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Abstract

Laser flash photolysis experiments have led to a new mechanism
for the ultraviolet photolysis of aqueous tryptophan (Trp), indole (Ind)
and certain indole derivatives. Excitation at 265 nm leads to
photoionization via a pre-~fluorescent state with thermal activation.
The internal conversion to the fluorescent state parallels the
population of a new intermediate, state X, which may be photoionized
at 530 nm. State X for Trp is formed with quantum yield >0.4 at 265 nm
and its lifetime is ~ 10 ° sec. It may be responsible for monophotonic
reactions sensitized by Trp in which free hydrated electrons are
not involved. The available data indicates that the formation of
state X is favored by the side chain and the aqueous environment,
suggesting a charge-transfer complex with the medium.

A new formula is proposed for predicting enzyme inactivation
quantum yields from the composition:

Qin = I'trpftrpntrp + Pcysfcysncys

where I' is the fraction of essential residues, f is the fractional
light absorption, and n is the quantum yield for destruction of

the residue in the enzyme. The predictions are in good agreemeht

with measurements on six important enzymes at 254 nm and 280 nm,

taking ntrp = 0.05 at both wavelengths (from initial photoionization
yields) and ncys = 0.20 at 254 nm and 0.13 at 280 nm (from cystine
destruction in glutathione). The correlation indicates that direct
photolysis of essential tryptophanyl and cyétinyl residues are

the key inactivating processes and that electron or energy transfer are

not important in these enzymes.

Kinetics models have been developed and tested for important
stages in the photosensitization of DNA to near-ultraviolet radiation
by furocoumarin compounds currently used for PUVA therapy (psoralen
plus UV-A) of psoriasis and other human skin diseases. Experiments
on photobinding of psoralen (Ps) and 8-methoxypsoralen (8-MOP) to
calf thymus DNA are consistent with the assumption that equilibrium
dark complexing of the furocoumarin to the DNA is a precondition for

the formation of covalent monoadducts and cross-links. A new analysis



based on "large target" diffusion kinetics indicates that singlet
oxygen (05) generated by the unbound furocoumarin has a high prob-
ability for reaching the DNA surface. The yields of photoadducts
produced by the dark-complexed component are in good agreement with
published data for photobinding Ps to calf thymus DNA and photobinding
8-MOP to yeast cell DNA in vivo. The general development applicable

to repair-competent systems predicts survival curves for E. coli K-12
strains exposed to black light in the presence of 8-MOP . The analysis
leads to "repair-lethality" parameters indicating that DNA polymerase
I is involved in the repair of furocumarin monoadducts and that 8-MOP
monoadducts make a significant contribution to lethality in the

wild type strain and are the dominant lethal lesions in repair-defic-

ient strains, uvrB and recA .

Singlet oxygen generation by furocoumarins has been investigated
with liposomes and human erythrocytes (rbc). Results obtained with
3-carbethoxypsoralen (3-CPs), an experimental alternate PUVA sensi-
tizeér claimed to be non-tumorigenic, show that 3-CPs interacts with
liposome and rbc membranes in the dark. Negative results in control
experiments with 8-MOP suggest the possibility of membrane damage
with 3-CPs that should be further investigated. Related experiments
oh photosensitized inactivation of lysozyme have shown that 3-CPs
does not generate 03 . However it is much more readily photolyzed
than 8-MOP under anaerobic conditions leading to short-lived products

that induce inactivation of the enzyme.

Studies on photosersitization of egg lecithin liposomes by
methylene blue (MB) incorporated in the membrane have led to the
new result that membrane lysis is a two-stage process. The first
stage induced by red light irradiation leads to membrane damage
initiated by 05 . Membrane lysis takes place in.the dark, second
stage under the action of mild hydrodynamic stress, such as slow gas
bubbling.Similar results were obtained with MB in the external
agquecus medium, suggesting that the role of hydrodynamic stress

should be reexamined in prior work on photosensitization of liposomes.
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Research Progress

1. Primary Processes in the Photochemistry of Proteins

The effects of ultraviolet radiation on proteins offers
one of the most interesting challenges in the field of photochem-
istry, with important implications for UV radiation damage in
biological systems. The overall objective is to follow the pathways
of energy deposition and chemical changes leading to permanent
protein damage. Most of the emphasis has been given to enzymes,
globular proteins whose catalytic activity depends on the specific
sequence of amino acid residues leading to an active conformation
in the appropriate ranges of temperature and pH . Proteins provide
excellent systems for studying intra-molecular energy and electron
transfer processes under conditions where diffusional reactions of
the amino acids are inhibited. Progress has been made on two aspects
of this problem during the previous year. At the experimental level,
the preliminary results on laser flash photolysis of aqueous tryptophan
and related indole derivatives have been extended, leading to a
new mechanism of tryptophan photochemistry. In addition, a new
phenomenological theory of enzyme inactivation quantum yields was
developed, with predictions in close agreement to experiment for

a number of important enzymes.

A. Multiple Pathways of Tryptophan Photoionization Based on

Laser Flash Photolysis

The prior Progress Report (June 1980) reported the surprising
observation that the photoionization of aqueous tryptophan, tyrosine,
several indole derivatives, and several enzymes is enhanced many-fold
when strong 530 nm radiation is superimposed on the exciting 265 nm
radiation. Based on the dependence of the hydrated electron (egq)
yvields on laser intensity and temperature, it was proposed that
photoionization of Trp(ag) may occur via a thermally-activated
monophotonic pathway and a biphotonic pathway. Finnstrom et al. [1]
reported a simlar 530 nm enhancement effect for Trp(aqg) and proposed
that the thermally-equilibrated, first excited singlet state (Sl)
is the intermediary for the biphotonic process. However, we have

shown that this cannot be correct, because the egq yield is not



Figure 1. Scheme for photoionization of aqueous tryptophan.
Monophotonic ionization excited at 265_2m (IUV)
takes place via pre-fluorescent state Sl . Biphotonic
ionization at 530 nm (Ix) at 530 nm takes place

via state X.



affected by the presence of high bromide ion'concentrations, while
the'fluoresence is strongly quenched (Table 1l). This data provides
evidence that neither monophotonic nor biphotonic ionization of

Trp (ag) takes place via Sl or the lowest triplet state (T). These
findings are consistent with other results indicating that the
monophotonic ionization of Trp(ag) takes place in a pre-fluorescent -
state[2-4] . However, excluding S; and T as the biphotonic ionization
intermediaries, a major question arises as to the nature of the
state involved.

