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INTRODUCTION

Since aacient times it has been recognized that light plays an
important part in certain biological processes. Photosynthesis con-
stitutes the only path by which organized nature has access to solar
energy. The effect of ultraviolet light on proteins and the ensuing
chemical changes reflected in the alterations of every conceivable
property of the proteins (color, viscosity, solubility, iscelectric
point, melecular weight, absorption spectra and even immunologi-
cal specificity) are well known. The effects of light on human be-
inga in terms of vision, synthesis of vitamin D, production of sun~
burn resulting in erythema, and pigmentation of skin are principal
known efiects. In chemistry, reactions of many types, eg., synthe~
sis, decomposition, hydrolysis, m;idatimz,redu«:tion, pelymerization,

isomeric. change and free radical formation can be brought about
by exposure to suitable light,

After many isolated observations en photosensitive reactions,
Grotthus in 1817 and Draper in 1841 recorded their observations
which advanced the study of chemical reactioas initiated by radiant
energy. The first law of photochemistry, known after these workers
as Grgtthus‘abraper‘s law, states ""that esnergy muet be absorbed in
order to induce chemical events, Only light absorbed can cause a
reaction; its mere passage through a medium offers no catalytic

effect." Studies of the action of ultraviolet radiation on biological



systems is in reality a study of photochemical reaction or reactions,
Ag in all photochemical reactions, the first phase is the capture of

a quantum of radiant energy by some atom or molecule in the sys-
tem,. Absorption of light by a molecule results in a2 conversion of
radiant energy into the energy of internal motion within the molecule,
This motion may include kinetic changes of the molecule as a whole;
vibrations of the atomic nuclei known as bond stretching or bending;
and finally, motion of the electrons., The ground state of molecule
can be visualized as that state in which the energies of all these mo-
tions have their minimum values., The capture of a quantum by a
molecule adde a small amount of energy with the result that the en-
ergy level of some valence eleciron is raised, producing what is
known as an activated or excited molecule. The duration of the ac-
tivated state is very short {about 10°7 to 10-5 seconds). What hap-
pens after activation depends not only on the nature of the molecule
that has captured the photic quantum, but upon the envirgnment and
probability of collision with the other molecules in its vicinity.

Thig can be described in the following way: {a) An activated molecule
may lose its energy without undergoing any photochemical reaction.
(b) It may dissipate the excitation energy in the form of emission

of light, which is generally known as fluorescence. (c) It may lose
this increment of energy as heat radiation which results from the in-

creased random rotational and vibrational states of the atoms in the



Figure I: Schematic Diagram of Molecular Energy Levels

The broken lines represent varying degrees of vibrational
excitation superimposed on the electronic energies. Each
upward arrow represents the strongest transition within an
absorption band, Kach downward arrow represents transition
within an emission band, The horizontal arrows represgent

internal conversion transitions.
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molecule., (d) The activated molecule may be disrupted with the re-
sultant formation of two or more product molecules. (e) It may re-
gult in the rupture of chemical bond resulting in the formation of free
radical, that is a2 molecule containing one or more unpaired electrons.
By virtue of their high reactivﬁty, the free radical may interact with
other molecules in the system in ways that the pareat molecule could
not. (f) Depending upon the energy of the quantum, the activated mol-
ecule may cause the ejection of the electron from an atom and bring
about icnization similar to the effects of X-rays, thereby making the
molecule a positively charged ion, (g} Many organic molecules, par~
ticularly those with conjugated structures, have in addition the ability
to radiate after passing through an electronic state intermediate in
energy between the normal ground state and the fluorescent state.

This type of luminescence, where the emission of energy continues
after the irradiation ceases, is known as phosphorescence, Phosphor-
escent molecules are believed to be in triplet state, that is, a bi-radi-
cal in which two electrons have unpaired spins. In biology and chem-
istry, this state is of great importance, since it is much more reac-
tive chemically than fluorescent state, arising both from its free rad-
ical nature and because of its relatively long life, Most of the dyes
that sensitize photochemical oxidations have evident phosphorescent
properties‘(ﬂlumu). A schematic diagram of molecular energy levels
which illustrates these possibilities of energy transfer is given in Fig-

ure 1. The multitude electronic energy levels are represented by



horizontal lines, For an ordinary stable molecule, the ground level
G and two excited levels ¥ and ¥l are singlet states. The metastable
level M is presurnably a triplet level,

Photodynamic or photosenasitization effect: Ultraviolet light has been

s i e e S 5

known to directly effect a number of biological changes including pig-
mentation of skin {Bmm“’-), death of bacteria, inactivation of viruses,
production of genetic lethals and other mutations in higher plants and
animals (Houaender'%). descruction of the activity of isolated enzymes
and proteing (3/’23.»3.1“%?!162). Moreover, biological Systems may be sen-
sitized to light by a variety of organic materials. Thesz include many
dyes, such ag eosin, msthylene blue, acriflavin, acridine, some nat-
urally occurring substances such as free porphyrins, chlorophyll, and
gom:e carcinogeni: hydrocarbons such as methyl cholanthine (Biumll,
E"Q\&'H{SBS}. Irradiation of the combined photosenaitizer and biological
miaterial results in changes in biological activity. However, in the ab-
gence of the photosensitizing ageat no effsct is observed, The phenomen-
on was discovered by Rabb a little over half a century ago in Professor
Vou Tappeioex's laberatery iu Germany (bium“). lie observed that
the toxicity of acridine towards paramecia was proportional io the a-
mount of light incident on the biological system. Thinking it to under-
lie photobiological effects in general, Voa Tappeiner called it ""photo-

dynamische Lrscheinung' or photedynarmic action. As defined by BDlum

and associates E’ium“, C’Larezﬁ the term photodynamic action is
P ¥



meant an oxidation by molecular oxygen brought about in a biological
system exposed to radiation through the agency of a fluorescent sub-
stance. In accordance with this hypothesis, the photodynamic action
may be conceived as {follows: the photosensitizing substance acts as
a chromophore, absorbing light quanta which is thereby transformed
to an excited or activated state, The energy of this activated molecule
can be transmitied to a second molecule with which the first may col-
lide, In collision with other molecule of iower energy siatus, the ac-
tivated molecule can either bring biological changes or lose its energy
in various forms as described earlier. QOne can represent the reac~
tion in an overali way as foilows:
P -»—3?—7 P% (activated molecule)

(i) P*+02+8 558(0X)+ P

(ii) P*>3S 585"+ P
Where P is the photosensitizer and S any substrate, S$' a new product
and P* is activated state of the molecule, ¥ appears again on the right
hand side indicating that the chromophore having released its added en-~
ergy is reverting to ground state., P* can activate another molecule or
substrate; the energy transferred can also bring changes in the biologi-
cal systemn without oxidation, The activated photosensitizer may also
cause one of the three following effects: (a) chemical combination of
photosensitizer with the sensitive cell constituent; (b)‘ indirect excita~

tion of cell constituents which through chemical changes cause inacti~



vation of the vital cellular activities; (c) it can pass its energy on to
the cell constituents inside the cell by long range dipole-dipole trana-
fer., However, MéLaran 62 and Bluml?2 have stressed that many of the
effects of uitraviolet light are independent of oxygen (for instance, in-
activation of proteins. and enzymes where independence of 02 has been

clearly demonstrated). Hence in this thesis, the term "photogensiti~

zation' will be used as the more general term covering any observable

change in a system containing biological material and photosensitizer
which occurs only as a result of irradiation of the mixture,

Photosensitizing compounds: The photosensitizing compound most ex-

tensively investigated is methylene blue, although other dyes like fluor-
escein, eosin, rose bengal, and several others have been shown to in-
duce similar action. Compounds with porphyrin ring, the chlorophylis,
hematoporphyrine and flavine of natural origin have been also studied.
Several carcinogenic Lydrocarbons have also been implicated in photo-
sensitizing actionll, A new group of naturally occurring compounds,
the furocoumarins, more generally known as psoralens, has recently
been shown to possess photosensitizing properties (Lerner et a.l.sg,
Fitzpatrick et al3Z, Fowlks et 2134, Musajo et al®% Pathak and Fitz-
@patrick?z.

Biological changes in photosensitization: From the studies of the

effects of ultraviolet on the biological systems, it may be possible to

get some idea about the nature of the photosensitized biological re«



Table I Biological materials and effects observed
following ultraviolet irradiation

Biological material

[FOSEIRI R ———

alanine
cystine

dihydroxyphenylalanine

histidine
methionine
phenylalanine
tyrosine

preline
glutathione
Proteins

cagein

collagen

insulin
-lactoglobulin

human albumin

horse albumin

egg albumin

serum albumin

human globin
horse globin
blood plasma
gelatin

keratins

lens protein
serum euglobulin
wool

Enzymes
chymotrypsin
hyaluronidase
lysozyme
ptvalin
ribonuclease

rat liver mitochondria

Effect noted

oxidative decarboxylation

splitting of -5~-S-bond

oxidation to melanin

oxidative decarboxylation

formation of methionine sulfoxide

oxidation

oxidation -~ melanization, also oxidative de-
carboxylation

oxidative decarboxylation

-SH group partially oxidized to ~5-5-

Q2 absorbed

becomes partly soluble

oxidation of aromatic amino acids

oxidation of aromatic amino acids

destruction of histidine k tryptophan & denaturation
it 11 i it

absorption maximum at 2800A disappears, alde-

hydes and sulphydryl groups liberated, denatura-

tion and coagulation

change in surface tension, aldehydes liberated,

increased UV absorption, coagulation differed

destruction of histidine, tryptophan & denaturation
" 4] ie 1]

i 141 11 4]

loss of water swellability, ammonia liberated,
increase in electrical conductivity, decrease in
viscosity

intramolecular changes in spacing

developed opacity

changes in UV absorption

liberation of sulfide ions, H2S and also loss in
strength and extensibility

destruction of histidine and tryptophan residue

inactivation

destruction of histidine and tryptophan residues

inactivation

destruction of histidine and tryptophan residues

destruction of succinicdehydrogenase, cyto ~

chrome, oxidase, acid phosphatase, alkaline

phosphatase, apyrase activity, no change in cata-
lase.



Table I (Continued)

yeast mitochondria

deoxyribonucleic acid

bacteriophage

viruses (herpes enceph-
alitis, ecto malia,

rabbies, typhus, horse-

encephalomyelitis)

Cellular organisms

destruction of cytochrome oxidase, apyrase
activity

depolymerization

inactivated

inaciivated

bacteria (E, coli - strainsikilled

gpirocheates

trypanogome

neUTrospora crassia

paramecia

F. caudatum

chick embryo cell
culture

erythrocytes

{human, rabbit)
S. aureus

Tissves and organs

perfused dog lung

chick aminion-urinary
bladder

rootliets

Multicelled creatures
larvae {mosquite,
drosophilia mel-
anggaster,
ranacsulenta
{rog skin
animal skin
{human, guinea
pig, rabbit, sheep,

.
2
mice, raig

killed
kitled
killed
killed
killed

inactivated, interfzrence with mitosis

hemolysis
killed

nistamine ~{ike substance released

contraction
inhibition of growth

killed
increase of pigment, cellular damage

erythema, oedema, residual pigmentation
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sponses. The following table shows the biochemical changes observ-
ed following irradiation in presence of photosensitizer, Table I has
been abstracted from the reviewe (McLarenéZ, Fowlks35).

It appears that the photosensitization leads to the oxidation of
histidine, tryptophan, tyrosine, methionine and cystine, It also af~
fects the constituents of cells eg., cell membrane, cytoplasm, cyto-
plasmic organelle (mitochondria, microsomes) and nuclear material.

The most obvious effects produced by light in presence of a
photosensitizer in several of these biological systems may therefore
be summarized as reactions involving denaturation, rearrangements
and sensitization resulting in the damage of cellular functions. Other
physical changes not reported in the table are alterations in viscosity,
diffusion co-efficient, electrophoretic mobility, dialyzability, absorp-
tion spectra, optical rotation, etc,

All these changes reveal that the wavelength of light and hence
the energy which has been absorbed in the reacting system has induced
some physical or chemical changes in the biological material. It may
be of value to congider at this state, the energy associated with a few
wavelengths of light. These values were derived mathematically bythe rela-

tion E = hv, where E is the energy in photon called gquantum, h is the

-27 .
Planck's constant which is 6, 56x10 ~ erg second and v is the frequency

of light per second which is equal to ©/) , where ¢ = velocity of light

and is equal to 3.0x101% cm. /second, and ) is the wavelength in cen-



1

timeters, The energy has been calculated in terms of moles,of 6,02
X 1023 (Avogadro number) rather than single molecule and is known as
energy per Einstein, The values have been finally converted to calor-
ies by means of the relation 107 ergs = 1 joule, and 4,18 joules = 1
calorie,

Table II1 A Energies associated with few wavelengths of light

wavelength {Angstrom) energy, K cal/mole (the Einstein)

1000 2864
2000 142
2537 112
2850 100
3130 91
300 ‘TB&5
4000 71
5000 X4
6000 47,0
7000 41
8000 : 35,7

10000 28.6

In Table II B, some bond dissociation energies, based on the
measurements with simple molecules as well as proteins are listed,
The values for this table are based on reviews by Szwar‘eS{'J and McLar-
en®? and mgasurements carried out by Fraaklin and Lumpkin38.

Table II B Bond dissociation energies in proteins and peptides

Bond K. cal/mole Bond K.cal/mole
C« C 182 O-H 118
C=2¢C 150 C~-H 160
C=0Q 145 C-S L L
C-N (amide) 98 Cc-0 90
C~-N (peptide) 45 5-8 o4
C-N (amine) 66 c-ClL 75
N-H 104 5-H 87



ie

It is evident that energy required for photosensitized biochem-
ical reactions is confined to visible and ultraviolet light and is suffi-
cient to cause displacements of outer electrons in the molecule. It is
also evident from these two tables that if allowance is made for rota-
tional and vibrational energy losses, sufficient energy at certain wave-
lengths is still available to break any single bond in the molecule. This
also explains why longer infrared radiation is not effective to produce
chemical or photosensitized reactions., The photosensitized reactions
are believed to be init’iated by a quanta with an energy greater than 95
K cal.

The site of absorption of energy:  In spite of great volume of work

on the photochemical reactions of amino acids, peptides, proteins and
other biological systems, litile is known about the site of the absorption
of energy. The main process involved in the photochemical or photo-
sensgitized reaction is the formation of two radicals by breakage of a
peptide bond. Also other reactions such as decompesition of cystine
or cysteine, breaking of hydrogen bonds and photooxidation of aromatic
chromophores in presence of oxygen eg., tyrosine to dihydroxyphenyl~
alanine, liberation of ammonia from histidine and rupture of the imida-
zole ring have been observed (Weil et at?7). Two independent theories
have been put forward. The first (McLaren and Finkelsteiné"?’) is that
the light is absorbed by the tyrosine and tryptophan chromci)hares and

is passed through two CH2 groups to the peptide bond on either side of



the tyrosyl residue. pvidence in favor of this hypothesis has been pre-
sented by several workers (Carpenterl?, Mitchell and Rideal®4) but
recent investigations have shown that ultraviolet absorption of proteins
is not gquantitatively accounted for by their tyrosine, tryptophan, and
phenylalanine content. Contribution to the absorption in the same re-
gion by the peptide bond has been also shown®2, The second theory is
that the guantum is absorbed at the peptide bond itself (Rideal and Rob-
erts?5), Evidence in favor of energy being absorbed at the peptide bond
is given by a study of Mandl et al®! in which guantum yields for sever-~
al hemipeptides at 2 5374 were compared, The quantum yield of pep-
tide bond breaking was found to increase with the number of carbon
atoms separating the peptide bond and the phenyl ring., The highest
quantum yield was shown by acetylalanine, possessing no aromatic chro-
mophores. West and Miller! 0! nave proposed a third alternative involv-
ing phot@aensitiz&@im& mechanism. They postulated that the aromatic
ring is a very inefficient sensitizer of the peptide bond. However,
gince it absorbs considerable radiation at ZSGGL and higher wave-
lengths, it contributes to the photohydrolysis process as well as photo-
lysis of the peptide bond. The mechanism of this hypothesis has been
stated as follows: A+ hv-—> Ar¥.—> A%

A2% —>A + hv' (fluorescence)

A2% 4+ B > A2%B —3> A + B* gensitization
B¥ — > P+ {two products)

where A is the aromatic chromophore which fluoresces, Aj¥ and A%
are activated staies, B is the free -CCO-NH-group, Az*E is the chrom-

ophore collision complex,



It has been suggested that in the photodynamic action of meth-
ylene blue on tyrosine, tryptophan, methionine and nicotine may in-
volve a dehydrogenation and subsequent H;O, or organic peroxide for-
mation (Weil et a6, 97, t;9). The oxidizing agent can be used in the
oxidation of tyrosine or tryptophan leading to the rupture of aromatic
nucleus, or in presence of methionine, it may give rise to dehydro-
methionine and methionine ~sulfoxide. The same idea about peroxidat-

ic reaction has been entertained with regard to other radiation effects?,

31 94, 95

But the studies of Fiala™ ", Vodrazka and his associates , do not
support this hypothesis. Their well controlled observations indicated
that neither organic peroxide nor hydrogen peroxide appear upon irra-
diation in presence of a photosensitizer,

It is clear that little can be stated positively about the mechan~
ism of photosensitization. It is not certain where the quantum is ab-
sorbed or what the mechanism of the primary process in inactivation
or denaturation is and how, if the aromatic chromophores of a pfotein
or polypeptide absorb the incident light, the energy is passed from the
site of the absorption to the reactive bond., With this general outline
on photosensitization, the cbject of the subsequent presentation will be
to describe the studies related to the photosensitizing action of furocou-
marins, more generally known as psoralens. But before presenting

the different phases of this study, a brief historical background about

how psoralens were recognized as agents inducing photosensitizing ac~

14



tion in several biological systems will be provided,

Historical aspects of psoralens: Although the first furocoumarin was

isolated over 2 hundred years ago, when ia 1834 Kalbruaner isolated
bergapten (5-methoxypscralen) from bergarot oil, the biological im-
portance remained unknown until very recent times. Iandeed the plants
containing these compounds have been used in certain folk remedies
for skin diseases in India and Egypt (Fitzpatrick and Pathak33), Some
of man's earliest efforts were concerned with attempts to restore the
normal skin color to scattered, pigmentless arsas considerad to be
leprosy, although most of which were probably vitiligo. In the Indian
sacred book "Atharva Veda" which dates backto 1000 B, C. or earlier,
the "cure" of leprosy and leukoderma (vitiligo) has been detailed which
izvolved the use of certain black eseds together with Bringarga (Ellip-

ta prostata), Indra varuni (Colocynth) and turmeric (Curcuma longa).

