational correlation times (Fig. 27)
show that tﬁe environment of the membrane sampled by‘the spin label becomes more
rigid as thé culture passes throﬁgh aﬁd past exponential growth. In similar experi-
ments at‘several membrane temperatures; T, increases by a factor of 2 from ;DOC
to 30°C. These results suggest that the sensitivity of the yeast to singlet
oxygen attack is inhibited by low membrane flﬁidity; Since only a small part
of the yéast surface is sensitive to singlet oxygen, the ability of the initial
lesion to propagate through,ﬁhg membrané may be involved in the ;Qbsequent stages

of the inactivating process.
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