The kinetics model based on the above considerations is shown
in Fig.l, where state X is the urknown biphotonic ionization state.
The quantum yield for population of state X (@Q) can be estimated
from the quasi-steady state approximation for laser flash photolysis
conditions, assuming that its lifetime (TX) is much shorter than
the laser pulse duration of 17 ns. In this case, the egq concentration
during the laser pulse is given by:

= 0 0 4
Co = E  [020 + 20 ¥/(1 + ¥)] (1)

where Euv is the 265 nm pulse energy, @é is the monophotonic
ionization quantum yield, and Y is an intensity parameter for combined
265 nm and 530 nm excitation defined as: Y = UXTXIX , where Oy and

T, are the optical absorption cross-section (530 nm) and lifetime

of state X and I_ is the 530 nm intensity (quanta cm ?). The ratio

of Ce for 530 nm plus 265 nm excitation to Ce for 265 nm excitation

gives the enhancement factor (Ke) as:

— _ 0 /40
Ko = 1= (02/0Q) [¥/(x+1)] (2)

Since (@Q + @é + @% + @%) = 1, where @% is the intersystem crossing

efficiency for Trp(ag), (estimated as 0.3 from Table 2), and @;

is the fluorescence efficiency (0.14), Eg.(2) leads to the lower limit

on @; and the upper limit on @é . The data for Trp(ag) gave

K, = 3.7#0.5 at 25°C (8 runs) and therefore, ¢ > 0.41 and 92 < 0.15.
The high value of @; corresponds to the efficient population

of state X even for monophotonic (low intensity) excitation. The

minimum lifetime (Tx) for detection under our laser conditions

is about 0.5 ns . The structure of state X is unknown. It may correspond

to the charge-transfer complex proposed by Truong [5] from luminescence

and absorption measurements of tryptophan at high salt concentration.
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TABLE I

Effect of Bromide Ion on Aqueous
Tryptophan and Indole Photoinization

System : )  ®(e )b) Enhancement
& (K.)
e
4OOLM Trp 1.0 1.0 3.7:0.5
4OoOuM Trp+0.5 M Br 0.24 1.2 3.60.6
4oouM Trp+3.Q M Br 0.11 0.9 3.6+0.6
300pM Ind 1.0 1.0 1.5%0.3
300uM Ind+1.5 M Br 0.27 0.9 1.4%0.3

a) Fluorescence efficiéncy excited at 265 nm relative to
aqueous tryptophan or indole as unity.

b) 265 rm excitation, nitrogen saturation, 50 ns delay,

relative to no bromide ion present.

TABLE IT

Transient Product Yields From
Flash Photolysis of Agqueous Tryptophan

Transien 265 nm#* 265+530 rm¥ Enhancement
. .species . (X,)

g aqa) b9 17 3.4

Trp'? b6 15 3.3

Trp"®) 5.5 17 3.1

3 rppd) 19 19 1

a) 100 ns delay, Np-saturation; based on e(e_ ) =
14400 M~'em™" at 630 rm [E.M. Fieldenand
E.J. Hart, Trans, Faraday Soc. 63, 2975 (1967)]

100 ns delay, N,O-saturation; based on e(Trp+) =
2600 M tem™! gt 580 rm [L.I. Grossweiner and
J.F. Baugher, J. Phys. Chem. P1, 93 (1977)]

3300 ns delay, N20-saturation; based on e(Trp') =
1800 M 'em ! at 510 rm [Ibid.]-

100 ns delay, NoO-saturation; based on e(*Trp) =
3600 M 'em™ ! for indole(aq) at 440 rm [R. Santus,
private communication]

Product yields in micromolar

b)

c)

d)

8



Although photoionization is the dominant initial photochemical
reaction of Trp(ag), important prdcesses have been identified

in which free e;q is not involved, e.g. the photosensitized
splitting of thymine dimers in DNA [6]. These reactions are promoted
by molecular complexes of Trp peptides with DNA and may involve X

as the Trp electron-transfer state.

The relative solvated electron yields in wéter—ethanol sol-
utions are shown in Fig.2, where the values for 265 nm excitation
alone have been reduced by 0.6 to account for the absorption of
the green filter used in these measurements (Corning C.S. No. 7-54).
The apparent enhancement factor for 100% ethanol is 1.5 . However,
if photoionization at 265 nm were entirely biphotonic, then the
filter would reduce thg electron yield by 1/0.36 = 2.8 , compared to
the measured value of 1.5/.6 = 2.5 . (The 530 nm excitation would
have no €ffect in this case.) Therefore, the possibility of only
biphoﬁonic'ionization of tryptophan in ethanol cannot be excluded.
This possibility is supported by data showing negligible electron
enhancement in raising the temperature from 20°C to 70°C and an
approximate square dependence of the yield on laser intensity. These
results indicate that the formation of state X is highly solvent
dependent, with a low yield in éthanol compared to water.

The value @é < 0.15 deduced from the above analysis may be
compared with published values of initial e;q vields for Trp(aq)
of 0.04 to 0.10 at 265 nm (summarized in [7]). It may be concluded
that relatively little egq decay takes place from the time of mono-
photonic ionization in the pre-fluorescent state until about 10 ns.
The estimated product yields in Table 2 , based on Fig.2 of the
‘preceding Progress Report and independent values of the extinction
coefficients, show that €aq and radical cation (Trp+) yields at 100 ns
are equivalent and the same as the neutral radical (Trp*) yield at
3.3 us. These results provide additional evidence for a relatively
slow recombination of e;q and Trp+ as proposed in our prior work [8-1&]
Similar monophotcnic and biphotonic ionization pathways have
been identified with aqueous indole and indole derivatives, with
a trend towards higher values of Ko with increasing length of the
side chain: indole(l.5), 3-methylindole(l.6), indole-~3-~ethanol(3.5),
indole-3-acetic acid(2.8), indole-3-propionic acid(3.0), tryptamine(2.1),
tryptophan(3.7). Quite high values of Ke have been obtained with

9
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Figure 2. Solvated electron yield from 400 uM
tryptophan in water-ethanol solutions.
(A) excited 265 nm + 530 nm
(h) excited 265 nm (corrected by 0.6 filter
factor)

10



enzymes, which is the subject of current research.