Sunlight was stated to be most essential, In other ancient Indian medi-
¢al literature such as Astanga Hridaya Samhita by Vagbhata, or "Med-
icinel', 2 large German eacyclopedia of Indo-Iranian gtudies, reference

is made to the use of the plant "Bavachee", a speciee containing psor-

102

alen’? In ”Bower-Manusaript”gO which deals with the early re-

mains of Buddhist literature found in Sastern Turkestan, and the stud-
izs of medicine in ancient India (about 200 A, D.), the cure of leukoder-

ma with the plani known as " Vasuchika', a form of Bavachee {Psoralea

corylifoiia) has been distinctly mentioned., In "Sino-Iranica" written

by Berthold Laufer>’ a drug calied pu-ku -ce (or bu-kut-tsilidentified

15
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U4
as Pgoralea-corylifolia by the Maci-coliaborator in the Kai Pao Pen

Tacae (A.D, 968-976) of the Sung period has been discussed in de-
tail as a treatment for restoring skin pigmentation. The author fur-
ther comments that the plant named Bwa-ku-ci or Ba-ku-ci popular-
ly but erroneously written as Pu-Ku-Ce is not of Chiaese origin but
of Indian origin. It resembles the Sanskrit word Va ku-ci or Vasu-

chika, which is Peoralea-corylifolia. This plant has been used by

Hindus in the Ayuvedic system of medicine, and has subsequently
been shown to contain several photosensitizing furocoumaring includ-
ing psoralen,

Another important plant, Awmmi-majus (Lin), a wildiy~growing
weed found in the Nile Valley, had been employed for centuries as a
"cure" for leukoderma. Ibn-£l Bitar, who lived in 13th century,
gave a description of the usefulness of this plant for leukoderma ia
his famous book " Mofradat £1 Adwiya" 49. This plant was used by
the Ben-Shoeb, a Berberian tribe in the northwestern African desert,
This plant was found to contain several potent photosensitizing com-
pounds, the most important of which ia 8-methoxypsoralen.

Many instances of dermatitis following exposure to solar rays
in meadows or fields where the skin came into contact with green

plants, particularly of Umbelliferae and Hutaceae familios, began to

appear in literature by 1930 (ﬁtumu). Contact with parsnip plant {Pas-

tinaca sativa) or extracts from various parts of these plants followed



by exposure to sunlight or mercury arc radiation were gbegerved to
produce marked photosensitized erythemal response, In 1938, Kus-
keSO investigated this condition known to dermatologiste as phytopho-
todermatitis, a bullous eruption appearing on the areas of the skin
which came in contact with plant species and resulted from eXpos -
ure to the sun. Working with parsaip, figs and several other species,
Kuske believed that the photosensitizing substances responsiblﬁe for
thig condition were members of the furocoumarin group. He obtained
fairly pure compounds by extraction from oil of bergamot {bergapten),

masterwort or pesucedenum ostruthium (oxypeucedanin) and figs (psor-

alen). His observations remained unnoticed until the present,

While it is true, that many of these ancieat herbal remedies and
researches have remained unnoticed and have suifered considerable de-
cline in usage, at least in the form of the drug itself or their infusions
and decoctions, yet it appears éhat a larger proportion than ever of
the medicinal agents in present use are derived from: plant substances.
It cannot be gainsaid that there is currently in evidence an increasing
trend to restudy and reintroduce into medical practice vegetable drugs
which had appeared to have gone into decline in medicinal acceptance,
The history of psoralens is not an exception to this fact. The modern
period of psoralen research began when ia 1941, Fahmy and his group
at the University of Caire, E£gypt, observed that some Egyptian herb

dociors were using a grey green powder caileézvﬁtrilla%"fm- the treaty, ¢
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of vitiligo. He ascertained that this powder was obtained from the
fruits of a weed called Ammi majus Linn growing widely along the
Nile delta. Fahmy and Abushady?? in 1947 isolated three crystailine
compounds which they believed were the active ingredients of the
crude powder. These were identified as furocoumarins and were

named after the plant from which they were obtained {Ammi majus

Iii_zin): ammoidin, ammidin and majudin, This was an unfortunate sel-
ection of names for two of the compounds had already been known., Am-
meidin or 8~methoxypsoralen, had been isolated in 1911 from different
plant sources (Hans @riess??’, Thomssa) and was synthesized in 1933

by Spﬁthss. Majudin or 5-methoxypsoralen was a well-known constitu-
ent of oil of bergamot and had long been used in the perfume industry.85
The organic chemists particularly Spath and his associates 38 pad not
anlsr established the constitution of several naturally occurring furo-
coumarins, but had succeeded in synthesizing them and characterizing

81
their properties (see also Sethna and Shah ), This plant {ammi majus)

is a member of parsley family (Umbelliferae) and is known in the Uni-

ted States as bishop's weed., 8-\ ethoxypsoralen is also known as
xanthotoxin. and methoxsalen.

The clinical trials of psoralens were initiated by El Mﬂftyzg and
involved the deliberate photosensitization of the skin of patients with
vitiligo. The results were encouraging. Soon afterwards, in furope,

particularly in France and ngland, several dermatologists had started



using 8-methoxypsoralen and other furocoumarins present in Ammi

st T

majus for repigmenting the pigmentless skin areas, While early stud-

e -

ies with 8-methoxypsoralen used sunlight as radiation source, Musajo

ot al?s’ 66

demonstrated with an artificial light source the effective~
ness of frequencies in the long-wave ultraviolet in producing typical
photosensitized responses of erythema followed by pigmentation. In

59 in 1952 initiated

the United States, Lerner, Denton and Fitzpatrick
studies on 8-methoxypsoralen in treatment of vitiligo and reported the
testimonial type of evidence of increased sun tolerance of vitiligo skin
and albino skin following controlled treatment. Soon it became appar~
ent that psoralen or perhaps one of its derivatives might possibly be
developed as an oral drug to be used f{o increase the tolerance of human
skin to sunlight, Several avenues of research investigations emerged.
Fowlks et a!?4 reported the photosensitization effect of furocoumarins
on bacteria in presence of long-wave ultraviolet light resulting in leth-

18

al effects, Chakraborty et al.~ observed that out of seventeen natural

coumarins which they tested, the furocoumarins including psoralen and

6 had men~

imperatorin were most effective antifungal agents, Mueajoé
tioned results of Dolcher, Rodighiero and Caporale describing the muta~
genic properties of furocoumarins and found 5-methoxypsoralen and

psoralen to be almost as effective as the most effective mutagenic agent

trypaflavin, It has long been known that people coming in contact with

figs, cow parsnips, wild growing parsnips, people engaged in canning

13
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industries processing fruits and vegetables such as carrots, celery,
parsley, etc., exhibit photosensitized dermatitis resulting in vesica-
tion, erythema followed by residual pigmentation. The author'?! has
presented evidence to suggest that phytophotodermatitis due to exter~
nal contact with many plant species mainly confined to a few families

(umbelliferae, rutaceae, mimoceae, leguminosae) is due greatly, if

not entirely, to the furocoumarin group of compounds present in these
piants. The occurrence of many of these compounds in common edi-
ble vegetables particularly in tropical regions of the world where
abundant suanshine has constantly augmented the pigmentogenic action
from time immemorial, has led this author to consider that olive skin
of the Asiatic people, the highly pigmented skin of African natives and
other people residing in the tropical region, has been due to two fac-
tors: {1} ultraviolet light of the sun, and {(2) presence of furocoumar~
ing in the daily foods of these people,

The fact that these compounds are found in various plant mater-
ials leads naturally to teleclogical speculation as to what other biologi~

36 has suggested that furocoumaring

cal function they fulfill. Fowlks
appear to have specific biochemical properties, which may contribute

to the survival of certain plant species., lie stated that these compounds
belong to that group of substances which can inhibit certain plant growth

. ) . - * J
without otherwise harming the plant. Bennett and Bonner"~ isolated

Thamnosmin from leaves of desert rue, "Thamnosma montana” be-

cause a crude extract of this plant was the best inhibitor found armong
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the extracts of a number of desert plants surveyed for the property.
Thamnosmin was found to be a furocoumarin related to isopsoralen

2

structure. Roaighiercﬁé has shown that these furocoumarins (psora-
len, 8-methoxypsoralen, etc.) inhibit seed germination, root growth
and seedling growth, Thus it is possible that they might have a role as
natural growth regulator of certain plants, In this connection it is

worthwhile to point out that the amount oi these substances in a growe

ing plant like Ammi majus, before appearance of fruiis or seeds, is

ingignificant, but the moment seeds are being formed, one notices high
concentration of these substances in leaves, stalks, and the pericarp
of the fruit {(personal observations), Germination of these seeds (psor-
alea corylifolia) also takes a long time even under ideal conditions and
is observed when the fluorescence iatensity and thus the psoralen con-
centration of seeds drops significantly, indicating that the germination
inhibitor has been washed out and the sced is ready to germinate.

The chemisiry of psorailens: The psoralens pelong to a group of com-

pounds which have been considered as derivatives of coumarin, the
furocoumarins, The fusion of & pyrone ring with a benzene nucleus gives
rise to a class of heterocyclic compounds known as beuzopyrones, of
which two distinct types are recognized, (1) benzo-X -pyrones, com-
monly called cournarins and {2) benzo~- ¥ -pyrones, called chromones,

the latter differing from the former only in the pesition of the carbonyl
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group in the heterocyclic ring as shown below:

Beazg - < - pyrone Benzo - § « pyrone
If the furan ring is built on a suitably substituted cournarin or chromone
derivative, it leads to the synthesis of coumarono coumaring or cou-
maronochromones, more generally known as furccoumarins or furan-
ochromones respectively, the structurssof which are shown below:

0, -0 20

Furocoumarin Furanochromone
There are twelve different ways a furan ring can be condensed with
coumarin molecule and each of the resulting compounds can become the
parent for a family of derivatives., But nature seems to be conservative
and it appears that all the naturally occurring furocoumaring so far de~
scribed turn out to be derivatives of psoralen I or angelicin/isopsoralen)

Il.

In Table [II, an attempt has been made to tabulate most of the fu~
rocoumarinsg so far isolated from natural sources. The structure, the
names of the plants (botanical and common names) and their families

have also been included. It can be seen that their distribution in nature



32

is confined to four or five major plant families, The important genera

of plants possessing furocoumarins are Umbelliferae and Rutaceae. Leg-

uminosae and Moraceae have a few but widely used plant species, The

occurrence of these compounds in a few plant families does not mean

that they are absolutely absent in other closely related families such as

Convolvulaceae, Scolanaceae, Tesalpenae, etc. Geissman and Hinrein-

r39

e have revealdd the biogenesis of thege compounds in these various
plant species and have suggested that they owe their formation to cer-
tain biochemical processes fundamental to certain genus and families.
The point of interest lies in the fact that most of these plant species are
confined to tropical and subtropical regions where abundant sunshine
plays a major role in the life of various plant species, ﬂabers:}, Bell~
ringer®, Goldsmith and Hiller*®, Klauder and Kimmich>} have publish-
ed reviewe showing several plant species mostly belonging to Umbelli-

B UL

ferae, Rutaceae and in a few instances Leguminosae and Mimosae fami-

lieg to cause photosensitized contact dermatitis, Several plant species
reported to cause this phytophotodermatitis resulting in skin eruption,
erythema, oedema andsubsequently residual pigmentation have been an-
alyzed by some workers interested in this field and have shown to contain
furocoumarinsg, sspecially 8-methoxypsoralen {xanthotoxin), 5-methoxy-
psoralen {bergapten) and psoralen. It is not therefore surprising that

several gpecies of Rutaceae and Umbelliferae have been implicated in

photosengitized dermatitis,



Resume,; The selection of a rational strategy of research in areas of
psoralen photosensitization posed a difficult choice between basic and
applied approaches, Ia the early stages of such research investiga~
tions, so litile was known of the problem that no easy decision could

be made between the alternatives of basic research aloag the lines in-
dicated by fundarnental theory of photosensitization or the bold hunch-
inspired strikes for immediate practical application to clinical prob-
leme. Patient studies with psoralens ia the treatmeant of pigineantary
disorders, in chemotherapy, in improving éun tolerance and promoting
sun tanning, in prevention of skin cancer ithrough increased pigmenta-
tion and increased cornsal thickening have revealed potential clinical
usefulness of psoralens. Considerable effort has been expended in dif-
ferent laboratories in practical clinical research but it has failed to
anawer the basgic mechanism of their action. Therapeutic and clinical
usefulness of psoralen compounds have brought several basic questions
yet to be answered., <ven though they are relatively nen-toxic and are
found to occur in many of our edible foods, yet their photosensitizing
property poses a significant question to be answered: "Are they harm-
ful in the long range ?" Whether long~wave ultraviolet light, in itself
biologically innocuous, acquires the capacity to produce skin cancers
and cataracts by virtue of the photosensitizing effect of psoralen{ As
converiors of radiant energy they are capable of inducing chemical and

biological changes which may eventually turn out to be harmful, 1
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leave this question of the ultimate usefulness or dangers of furocoum-
aring to the more learned and judicious authorities in the field of medi-
cine and biochemistry., As a scientist in part dedicated to the under-
standing of the mechanism of action of psoralen, I prefer to present
some of the facts in the pursuit of the truth, When dealing with the
fragmentary material as presented in this chapter and subsequent pages
of this thesis, mény of the conclusions and tentatives are likely to be
erroneous. No one will be happier than myself if they are rectified,
for it shall mean a step forward in the clarificaiion of the subject
knowledge which we all stkive to advance.

Several studies concerned with the biological sensitization to long~
wave ultraviolet light induced by psoralen, 8-methoxypsoralen and other
related furocoumaring have revealed that (a) human skin is photosensi-
tized following topical or oral administration of the drug (Musajo et al%

32, 59 and {b) photosensitized biological response of

Fitzpatrick et al.
the skin may be as mild as erythema, followed by augmentation of pig-
mentation, or as severe as edema, vesication or complete desgquama-
tion of the skin depending upon the light-dose, drug-~dose relationship

Li
*‘b, Pathak and Fi’czpatriekn). In either

(Fitzpatrick et al%z, Musajo

event the visible biological changes are obgerved 8 to 24 hours subse-
34

quent to irradiation; (c) bacteria are killed (Fowlks et al, ); (d) ability

of the bacterial cell to oxidize a number of suybstrates is reduced follow-

64
ing 8-methoxypsoralen photosensitization (Oginsky et a,lf ),(eAppiica-
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tion of §-methoxypsoralen to the polar caps of Drosophilia resulted in
a greater number of mutations in presgence of ultraviolet &igh‘té:}. ()
Seed germination and growth of seedlings and roots of vegstakles are
adveraely aff&cted%, These vbservations suggested the posaibility
that enzyme gystems of the bacteria and biological system in general
are daraged during illumination either as part or concurrent with the
lethal events.

In turn, it would ssem reasonable to assume that the obheservad
cutaneous changes resulting from photosensitization are directly relat-
ed to mortality of individual cells of the skin, While it is guite obvious
from the bactarial studies that the individual cells are damaged func-
tionally and are killed (as judged by their inability to reproduce), it is
not equally easy to ascertain whether individual cells of the gkin have
been simiiartff damaged preceding the observed rhotosensitized derma-
tological changes noted above, Studies carried out by a2 few investigators
in the field of psoralen photosensitization are mainly confined to the hig-
tological changes in the irradiated skin (Baker3, Zimmermanm&. They
mainly describe alterations of stratum cornsum, formation of stratum
lucidum or "meodified stratum corneum' followed by increase in melanin
pigmentation, They do not reveal biochemical or physical changes at
the melecular level which have occurred zither intra-cellularly or im-
mediately extra~cellularly preceding and directly related to the observed

effects, The question therefore arises: what happens to the celle and



the molecules within the cells when photosensitization occurs ?