B. Enzyme Inactivation Quantum Yields

Many attempts have been made to predict the quantum yields
of enzyme inactivation by ultraviolet radiation based on the
overall composition. The model of McLaren [1l] represents-one limiting
case, where each absorbing residue contributes to the inactivation
guantum yield (@in) accoxling to its extinction coefficient and the
quantum yield for destruction of the corresponding amino acid
in aqueous solution. A different approach is that of Dose [12], in
which only the essential residues are considered and energy transfer
from aromatic residues to essential cystine residues is included.
Both of these models provide good predictions for a number of enzymes
at 254 nm irradiation. They precede our flash photolysis studies
showing that photoionization of tryptophanyl and tyrosinyl residues
is the principal initial act in proteins, where the photoelectrons
are stabilized as eyy @and may also be transferred to disulfide bridges
within the molecule [13]. It has been found that quite good values
of Qin can be predicted at 254 nm and 280 nm by assuming that direct
photodisruption of essential tryptophanyl and cystinyl residues are
the most important inactivating processes. The working relation is:

Qin = I‘trpftrpntrp + Fcysfcysncys (3)

where T is the fraction, of essential residues of the given type,

f is the fractional absorption by all residues of that type in

the enzyme, and n is the quantum yield for destruction of the residue
in the enzyme , The results for six important enzymes are given

in Table I1I.The value n

trp
and 280 nm, based on flash photolysis data obtained in this laboratory

= 0,05 was used for all enzymes at 254 nm

(Table IV) .(Measurements of permanent tryptophan destruction in proteins
also lead to ng . = 0.05£0.03 [14].) The value of Neys Was taken

as 0.20 at 254 nm and 0.13 at 280 nm, based on experimental quantum
yields for destruction of glutathione [15]. The values of ftrp and

fcys were calculated from the corresponding amino acid extinction
coefficients, and the I values are based on biochemical data and

pulse radiolysis radical-anion probe methods, e.g. the review of

11



TABLE IIT

Calculation of Enzyme Inactivation Quantum Yields
Based on Essential Cystyl and Tryptophyl Residues

Enzyme Ft # r * : 254 280 nm
D cys @in(calﬂ @in(exptl) @in(ca107 @inTexptlT

1ysozyme 3/6 2/l 0.028 0.0242 0.023 0.023%
trypsin 1/4 2/6 0.015 0.020° 0.009 0.010"
papain 1/5 0/3 0,006 0.006° 0.006 0.003°
carboxypep- 1/6 0/1 0.005 0.005%

tidase A
subtilisin 0/1 - 0.000 0.007°

Carlsberg
ribonuclease - 2/h 0.029 0.030% 0.004 0.007%

¥ essential residues/total residues

a) p, Shugar, Biochim. Biophys. Acta 8, 302 (1952).

®) ¥, Dose, Photochem. Photobiol. 6, 423 (1967).

¢) K. Dose and S. Risi, Ibid. 15, 43 (1972).

) g, Piras and B.L. Vallee, Biochemistry 6, 2269 (1967).

e) A.D. McLaren and O. Hidalgo-Salvatierra, Photochem. Photobiol. 3, 349 (1964).
£) 7K. Rathinasamy and L.G. Augenstein, Biophys. J. 8, 1275 (1968).

&) 1.1, Grossweiner and Y. Usui, Photochem. Photobiol. 13, 195 (1971).

B) y.A. Volkert and C.A. Ghiron, Tbid. 17, 9 (1973).

12



TABLE IV

Initial Product Yields from 265 rnm Laser Flash Photolysis

. . o - ®¥
Enzyme o(Trp* )" s(tyr)t  e(mssr ) @(eaq)# 2(s,)
1ysozyme® 0.031 0.000 0.007 0.019 -0.005
R *
trypsin 0.026 0.000 0.006 0.021 +0.001
carboxypepg 0.057 0.000 0.013 ©0.042 -0.002
tidase A 4
*
subtilisin 0.054 0.018 - 0.059 -0.013
Novo
* )
subtilisin 0.031 0.018 - 0.0U5 -0.00U
BPN
ribonuclease® - 0.016 0.000 0.016 0.000

# transient product quantum yield based on absorbtion by enzyme
¥* electron balance

a) J.F. Baugher, L.I. Grossweiner and J.Y. Lee, Photochem. Photobiol. 25, 305 (1977).
B) . A. Volkert and C.A. Ghiron, Ibid. 17, 9 (1973).
c) J.F. Baugher and L.I. Grossweiner, Ibid. 28, 175 (1978).

*
Unreported results.
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Grossweiner [l14]. The good agreement in all cases except subtilisin
Carlsberg, which contains no cystine and a single, non-essential
tryptophan, indicates that energy and electron transfer are not
important in the ultraviolet inactivation of the enzymes in Table III,
However, it is not necessary that tryptophan residues are directly '
involved in substrate binding or the catalytic reactions. The photo-
lysis of a tryptophanyl residue adjacent to a key residue also can
induce photoinactivation. For example, Trp 199 in trypsin is adjacent
to essential Ser 198, the side chain of Trp 177 in papain is in
contact with His 159 of the active site, and Trp 73 in carboxpeptidase
A is adjacent to Glu 72, a ligand of the essential zinc atom. In
lysozyme, Trp 62, Trp 63 and Trp 108 are part of the active site
crevice, and in ribonuclease A the essential Cys residues can

account for photoinactivation. Table IV summarizes our available

data on initial yields as obtained by laser flash photolysis. In these
6 enzymes, thf yields of e;q and the disulfide bridge electron

adduct (RSSR- ) account for the electrons ejected from tryptophanyl
and/or tyrosinyl residues at 100 ns time delay. In view of the good
correlations for ¢in , it does not appear that e;q or RSSR- make

a significant contribution to ultraviolet inactivation of these enzymes.
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2. Primary Mechanisms in Photosensitization by Furocoumarins

The research on furocoumarin photochemistry in this laboratory
is directed towards identifying the relationship of the initial
reactions to the biological endpoints observed in furocoumarin
photosensitization at the cellular level. New results on two aspects
of the problem were obtained during the past year. An investigation of
psoralen and 8-methoxypsoralen photobinding to calf thymus DNA
has led to new information about the role of pre-irradiation, dark
complexing on the photosensitization mechanism. The mathematical
analysis based on "large target" reaction kinetics makes it possible
to evaluate the possible reactions of the furocoumarin excited singlet
state and the triplet state with DNA and to estimate the extent
of singlet oxygen interactions. These findings are relevant to the
possibility that singlet oxygen initiates mutations in microorganisms
exposed to UV-A (320-400 nm) in the presence of furocoumarins,
and its involvement in the tumorigenic activity of furocoumarins in
laboratory animals and humans. A second study was made on membrane
damage associated with furocoumarin photosensitization, emphasizing
an experimental drug employed for topical photochemotherapy of
psoriasis, 3-carbethoxypsoralen, which is claimed to be as effective
as 8—methoxypsoralen'without the risk of inducing cutaneous carcinomas.
The results of this work show that singlet oxygen generation by
"3-CPs" is significantly lower than "8-MOP", but there is a higher

risk of membrane damage.

A. Kinetics of Furocoumarin Photosensitization In Vitro

The weak dark binding of furocoumarins to polynucleotides
is a major factor in their photosensitization mechanisms. It has
been assumed that the covalent furocoumarin-DNA photoaddition products
are formed from the dark-complexed component, which is quite small
fornmnyihrocoumarinsincluding psoralen (Ps), 8-methoxypsoralen (8-MOP),
and 3-carbethoxypsoralen (3-CPs) because of their low water solubilities.
For example, the estimated fraction of DNA-complexed 8-MOP in a
yeast cell suspension (5 x 107 ml—l) treated with 50 uyM 8-MOP is 0.3%
[16] . Measurements of 8-MOP binding to calf thymus DNA were reported
in the prior Progress Report (June,1980) in which the dependence of

15
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Figure 4. Formation of psoralen (upper) and 8-methoxypsoralen (lower)
cross-links for 0.1 mM calf thymus DNA as assayed by

hyperchromicity after thermal denaturation.
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the cross-linking fluence (365 nm) on binding was measured for
solutions containing 22 uM 8-MOP and differing calf thymus DNA
concentrations. The results showed that the fluence required for
about one cross-link per DNA molecule was constant to within *10%
for a 20-fold change in the nucleotide concentration and about
30% higher in air compared to argon saturation. The weak concentra-
~tion dependence is consistent with the assumption that dark complexing
is a pre-condition for photobinding, because the dose required for
cross-linking should depend on l/r%.where r is the fraction of DNA
binding sites occupied by 8-MOP in the dark. However, this quantity is
guite insensitive to the ratio of total 8-MOP to total nucleotides,
apparently explaining the experimental result.
These studies were continued during the past year, where
the formation of 8-MOP cross-links and PS monoadducts and cross-links
on 365 nm fluence were measured for different initial furocoumafin
and nucleotide concentrations. Typical data for the growth of Ps
4',5'-monoadducts are shown in Fig.3, based on a fluorescence assay
technique [17]. The growth of PS and 8~MOP cross-links was assayed
with the thermal denaturation method [18], in which the number of
cross-links per DNA molecule is related to hyperchromicity changes
when the DNA is heated to 859C and cooled; typical data are shown
in Fig.4 . The summary of the 8-MOP cross-linking data in Table V
confirms that the fluence required for 50% renaturation and denaturation
(DSO) is independent of r-l/2 to within $15% standard deviation (SD)
for a 20-fold change in the nucleotides concentration and a 4-fold
change in the total 8-MOP concentration. Similar results were found
for Ps cross-links; Table VI, Col. (7). Similar considerations indicate
that the Ps monoadduct yield should depend on the initial amount of
complexed Ps (Cb),'which was valid to #30% SD; Table VI, Col(5).
However, consikrations of the kinetics shows that the implications
of the data for the photobinding model may be ambiguous. If dark
complexing is a pre-condition for photobinding, then the dependence
of the fluoreecence efficiency (after hydrolysis of the DNA) of
the monoadducts (Ifl) on fluence (D) should follow:

£1 ~ CbD A (4)

as found in Table VI, Col. (7). However, if monoadduct formation

I
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Table V. Photobinding of 8—methoxypsoralen'to calf thymus DNA.

(1) (2) (3 4 (5)

oy Co! Dy 550/ri%v Dgo/Co
2200 11 . 11.0  0.60 ©0.037
2200 22 5.8 0.44 | 0.027
2200 44 5.0 0.53 0.033
220 22 4.0 0.43 ' 0.019
110 11 6.2 0.50 0.021
110 22 3.9 0.43 0.018
110 - 'V 3.0 0.43 ~0.020

0.48+0.007 0.025+0.007

* concentration of nucleotides (uM)

# concentration of 8-methoxypsoralen (uM)

18 3

)

+ 365 nm fluence for h/h = 0.5 (units of 10 ~° x photons cm
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Table VI. Photobinding of psoralen to calf thymus DNA.

(1) (2) - (3) (4) (5) (6) (7)
C C# R *

(8)

N o f1+ Dsp 10"°r_. /C , 10" 8R /C C 'D‘ /r_% D_./C -%
. R£1/%p £1/%"N 50 50/ o

2000 20 21 4.4 2.5 i 5.3 . . 0.29 2.0

. 1000 10 . 7.8 6.8 2.9 . 7.8 0.36 2.2

1000 40 16 3.1 1.6 - 4.0 0.31 2.0

100 10 1.0 6.5 2.8 10.0 0.39 2.1

100 20 10.93 4.8 - 1.4 o 4.7 0.39 2.2
100 00 1.6 - 3.7 1.4 4.0 0.40

| 2.1%0,7 © 6.0%2.4 0.36+0.05 2.1%0.2

* concentration of nucleotides (ﬂg)
# concentration of psoralen (UM

t initial build-up of monoadduct fluorescence (arb)

18

** 365 nm fluence for h/hm = 0.5 (units of 10 ~° x photons cm™3)



involves the homogenous reactions of excited furocoumarin molecules
with DNA, then the relationship is:

I ~ COCND (5)

f1
where CO is the total furocoumarin concentration and CN is the total
nucleotides concentration. The data are in equally good agreement
with this relationship; Table VI, Col. (6). Similarly, the pre-dark
complexing model for cross-link formation leads to:

ng ~ rD? (6)
where n, is the number of cross-links per DNA molecule, and the
homogeneous model gives:

n, ~ COD2 4 ‘ (7)
In Table V it is seen that Eq. (6) and Eq. (7) are in equally good
agreement with experiment; Col. (7) and Col. (8), respectively.