Of all the multitudinous biochemical processes in the living cell
on which its life depends, there is scarcely one which is not due to en-
zymic functiop, in fact one can say that there can be no life without en-
zymes, Any medification of the enzyme paitern or activity may have far
reaching consequences for the living organisms., Enzymic activity in a
way therefore represents biological activity and is highly dependent on
the physical and biochemical integrity of certain regions of the molecule,

Recently, the effects of irradiation of various wavelengths of
light on enzyme system has been a favorite subject of a number of inves-
tigators {Yost et ai%osg Canzanelli, et aLMj)w The treatment of mitochon-
dria with ultraviolet light resulted in progressive loss of the ability of
these particles to oxidize succinate and glutamate as well as to couple
efficiently the éhosphorylation of ADP (adenosine diphosphate nucleotide)
to electron transport. These considerations and previously reported ob-
servations that sulphydryl enzymes were damaged in the extract of guinea
pig skin as a result of photosensitization with quinine or hematoporphyrin
{ Repke et alk?‘ﬁ’) and that the succinicdehydrogenase activities of rat liver
mitochondria were destroyed following photosensitization with benzypy~
rene {Graffi et ai?E) provided sufficient rationale for the present studies
reported in this thesis. Enzyme studies were therefore used as sensi-
tive indicators of changes occurring at the molecular level during photo-

sensitization carried out in the presence of psoralens,

36



Observed cutaneous changes resulting from psoralen photosansi-
tization either intracellularly or immediately extracellularly appear to
be directly related to the biochemical and physical changes at the molecu-
lar level. Studies carried out by Fowlks et a1§4 concerning the biological
photosensitization to long~wave ultraviolet light induced by 8-methoxy~
psoralen revealed strikingly increased susceptibility of several bacterial
species. Not only did they show lethal effects on several bacterial spe-
cies including gram pos‘itive and gram negative strains, but also observed
that the ability of the bacterial cell to oxidize a number of substrates was
reduced following 8 -methoxypsoralen photosensitization (Oginsky et al?g).
These observations suggested the possibility that enzyme systems of the
bacteria are damaged during irradiation either as part of, or concurrent
with, the lethal events, Life depends on a complex network of chemical
reactions brought about by specific enzymes and any modification of the
enzyme pattern or activity may result either in temporary or longlasting
disorganivzatian of several biochemical functinns., Enzyme studies were
therefore used as sensitive indicators of changes occurring at the molec-
ular level during photosensitization carried out Hhythe psoralen. Besides
demonstrating the inactivation of enzymes such as cytochrome oxidase,
succinicdehydrogenase, lacticdehydrogenase, the latter two were used in
the major part of this study to explore the mechanism of psoralen photo-
sensitization,

Activating and fluorescent wavelengths of furocoumarins: psoralensand

absorption spectra and action spectra of psoralen. The absorption of
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ultraviolet radiation by a molecule results in a change in the electronic
configuration of that molecule and therefore in a change usually tran-
gient and reductive, in the stability of the molecule, The ability of any
molecule to absorb ultraviolet radiation of a particular frequency is de-
pendent on the electronic configuration of that molecule, Thus absorptive
apility is intimately related to the molecular structure, As stated ear-
lier, to forward any photochemical reaction, a substance, which is call-
ed the light absorber or chromophore, must capture quanta, Biological
photosensitized reactions are known to result from the absorption of a
wide spectrum of radiation, The energy and therefore the wavelength

of light absorbed and the biological changes occurring in photosensitized
reactions are obviously closely related. The plot of the biological or
chemical response avs a function of wavelength is called the action spec-
trum. It is &hérefmre obvious that greatest effectiveness of such respons-
e¢s would be at maxima of absorption and least effectiveness at minima of
absorption. The absorption ap@ctr#m of a photosensitizing compound thus
provides a suggestive pattern in choesing the wavelength for photosensi-
tized reactions. Comparison of such action spectrum with the absorp-
tion spectra of various substances has led in numerous ingtances to the
identification of the light absorber., It is well known fact that molecular
groupings give rise to important absorptions in ultraviolet region, e.g.,
unsaturated linkages, aromatic compounds such as tyrosine, tryptophan,

histidine and other resonating structures. Thus proteins are favored to
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be photochemically active at tyrosine, tryptophan, phenylalanine resi-
duas, Several enzymes are known to be altered in vitro by ultraviolet
light. NMNucleic acids are well known light absorbers in the region 260
mu and 280 mu because of purine and pyrimidine moisties.

The psoralens have been shown éa be highiy active photosensi-
tizing agents capable of inducing sunburn or erythema and augmenting

3z, 59, 65, ?2-, Furthermore, it will be shown in

the skin pigmentation
this thesis that they induce photpsensitized inhibition of enzymatic ac-
tivities such aes succinicdehydrogenase &lacticdehydrogenase. Fowiks

et al?* and Oginsky et 31?9

have demoustrated that these ageunts are cap-
able of sensitizing bacieria in preseance of ultravielet light, Their fun-
gicidal eifect has been also reported, In most of these studies and oth-
er studies such as pﬁotosensitiz&d contact dermatitis, inhibition of

seed germin&tibn and ultraviolet carcinogenesis (to be reported in this
thesis) long-wave uitraviolet light has been observed by several inves-
tigators to be more effective in evoking these biological responses, The
precise activating wavelength range which is effective in exhibiting sev-
eral of these biologica{ responses was not known. The sorting out of
which absorbed wavelengths participate in the photosensitizing efiect of
psoralen or 8-methoxypsoralen is particularly important if the mechan-
isrm of psoralen photosensitiﬁation is to emerge. Hence the effectiveness
of various wavelengths in producing psoralen activation and photosansiti-

zation was investigated. The activating and {luorescent wavelengths of

several furocoumarin derivatives and related subsiances were also
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studied to correlate the photosensitizing ability of the compound with
their molecular structure,

Lffects of structural alterations on photosensitizing activity of furocou-

marins and coumarins: Studies on the relationship between molecular

configuration and the photosensitized erythematous activity of various
natural and synthetically prepared furocoumarins following uliraviolet
irradiation were carried out to relate the structure of the corapound to
its biclogical activity and establish a common denominator of a struc-
ture capable ot exhibiting photosensiiization in biclogical systems.

Ultraviolef carcinogenesis in albine and pigmented mice receiving furc~

coumaring: psoralen and 3-methoxypsoralen: Substances such as

psoralen and §-methoxypsoralen, that are capable of absorbing radiant
energy and inducing biological changes, can modily and alter the skin
responges Lo ‘uitz'avi@iet irradiation, Skin cancers are etiologically re-
lated to the trauma of sunburn repeated over a long peried. Augmenta-
tion of skin responses to ultraviolet irradiation in presence of psoralens
can cause trauma aand trigger cancerous growth, This brings an import-
ant clinical consideration in the therapeutic uses of psoralens. Becker
has reported primary changes in the human skin following &-methoxy-
psoralen and 5-methoxypsoralen administration, Stratum corancum show-
ed thickening, increased density and also increased amount of melanin in
the stratum corneum and in the basal cell. It was esseatial to investi-
gate whether such changes induced by psoralens would modify the ultra-

violet carcinogenesis.,
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Furthermore, epidemiological evidence clearly implicates solar
radiation as a factor in the induction of human skin cancer (Bluml3’ 14,
: 25 : fri Gl :
Dorn "7). In southwest part of the United States, uitraviolet carcinogen-
esis is a major problem, -~ Afdng Tarmier§, sailors, and other out-
door workers who are exposed to sunlight over prolonged periods and
receive a large amount of uitraviolet radiation, one finds that the inci~
dence of skin cancer of both squamous and basal cell types is quite

& 99 60 : ,

common (Unna“", MacDonald "}). A factor which appears to protect

man firom carcinoma induced b, exposure to solar radiation is melanin

pigment, the darkly pigmented peoples having a markediy reduced inci-

7T {
2::’ Roffo' : :(‘hc:nmscm83

dence of carcinoma of the exposed areas (Dorn )
The generalized human albino living in the tropics almost invariably
deveiops squamous and basal cell carcinoma of the exposed surfaces
(dhapiro et al, ). Similarly, the fair-skinned Caucasians who easily
pecome sunburned and have a tendency for freckling, have a higher in-
cidence of carcinoma of the exposed areas than the persons who tan
readily. The carcinogenicity of ultraviolet irradiation in albino mice

has been esiablished by many investigators (Ro;fo—”, Blumn’ 14,

52 i
9, Kelner, et ai.  and Griffin et al>>* 43

Rusch et al?
The receni widespread uses of psoralens, particularly 8-MOP
and psoralen, in augmenting the pigmentation of human skin following

irradiation with sunlight and artificial long-wave ultraviolet light,

their widely advocated use in increasing sun tolerance and in prevent-



ing sunburning, blistering and peeling , has raised the question wheth-

er these photoactive compounds might alter the incidence of ultra-

=

violet carcinogenesis., O'Neal and Griffin  initiated studies on 8-

methoxypsoralen and its effect on ultraviolet carcinogenesis in al-
bino mice. Their initial report indicated that the final incidence of

)

ear tumors induced by ultraviolet irradiation (15,2 to 17, 5xl 0° ergs/

= °
cm” of short and medium range up to 3200 A) in mice receiving 8-
methoxypsoralen orally (0, 5 g/kg diet} was considerably less than
that of control mice, evidence suggesting that this photoactive agent
had a "protective’ effect against ultraviolet carcinogenesis. The extent
of protection afforded by this compound appeared to be proportional te
ite concentration in the diet up to an optimal level of 0, 5g/kg diet,
They found, however, in the same experiment that intraperitoneal ad-
ministration of 8-methoxypsoralen (0.4 mg/mouse/day) appeared to
increase tumor incidence ghite significantly, Whether the discrepant
effect of oral and intraperitoneal administration were related to the
significant differences in the dose levels or in the route of administra-
tion was not resolved, Very recently, when this study was in progress,
Griffin et aﬁu;H extended their studies to the effect of the wavelength up-
on carcinogenic response in 8-methoxypsoralen treated mice. They
investigated the effects of short-wave (principal emission 2537 I»i) and
long-wave ultraviolet light {Wood's light) following intraperitoneal in-

jection and dietary {eeding of 8-methoxypsoralen to albino mice. Mice



receiving 8~-MOP in the diet (0, 5g per kg diet) did not develop any tu-
mor, They commented that §-MOP appeared to afford protection from
o
the exposure to 2537 A. The animals injected intraperitoneally with
this drug 0, 4mg/mouse /day prior to exposure also did not show any
poteatiation of carcinogenesis. They thus concluded that §~-MOP ad«
ministration had no appreciable effect upon short-wave ultraviolet
light carcinogenesis., Prolonged exposure of albino mice to long-wave
UV tight (3208&&) following intraperitoneal injection of 8-MOP (0, 4mg/
mouse/day} resulted in a rapid and severe erythemal response and a
very high tumor incidence in the ears and eyes. Dietary feeding of
8~-MOP (0. 5g/kg diet) in the animal exposed to long~wave UV light
did not show potentiation of carcinogenesis. The countrol groups that
received no drug but only long~wave irradiation did not show any inci-
dence of carcinogenesis, The authors interpreted their observations to
suggest that the intake of photosensitizing drugs such as 8-MOP with
subsequent exposure to UV light or more specifically to long-wave
UV light may accentuate the avérau process of formation of keratosis
or cancer. It was therefore decided to study the effect of psoralen
and 8~-methoxypsoralen in albino as well as several pigmented mice
strains, The primary purpose was to find out whether these photoac-
tive compounds were carcinogenic or altered the ultraviolet carcino-
genesis respouse by virtue of their biological properties (pigment stim-~

ulation, increase the corneum thickening). The role of melanin pig-

ment in ultraviolet carcinogenesis was aleo evaluated,
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MATERIAL AND METHODS

The studies reported in this thesis were conducted primarily
for the exploration of the mode of action of psoralen and 8-methoxy-
psoralen, the two substances which are readily available and have
been most investigated clinically., The effects of psoralen and 8-meth~
oxypsoralen were investigated i@ﬂowing_ig@ and in vitro irradiation

with ultraviolet light, The in vive effect of psoralen photosensgitization

has been demonsirated by histochemical studies of guinea pig skin,

The iz_x__v_it_rg studies cover the effect of psoralen and 8-methoxypsoralen
on rat liver mitochondrial fraction, Specifically their effect upon succin-
icdehydrogenase activity was investigated. When one considers the

vital role which has been assigned to the particulates in the cellular

meta ‘z@iism, it would seem that any damage to this system would result
in rather drastic changes in the enzymic activities. Hence, besides in-
vestigations of changes in succinic dehydrogenase activity, other enw
zyme system, eg., cytochrome oxidase, was also studied., While the
nature of photosensitizing action of psoralens was being investigated us-
ing rat liver mitochondria as a testing agent, it became apparent that
substances within the mitochondria, eg., riboflavin, quinones, lipo-
proteins, cations, etc., could interfere with photogengitization effects.
tHence a more simple system, crystalline lacticdehydrogenase, was used.

The various methods employed in these enzymic studies have been out-

lined in the following pages.



Succinic dehydrogenase {SDH) activity of guinea pig skin: Adult albino

guinea pigs weighing 600 - 750 grams were used in the major part of
this study, although two specific experiments were carried out with
black pigmented guinea pigs. The area of the skin on the back of the
guinea pig for carrying out photosensitization experiments was prepared
as follows: hair on the back of the guinea pig was removed by the aid

of an electrically operated hair clipper and a nontoxic, nonirritant,
"Neet", a commercially available hair depilatory, was applied liberally,
After about five minutes the back of the animal was thoroughly washed
under running warm tap water. This treatment enabled us to obtain a
smooth skin area about 18x10 cm. It was experimentally ascertained
that the hair depilatory contained no photosensitizing compound and that
it induced no ekin reactions for a period of 48 hours, nor after exposure
to long-wave ultraviolet light for more than two hours., The animal was
rested for two hours with access to food and water. A total of eight
guinea pigs were used. The effect of psoralens was tested in the follow-
ing two ways: (1) By topical application of 100 ug of the drug (either
peoralen or 8-methoxypsoralen) dissolved in 0. 2 m.l.0f 95% ethanol,

Vith the aid of a micropipette, the compound was applied uniformly in
one inch square area of the skin which had been ouilined with adhesive
tape., Five such areas {1xl1") were selected on each animal. Two such
areas containing the drug were exposed to ultraviolet light, and one

area wag kept covered with black paper attached with an adhesive tape

AN
W



46

prior to irradiation. The control areas included two one-inch square
areas, one of which was exposed to ultraviolet light and the other was
kept covered with black paper affixed with an adhesive tape. 0.2 ml.of
959% ethanol without photosensitizer was uniformly applied in each of
these areas, One hour alter topical application of the drug, the test
area and the conirol area were exposed for 45 minutes to long~-wave ul-
traviolet irradiation at 15 cm, distance., Four albino and one pigmented
guinea pigs were exposed to ultraviolet irradiation. The guinea pig was
kept supine on a wooden board facing the ultraviolet light source and was
immobilized by securing the legs. The optimum time of irradiation un-
. o

der ultraviolet lamp was determined and has bsen reported earlier .,
The remaining three guinea pigs treated identically were exposed to
bright sunlight in the month of June and early July for one hour. The
sunlight exposure tirne was arbitrarily chosen., (2) The other proce-
dure involved an oral administration of the drug. Psoralen or §-meth-
oxypsoralen, in a gelatin capsule, was force-fed to the guinea pig using
a dose of 10 mg of drug per kg, body weight. The drug was administered
1.5 hours before exposure to the radiant energy. IHHlumination was per-
formed {under Wood's ultraviolet light) as indicated above for topical
application.

After illumination, biopsies of the skin of each animal sufficiently
large for histochemical study were taken from the exposed areas at vary-
ing times {after 1, 24, and 48 hours post illumination). Specimens were

kept in ice-chilled containers before incubation, Before the biopsies
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were taken, reflectance readings with green tristimulus filter, which is
guite sensitive to detect erythemal response, were also recorded for con~
trol areas and photosensitized aresas, The method propesed by Daniels

and Imbrie“” was used and has been outlined separately under the study

B

related to the relative photosensitizing activity of furocoumarins,

Determination of succinicdehydrogenase activity: Succinicdehydrogenase

activity of these skin biopsy specimens was determined histochemically
by a modified method of Rutenberg et ai?‘a with the cytochrome system
poisoned with 0. 1 molar sodium cyanide as recommended by Rosa and
V&lard@im. The method was based on the fact that in the presence of
substrate sodium succinate, succinicdehydrogenase reduced colorless
tetrazolium salts to highly colored insoluble formazans which precipi-
tated at the sites of enzymatic activity. After thirty minutes incubation
at 37°C with thé tetrazolium chioride solution (3 ml.of 0.1% 2, 3, 5-tri«
phenyl-Z2H-tetrazolium chloride, 3 ml.0, 1M PQ4 buffer pH 7.0, 3 ml of
0.25 M succinate and 1 mi,of 0, 1 MNaCHN) the block of the gkin, general~
ly 0.6 to 0.8 cm long, 0.2 to 0.3 cm wide and 0.1 cm thick was frozen
with dry ice without fixing in formalin. It is essential to noie that the
control skin biopsy specimens without 8-MOP, either from dark unirra-
diated avea or from UV exposed area) were incubated in the same petri-
dish at the same time along with 8-MOP treated biopsy specimens. Ten
ml. of substrate solution was sufficient to cover the bopsy specimens.

In some experiments the incubation was extended to 45 minutes in order



to obtain a more intense reaction. The bopsy specimens were period-
ically turned, Thin sections (30 to 35 micromsthick) were cut on the
freezing microtome, The slides were inspected promptly and compar-
ed for the intensity of color as well as localization of Succinicdehydm-
genase activity. Photomicrographs of the sections were taken within

12 hours, Dr. W. L. Fowlks, now at the University of Minnesota, al-
50 cross evaluated these slides, to confirm the effect of 8-methoxypsor-
alen or psoralen photosensitization. Most of the sections had an intern-
al controi for succinicdehydrogenase activiity, since there were bits of
muscle and underlying connective tissue rich in activity and showed in~-
tenge coloration at the end of incubation., Histochemical determination
of succinic dehydrogenase in absence of added succinate was also car-
ried out to overrule the other dehydrogenases reducing the tetrazolium
salts even in absence of substrate. The site of enzyme activity was in-
tense red coloration., The activity of control biopsy specimens was com-
pared with pscoralen treated areas.

Uliraviolet light source and irradiation procedure: All investigations

reported in this thesis, unless stated otherwise, were carried out with
long~-wave ultraviolet light, The principle emission of the lamp was
36541;. band of mercury high préssure arc spectrum, This black light
unit model 70 Glo Craft 250 watt {Switzer Brothers, Inc,, Cleveland,
Ohio) operated on 110 volts line current had a pressed glass "Roundel"

filter #41 which failed to transmit all the wavelengths below 3200A and
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and above 40004:1. With this filter, there was 52-55% light transmission
at 3650%, 25% transmission at 3400!2, and 35% transmission at 38001:.
Guinea pigs were generally irradiated under the central part of this lamp.
The lamp had a diameter of nearly 32 cm. and therefore covered suf-
ficient area to place an animal in the center, They were however not

left in the same position; every 6th or 7th minute, the wooden board was
rotated by 90° angle, so that each area of the back, on an average, got
the same amount of light within 45 minutes of irradiation. In enzymic
studies to be described in the following paragraph, a specific area under
the lamp was selected for irradiating the reaction vessel. A Photovolt
photometric instrument survey of the target field 15 cm. from the Wood's
filter on the light source showed variation up to 100% in relative intensi-
ties between extrerﬁe values and up to 20% between adjacent small areas.
Therefore a relative intensity map of the light field was plotted using a
photometer with a movable probe, and an area which had intensity dif-
ference of less than 10% was marked with a 60mm. circle, This circle
was the target area used in all irradiation studies involving the effect

on enzymic activity., The absolute intensity when measured with uranyl-
oxalate actinometer as proposed by Leighton and Forbessg was &KIOS
ergs/cmz/minwz.