The ambiguity lies in the multiple binding formula used to estimate
the dark-complexed components [19] , which can be expressed as:

Cb/CoCN = nKb(l-fb)/[l+(CoKb(l—fb)J (8)
where n is the number of equivalent binding sites per nucleotide,

K
b b
of furocoumarin. The right side of this expression does not depend

is the intrinsic binding constant, and f, is the complexed fraction
at all on CN and changes very slowly with Co for weak binding, leading
to good correlations for either model. .

In view of the failure of conventional kinetics to resolve
the key issue as to the role of free and complex furocoumarin in
photobinding, a new theory has been developed based on "larxge
target" diffusion kinetics. This approach was previously employed
in connection with the attack of short-lived species generated
by ionizing radiation or photochemical radiations in the medium ex-
ternal to large targets [20,21]. The present application allows
for direct reactions of the dark-complexed species with the DNA
target plus diffusive reactions induced by the intermediates generated
by the free furocoumarin in the external medium. The number of
interactions with the DNA surface by externally generated species

can be expressed as:
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n* = @*n*v*Dabs (9)

where n* is the number of surface encounters after absorbed
fluence D*, %* is the quantum efficiency for generating the
reactive intermediate, n* is the probability that an encounter
leads to the observed event, and v* is the "reaction volume",
which can be pictured as the volume of medium surrounding the
DNA in which a generated species has 0.5 chance of reaching
the DNA surface during its lifetime. For double-stranded DNA
v* can be approximated by:

v* = 27RLp[1 + p/2R] (10)

where R is the DNA radius (1 x 10 7 cm), L is the extended DNA
length [L=3.4 x 10’8(MW)DNA
range of the reactive intermediate [22]. The number of monoadducts

/700} , and p(cm) is the mean diffusion

from the complexed furocoumarin for the same dose can be expressed
as:

= 20
n, = anbDabs/6.023 x 10 CO (11)

where @m is the qguantum yield for monoadduct formation based
on Iight absorption by the complexed furocoumarin, Ny is the
original number of dark-complexed furocoumarin molecules per
'DNA molecule and n_ is the number of monoadducts per DNA molecule.
Substituting Eq. (10) in Eq. (9) , with n = (Cb/CN[(MW)DNA/350]) '

gives the ratio of 'n* to n:

= ‘ 13
n*/nm = 6.4 x 10 (@*n*/@m)(COCN/Cb)Rp[l+p/2R] (12)

Equation (12) shows that the ratio of external hits to monoadducts
is independent of the DNA molecular weight and changes with
the relative furocoumarin and DNA concentrations through a ratio
that is almost constant [see Eq. (8)] and readily calculated.

The value of p can be taken as (D*‘r*)l/2 where D* is the
diffusion constant of the reactive intermediate and T* is its
decay or scavenging lifetime. For the reaction of 8-MOP with
calf thymus DNA, Qm = 0.007 and (COCN/Cb) = 500 [16]. We are now
in a position to evaluate Eq. (12) for the intermediates of interest:
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(a) 8-MOP excited singlet state:

Taking D* = 5 x 10 ¢ cm?®s” ! (from Stoke's law) and T* = 2 ns
[23] gives p = 1 x 10 ’cm and negligible values
of nf/nm . |
(b) 8-MOP triplet state:
For air-saturation, p = 4 x 10 ° cm based on k(T+02)=
1 x 10° M !'s™! [23]. The intersystem crossing yield
gives ¢* = 0.14 [24] and n*/nm < 40 , which is the
upper limit for n* = 1 and a 10 pyg ml~ ! 8-MOP solution.

(c) Singlet oxygen:
For T* = 2 x 10 ¢ s and D* = 3 x 10 S cm?s ! , p = 8 x 10 °cm
and n*/nm < 80 for n* = 1 and é* < 0.14.

The above results show that singlet oxygen and 8-MOP triplet states
generated in the external medium by free 8-MOP can make a signif-
icant contribution to DNA damage. The latter can be ruled out

for 8-~-MOP triplet states (but not for Ps triplet states) because

of the low reactivity measured with laser flash photolysis [25].
The DNA damage induced by singlet oxygen in furocoumarin photo-
sensitization may be of considerable biological importance and

will be investigated in further work.

B. Singlet Oxygen Generation by 8-Methoxypsoralen and

3-Carbethoxypsoralen

The generation of singlet oxygen (05) was demonstrated
in this laboratory for 8-MOP [23], and subsequently confirmed
and extended to other furocoumarins [26,27] including Ps,
5-methoxypsoralen (bergapten, 5-MOP) and angelicin. Since O%
has been shown to be mutagenic in yeast cells [28], there has
been speculation that 03 may be involved in the tumorigenic action
of PUVA therapy (psoralen plus UV-A) of psoriasis with 8-MOP [29].
(The mutagenic action of 8MOP may also be induced by error-prone
repair of the 8-MOP/DNA cross-1links, but‘the known reactivity
of 03 with DNA, membranes and proteins provides an alternative
mechanism.) In 1978, successful topical phototherapy of psoriasis

was reported for 3-CPs, a derivative that does not form DNA
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cross-links in yeast at 365 nm [30]. It is claimed that 3-CPs-
is not tumorigenic in mice [30], in contrast to the well-known
tumorigenic activity of 8-MOP plus UV-A in laboratory animals,
e.g., Ley et al. [31l]. In view of the clinical importance of
8-MOP and 3-CPS as PUVA sensitizers, we undertook a study on
aspects of their photosensitization mechanisms. .

Based on our prior work utilizing egg lecithin liposomes
as probes for 05 (Progress Report, June 1980), measurements
were made of liposome lysis induced by the exposure to UV-A
in the presence of 8-MOP and 3-CPs. Typical results in Fig.5
for 160 uM 8-MOP irradiated with a 200-W h.p. Hg arc through
a Corning C.S.No.7-39 filter (310-390 nm) show the protection
by azide ion and enhanced lysis in DZO characteristic of 03
participation. The relatively slow lysis rate compared to methylene
blue sensitization (Progess Report, June 1980) is characteristic
of the low 05 vield from 8-MOP [26]. The results in Fig.6 show
that lysis is more efficient for 8-MOP in the external medium
than for the same concentration entrapped within the liposome
or incorporated in the liposome membrane. The equivalent experi-
ments with 3-CPs were unsuccessful because of the dark interactions
of 3-CPs with the lipid membrane. As reported in the prior
Progress Repdrt, it was found that 3-CPs exerts a detergent action
on egg lecithin liposomes leading to dark lysis under mild bubbling
in the dark. The inhibition of the dark lysis in the presence of
9:1 water-ethanol was explained by stabilization of the 3-CPs
in the aqueous phase.

The question of 03 generation by 3-CPs was investigated using
the inactivation of hen lysozyme as an alternative probe [23].
The results in Fig.7 show that the inactivation rate is much
faster under argon saturation (curve B) than with oxygen saturation
(curve C) . In contrast, for 8-MOP photosensitization, the inact-
ivation rate in argon and D2Q (curve D) is slower than for O2
saturation (curve E) as expected for 03 involvement. However, for
3-CPs the dependence of the inactivation rate (T37) on lysozyme
is characteristic of the kinetics where the inactivating agent

is generated in the external medium , Fig.8 [14]. It is most likely
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that reactive free radicals are the major inactivating agent

for 3-CPs, consistent with the rapid photolytic decomposition

of 3-CPs when exposed to 365 nm radiation[32,33]. In any case,
the production of 05 by 3-CPs must be much smaller than for 8-MOP
in order to account for the protective effect of oxygen.

The dark lysis of liposomes by 3-CPs has important implica-
tions for the clinical use of this drug. The results in Fig.9
show that the dark lysis rate with argon bubbling increases
with increasing 3-CPs concentration, with an apparent threshold
between 22 uM and 45 uM . The liposome experiments were extended
to whole human erythrocytes (rbc) in order to explore the effects
with biological membranes. Two different interactions of 3-CPs
with rbc were observed; each of significantly higher magnitude . than
with 8-MOP, A short exposure of rbc to 3-CPs in the dark induced
rapid lysis, as determined by the release of hemoglobin,Fig.l10.
(The experimental details are summarized in [33] and the doctoral
dissertation of R.Muller-Runkel, IIT, May 1981.) However, the
normal lysis afterlong-time incubation in the dark was inhibited
by 3-CPs, Fig.ll. This inhibition was the same when the rbc
were in the presence of 3-CPs for the full incubation period and
when they were exposed to 3-CPs for 2 hrs followed by washing.
Since rbc lysis is of the "colloid osmotic" type [34], the two
stages may involve first the detergent effect on the lipid,
paralleling the liposomes, followed by a protein interaction leading
to decreased fluidity. In any case, there is little doubt that
3-CPs enters the rbc membrane and induces alterations not present
in the case of 8-MOP to a signiticant extent.



IOk —_ ] |
S \g "8 —— A———f & %

E§2C)£3!- . ‘--.-.é§._______€;.

P A8
»206 O 5.6 uM 3-CPs

g ° A N2 uMm

_ O 22.4 uM

3 A 45 uM

=04~ ® 56 uM

S '

D

o ] ] ] | |

i
0 20 30 40 50 60
Time (min) |

Figure 9. Lysis of liposomes in the dark by 3-CPs;
argon~-bubbled.

30



%?nm)pg
3 N
| i

Opt

.Density (5
O .

o

N
I

A 3-CPs
QO Saline
B 8-MOP

1 I 1
10 20 30 40 50 60

Incubation (min)

Figure 10. Dark release of hemoglobin from erythrocytes induced
by 245 uM 3-CPs in saline-phosphate buffer/ethanol
1:10 (vol/vol) at 379C and 200 uM 8-MOP (control).

31



ct

540nm)

(
O
T

Opt. D?ensify

o
*)]
|

o
(02§
1

O Saline

A 3-CPs

A 3-CPs,washed
after 2 hrs.

dowr LJ: %J“Bﬁ

O

N

|
,_8""[3'—4
\‘ \\

~Incubation (days)

Figure 1ll. Effect of 3-CPs (250 uM) on stability of erythrocytes towards
incubation in saline at 37°C.



C. Kinetics of Furocoumarin Photosensitization of DNA in Vivo

A new mathematical model for furocoumarin photosensitization
of DNA was described in the prior Progress Report, applicable
to light sources of arbitrary spectral intensity distribution
and to systems of differing repair competence. This model has been
refined and applied to several photosensitization systems with
encouraging results. The key assumptions of the analysis are:

(a) Photobinding involves only the dark-complexed furocumarin
molecules,the efficiency of which can be estimated from
in vitro measurements of dark complexing constants aﬁd
photobinding quantum efficiencies.

(b) The 3,4- and 4',5'-monocadducts formed from cross-linking
furocoumarins, such as Ps and 8-MOP, have a certain probability
for conversion to cross-links depending the binding sites,
the specific furocoumarin and DNA structures, and the
incident spectrum.

(c) The photoadduct yields for a given biological system
prior to repair do not depend on the repair genotype of the
specific strain. '

The mathematical analysis follows the prior Progress Report except
that differential rate equations are solved for two types of
3,4-monoadducts: those that can be converted to cross-links and

those that cannot be converted to cross-links because of the binding
sites, and similarly for the 4',5'-monoadducts. The complete solution
for the numbers of species per DNA molecule (nj) after scaled incident

dose D' are:

ng/ng = O | {13a)
na/n? = [6ga/(gaA-l)][eiD' - e-gaAD'] " (13b)
né/ng = 8 (1=y, ) [1 - e-D'] ' (.130)
np/ng = [(1-6)gy/ (gB-1) 1™ &™) t13d)
n /nQ = (1-8) (1-gy) (1 - &™) (13e)

. -D? -g AD'!
n/nd = §g, + (1-8)gy - [89,/(g,A-1) ] [gRe - e %™ ]

BD!