Preparation of rat liver mitochondria: Rat liver mitochondria were pre-

pared essentially according to the method of Hogeboom45. Fresh livers

of young laboratory bred rats were used. Homogenization was performed



in @ motor driven glass homogenizer with a teflon pestle. All opera-
tions before final incubation with substrate were carried out at 0-2°C
in the cold room, .’E;ach. batch of mitochondria was prepared from the
liver of four adult rats, The livers weighed approximately 28 to 3¢
grams, Liver cell suspension was prepared with isotoaic sucrose
)0. 25 M} as the medium. Isolation of the mitochondria was achieved
by mieans of differential centrifugation., The procedure after isolat-
ing nuclear fraction and centrifugation at 9200 r. p.m, (5000 xg) in-
volved centrifugation at high speed, The suspension of mitochondria
was transferred to lusteroid tubesand centrifuged for 10 minutes at
20, 000 r. p. m. (24000 %xg)., The procedure of resuspension of the mi-
tochondria, centrifugation at 20, 000 r,p.m. and removal of the super-
natent was repeated., This final suspension of thrice sedimented mito-
chondria wae used for a few studies, In subsequent experiments, how-
ever, the mitochondrial pallet was washed three times with 0, 9% so-
dium chloride solution Unless stated otherwise; mitochondria within
12 to 72 hours after preparation were generally used for most of these
photosensitization studies, A few experiments were purposely carried
out with aged mitochondrial preparations. Mitochondria equivalent of
ne gram of rat liver were regularly suspended in one milliliter of
final suspending fluid of 0, 9% potassium chloride solution. Deionized
distilied water was routinely used in preparing sucrose solution and

other reagents,

50



Illumination procedure for enzyme solution: Pgoralen or 8-methoxy-

psoralen solution was prepared in distilled water and contained 5 mg.

of the compound per 100 milliliter of water. A solution of a2 given
sensitizer was kept for no longer than 3 days in low actinic glaes flasks,
In the early part of mitochondrial succinic dehydrogenase ;@tudies,. 9
ml, aliquot of the sensitizer solution was mixed with 1 mi. of the final
suspension of the mitochondria. A 5 ml, portion of this mixture was
illuminated and the remainder kept in the dark to serve as control,
However, for studying the effects of glutathione, ethylenediaminetetra-
acetate {ZDTA or versene) and other substances such as cysteine,

BAL, etc., on succinic dehydrogenase activity of rat liver mitochon~
dria, and all the experiments related to crystalline lacticdehydrogenase
to be described &reiow, only 2.5 ml, aliguots were used for irradiation
studies instead of 5 ml,aliguots as stated earlier, The dilution of mito-~
chondrial suspension and the concentration of the sensitizer, however,
remained esgsentially the same. In all these experiments the concentra-
tion of psoralen or 8-methoxypsoralen was approximately 45 ug per milli-
liter {+ 2 ug) unless stated otherwise, Mitochondrial suspensions with
and without psoralens were divided into two equal parts. 2.5 ml. sus-
pensions with and without psoralen were kept in the dark in test tubes
covered with aluminum foil, These tubes served as controls., The re-
main_ing aliquots (2, 5 ml. suspensions with and without psoralens) were

irradiated in stainless steel vessels under Wood's long-wave ultraviolet
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light. Duplicate runs were carried out for each irradiation experi-
ment, All preparatory and pipetting operations were conducted in a
room with dimmed difuse light.

Controling the temperature: Temperature variation under the lamp

were encountered, The temperature afier adeguate warmup time of

30 roinutes was found to be 30°C + 3°C., A suspension of mitochondria
initially warmed to 30°C, then placed for illumination warmed up oanly
a degree or two in 15 minutes, Those suspensions heated to tempera-
tures higher than 35°C would cool off siightly during exposure. Fro-
zen samples of 5 ml, mitochondrial suspensions in 100 ml. beakers
when placed under the lamp showed rise in temperature of approximats ~
ly 8-10°C at the end of 15 to 20 minutes ir.raéiation. To overcome
these difficulties, a thermostated apparatus was employed as shown in
Figure 2. A stainless steel medicinal cup, 50 ml. capacity, was used
as the exposure vessel, It was held in pdaca in the cavity of an alumi-
num jacket by a shield with a 1.25 inch opening and was sealed against
water leakage between the cup and the jacket with a rubber U-ring. An
inlet for coolant near the bottom of the jacket and an gutlet near the top
allowed for circulation of water from a constant temperaturs bath
through the space between the cup and the jacket. The direct contact of
the mitochondrial suspension or other enzyme solutions, on the insgide
of the thin metal cup cooled by direct contact with thermostated water
on the outside was sufficient to keep the contents within one degree of

the desired temperature during exposure to the ultraviclet source.



Thus 2.5 milliliter of the mitochondrial suspension with or with-
out photosensitizer was illuminated at one specific area of optimum in-
tensity previously described. The period of illumination was generally
15 minutes, but whenever it wag different in specific studies, it has
been detailed in the result section,

Agsay of succinic dehydrogenase activity of mitochondrial suspension:

The éucciniedehydrogenase activity of control and UV irradiated suspen-
giong of rat liver mitochondria was determined by the spectrophotomet-
ric method of Slater and Bnnner84. Immediately after each irradiation,
activity determinations simultaneously were carried out for the irradi-
ated specimens and its control specimen. Assays were run on 0.2 ml.
aliguots of mitochondrial suspension. Succinicdehydrogenase activity
was routinely determined in duplicate or triplicate runs, The assay de-
pended on measuring the reduction rate of K3Fe(CN)¢ in presence of suk-
ficient potassium cyanide to inhibit cytochrome oxidase. Into a stand-
ard (1 cm) Beckman silica cell were added 0,3 ml.each of KCN (0. 1M
previously neutralized to pH 7.0}, and K3Fe {CN)¢ solution (0, 01M).
This was followed by addition of 0.2 ml,, 0, 2M sodium succinate,
Phosphate buffer of pH 7.2 was added to give a final concentration of
approximately 0.1M in a total of 3 ml, Buffer solution was used in the
reference cell. At zero time 0.2 ml,of the irradiated or unirradiated

mitochondrial suspension was added toboth cells, and the optical den-

gity at 400 mu was followed 28 a function of time for at least 10 min-

utes. The rate of change in optical density was compared against con-
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trol runs. (Unirradiated specimen kept in the dark)., The optical den-
sity readings of each run were plotted., The curves of the control

rune {specimens with and without psoralens which were kept in the dark)
gave unconditionally 2 linear drop in optical density. In each experi-
ment, 100% activity refers to the activity of the control specimen kept
in the dark. The deviation of the slope of each duplicate run while de-
termining the enzyme activity was found to be not more than +0, 05 per
minute and hence thege figures have not been included in tables,

Studies on lacticdehydrogenase (LDH): Crystalline lactic dehydrogen-

ase was used to study the mechaniam of psoralen photosensitization,
More often this system will be abbreviated as LDH. Commercially
available crystalline lacticdehydrogenase (Sigma Chemical Company)
was used. Protein concentration per milliliter of enzyme suspension
was determined periodically by measuring the optical density at 280 mu
and 260 mu. The protein concentration was calculated by substituting

the optical density readings in the following formula: (Kalckarﬁl

)

1.45 OD at 280 mu - 0. 74 OD at 260 mu = mg protein/ml, The stock en-
zyme solutions contained between 20 to 27 mg protein per milliliter.

Zach time the stock enzyme suspension was diluted with distilled water

in such a way that 0,1 ml,of the diluted enzyme solution contained approx-
imately 120 ug + 10 ug protein . This amount of enzyme was used each

time in 2. 5 ml.volume of irradiation solution, Generally a set of four

rung were carried out for each experiment as follows:
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A B
0.2 ml LDH solution + 4.8 ml H0 0.2 ml LDH solution 4
4,8 ml psoralen solution
divided iuto 2 sgual parts divided into 2 equal parts
2,5 mb 2.5 mb 2.5 mi. 2.5 ml,
kept in dark irradiated with UV kept in dark irradiated with

uv
In most of the studies irradiation of 2nzyme solution with and without
psoralea was carried out for fifteen minutes, but whenever this time
has been extended it has been detailed in each run, The enzyme solu~
tion was pipetted into irradiation cups and placed in the thermostati-
cally controlled, water jacketed, irradiation wnit described under mito-
chondrial succinic dehydrogenase studies, A specific area of uniform
light intensity was selected (s2e succinicdehydrogenase system) and
the irradiatior vessal was placed on this area for a definite period,
Effects of addition of several compounds in understanding the mechane
isr of psoralen photosensitization was carried out bv adding the speci-
fic compouad in concentrated form in volume not exceeding 0, 2 ml.to
obtaia the desired concentration in 2.5 ml.enzyme solution. The vol-
ume of water or psoralen solution was correspondingly reduced to
keep the final volume equal to 2,5 ml, Under these conditions psora-
len concentration was a little less than 45 ug/ml:(42-45 ug/ml). Du-
plicate runs were carried out‘for each experiment, and in several in-
gtances repeated runs were made,

Determination of lacticdehydrogenase activity: Method I: The apec-

trophotomsatric method proposed by Neilandg’g was adopted for measuring



the lactic dehydrogenase activity, The measurement involved the de-
termination of the rate of appearance of the absorption peak at 340
mu of reduced diphosphopyridine nucleotide (DPNH). The reaction
can be stated as foliows:

, | L«ac;i:icdehydregenase 4

L (+) lactate + DPN ~— Pyruvate+DPNH+H
Since the reaction produced one equivalent of acid, the assay wasg
carried out at pH 10. The reagents were prepared exactly as de-
scribed by Neimndsﬁ;g 0. 5M sodium DL lactate was obtained from lac-
tic acid by neutralizing with cautious addition of 5N.NaQH. Any ester
formed during neutralization was hydrolyzed by heating at 80°C, The
pH of the final solution was adjusted to neutrality. Diphosphopyridine
nucleotide (DFN) solution, generally 5 mi;(ZxﬁO'ZM) was prepared in
water, pH was adjusted to 6. 0. The solution was stored at 0°C and
was consumed within 3 days., The other reagent used was glycine~
sodium hydroxide buffer pH10, 0. 1M.

Into a 3.5 ml.capacity (1 cm) Beckman silica cells, the follow~
ing reagents were initially pipetted: 0.2 ml.lactate, 0,1 ml.DPN solu-
tion, 2.0 ml.buffer pH 10,0 and 0,6 ml.H,0. For 100% transmission
setting, the blank cuvette contained DFN, buffer, H30 and 0,1 ml en-
zyme solution, but no lactate. An electrically operated timer (1'=100
units} was kept ready. At zero time, 0.1 ml.of enzyme solution (either
irradiated or unirradiated with and without psoralen) was tipped in
through a 0.1 ml.pipette. The change in optical density was measured

every 30 unit interval at 340 mu. A E at 340 mu was recorded as a

S
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function of time for a period of 3 minutes., The change in optical den-
sity readings per minute {2 OD/min) reported in all the tables related

to LDH activity are those for the first 1,5 minutes. The molecular
extinction coefficient values of DPNH has been reported to be 6, ZKIOE(M;).
Assuming this molecuiar extinction values, the 4 E/minute reading has
been converted to millimicromoles of DFNH formed in 3 ml. test vol=
ume. Duplicate runs and in great many instances triplicate runs were
carried out for measuring the LDH activity. The effect of ultraviolet

in presence and absence ol psoralen has been compared against the ac-
tivity of the specimen kept in the dark in each set of experiments., The
A E values for enzyme solution kept in dark represented the initial activ-
ity and was designated as 100% activity, The percent loss of enzyme ac~
tivity was calculated from this value, followii ¢ irradiation in presence

and absence of psoralen,

Lacticdehydrogenase activity: Method II: Lacticdehydrogenase activity

determination in a few selected experiments was also carried out differ-
atly, using reduced diphosphopyridine nucleotide (DPNH) in the follow-
ing system:
Pyruvate + DPNH = lactate+DPN
The oxidation of added DFPNH was observed at 340 mu., Into the
cuvette of 1 c¢m light path and 3.5 ml.capacity, the following reagents
were added: 0J,1 ml.pyruvate (0.01M), 0.1 mi.DPNH (0. 002M, pH 7, 5),

I mLEH,PO,4-KHPO4 buffer (0. 1M pH 7.4) and water to make up



to 2.9 ml. At zero time, 01 ml enzyme solution was added and optical
density values at 30 units interval (1'=100 units) were recorded for 3
minutes in Beckman DUspectrophotometer. Density changes at 340 mu
revealed the rate of oxidation of DPNH. The rate of decrease in optical
density readinge for the first 1.5 minutes were used to calculate the

4 OD/minute, Results have been expressed in terms of millimicro-
moles of DPNH oxidized.

Irradiation in gaseous atmosphere other than air: In studying the effect

of oxygen during photosensitized inactivation of succinicdehydrogenase in
presence of 8-methoxypsoralen, a {ollowing procedure was adopted, The
pure gases, nitrogen, helium and oxygen were obtained from commercial
sources. On the top of the stainless steel cup used for exposing the bio-
logical material {mitochondrial suspension or pure enzyme solution), a

2 mm thick, 100 mm diameter, optical quality, fused guartz disk was
placed. The tube like short side arm near the top of the steel cup was
connected to the gas cylinder by thick rubber tubing. The gas flows were
saturated with water and then monitored at 1 liter per minute through the
side arm. The gas escaped between the stainless steel cup rim and the
quartz disk, The contents of the cup (enzyme systern with and without
B8-MOP) were flushed with the gas (either nitrogen, oxygen or helium)

for 5 minutes prior to irradiation and then subjected to ultraviclet
irradiation for a period of 15 minutes without interruption of the gas flow,

{See Figure 2),
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Determination of cytochrome oxidase activity: Rat liver mitochondrial

suspensions with and without psoralens were prepared ideatically as de-
scribed under the succinicdehydrogenase studies., A macro method as
suggested by Cooperstein and Lazarowzi was adopted to determine cyto-
chrome oxidase activity of rat liver mitochondria., The method is based
on the measurement of the rate of enzymic oxidation of reduced cyto-
chrome C., 30 ml.solution of cytochrome C,l, ?le“SM {melecular
weight assumed to be 14, 000, and purity 90% when assayed spectrophoto-
metrically) was prepared in 0, 03M phosphate buffer pH 7.4, It wae re-
duced by adding 100 ul.of freshly prepared solution of sodium hydrosuliite
{1.2M)as outlined by the authors. 2,5 ml.mitochondrial suspensions
(irradiated and unirradiated, with and without psoralen) were suitably di-
luted such that 0,1 mi.of the diluted suspension gave a drop in optical
dengity at 550 mu in the range of 0,070 to 0, 100 in one minute, The dry
weight determination indicated that 0.1 ml.of this diluted suspension con-
tained approximately 200 to 300 ug of the dried mitochondrial components.
éi&yi Into the 3 mi.reduced cytochrome C solution 0,1 ml.of the
diluted mitochondrial suspension was added., The reactants were mixed
very rapidly and readings of optical density at 550 mu were recorded
evéry 30 wnits time interval (1 minute = 100 units). Within 3 minutes
(+ 30 seceuds) complete oxidation of reduced cyt. C in the control unir-
radiated specimens was observed. The complete oxidation was further
confirmed by adding few grains of K3 Fe(CN)y,. Each time the rate of

oxidation of reduced cytochrome C was studied in 4 samples: (1) mito-



Figure 3a: (Top) Aminco Spectrophotoflucrometer

Figure 3b: (Bottom) Schematic Diagram of

Aminco Bowman Spectrophotofluorometer
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chondrial suspension kept in dark, (2) UV irradiated spegimen without
psoralen, (3) unirradiated suspension containing psoralen or 8-methoxy-~
psoralen kept in dark, (4) UV irradiated specimen containing psoralen
or 8-methoxypsoralen,

The concentration of oxidized cytochrome C in each case was de-

termined az follows:

do - dt xme which reduces io
1.96%10° 000

CDx1.58 % 10°7 moles or = ODxl. 58x10-4% millimoles,

Where do was the initial density reading at 0 time, dt was the optical
density reading at any time "t" during the rate determination. 1,96x
104 was the diffierence between molecular extinction coefficients for re-

106
)

duced and oxidized cytochrome C at 550 mu (Horecker & Heppel
3.1 was the {inal volume in the reaction cuvettes. All experiments were
run at room temperature (approximately 25°C). Duplicate runs were
carried out for each determination.

Determination of activating and fluorescent wavelengths of furocoumarins

and related compounds: The Aminco~-Bowman spectrophotofluorimeter

{Model 7¢8) as shown in Figure 3a was used in this study. This instru-
ment permitted the excitation of compounds from a monochromatic Xenon
arc light source and measured with a second monochrometer the result~
ing fluorescence throughout the UV and visible region., As shown in Fig-
ure 3b, the light from the Xenon lamp was dispersed by the activating
monochromator (grating type) into the monochromatic radiation incident

on the sample. Fluoreacent light from the sample was dispersed by a



similar monochromator into monochromatic radiation incident on the
photomultiplier. The light wasg there transformed to a weak electrical
signal and fed to the photometer where it was amplified, Photometer
output was coupled to the vertical axis of the cathode ray oscillograph,
The gratings were oscillated by a motor driven cams which were coupled
to graduated discs for visual observation and adjustment of wavelengths,
The activating monochromator was set at a selected wavelength, the
scanning flyorescent monechromator was connected to the oscillograph
input, A wavelength ve.intensity diagram{fluorescence spectrum) was
cbserved on the oscilloscope. The maximum activating wavelength and
fluorescence peak were thus determined, This was further confirmed

by setting the fluorescent monochromator at a 'wavelength of maximum
fluorescence and connecting the oscilloscope input to the scanning acti=
vating monochromator. This procedure resolved the major activating
peaks, Thus the instrument enabled to measure the waveleagth for maxie
mum activation, at the same time measured the waveleagth of maximum
fluorescence, Photometer sensitivity was controlled by meter multiplier
aswitch and sensitivity knob with meter readings in steps of 1, 1/3, 1/10,
1/30, 1/100, 1/300 and 1/1000, The relative intensity of fluorescent
light incident on photomultiplier was the product ef mater readings (trans-
mission scale) and the meter intensity muitiplication factors (sensitivity
from 1 to 1000). The relative percent fluoregcence for esach compound
was therefore calculated from: the photometer readings of transmission

scale, ali values were corrected to U, 01 meter setting, Each compound
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was dissolved in 95% ethanol (1 mg/10 ml) and suitably diluted (generw
ally 1 ml.to 3 ml) with ethanol. This diluted specimen was used for de=
termining the activation and fluorescent wavelengths, The percent flue-
orescence readings were for these diluted specimens,

The photosensitizing activity as measured by erythemal response
wag tested on albino guinea pig skis, The data related to this and enzyme
inhibition will be detailed separately under the section of relationship be~
tween molecular configuration of furocoumarins and their biclogical ac~
tivity, The terms "active" and "inactive' as described in Tables XXII
A k B denote the presence or absence of photosensitized erythemal re-
sponse on a mammalian skin and in a {ew cases indicate inhibitian and
lack of inhibition of enzyme aétivity.

Abgorption spectra and action spectra of psoralens: Crystalline lactic

dehydrogenase was used as a blological test material. Absorption spectra
of peoralen and lactic deh&dregannm was recorded on Beckman DKI1 spec-
trophotometer, The action spectra studies were carried out on Aminco
Bowman spectrophotofluorimeter. The Xenon compact arc was the source
of high intensity ultraviolet irradiation., The radiation by this lamp as
reported by the Hanovia Manufacturing Company was 420 wattg for the
spectral range of 2000 to 14, 000 A. The percentage of radiant energy
from 2100 to 4000 & was approximately 4, 7%, which was equivalent to

9.7 watts output, Silica celis of 3,5 ml,capacity were used., The cells
slits and photomultiplier slits were removed to obtain a broad beam of

light, 2.5 ml lactic dehydrogenase enzyme solution contaianing approxi-



mately 120 ug + 10 ug. of protein was used in sach case, Enzyme solu-
tion and psoralen solution were prepared in deionized distilled water,
Pgoralen conceniration was approximately 48 ug/ml.(=2, 5xl G'QM). A
specific wavelength extending from 220 mu to 400 mu was selected and
the enzyme solutioa (2, 5 ml} with psoralen was irradiated in silica cells
for 45 minutes. To determine the effect of ultraviolet irradiation without
psoralen, enzyme solution was irradiated at few selected wavelengths,
e.g., 240, 280, 290, 300 mu only. The temperature variation during the
irradiation periocd was insignificant, Following irradiation, LDH activ~
ity was measured and compared against the control specimen, kept in
the dark for the same length of time. Duplicate runs were carried out
for each‘ wavelength, Enzyme activity runs were also carried out in du-
plicates. Studies related to LDH~DPNH compiex formation were carried
out on Aminco Bowman spectrofluorimeter, Qther studies related to
LDH, EDTA, Zinc complex determination were carried out on Reckman
Recording spectrophotometer model DK,

Relationship between molecular configuration and photosensitizing action

of furocoumarins (psoralens):  The method of testing the photosensitiz~.

ing acfivity of these derivatives has been described by Pathak and Fitz-
patr.ick?z. Briefly the method consisted of fixing an adhesive tape (25x
7.5 ¢m) containing ten square "windows' each 2.5 em® an the back of

smoothly depilated albino guinea pig. This procedure has been detailed
earlier under in vivo effects of psoralens on succinicdehydrogenase ac-

tivity of guinea pigs. Various amounis usually ranging from 25 ug to
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1000 ug per 2.5 sz skin area were applied topically in different win-
dowe, Dilutions for each compound were made in such a way that the
desired amount was obtained in 0.1 to 0. 2 ml,of ethanol., Two standard
solutions of psoralen and 8-methoxypsoralen (25 ug per 0.1 ml.ethanol)
were also applied in two separate windows each time along with the com-
pound under test. Thirty to forty-five minutes after application, the
back of the test animal was irradiated at a fixed distance {rom a stand-
ard long-wave uliraviolet light for forty-five minutes, At the end of 18
hours and 36 hours, the animal was examined for the presence of ery-~
thema. Visible intensity of erythema was recorded in conventional +

or ~ signs as shown below and also with Photovolt photoelectric reflect-
ance meter model 610 uperated on AC power line equipped with green
tristimulus filter as described by Daniels et alzz. The reflectance of
adjacent control area was aisoc measured. The percent reflectance dif-
ference between control area and the test area measured the intensity

of erythemal response. The erythemal response with red filter was also
recorded for each area under test, but the readings showed little corre-
lation with the intensity of erythema and hence have not been presented

in tables,
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Sign Erythsemal response Reiative intensiiy
- no erythema inactive
+ . just perceptibie erythema weakly active
detected by tenderness
of skin
+ definiie erythema of low definitely active

intensity, piak color

+4 pink red erythema quite active

+4+ markedly red erythema very active

++4++ deep red, blistering, highzst possible
pdemma, etc, ‘ response

Enzyme studies: Crystallise lacticdehydrogenase was used, Various

compounds as detailed in Table #5 were dissolved in watler as foliows:
On a microbalance about 1 mg of each compound was weighed and trans-
ferred to a gfaduated tube containing 10 mil, water., The tubes were left
in a boiling water bath for an hour and afier cooling the volume was
Lrought back to i0 ml. The tubes were then centrifuged and the super-
natent containing the dissolved compound was subjected to solubility de-
termination by {iluorescence analysis., The degree of fluorescence of
each compound was compared against its own standard sotlution (1 mg/10
mi of 95% ethanol), The conceutration used in each case was therefore
varying but was within 40 to 50 ug per ml. This has been deiailed in
Table XXV. 9.8 ml.of each of these solutions aad J.Z ml.of enzyme so-
lution containing approximately 500 ug protein were mixed and divided
into 4 equat parts. Two baiches oi 2.5 mb each were separately irradiat-
ed for 15 minutes under ultraviolet lamp, The remaining two baiches of

2.5 mli served as unirradiated control specimens. Following UV irradi-



ation, LDH activity was measured and compared against activities of

the control specimens,

Ultraviolet carcinogenesis in albino and pigmented mice receiving

furocoumarins: Psoralen and 8-methoxypsoralen

Irradiation unit:  An ultraviolet irradiation chamber was constructed

with two General Electric UA-3 "Uviarc" lamps mounted adjacently in
aluminum reflectors., The design of the UV chamber and the "Uviarc"
tubes used was identical to that reported by O'Neal & Cfriffin?a. The
radiant energy emitted by these lamps covered a wide range of ulira~-
violet wavelengths extending from 2200 to 4000 Angsetrom units. The
output for these tubes was as follows: short-wave ultravieclet light
(2200 - 2,8{3335;) 10. 36 watts, middle ultraviolet light (28QO~BZOG£) 13,72
watts, and long-wave ultraviolet light {3200-4000 A) 12,23 watts.

In the visible range (4000 to 7600 i) the output was 25.1 watts.

The mice were sxposed to this total ultraviolet spectrum at a dis~
tance of 50 cm, Intensity of illumination under the lamp in a two
square feet area was determined every four weeks by photolysis of
uranyl oxalate solutions according to the method of Leighton and
Ie‘orbeaﬁs. Quantum vield for the entire UV spectrum was taken as

0. 5747. The total energy at the site of irradiation was found to be 2.9
:-r.l()4 erga;‘cmzls&canda

Mice strains: Seven different strains of mice were used. Three were

Swiss strain albino mice: one strain was from Huntington Farms, Phil-
adelphia; AHF; one was from Napa, California: ANC; and the third

was from Jackson Memorial Laboratory, Barharbor, Maine; AJAC.
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Four other mice strains were as follows: (1) a black strain C57 BL/6
with black ears, black eyes and hair; (2) a brown strain C57 Br/cd with
black pigmented eyes and deep brown hair; (3) a grey haired strain

with pink eyes of genotype a/a, 0/b, c/c, b/D and p/p designaied as
pGJAC, and the fourth strain was of yetlow mice C5TBL/6AY with
yellow orange hair coat and black eyes. All these genetically known
strains were obtained from‘ Jackson Memorial Laboratory. The albino
mice, the black mice and brown mice were all female. The grey hair-
ed mice with pink eyes and yellow mice were of mixed sex.

Irradiation cages: To prevent huddling or mowments of the mice dur-

ing ultraviolet exposures, special cages were fabricated as described
by Rusch et a1?? and Griffin et ar*e: 43. The wooden cages 15" x
12-1/2" had 32 small compartments (each compartment 3'x1-1/2"),
There was a sliding cover made of wire mesh with big holes. At ran-
dom the mice from each group were picked and housed in individual
compartments and irradiated under ultraviolet light at a fixed distance

of 50 cm.

Group selection, administration of drug and irradiation procedure:

Mice 8-10 weeks old with comparable average weight within each strain
were randomly divided into cage groups of 20 each., There were 50
groups to begin with, but because of early deaths a few groups were
abandoned from the study and only observations related to 45 groups

have been described. There were 19 groups in abino mice series,
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10 in black C57 Bl/6 mice series, 8 in C57 Br/cd brown series, 4

in yellow (pheomelanic C57 B1/6AY) series and 4 in pink-eyed grey
hair sirain pGJAC., Each mouse was tagged for individual identifica-
tion for the observation of eifects of irradiation. Psoralen and 8-meth-
oxypsoralen were administered in two ways: (1) 8-MOP or psoralen
wag added in a concentration of 0. 5g per kilogram of powdered '"Pur-
ina Laboratory Chow." The diet was then subjected to thorough mix-
ing in a revolving ball mill for 12 hours, E£ach day's food intake was
recorded for each group receiving drugs in the diet. (Z2) The second
method consisted of measured quantities of drug given individually to
each mouse by oral feeding from a tuberculin syringe with an attached
18 guage, semicurved metal tube one inch long. It was possible by
slowly inserting the bent tube into the mouth to administer 0. 05 ml.
suspension of either psoralen or 8-methoxypsoralen prepared in 0, 5%
gum acacia solution. Wood's light examination of the mice after feed-
ing, determined that no spillage of fluorescent compounds had occur-
red around the mouth. Preliminary testes had indicated that, with
oral feeding, 8-MOP and psoralen developed their highest concentra-
tion in the blood in 1-1/4 hour. Ultraviolet irradiation was therefore
given at this time interval following drug administration. The dose
schedule for all the 45 groupse is shown below {(Table XXVI A, ) It
included the range of levels used by O'Neal & Griffin’© and also 0. 01

mg., the equivalent of 3 20-30 mg. dose of the drugs in maa, which
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is generally indicated in clinical practice, Administration of the drug
was discontinued after 120 days. Changes in temperature during the
course of irradiation were minimized by slow circulation of air from
a revolving electric fan. To minimize the possibility of photoreacti-

52;) the animals were housed in

vation {Griffin et al%z, Kelner and Taft
a windowless, dark room. Except during the short exposure period,

the mice within each group were housed in the aluminum cages over a
layer of sawdust. All the groups except the dietary groups receiving
8-MOF or psoralen through diet, were givea Purina Laboratory Chow
2d libitum.

Ultraviolet dose: Each group received ultraviolet irradiation for six

days a week at an average rate of 2. 9xl 04 ergs per square cm. per
sec. Total ultraviolet irradiation received by Group #1 to 28 was
14.8x10% ergs/cm? delivered in 850 minutes. Groups #29 to 45 re-
ceived 8. 7x108 ergs/cm‘?‘ delivered in about 500 minutes. (Each day
irradiation time in these groups had to be decreased because of sever-
al deaths after starting the experiment). On an average each group
was irradiated for nearly 110 days {+ 10 days). Following ultraviolet
irradiation the observations for tumor incidence were continued for a
total of 260 to 280 days, |

Zvaluation of tumors: Since each mouse was tagged for identifica-

tion, it was possible to study the gradual neoplastic changes at differ-
ent time intervals. The mice were examined separately by three ob-

servers (M. A. Pathak, T. B, Fitzpatrick and F. Daniels). The last



two observers did not know the identity of the groups until the com-~
pletion of the mxperiments, Generally every tenth day mice were
examined for neoplastic changes. A five point grading system was
used: normal ear, 0; inflammatory response without nodules, 1;
suspicious nodules, Z; a definite nodule suggestive of cancer, 3; a
definite tumor, 4. Right and left ear were recorded separately for
each mouse. A mouse graded 3 or 4 on either ear by at least two
observers was recorded as having a tumor., The analysis is based
on the number of tumors. The final tumor incidence is expressed
as a percentage of the initial number of mice in each group. Stat-
istical analysis of the results was also carried out as follows:
Criterion for comparing any two cage outcomes:

P)-P, is significant at P = 0,05 level if,

1,96 1 o

g a2 5 P lp
Pl“Pz>/2‘+ﬁjf’1§g F1+P-2 "1 - 272

which reduces, when N = 20 to

: 1 o2 1l o
— — - ™
o.u25+0@451‘/1:>1+92 3 P, P, P,~3 %,

Least wholly significant percentage point difference
{5% level) = 35 percent, and least wholly significant

percentage point difference (1% level) = 40 percent.
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Succinicdehydrogenase activity in normal guinea pig skin (control areas)

The distribution of succinicdehydrogenase (SDH) activity in the bulb of

a hair follicle and sebaceous glands was prominently visible even under

low power lens of microscope, The precipitated formazans were in-
tensely colored. In the hair follicle the distribution of SDH appeared
to be strongest in the lower portion of the bulb, and in the dermal pap-
illa, The upper bulb showed weak activity. The presence of dehydro-
genase activity in the matrix cells was distinctly demonstrable. The
sebaceous glands showed considerable amount of formazan deposition
indicative of significant dehydrogenase activity. In the epidermis, the
reaction was visible in the basal layers and also in the malpighian lay-
er, It was found to decrease in the cells further up in the stratum
granulosum and was not detected in the stratum corneum.

Effect of psoralen and 8-methoxypsoralen (topical effect and oral feed-

ing effect): Irradiation of the skin following §-MOP administration |
(topical as well as oral effect) resulted in marked reduction in the a-
mount of formazan laid down in the sebaceous glands and in the hair
follicles. There was slight, though definite, difference in the results
obtained depending upon the mode of application., Iillumination follow-
ing topical application of the drug did not show complete loss of ac-
tivity in sebaceous glands, although therm was complete loss of ac-

tivity in the hair shaft region. On the other hand, the oral mode of



Figure 4a:

GCuinea pig skin x 80, Biopsied immediately after receiving
sufficient sunlight to produce a grade 2 erythema. The succinic de-~
hydrogenase activity was demonstrated by treatment of the fresh
biopsy in the block by the tetrazolium salt method. Frozen sections,
35 micron, photographed 12 - 14 hours after development, There is
some succinic dehydrogenase activity shown by the entire section but
high concentration of formazan is found only in the sebaceous glands
with somewhat less found in the developing hair ghaft just anterior to

the bulb,

Figure 4b:

Guinea pig skin section which had been treated topically with
100 micrograms of psoralen per square inch before exposure to guf -
ficient sunlight to produce a grade 2 erythema, There is residual
succinic dehydrogenase activity in the sebaceous glands but all other
activity had disappeared to a variable depth in the dermal layer. Sec-
tions from a similar experiment using 8-methoxypsoralen as sensi-

tizer zave essentially identical results.






Figure 4c:

Control area without sensgitizer similar to Figure 1 except

biopsy taken following 45 minutes exposure to the ultraviolet source.

Figure 4d:

Section of guinea pig skin biopsy taken immediately {ollowing
45 minutes exposure to the ultraviolet sm:z'c:z;. The guinea pig had
received orally 10 milligrams of 8-methoxypsoralen per kilogram of
body weight 1.5 houre before the exposure, Succinic dehydrogenase
activity has been completely destroyed to a depth of 1,5 millimeters
in all structures, The residual darkness in the sebaceous glands
shéwn in the photomicrograph was a light brown and not the charac-

teristic reddish blue of formazan., When psoralen was used as a

sensitizer the sections were essentially identical.
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administration resulted in almost complete loss of activity in the
sebaceous glands while hair shaft was not always so completely af-
fected. Both oral and topical results revealed significant loss of
succinic debydrogenase activiiy in basal ceil, malpighian celi layers.
Effect of ultraviolet trradiation following topical application or orai
feeding of 8 MOP and psoralen can be stated to result in significant
loss of SDH activity, Typical results of these experiments can be
seen by examination of the photomicrographs made from typicai
section of skin as shown in Fig. IV. Table IV summarizes the ob-
servations of this study.