- [(1—6)gb/(gba-1)][gbBe'D' - e 92D (13£)
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where the subscripts referto complexedfurocoumarin (f), 4',5'-mono-
adducts convertible and not convertible to cross-links (a,a'),
similarly for 3,4-monoadducts (b,b'), and cross-links (c). The other
parameters are the initial fraction of 4',5'-monocadducts (8§), the
convertible monoadduct fractions (ga,gb), two terms relating to

to the rate of cross-link formation relative to monoadduct formation
(A,B) , and the scaled dose: D' = ofémQD, where cf/is the furocoumarin
absorption cross-section (or mean cross-section for broad band excita-
tion), @m is the quantum efficiency for monoadduct formation from

the complexed furocoumarin, and D is the incident fluence (see Progess
Report June 1980 and ref.[16] for details.)"

A preliminary test of the analysis was made for published data({35]
on Ps photoadduct formation with calf thymus DNA for 365 nm radiation,
using key parameters reported by the authors: D/t = 2.9 x 10!¢
photons/cm-s , €(Ps) = 960 M ‘cm !, €(4',5"') = 2010 M 'cm !, and
fb = 0.31 (dark-complexed Ps). The points in Fig.12 show the formation
of monoadducts and cross-links and the lines were calculated from .
Egs. (13) based on qualitative fitting parameters determined by
the authors. The present quantitative fit indicates that the initial
fraction of 4',5'-monoadducts was 0.39, that 54% of the 4',5'-mono-
adducts were convertible to cross-links (the 3,4-monoadducts do not
absorb at 365 nm), and that the quahtum yields for monoadduct
formation and cross-1link formation were 0.019 and 0.45, respeétively.
The high efficiency for converting 4',5'-monoadducts is an import-
ant conclusion of this analysis. ' A

A more stringent test was made for photoadduct formation in DNA
extracted from Saccharomyces cercviciac (5 x 10’cells/ml) after

exposure to 18.9 kJ/m? fluence at 365 nm in the presence of 50 uM
8-MOP [32]. The data showed that 0.0023:ug of 8-MOP were photobound
to 1 ug of extracted DNA. Taking 5 x 10 '*g of DNA per cell (from
the authors) and published binding constants for 8-MOP and calf
thymus DNA [36] leads to fb
yield @m = 0.008. In comparison, in vitro binding of 8-MOP to calf

= 0.0033 and the photobinding quantum

thymus DNA, corrected for the dark complexed fractions, gave

@m = 0.007 at 365 nm [37], in excellent agreement. These results
provide strong support for the assumption that only the dark-complexed
8-MOP is photobound to DNA in vivo.
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Another test was made for in vivo photosensitization where
strains of E. coli K-12 were exposed to fluorescent BL (black light)
lamps in the presence of 10 ug/ml 8~MOP (38]. The theoretical sur-
vival curve assuming that all four types of monocadducts have equal
lethality and that each non-repaired lesion contributes independently
to lethality is of the form:

S = exp{—fmn%D' [1 + %(f_/f)A'D']} (14)

where n! is the initial number of dark-complexed 8-MOP molecules

per DNAfmolecule (calculated as 2 x 105), fm and fc are the
probabilities that monoadducts and cross-links, respectively, are
not repaired and induce lethality, and D' (defined above) was
calculated taking ¢ = 0.007 and 0. = 5.7 x 107'® cm? was calculated
by numerical integration of the 8-MOP absorption over the lamp
spectrum (see prior Progress Report and [40]). It was assumed that
A'Eéq;A and n% were the same for all strains and the survival data
were fitted to Eg. (14) with A' = ;.2 and the wvalues of fm and fc

in Table VII. (The actual fit is shown in Fig.l of ref.([16]).

The results show that monoadducts are inherently much less lethal

than cross-links in all four strains.AHowever, the contribution of
monoadducts to lethality is significant in the wild type and pola
strains and they are the dominant lethal lesions in the more
sensitive uvrB and recA strains. The higher monoadduct lethality

in the polA strain compared to wild type was attributed to the
involvement of DNA polymerase I in the repair of‘furocoumarin
monoadducts [38], which is reflected also in the high polA sensitivity
of E. coli K-12 to black light plus monoadduct forming furocoumarins
such as angelicin and 3-CPs [38]. The generally high monoadduct
contribution to lethality is a new result of relevance to PUVA
therapy with 3-CPs and in the interpretation of comparative data

on lethality and mutations induced by 8-MOP, and angelicin or 3~-CPs.
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Table VII

Application of kinetics model to published data [38]
for the photoinactivation of E. coli K-12 by black light
in the presence of 46 uM 8-methoxypsoralen.

Strain Dy # £ * fc ** Lm/L ##
wild type 1.30 0.00035 0.06 0.47
polA 0.85 0.0007 0.06 0.78
uvrB 0.20 0.004 0.06 0.88

recA 0.15  0.005 1.0 0.88

# Inactivating fluence kJ/m?
* Monoadduct lethality parametexr
** Cross-link lethality parameter

## Monoadduct fraction of lethal lesions
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3. Photosensitized Lysis of Liposomes-Hydrodynamic Effects

In typical studies on photosensitization of liposomal damage,
the liposomes are exposed to visible radiation in the presence
of the sensitizer, which may be incorporated in the liposome mem-
brane or dissolvaed in the aqueous medium. Results have been reported
for various types of sensitizers including natural and synthetic
pigments, e.g. the review of Grossweiner [39]. The physical state
of theliposomes during photodynamic treatment has varied with-
the particular investigation including still suspensions [40],
stirring [41] and slow bubbling with oxygen [42,43]. Recent work
in this laboratory has shown that hydrodynamic effects play a
major role in photosensitized liposome damage, to the extent that
this factor must be considered as a controlled variable of prime
importance to the photolysis mechanism. All experiments reported
here were made with egg lecithin liposomes incorporating methylene
blue in the membrane. The liposomes were prepared by adding methy-
lene blue hydrochloride (MB) to a chloroform solution of the lipid.
(Sigma Chemical L-a-phosphatidylcholine), evaporating to dryness
under nitrogen, adding 2 ml of pH 7.0 phosphate buffer, swelling
2 hours at 109C, and washing at least six times by centrifuging
at 15,000G and resuspending in the buffer. The amount of MB incorp-
orated in the liposome membrane was estimated from the difference
between the original amount and the MB in the .supernatants.
The irradiations were carried out in thermostated Pyrex cuvettes
exposed to a 200-W Hg-Xe arc through a Corning C.S.No. 2-63 filter
(A>600 nm) and a water filter to remove infrared. The incident
fluence was 117 mW/cmz. Liposome lysis was measured by the turbiditry
changes at 720 nm.