Rai liver mitochondrial succinic dehydrogenase and effects of 8-MOP

and psoralen following UV irradiation: Observations related to the

photosensitized inhibition of SDH activity of guinea pig skin follow-

ing topical application or oral feeding of 8-MOP and psoralen (ia vivo

effect) led to study similar effect in an invitro system, Initially, ex-
perimenis were conducted in which rat liver mitochondria were sus-
pended in phosphate buffer containing psoralens, Following ulira-
violet irradiation several such runs indicated that ithis particular en-
zyme sysgtem was nol affected by ultraviolet in the presence of 8-MQOP
(Fig. 5) or psoralen. Hence dialysis against 0.9% KClwas tried, and
to avoid complications, the dialyzed mitochondria were exposed after
addition of 8-MOPF solution made up in 0,.9% KCl.. This mitochon-
drial suspension containing 8-MOPF revealed a definite loss of SDH

{Figure 5). There was 20 to 45% loss of SDH activity, Mitochondria



Figure 5
Effect of various treatments on succinicdehydrogenase

activity of rat liver mitochondria following ultraviolet irradiation

(> 3200 i) in presence of 8~methoxypsoralen,
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dialysed first against 0.9% KC ! and then illuminated without 8-MOF
showed no loss of activity, It becarme apparent that the invitro sys-
tem required some preliminary treatments {0 make mitochondria
susceptible to §-MOP phot:menaitiutiun. Only after washing three
times with 0. 9% NaCl solution by suspending the button of the mito-
choadria in 5 ml of saline and recentrifuging at 15, 000 g for 10 min-
utes each time, yielded a mitochondrial preparation which when ir-
radiated in prezence of 8-MOP showed the loss of SDH activity,

This ireatment proved to be an effective substitute for dialysis and
was less time-consuming. Saline washed mitochondria preparation
when irradiated with UV ior the same length of time (15' or 30') but
without adding any photosensitizer (8~-MOP or psoraien) showed no
loss of activily. Subsequent experience proved that following saline
washing, if mitochondria were suspended in simple distilled water
and then irradiated in presence of psoralen or 8-MOP solutions, one
could damonstrate the photosenpsitized inhibition of SDH activity. These
initial resulis are summarized in Fig. 5and Table V. The observa-~
tion that dialysis against potassium chloride or washing with saline in
addition to the washing that normally accompanies in preparing mito-
chondria, gave a preparation susceptible to 8-MOP or psoralen photo-
sensitization, strongly suggested that some small molecule waa being
removed that blocked the photosensitization. While it did not seem
likely that sucrose would play this role, nevertheless, an experiment

was performed in which sucrose (1&10"311«5} and 8-MOP were added to



Teble VI EBffect of various treatments of rat liver mitochondria
or photosensitizing aection of 8-methoxypsoralen

% loss of en-

Effect of sucrose A 0D/10' activity zyme activity
l.a. SDH (washed mitochondria == ( .
free of sucrose) dark 0.175 100 -
b. SDH uv 0.170 97 3
¢. SDH.B-MOP+sucrose 1x1073M dark  0.170 57 3
d. SDH+8-MOPisucrose 1¥10™3K UV 15' 0.130  7h.2 25,8
Effect of Phosphate buffer O.1M, pH 7.2
2.8, SDE+U-MOP in P0) buffer desrk  0.190 100 -
b " o N N uv 157 0.210 110 -
a. SDH+E-MOP in ?ﬂ% uller dark 0.210 100 -
. ® . i Uy 15" 0.205 98 2
8. SDE+3-MOP in PO, buffer dark 0,175 100 -
- " : B uv 15' 0.175 100 -
Effect of washing with Nagll
3.8. SDH in Hg0 dark 0.060 100 -
b. SDH48-MOP in Hs0 dark 0,055 a2 ' 8
c. SDH in H,p Uv 15' 0.050 83 17
d. SDE+B-MOP in Hpo uv 15* 0.035 38 ha
dar
a. SDH in 350 dark 0.070 oG -
b. SDH+8-MOP in H,O0 dark  0.060 86 14
¢. SDH in Hgyo uv 15' 0.055 78.6 214
d. SDH+B-MOP in Hpo uv 15' 0.0k 57.0 k3
Effect of pre-irradiation
G a. SDH in KCI derk 0.350 100 -
. SDH in XClL. pre-irradiated 0e350
157 dark 100 -
¢. preirvadisted SDH+pre~
irradiated 8-MOP dark  0.350 100 -
d. 8DH in KCL+8-MOP in KC1 Uy 15' G.270 TT 23
Effect of prelrradiation
S.a. BDH im B,0 dark  0.200 100 -
b. SDH in Ho0 preirradisted
150 0.205  97.6 2.4
¢. 8DH in HoOwpreirradiated
psoralen 0.205 97.6 2.k

d., Preirradisted SDi4preirra-
diated psoralen 15' 0,205 97.5 2.4



a2 washed suspension of mitochondria prior to exposure to UV, As ex-
pected, the addition of sucrose did notv block the photosensitizing ac-
tion of 8-MOPF (Table VI), even when the added sucrose concentration
was much higher thanin the initial experiments, Subsequentiy, it

was discovered that phosphate buffer (final pH 7.2, 0,1M) was capable
to completely block the photosensitized destruction of SDH activity,
(Table VI, Figure 5). The additional washing did not seem to provide
any complication and seemed to give a delicate preparation suscepti-
ble to 8-MOP. The use of sodium chloride washing at least for two
times [ollowed by suspension of the mitochondria in distilled water
wag therefore continued as a routine throughout the other experiments.

Effect of preirradiation of mitochondria and psoralen solution: In order

to rule out the formation of a phototoxic compound in mitochondrial sus-
pensions during the course of illumination which could cause the bio-
logical damage even in absence of either psoralen or §-MCP, investi-
gations were carried out to determine the effect of preirradiating mito-
chondrial suspension and psoralen solutions separately, This was fol-
lowed by mixing the two together., The SDH activity measurements
wers carried out and compared against samples kept in the dark without
any preirradiation ireatment. As can be seen from Table VI, preirra-
diation of mitochondria with UV light did not result in any loss of activ-
ity. Sinﬁilarly preirradiated psoralen salution did not affect the active

ity of the enzyme. The results with psoralen as well as 8-MOP show one

83



Table VII  Effect of sging of the mitochondria on the

photosensitizing action of 8-methoxypscoralen

Age of Mitochondrial suceiniedehydro- Photosensitized %
mitochondria genase activity 4 0D/min. loss of engyme zchtivity
Dark w15t Dark uv 15t
without without with with
8-MOP 8-MOP 8-Mop 8-MoP
Freshly
prepared +033 .033 .032 026 15
24 hours .023 +020 .023 017 26
3 days 033 .033 .03k 027 20
5 days .035 «035 +035 027 23
8 days .023 021 .023 017 26
11 days 019 019 018 L0135 29
13 days 022 022 019 L0L2 k3.2
18 days 0185 019 WOLT7 +011 L1
25 days 025 020 .023 010 60
bk dsys 022 020 .018 .013 39



e

important point, that to demonstrate the photosensitization of the bio-
logical material, irradiation of a combination of the dual agents, pho-
tosmnsitizer and biological material was essential and no effect was
ohserved in the absence of one or the other of the dual agents,

Effect of aging of the mitochondria:  Other procedures that revealed

increased susceptibility of the mitochondria to the photosensitization
action of furocoumarins was aging of the mitochondria, As shown in
Table VII, freshly prepared mitochondria were less susceptible as
compared to 1, 3, 5 days old mitochondria. In fact, the response re-
ported in TableVIIwith freshly prepared mitochondria was the optimum
response that was observed, Occasionally, no inactivation of the ea-
zyme in presence of 8-MOP or psoralen would be observed with iresh-
iy prepared mitochondria. Generally, mitochondria preserved for 8
days at tomoperature below zero revealed nearly the same degree of
susceptibility. However, older preparations (after 10 days} were

more vulnerable to 8-MOP photosensitization., As shown in Table VII

mitochondrial preparations aged as long as 13 to 20 days lost more than

40% of the succinic dehydrogenase activity following illumination in
presence of 8-MOP, Contrel specimens, aged as long, but kept pro-
tected from ultraviolet light, or exposed to ultraviclet for a short per-
jod without any photosensitizer, did not lose their enzymic activity.

Effect of 8-methoxypsoralen concentration: The standard procedure

in which mitochondrial suspension or pure enzyme sclution {the inves-

tigations related to which will be reported in next section under lactic-

k@
)



Figure 6:

Photosensitized inhibition of succinicdehydrogenase as a
function of 8-methoxypsoralen concentration,

Vertical lines show the range of inhibition observed in

triplicate runs.
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dehydrogenase studies) was subjected torirradiation in presence of 45
to 50 ug 8-MOP or psoralen per milliliter of suspension, was not ar-
bitrarily chosen, but had been imposed to a greater extent by the lim-
ited agueous solubility of the compound., Spectrophotofiuorimeteic de-
termination showed that the maximum solubility of psoralen or 8-MOP
in HpO was in the range of 50 to 55 ug per ml. The relationship be-
tween the concentration and photosansitizing action of 8-MOP as meas-
ured by the loss of rat liver mitochondrial uuccinicdehydrogenase ac-
tivity is shown in Figure 6. The maximum effectiveness was found to
be reached at 35 ug/ml 8-MCP concentration. No appreciably greater
amount of inhibition of SDH activity was observed after increasing the
concentration up tp 50 ug/ml. The inhibition curve showed a tendency
of a plateau. Based on these observations enzyme studies reported in
this thesis were carried out as 2 routine with an optimum 45 to 47. 5
ug 8~MOP or psoralen concentration per ml. unless stated otherwise.

Dose of ultraviclet light: Photochemical reaction depends upon the

absorption of light, the greater the absorptiqn. the greater the amount
of photochemical reaction to be expected, Although estimations of
light absorption in SDH + psoralen system were not carried out, it was
assumed that the penetration of such polychromatic light was exponen-
tial in character and that with increased irradiation period there was
increased absorption of light and consequently a greater probability of

activated psoralen molecules coming in contact with enzyme molecules,

87



Figure 7

Mitochondrial succinicdehydrogenase activity as a function
°
of time of irradiation with ultraviolet light 3200A in presence

of psoralen or 8-methoxypsoralen,

Top: Effect of varying the UVirradiation time in presence of

45 ug. Psoralen,

Bottom: Data when plotted on a semilogarithmic scale. Hori-
zontal axis -~ time in minutes,

Vertical axis -~ logarithm of percent activity.
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The loss of SDH activity of rat liver mitochondria showed the concépt
of exponential relationship. A straight line was obtained when the
logarithm of enzymatic activity was plotted against the dose of UV ir-
radiation, as shown in Figure 7, The data given in Figure 7 is for
psoralen as well as §-methoxypsoralen. There were no significant
differences noted when 8-MOP or psoralen were used as sensitizers.,
However, subsegquent experience showed that inhibition with psoraisn
wag slightly more than 8-MOP in a pure enzyme system. Secondary
events resulting in the loss of enzyme activity following long-time
UV irradiation (for more than 30 minutes) in absence of a photosen-
sitizer complicated the presentation of linear relationship. Even un-
der these conditions, the inhibition of SDH in presence of increasing
dose of UV irradiation showed a linear relationship when the data
was plotted on a semilogarithmic paper (Figure VII).

Effect of temperature during irradiation: Photodynamic action on

sensitive biological systems in case of l;nathytene blue has been found
to have a temperature coefficient greater than 1.0 over the range from
G to 3';”{:%?. The temperature coefficients for the 8-MOP photosansi-
tized bactericidal effect, as reported by Oginsky e‘t al?9 were found to
be less than 1.0. It was therefore interesting to study the temperature
coefficient of the photosensitized inactivation of SDH, Photosensitiza-
tion of rat liver mitochondria in presence of 8-MOP was carried out at

four temperature ranges: 0-2°C, 8-10°C, 20-21°C, and 28-30°C. As
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shown in Table VIII it was found that a greater amount of SDH activity
was lost as the temperature during exposure to UV was lowered, The
temperature coefficients calculated for 8- MOP action were less than

1.0, The (Ol0U range varied from 0,8 to 0. 7.

Role of sulphydryl reagenis: The presence of SH groupe essential for

SDH activity was established by Hopkins et alé?. The influence of thi-
ol groupe in the activity of this dehydrogenase led Hopkins and his co-
workers to suggest that thiol group was essential for the activity of

SDH. Integrity of sulphydryl groups for succinicdehydrogenase activ-

>
&'4, Singer et a&;BB)w

ity has been repeatedly stressed (Dixon and Webh
It seemed possible that photoactivated psoralen might be reacting with
essential SH groups af :he enzyme molecule and induced inactivation
of the enzyme through their oxidation. If such were the case, the
pregence of sulphydryl reagents such as 2, 3-dimercapto-1-propanol
{BAL), glutathione or cysteine if provided during the ilmminatiop pro-
cedure in the system should exert a sparing effect and protect the
enzyme. These reagents were tried at 10-%M concentration. Higher
concentrations were found to be deleterious to the enzymic activity
when kept in dark without any photosensitizer. As shown in Figure5,
neither of these thiol reagents had any protective effect towards the
photoseneitized inactivation of SDH, By providing excess of these SH

groups in the system, it was thought that there was more probability

of oxidation of these thiol reagents in psoralen photosensitization than
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the limited number of essential SH group of the enzyme molecule,
Thus these agents would exert a sort of protective effect and prevent
the inactivation of the enzyme molecules, This hypothesis proved to
be untrue. In fact, glutathione was found to increase the sensitivity
of the mitochondria to photosensitization. When the concentration of
glutathione in the irradiated system containing psoralen was progres-
gively increased by tenfold {from 10°% to 10“3M) it was observed that
the increased sensitivity due to the presencs of reduced glutathione
was proportional to the concentration of the sulphydryl reagent {Fig~-
ure 8), Incorpeoration of the oxidized giutathione into SDH+tpsoralen
system had the same effect as noted for the reduced glutathione (Ta~
ble IX), Glutathione or mixtures of glutathione and psoraien, when
irradiated prior to mixing with the mitochondria showed none of the
effects noted above when the mixture {(mitochondria + irradiated glu-
tathione or mitochondria + irradiated glutathione in presence of psor-
alen) was left in the dark (Table 1X)., However this preilluminated
material when mixed with the enzyme suspension and subjected to
reirradiation, was found to be equally effective in inducing photosen-
sitizing action,

This unprotective effect of glutathione was further investigated in
an invivo system using human skin as well as guinea pig skin, The
mammalian skin is well known to be rich ia sulfur-containing coms-

pounds such as cysteine, cystine and rnethionine. These thisl com-

(D
(g



pounds are present specifically in kerating in the bound form ag -S-S-
linkages. A simple experiment was performed to show that glutathione
did not give any protection against psoralen photosensitization, On the
arm of a white-skinned human subject, and on the back of the smooth-
skinned albino guinea pig, two areas about 2 ¢m apart were selected.
In one area of 2.5 cmz, 25 ug of psoralen was applied t@pically; on hy-
man skin as well as on guinea pig skin., In another 2.5 cm square area
about 770 ug of reduced glutathione .dissolved in 0,1 mi.H20 was applied
tapically on both of the experimental subjecis. This was followed by
topical application of 25 ug psoralen. On the top of this about 750 ug
GSH was further applied. This was followed by UV irradiation. The
human skin was exposed for 15 minutes UV irradiation and the guinea
pig skin was exposed .far 45 minutes UV irradiation at 15 cmn distance,
ELrythemal response was recorded photometricaily at the end of 24 and
43 hours, It was of interest to note that both areas showed significant
++++ grade erythemal regsponse. In fact, the skin of the human subject
where psoralen and glutathione were applied exhibited a big blister at
the end of the 3b hours, whereas psoralen treated area showed no such
high degree of response., Cuinea pig skip, however, did not show blig~
tering. It is hard to say emphatically that glutathione potentiated psor-
alen effect, but it was obvious that presence of GSH at the site of psor-
alen action did not give any protection. The biolegical damage induced

by psoralen in the form of photosensitized erythemal response had oc-
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curred even in presence of significant amount of GSH,

The experimental results indicated that glutathione acted as a
photosensitizer, If photooxidation was conceived as one of the mech-
anisms by which glutathione induced its effect {(oxidation of -SH groups
to «5-5- groups), iancorperation of a more readily oxidizahﬁe substance
such as potassium ferrocyanide or ferrous sulfate would alter the GSH
response, jt was thought that they would be preferentiaily oxiﬁized in
presence of psoralen and UV irradiation, and prevent the loss of LDH
activity, Both of these agents did not prevent psoralen photosensitiza-
tion, (See Table IX}, Neither of them reduced the action of glutathi-
one whieh was shown earlier to increase the effect of psoralen photo-
sensitization. In fact, K ¥e (CN)g acted as a more drastic photosen-
sitizé r, Ferrous sulfate was found to be an inhibitor of mitochondrial
SDH at 1x10°3M range in absence of psoralen and UV irradiation.
Since the interpretation of SDH activity data was carried out on com-
parative basis (dark vs, UV), thie inhibitory effect of ferrous sulfate
on e;:zyme activity did not complicate the above generalization.

Effect of ethylenediamine tetraacetate: It is possible that exposure of

biological materi‘al such as mitochondria to uliraviolet light may result
in the formation of peroxides (lipide peroxides, HpO, and other organic
peroxides). These peroxides may act as oxidative agents to produce
the ioss of enzyme activity, The cations present, notably Fe++, Co++t,
Cu++, in the system may also act catalytically in producing peroxides,

Succinic dehydrogenase is known to be a metaloprotein and one of its



Effect of ethylenedisminetetraacetate {EDTA) on psoralen
photosensitization
(spH - Mitochondrial suceiniedehydrogenase)

Table X

Suceinie % loss
dehydrogenase % enzyme enzyme
activity activity activity
20D 40D
Irradiasted system 10 min. per min.
Exp. ) .
e a { 'y s 3¢ -
I. ¢ 858 :pecraian s 8r1% 8:51° 19 25
. SDH + psorslen + EDTA
1x10™3M dark 0.160 0.0160 97 3
d. SDH + psoralen +
EDTA 1x107°M v 15 0,115 0.0118% 70 30
2. SDH + psoralen +
EDTA 1x10~“M UV 15' 0.115 0.0115 70 30
f. SDH + psorglen +
EDTA 1x10°7"M uv 15' 0.0%0  0.009 54,5 k5.5
g. SDH + psoralen +
EDTA 1x107 oy 15' 0.1k0 ©.00% 84.8 15.2
h. SDH + psoralen +
EDTA 22103y UV 15' 0,165 0.0165 100 -
IZ. a. SDE + psorslen dark 0.150 0.0150 100 -
b. SDH + psoralen Uv 15' 0.115  0.0115 T7 23
e¢. SDH + psoralen +
EDTA 2x1073M UV 15' 0.165 0.0165 110 .
III, a. 8DH + psoralen dark 0.15 0,015 160 -
b. SDH + psoralen UV 30* 0.075 ©.0075 50 50
¢. SDH + psorglen +
EDTA 1x1073y UV 30' 0.105 0.0105 70 30
Iv a. 3DH + psoralen +
EDIA 2x10~3y dark 0.150 0.0160 100 -
b. SDH + pscralen UV 30 0.090 (0.009 56 4
t. BDH + ps@r%;.len +
EDTA 2x107-M uv 30' 0,140  0,0140 87 13
V. a. SDbH + psoralen derk 0.175 ©.0175 100 -
be SDH + psorﬂ}.}{en +
EDTA &x10~ UV 30' 0.100 0.0100 57 43
c. SDH + pasorslen +
EDTA 2x10-3M UV 30' 0.165 0.0165 9%.3 5.7
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prosthetic group has been confirmed to be iron: Fe++ (Singer et ataag,
A suggestion automatically comes forward that the prosthetic group
of the enzyme could be involved in the process of photosensitized in-
hibition. It is equally possible that cations such as copper, iron, which
are part of mitochondrial enzyme systems, are acting as catalytic a-
gents to form peroxides. If such was the case, then substances which
can interfere with either peroxide formation or act by virtue of metal
complexing properties (chelation) should protectthe prosthetic group
and prevent the biological effects of psoralen photosensitization. Ef-
fect of LDTA wase therefore investigated. Incorporation of this sub-
stance into the biological system under study prior to illumination re-
vealed a significant protection. (Table X). Initially a concentratior
of 1x1073M was arbitrarily chosen. Mitochondrial suspension with
psoralen when irradiated in presence of EDTA showed very little loss
of enzyme activity., Coatrol runs which were irradiated in presence
of psoralen but without any EDTA showed the usual effect of about 25
to 30% loss of SDH activity. The presence of this metal chelating a~
gent versene at 2x10"3M concentration almost completely 51@(;1:&:& the
photosensitizing action of psoralen., This observation necessitated
the study of the effect of variation in EDTA concentration. As shown
in Table ¥, concentrations of EDTA in the range of 1xl 0"6;@,& to
1x10”*M were ineffective in preventing the photosensitizing action of

psoralen, the enzyme SDH was found to be inactivated, The protective
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eifect of SDTA was apparent at 121073 M concentration and at 2xl 0~3m
roncentration. This chelating molecule was positively shielding the
enzyme molecules from being inactivated. By doubling the time of il-
lumination to 30 minutes, the protective effect of EDTA was still signi-
ficantty abticeable,

Effect of LDTA in presence of glutathione: Zarlier it was observed that

incorporation of G5H into the irradiation system containing SDH+psora-
ten showed no protective effecct; on the contrary, G3H was @bwrwé to
be potentiating the effect of psoralen photosesnsitization. The effect

of EDTA wap also studied in this system which included SDH, psoralen
and glutathione, As shown in Table XI, incorporation of ZDTA into
this irradiation system revealed a significant protective effect. Provi-
sion of EDTA in 1x} 9“32\& range showed that the photosensitized inhibi-
tory effects of paoraten and glutathione were considerabiy blocked. The
sffect of glutathione in presence of psoralen and UV irradiation which
was shown to be a sort of potentiating or acceierating effect was al-
most cornpletely inhibited by incorporating EDTA into the irradiated
gystem,

ffect of molecular oxygen on ihe photosensitized inhibition of succinic~

dehydrogenase in presence of 8-MOP:  The studies so far revealed

thai the mechanism of psoralea action did not seem to involve the suiphy-

dryl groups of the succinicdehydrogenase nor oxidative processes as

%0, 97, 98, 99)‘

those observed by other workers (Weil et ai, As stated
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in the section of introduction, ithe term bhotodynamic action as pro-
posed by Elum“‘ ‘ﬁ’, means an oxygen obligate photosensitization of
living system: where molecular 02 is believed to take part in the photo-
chemical reaction. The photodynamic action of methylene blue and
other dyes such as acryflavin, eosin, etc., have been shown to be
oxygea-dependent; in absence oi oxygen there was no photodynamic
eifeci. To see whether oxygen was needed to induce photosensitization
effect of 8~-MOP was {urther investigated,

A stock mitochondrial suspension with and without 8-MOP was
prepared suificient to complete the duplicate runs for the entire experi-
ment reported in XIl. The usual ¢ffect of §~-MOP in presence of UV
irradiation was ascertained. The gas phase in this case was ordinary
air. There was about  25% inhibition of SDH activity (Table XII). In
ancther set using the same stock mitochondrial suspension containing
8§-MOP, irradiation was ‘carriad out in presence of pure Oz. The re-
sulte showed that in fact pure oxygen reduced the photosensitizing ac-
tion of 8-MUP, As compared to the 25% inhibition of SDH when the gas
phase was ordinary air, the presence of molecular oxygen uonsistentl*}
diminished the photosensitizing action of 8-MOP. When helium or ni-
trogen was used as a gas phase during irradiation, 8-MOP was still
capabte of iaduuing photosensitized inhibition of SDH. The inhibition
wag in the range of 25 to 31%. The photosensitization of SDH by 8-MOP

thus did not appear to be true photodynamic action as defined by Blum,

103
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Table XIII Effect of psoralen on lacticdehydrogepase activity in
presence of ultraviolet light { 3 32004A)
Millimicro % loss in

Expt. moles of enzyme
No. Biological system A OD/min DPNH activity
in a, LDH ﬂﬂ.l”k .-O. 155 7» 45@ ¥

b, LDH uv 15! 0.155 1. 44 -

¢. LDH 4 psoralen dark 0.150 7.20 3

d., LDH + psoralen UV 15! 0.135 6.4 13
. a., LDH dark 0.150 7.2 -

k. LDH uv 15 0.150 7.2 -

c. LLDH + psoralen dark 0.135 6, 4 13

d. LDH + psoralen UV 15 0,105 5.0 30
3. a, LDH dark 0.195 9. 36 -

b. LDH uv 30¢ 0,200 9.6 -

c. LLDH 4 psoralen dark 0.185 8.88 5.2

d. LDH + psoralen UV 30 0.135 6. 40 31
4. a. LDH dark 0. 075 3.6 -

b. LDH Uy 3¢! 0. 080 3.8 -

¢ce L'H 4 psoralen dark 0.070 3.4 &

d. LDH + psoralen UV 30 0. 050 2.4 30
5- avv LDH ﬁ&x‘k Qc 085 ‘%. 1 =

b. LDH Uv 36t 0. 085 4,1 -

Ce LDH + ps@ral@ﬂ dal‘k aa. 985 4* x e A

d. LDH 4 psoralen UV 30! 0. 060 Z. 88 30
6., a., LDH dark 0.125 6.0 -

b, LDH uv 30! 0.120 5.8 4

cs LDH + psoralen dark 0.125 6,0 -

d. LDH + psoralen UV 30! 0. 090 4,3 28
7. a. LDH dark 0. 285 13.7 -

b, LDH uv 30! 0,266 12. 8 5

c. LDH + psoralen dark 0,285 13.7 -

d. LDH + Psoralen 0.200 9.6 30

uv 3ot



but represeated rather a type of photosensitization not accelerated by
molecular O2 and could take place in absence of this gas. The flush-
ing of gases such as 02, helium or niirogen over the surface of the
enzyme solution seemed to resuli in slight inactivation of enzyme in
absence of UV irradiation {Table XII) possibly due to surface denatura-
tion.

Effect of psoralen on lacticdehydrogenase activity: When crystalline

muscle lacticdehydrogenase solution was irradiated in presence of
psoralen, photosensitized inhibition of enzyme was observed, With 15
minutes of UV irradiation, in presewe of 45 ug psoralen per 1al, defin-
ite loss of the enzymatic activity was noted (Tabie XIII). This system
contained no interfering substances such as those reported sarlier in
mitochondrial suspension, As can be seen {rom the data, ultraviolet
irradiation for a 30 minute period in absence of psoralen did not in-
hibit enzyme activity, only in presence of psoralen and UV light}BZOOA
this inhibition was observed.

Effect of psoralen concentration: Experiments similar to inhibition of

rat liver mitochondrial succinicdehydrogenase were carried out to de-
termine the most effective psoralen concentration., As stated earlier,
sclubility of psoralen was not more than 5 mg per 100 mL.H20. Hence
various dilutions of stock psoralen solution were made io give 6, 12,

24, 36, and 48 ug psoralen per ml H;O. 2.5 ml lactic dehydrogenase

solutions containing psoralen in the above concentrations were irradi-



Figure 9:

Effect of Psoralen concentration on photosensitized
inhibition of Lacticdehydrogenase.
The vertical lines indicate the range of inhibition

in duplicate or triplicate runs.
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Effect of Psoralen Concentration on Photo-
sensitized Inhibition of Lacticdehydrogenase

(uv irradiation: |15 minutes)
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Table XIV Effect of dose of ultraviolet light on p3oralen
photosensitized inhibition of lacticdehydrogenase

(Psoralen = 46 ug/ml)

Millimicro

moles of &, %, loss of

A OD/min DPNH  activity activity
DH dark G, 105 5. 04 100 -
LDH + psoralen dark 0. 105 5,04 100 -
LDH Uv 15' 0,105 5, 04 100 -
LDH + psoralen UV 15! 0. 070 3. 36 66 34
LDH UV 30' 0,105 5, 04 100 u
LDH + psoralen UV 30! 0. 045 2.16 43 5%
LDH Uv 45! 0.100 4,8 95 5
LDH + psoralen UV 45! 0,030 1.44 284 5 2 .
LDH Uv 60t 0, 080 3,84 76 24
LDH + psoralen UV 60! 0,020 0.96 19 81
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ated for 15 minutes, As shown in Figure 9, with the increase in psor-
aien concentration, there was correspondingly increased inhibition of
tactic dehydrogenase., The optimum inhibition was obtained when the
solution contained 45 to 456 ug/ml.psoralen, Hence invariably this con-
centration was used in most of the studies related to psoralen photo-
sensitization,

Lifect of doge of ultraviolet light on photosensitized inhibition of lac-~

ticdehydrogenase: The enzyme gdution with and without psoralen was

irradiated under UV light for varying periods. As shown in Tacle XIV
when the dose of UV irradiatioa was increased progressively from 15
minutes to 1 hour, correspondingly there was increased inhibition of
lacticdehydrogenase., 'When the data was plolted on a semilogarithmic
scale, a linear relationship was observed., It was presumed that with
the increase ia time of UV irradiation, there was proportionally in-
creased avsorption of light by the systemi, These observations are in
agreement with the concept of fundamental law of photochemistry,

Effect of thiol reagents: cysteine, glutathione, and 2:3-dimercapto-1-~
@ ¥

propancol (EAL) on photosensitized inhibition of laclicdehydrogenase by

psoralen: [Lariier, the efiect of these thiol reagents on rat liver mito-
chondrial succinicdehydrogenase in presence of psoralen was studied,
It was ovserved ihat they did not provide any protection. In fact, GSH

was found to potentiate the sffect. Similar studies with crystaliine lac-

ticdehydrogenase were carvied out. As showu in Table £V, neither



Table XV Effect of cysteine, BAL (2, 3~dimercapto~1-propanol)

and glutathione on psoralen photosensitized inhibiticn

of lacticdehydrogenase

Millimicre % % loss

Expt. moles of surviving of
# Irradiated system AQD/min DPNH activity activity
1. Effect of cysteine
a. LDH + psoralen dark 0. 285 13.7 100 -
b. LDH + psoralen UV 30' 0,200 2.6 70 30
¢« LDH 4 psoralen +

cysteine 1x1073M dark 0,270 13.0 95 5
d, LDH + psoralen +

cysteine 1x1073M UV 30¢ 0.220 10.5 77 23
2. Effect of GSH
a, LDH + psoralen dark 0. 095 4,6 100 -
b, LDH + psoralen UV 30" 0,045 2.2 47 53
c. LDH + psoralen 4

GSH 1x10™*M  dark 0,090 4,3 94 6
d. LDH + psoralen +

GSH 1x10™%Mm UV 30' 0,045 2.2 47 53
3.
a, LDH + psoralen dark 0.135 6.5 100 -
b. LDH + psoralen UV 30' 0,080 3, 84 59 41
c. LDH + psoralen +

GSH 1x10"*M  dark 0,130 6. 24 96 4
d. LDH + psoralen +

GSH 1x10"4M UV 30* 0,065 3,12 48 52

4,
a, LDH + psoralen dark 0. 150 1.2 100 -
b, LDH + psoralen UV 30" 0,135 6. 4 89 11
c¢. LDH + psoralen

+BAL 1x10"%M  dark  0.135 6.4 89 11
d, LDH + psoralen + :

BAL 1x10~%M Uv 30 0,100 4.8 66 34
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cysteine and BAL nor glutathione were able to prevent enzyme inhibi-
tion., The degree of inhibition by psoralen was the same irrespective
whether these SH reagents were present or absent. The thiol groups
of lactic dehydrogenass seemed not to be afiected by psoralen during
the photosensitization.

Effect of metal ions on psoralen photosensitized inhibition of lacticdehy~

drogenase:  The polar side chaine of protein molecules lead to inter-
action with various eiactrclytes in solution and it is natural that metal
ions often have a pronounced effect on the catalytic activity of proteins,
It is known that the metal ions have strong ability to form strong com=
plexes with radicals, and polar groups containing 3, N2 and sulfur,
¢.g., carboxyl, imidazole, sulphydryl, terminal NH; and terminal car-
boxyl groups. Another property of metal ions is the ability to act as
bridges between protein and certain small molecules, The metal ion
may be firmly bound with enzymes, and there are enzymeas that have
digsociable metal ions too. Although the knowledge of the functional
role of some metal ions, e.g., Zn++, Mg++, Mnid, Cutd, etc., as
component of metalloenzymes is much less complete, their functional
role in catalytic activity of enzymes is beginning to emerge. Recent

92, 93. indicate

investigations reported by Vallee and his associates
that zinc is a functional component of several dehydrogenases, They

have conclusively demonstrated that crystalline rabbit muscle lactic~

: .92 :
dehydrogenase contained significant quantities of zinc . Studies in~

volving quantitative emmission spectroscopy, microchemical analysis,
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and inhibition studies with mietal binding agents, such as sodiura diethyl-
dithiocarbtamate, 1,10~pheaanthroline, sodium azide, sulfide, 8-hydroxy~
quinoline, etc,, have suggested these workers to propose that metals
and particularly zinc ions are involved in the catalytic activity of sev-
eral pyridine nucleotide dependent enzymes and participale in the meche
ansy of action of dehydrogenases,

Mauy enzyrnes are known to lose their activity when the metal ions
are removed, The loss is proportional to the metal removed implying
the severance ol a specific linkage. It is therefore tempting to specu-
late that the association of wmetal ions with proteins may stabilize cer~
tain helical or folded configurations and thus affect the physical and bio-
logicali propertics. The effect o a few cations was therefore investigated
with the hope that by forming chelate compounds or complexes with some
specific groups in the enzyﬁze molecule, or just Ly associating with
certaia groups, e.g., SH, NH;, COOH, etc. they would protect the
structure and functional group of the enzyme molecule and prevent the
photosensitized inhibition of lacticdehydrogenase. It is 2also known that
the electronic coniiguration of iron {four or five unpaired 34 electrous)
permit oxidation and reduction of this ion in salutipn. Colloidal iron
in Fe+++ state, Mgh+ iouns, Cutt iouns and Zptt ions mostly in the
range of 10-4M concentration were added separately to the system con-
taining lacticdehydrogenase and psoralen, Lifect of each ion was inves-
tigated separately and before addition, the phi of the salt solutions was

checked for neutrality., As usual, an aliquot (2. 5ml) was kept in the



=

¥

'€

G

°1

P

Z9 8e Z6°1 0%0°0 ST AR W0 1xT21D8W+uoiesosd + HAT °3
13 29 21°¢ S90°0 ST AN W0 TX 10108 +ueeaosd + HA'T *@
61 I8 20 ¥ G800 yiep W..0 x12108 W +uerexosd + HQT °P
94 1 24 02°1 GZ0°0 ST AN usierosd + HA'T °°
- 001 ¥0°S S0T°0 yaep usjesosd + HAT °q
= 001 ¥0°G G0T°0 Naiep o n HQ1 ‘e
0*LHd
{210 8) suor wnissulew jo Ponw
€ 9 80 °¥% $80°0 ST AD  W-01xT€(HO)e d+uoreaosd + HAT °P
z1 88 25 °S §11°0  aep  W.0TxT1E(HO)eg+ueyerosd + HAT "2
0L 0% 28°1 8£0°0 0f AD usyerosd + HAT ‘9
= 001 LT 010 qrep uayerosd + HA'T ‘e
| 0°L HAY(HO) o4 1ePTONI0D JO 309537
£L LZ %1 0£0°0 451 AN Wp-0T%1 €192 g4useacsd + HAT *p
: 56 ¥0 °S 50T °0 qrep Wy-01%1 f192 3+uorex08d + HAT *2
§*GE G "6§ 26°1 090°0 ;ST AN uatesosd + HAT °q
- 001 0€ °s o11°0 yiep usreroed + HOT °®
S°ch *9¢ 4 3 §90°0 ST AN Wi 01218190 g +usrez08d + HOT °P
€1 L8 8% 00T°0 TP W,.0T*T f1geatusiezosd + HOT °D
GE G 09°¢ SL0°0 ST AN uetesosd + HAT g
- 001 26°S 110 yaep usteiosd + HOT ‘e
{0°L HA t19ad) +++od Jo 0opT
Aytaroe Ajlarde HINJQ JO $9jow ulm/go vV

10 8801 %

%

~QIITWIITT

sseuafoapigaporioe] Jo uUOIIqIYU peziyisuasojoyd ustesosd uo sSUOT jEIAWE JO VB IE JAX °lqel



Ndd + SyeoeT == HNAJ 4+ ejeanadg weyshs Lessy x

09 0 ‘0% 80 *¥% G800 5T A W3-0T*1 Zynuz+usrezosd + HOT P

- oot 8001 012 *0 yaep W, 01%1 Z19uz +usieaosd + HAT ")

$°2§ 9L 8°¥ 00T°0 15T AN usjeioed + HA'T 9

N 001 80 °01 012 °0 Naep usjesosd + HOT ‘e

¥ *L

89 € 26°1 0¥0°0 ST AD W 01x1 YOguz +usieaosd + HAT °f

82 L 2e ¥ 060°G  Naep W 01%1 Posuz+usterosd + HA'T °%

a¥ A 21 °2 S90°0 ST AN Wy .0 TXT Z1Duz+ustesosd + HAT °Y

- 861 0°9 SZ1°0  ¥aep W, _0Tx1 Z1Duz+ueiesesd + HA'T B

09 o¥ 0% 2 060°C ST AN W, _0TX] @1eis0e dupz+usjesosd + HAT *P

91 ve ¥0 °S S01°0 ATBP W0 TX1 @®180e durZ+usjesosd + HOT 0

89 43 26°1 000 (ST AN ustesosd + HAT '9

- 001 09 VA 1 Haep usiezosd + HA'T e

(0°L Hd) suor Utz jo Weym ‘g

G °8¢ §°19 $8°¢ 080°0 ST AN W;_01x1 POgnD+usjerosd + HAT *P

8 Z6 9L°S 0210 yxep W50 TX1 YOsnD+ueterosd + HQT "

G *8¢ §°19 $8°¢ 080°0 45T AN veresosd + HAT ‘4

. 001 ¥2°9 0£1 "0 yiep uajerosd + HOT -e

o (YOS nD) suoy aeddoo jo ponym °g
Anampe L31an0® HNJQ jo sajow ut/ao v

30 8801 % % ~OIDTLI VA

{(penurjuo)) IAY °1qel



114

dark to serve as control values {100% activity). Another 2.5 m! was
irradiated for 15 minutes. Duplicate runs were carried out for each set.