The lysis rate under continuous 0, bubbling at 25°C for different

MB concentrations in the membrane is shown by the data in Fig.13.
(The lowest MB concentration required 45°C for adequate rate of
lysis.) Additional results showing the increase of lysis rate
with temperature are shown in Fig.l4. These data are typical of
prior work and do not show the major role of the hydrodynamic forces.
However, the results in Fig.l5 were obtained by irradiating for
different periods of time, followed by dark bubbling with Oz'at 250cC.
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In this case there was significant lysis in the dark, followed

by saturation at a level determined by the fluence. A similar

result is shown for liposomes irradiated in the presence of MB

in the external aqueous phase instead of in the membrane. (The MB
concentration was approximately the same as the suspension of

1.5% MB liposomes.) The results demonstrate that a significant

part of the damage involves hydrodynamic forces that are photo-
sensitized by MB. The results in Fig.l16 provide additional information
about the photochemical stage. The protection by 0.1M azide ion '
and 0.1M DABCO and the enhanced lysis rate in D,
of-Oﬁ involvement. Bubbling with N, led to a lesser degree of

O are indicative

protection, suggesting the presence of O2 in the membrane not
removed by priox N2 bubbling. However, the lysis rate induced
by bubbling was almost the same for O, and N, . The data in Fig.17

2 2
show that the dark lysis rate after a short irradiation with O2

saturation was approximately the same for subsequent bubbling
with N2 and O2 . Furthermore, the dark lysis rate was faster for the
higher bubbling rate and changed from the lower rate to the

higher when the bubbling rate was increased during the dark stage.
These findings provide clear evidence that MB photosensitizes

the liposome membrane to subsequent hydrostatic damage and that

05 is a major factor in the photolytic stage of the process.

A kinetics model for the photolysis process has been developed
by assuming that photosenéitization leads to damaged but intact
liposomes that are subsequently lysed by hydrostatic interaction.
The ‘analysis can be simplified by assuming that negligible
lysis takes place during the short irradiation period, in which
case the number of damaged liposomés at the end of the irradiation
period (ta) is given by:

v _ —al t
N, =N (1 -e ""oa) (15)

where Io is the incident fluence rate, NO is the initial number
of liposomes, and o is proportional to the temperature, the 02
concentration, and the MB concentration in the liposome membrane.
The differential equation for the conversion of damaged liposomes

is:
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dN"/dt = BN | A (16)

where N" is the number of lysed liposomes and B is proportional
to the bubbling rate (or other hydrodynamic damage). However,
for the present assumptions the loss of the damaged liposomes

by lysis at t>t is given by:
N'(t>t) = Née-B(t-ta) ' (17)
leading to:

-B(t—ta)] (18)

N"(t>ta) N;[l - e

The surviving number of intact liposomes is NO—N" , corresponding

to the surviving fraction:

s=1- (1 -e*otay1 - e BlE-t)y (19)

According to Eq. (19), a plot of Loge[(s—ssat)/(l-ssat)] vs (t—ta)
should be linear, and all data for the same temperature and
bubbling rate should fall on the same line. Here, Ssat is the
survival after extended bubbling and ta is the irradiation time
prior to dark bubbling. The application to the data of Fig.1l5

is shown in Fig.l1l8, where ta ranged from 5 to 30 min. The good
straight line is consistent with the key assumption of the model,
that the extent of dark lysis is limited by the irradiation fluence.

Another conclusion from Eq.(19) is the relationship:

_ =aI t
Ssat =€ ° é (20)

The validity of Eq. (18) is shown by the upper right cut in Fig.18.
The case of continuous irradiation and bubbling (e.g. Fig.l4)
is more complicated analytically. As above, defining N, N', and N™
as the numbers of original liposomes, photochemically damaged but
intact liposomes, and lysed liposomes, respectively, the loss of

original liposomes is given by:

dN/dt = - aINN (21)

where IN is the rate of light absorption by the original liposomes.
If IN = (N/NO)Io (i.e. the N and N' types have equal absorptions),

the solution to Eq.(il) is:

—

N(t) = No/[l + ant] (22)
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The rate of formation and loss of the type N' liposomes is

given by:
' = VN2 o -
dN'/dt = aFIo/NO)N BN' (23)
with the solution: t
. _ - Bt'
N'(t) = OLIONOe Bt) € dt’ (24)
(l+aI t')? '
0 o
Substituting Eq. (24) in Eq. (16) and simplifying gives:
) t
_ Bt' ' .
s(e) = e Pt 4 g f—e—dL ] (25)
(14aI _t')
0 o

An alternative form of Eq.(25) convenient for computation is:

S(X) = e 2X¥[® 4 ARi(-A) - AEi(-Ax)] (26)

j(e-t/t)dt |
Y

where x = (l+uIOt) , A = B/an and -Ei (~y)

Theoretical plots of S vs (ant) for different values qf A as
calculated with an HP-85 microcomputer are shown in Fig.l9.

The value of A is determined by the relative rate of lysis by
hydrostatic action compared to the damaging effect of the light.
The theoretical plot for A = 0.3 has the same general dependence

on time as Fig.l1l3 (l1.5% MB) and Fig.l1l5 (30 min irradiation),

when the photochemical fluence was high. A more detailed fitting of
Eg. (26) to data is being continued in current work.
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