As shown in Table XVI, no protective effect with any of these ions
was observed, The degree of inactivation in presence or absence of
Fe'H"", Cutt, Mg'H', Zatt was of the same magnitude, Earlier, the
unprotective effect of Fett ions (FeS Oy4 ) on psoralen photosensitized
inhibition of mitochondrial SDH has been described (Table 1X).

The activity of original enzyme solutions containing LDH and psor-
alen oniy but without any metal ions was found to be always higher than
the unirradiated LDH preparations containing metal ions and psoralen.
The enzyme was found to be inhibited by these ions at 10°% and 10-3M
concentrations. Hence the 100% activity figures represent the initial
LDH activity in presence of metal ions, the other values have not been
inciuded in the Table. These observations (inhibition of LDH in pres-
ence of metal ions without irradiation) are not perplexing. Many of
the pyridine nucleotide dependent enzymes are known to be readily
inhibited partially with low concentration of metal ionse; it may be inhi-
bited, among others, by ions of the very metal which is an integral,
functional part of the apoenzyme molecule. The inhibitory effect of
metal ions would appear to indicate that the mode and site of binding
differ significantiy for the enzymatically bound metal and for the add-

ed metal ion.



Studies involving reduced diphosphopyridine nucleotide (DPNH) in re-

lation to psoralen photosensitization and inhibition of lacticdehydrogen-

ase: Theorell and Ecnnichsen87 made the interesting discovery that
crystalline alcohol dehydrogenase formed a complex in the presence
of reduced diphosphopyridine nucleotide, ADH (DPNH);, The SH group
of the enzyme was believed to combine in some form with coenzyme
molecule. In view of close similarity in action of alcohol dehydrogen-~

19

ase and lacticdehydrogenase, Chance & Neilands™ ° tested LDH for pos-
sible complex formation with DPNH. Their resulis indicated that DPNH
also attaches to the apoenzyme, It also happens that reduced coenzyme
DPNH has a typical absorption band in the long-wave ultraviolet region
with the maximum of the broad peak lying near 340 mu, whereas the oxi-
dized form (DPN) does not show any absorption in the region from 300-
420 mu. Psoralen molecule has characteristic absorption in ultraviolet
region with three major peaks in the region of <245, 295, 326 mu. The
activating wavelengths of fluorescence for this molecule are in two re-
gions: (1) 265 mu and 365 mu. (See further observations in this thesis).
It was therefore of interest to study the effect of addition of DPNH in the
system containing LLDH and psoralen, and to see whether the incorpora-
tion of DPNH prevented the photosensitization of psoralen either through
the complex formation of coenzyme and apoenzyme or through preven-
tion of access of the activating wavelength which in presence of psora-

len bring about the biological damage.
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The pyridine nucleotide was added in the range of 1xl @'3 and
2):10‘3 M concentration prior to irradiation, Since DPNH was added
in the system, lacticdehydrogenase activity measurements of pre and
post irradiated specimens were carried out in two ways, one employ-~
ing pyruvate as the subsirate and the other employing lactate as the
substrate. In the first instance, additional DPNH, 0.1 mi,, 0.002 M
was algo added in the Beckman gilica cells, and the rate of oxidation
of DPNH was measured at 340 mu, These observations are reported
in Table XVII A, In the other method, excess amount (0, 2 ml.of
0. 02M) of DPN was added to make the reaction equilibria proceed in
favour of pyruvate formation. These observations are reported in
Table XVIIB.

Ag shown in Table XVIIA and XVIIB, the effect of incorporating
DPNH into the system does not seem to give appreciable protection
to the enzyme against psoralen photosensitization at 1xl {)"EM COn -
centration. The degree of inhibition of lacticdehydrogenase in pres-
ence of DPNH was practically of the same magnitude as in absence of
nucleotide. However, at 2xl 0-3M concentration there was definite in-
dication that the DPNH gave protection to the enzyme molecule, There

3m

was only 26 to 28% inhibition at this concentration, whereas at 1x10°
concentration it was nearly twice that (50 to 57%). (Table XVIIA)
The observations in Table XVIIE require some clarification in intér-
preting the data. Under column X the change in optical density of con-

trol specimens are reporited. They did not contain any DPNH, the

LD OD/min, figures represent the activity of specimens kept in dark



o :.g. l Ej

and the activity of specimens after 15 UV illumination, They give

the degree of photosensitization in presence of psoralen only, In

these cases the reaction went on linearly for nearly 1,75 minutes, In
column Y, the rate of change in optical density readings ( A0D/min)
represent apparent LDH activity of enzyme scluﬂ:inn containing DPNH.
In presence of DPNH, the reaction " Lactate to Pyruvate" proceeded
sluggishly, possibly due to the fact that reduced coenzyme binds read-
ily with the enzyme, and does not permit the LDH to reduce the oxi«
dized DPN present in the reaction cuvettes, Hence the A OD/min in
each case was always less as compared to the control runs where

there was no DPNH preseat, Therefore the percent activity of the UV
irradiated specimens has not been compardd against the control runs
mentioned in column X, but against the unirradiated system containing
LDH, psoralen and DPNH (Column Y). The observations reported in
Table XVIIB also indicated that incorporation of DPNH at 2x10"3M con-
centration gave definite protection to the enzyme meolecules against
psoralen photosensitization. There wase nearly 50% protection, DPNH
at lxiﬂ"SM concentration however did not exhibit the same degree of
protection, although there was definite indication that the inhibition was
less at this concentration.

Effect of substrate: The concept that enzymes act by forming an in-

£ 9
termediate enzyme substrate complex is well known. Although ES com~

plex is very unstable and shortlived, their existence has been demon-~



strated by several workers with different enzyme systems, By pro-
viding excess: of subsirate molecules, the fregquency of collision of

the enzyme molecules with substrate molecules is known to increase,
It is postulated that there are areas on the surface of the enzyme miol«
ecule which can attach the substrate as well as product molecules, It
was therefore tempting to see the effsct of addition of substrate pyru~
vate into the system consisting of lacticdehydrogenase and psoralen.
Whether by providing large number of substrate molecules in the vi-
cinity of enzyme molecules, their association would protect the en-
zyme molecules from the effect of psoralen photosensitization,
Pyruvate at }.xIO";% conceuntration was added before irradiation, The
LDH activity was determined following 15' UV irradiation and compared
against control speé:imeas kept in the dark. As shown in Table XVIIA,
addition of pyruvate did not alter the usual effiect of psoralea photosen=~
sitization, The enzyme was found to be inactivated to a significant ex-
tent,

Lifect of amino acids on photosensitization by psoralen: It is known

that proteins irradiated by ultraviolet light undergo denaturation, Very
little is known about the mechanism of the primary process in inactiva=
tion or denaturation by UV light, McLarenﬁz has stated that -Co~INH
and $~5 bonds are broken during inactivation and it is believed that

the main reaction seems to be the breaking of a peptide bond with the
formation of two radicals, McLaren and Finkelsteinw have stated that

the light is absorbed by the tyrosine and tryptophan chromophores and
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is passed through two CHj groups to the peptide bond on either side
of the tyrosyl residue. The weight of their evidence points to some
definite participation of the aromatic group in the photo reaction,

From studies of the methylene blue photosensitization of amino
acids, enzymes, and protsins, F9w1k535 in his review article on the
mechanism of the photodynamic effect has stated that histidine was
the most readily 'alte‘red of all the amino acids, tryptophan was also
equally damaged, Oxidation of tyrosine te dihydroxy phenylalan.ine,
breaking of -5-5~ bond of cystine , formation of methionine sulf«
oxides f{rom methionine were some of the major initial changes observ-
ed following photosensitization. It was therefore interesting to study
the effect of incorporating few aromatic as well as aliphatic amino
acids in the biologic system, consisting of a mixture of lacticdehydro~
genase and psoralen, Whether presence of free aromatic amino acidae
such as {yrosine, tryptophan, histidine would block the photosensitiz~
ing action of psoralen was investigated,

Prior to irradiation, histidine, tryptophan, tyrosine, methionine,
cysteine were added at 10"3M concentration range and the effect of
each amino acid was investigated separately, Glutathione concentration
was only lxIO"ém, Following 15 minutes irradiation with long-wave
uliraviolet lamp, LDH activity was measured in irradiated as well as
unirradiated specimens. As indicated in Table XVIII, psoralen photo-
sensitized inhibition of the enzyme activity was present in all cases,

No protective effect of any of these amino acids was observed.
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Effect of EDTA, FMN, B);, albumin, fibrinogen, quinones and DPN

on photosensitization of lacticdehydrogenase by psoralen: EKarlier suc-

cinicdehydrogenase experiments were reported and it was shown that
addition of ethylenediaminetetraacetate (EDTA) in the irradiated system
consisting of SDH+psoralen revealed a significant protective effect 2~
gainst psoralen photosensitization, Reduced diphosphopyridine nucleo-
tide (DPNH) also showed some protective effect in case of lacticdehydro-
genase inhibitica. In order to exp‘lom the mechanism of psoralen photo-
sensitization, additional studies were carried out to see whether psora-
len action could be blocked by some other means, So far it has been
shown that photochemical reactions such as those induced by psoralens,
depended upen the absorption of light, Irradiation of biological mater~
ials in presence of two or more chromophores (molecules absorbing
light) can modify the photochemical reaction to a greater or less ex-
tent by virtue of their light-absorbing property or their affinity to bind
themselves in some way with the biological material. The effect of far
ultraviolet light on mitochondrial oxidative phosphorylation has heen

7 who observed that addition of crystalline bovine ser-

studied by Beyer
um albumin gave considerable protection against UV induced inhibition
of oxidative phosphorylation, The addition of EDTA, however, did not
show any protective effect. Barber and Gttoleaghiz, however, report-
ed that UV inhibited succinooxidase system of rat liver mitochondria

8

and EDTA protected it from inactivation, More recently Beyer™ has

reported some further studies with long~-wave ultraviolet light and its
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effect on the enzyme systems of rat liver mitochondria, Ability to
oxidise succinate and glutarnate and to carry out oxidative phosphory-
lation was significantly affected. They tested the effect of quinones
and observed that vitamin K acetate addition restored the oxidative
phosphorylation activity, Flavin mononucleotide and vitamin Bj2

have typical absorption spectra in ultraviolet region, Besides other
absorption peaks, these two compounds reveal characteristic peak in
the region of 373 and 360 mu respectively, It was therefore interest-
ing to see whether addition of EDTA, crystalline bovine serum albu-~
min, fibrinogen FMN, B}z or guinones into the irradiation system con-
sisting of LLDH and psoralen in some way or other alter the photosensi-
tizing effect of psoralen.

Effect of EDTA: Irradiation of LDH in presence of psoralen for a

period of 15 minutes revealed 25% inhibition of enzyme (Table XIX).
When ZDTA was added prior to irradiation in the above system, there
was only 5% ianhibition. Thus the enzyme was found to be significantly
protected. This protective effect of EDTA was further investigated,
The dosage of UV light was increased, instead of 15 minutes illumina-
tion, the time of irradiation was extended to 30, 45, and (0 minutes.
As shown in Table XIX, EDTA certainly exhibits a significant protec-
tive effect. After 30 minutes illumination, psoralen induced 59% en-
zyme inhibition, but when ZDTA was added, there was no loss of en=
zyme activity., Psoralen photosensitized inhibition was completely

2 -

blocked., Likewise when LDH + psoralen was irradiated for 45 min-



utes, 71% destruction of LDH was observed. In presence of EDTA,
only 59% inhibition was noted, When the illumination time was ex-
tended to one hour, secondary effects complicated the general pic-
ture. There was 20% loss of activity just due to UV irradiation (in
absence of psoralen)., In presence of psoralen, one hour irradiation
induced 90% enzyme inhibition. In presence of psoralen and EDTA
there wae only 50% loss of activity, Even under these conditions of
prolonged illumination, when the enzyme was subjected to irradiation
for 45 to 60 minutes, the protective effect of EDTA was obvious.

This protective effect of EDTA has been further demonstrated in
presence of cysteine and glutathione. In succinicdehydrogenase stud-
ies, as well as lacticdehydrogenase studies, it was shown that these
8H compounds showed no protective effect. In fact, GSH was found to
be more deleterious to SDH and induced greater inhibition as compared
to psoralen effect alone., It was therefore interesting to see whether
EDTA revealed the same shielding effect against psoralen photosensi-
tization. As shown in Table XIX #5 and 6, incorporation of ZEDTA in
the irradiated system consisting of either LDH + psoralen + cysteine or
LDH + psoralen + GSH, definitely showed a significant protective effect.
It was therefore interesting tn‘se@ that photosensitizing effect of psor-
aien could be blocked by incorporating EDTA in the irradiated system.

Effect of FMN: Riboflavin has been implicated as a photosensitizer,

It has absorption peaks in the region of 266,, 373, 445 mu and it was
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therefore tempting to see whether the wavelengths which are absorbed
by this molecule as well as psoralen molecule would modify the photo~-
sensitizing action, As shown in Table XIX #7, FMN addition in the
irradiation system consisting of LDH + psoralen, compietely destroyed
the enzymetic activity. The two sensitizere together in presence of
effective wavelengths exhibited a pronounced photosensitization.

There was 100% loss of activity, FMN in absence of psoralen also
induced a pronounced photochemical action.

nifect of albumin: As shown in Table XIX #8, crystalline bovine ser-

umn albumin was found to be a very effective protective agent against
photosensitizing action of psoraien. It was interesting to see that al-
bumin exhibited a protective action even after 30 minutes UV irradia-
tion. There was only 3 - 6% loss of activity., Irradiation for 15 and 20
minute periods showed no loss of LDH activity, Thus incorporation of
a protein such as albumin in a photosensitive system affords a irue
protection to the other protein which is highly labile to photoseunsitiza~
tion.

Effect of crystalline fibrinogen:  Likewise addition of {ibrinogen, a

B
protein of molecular weight of 4, 4x10” also showed a pronounced pro-
tective effect {Thie XIX #9). There was no loss of any LDH activity
following 30 minutes ultraviolet irradiation.

Bifect of vitamin 812  As stated earlier, vitamin B]z was selected

because it has a strong absorption peak in the region of 360 mu. Bil2



molecules would naturally absorb this wavelength and act as a filter~
ing devise againsi the activation of psoralen molecuies, This would
result in diminished photosensitizing effect., As shown in Table XIJ
#10, addition of B} in the system consisting of LDH + 50 ug/ml, psor-
alen certainly reduced the photoseunsitizing action of psoralen, In ab-
sence of B2, this photosensitizing effect of psoralen was reduced to
only 29 to 33%, Further confirmation was made by reducing the con~
centration of psoralen, In presence of 25 ug/ml psoralen, 48% inhibi-
tion of L.IDH was observed following 30 minutes UV irradiation. Addi-
tion of Bz at 1;:10_3 concentration showed a complete absence of inhi-
bitory effect of psoralen, It is therefore probable that B}2 acted as a
filter and absorbed considerable amount of light and prevented their
access to activate psoralen molecules,

Eifect of quinones: If psoralen photosensitization involved oxidation,

addition of an agent which can readily accept a proton and get reduced
preferentially would exhibit 2 sparring eifect and protect the protein
moiety (LDH)} from inactivation. 2 amino, 1, 4=naphthoquinone did not
show the anticipated protective effect {Table XIX #11). Likewise 2~
methyl naphthoequinone was also ineifective (Table XIX #12). In both
instances, phctosensitization by psoralen was observed. However,
hydroquinone exhibited a significant protective effect. No inhibition of
lacticdehydrogenase was observed following 15 UV irradiation in pres-

ence of psoralen and hydroquinone (Table XIX #13).



Effect of DPN: Incorporation of DPN into the LDH + psoralen system

did not block the photosensitized inhibition of LDH by psoralen {Table
XIX #14). The oxidised form of diphosphopyridine nucleotide did not
reveal any protective effect. Only the reduced form exhibited some
proteciive effect. (Table XVIA & B)., It should be noted that DPN
did not show any absorpiicn peak in 340-380 mu whereas reduced DPN

DPNH) showed 2 characteristic absorption in 340 mu region,
g

Effect of oxygen on photosensitizing action of tactichdhydrogenase by
psoralen: Previous resulis related to succinicdehydrogenase activ-
ity had shown that oxygen was not needed to induce photosensitizing ac-
tion of psoralien. Addition of cysteine, glutathione and sven incorpora-
tion of guinones revealed no protective effect on the enzyme molecule
when subjected to UV irradiation in presence of psoraten. These ob-
servations further supported the above conclusion that the mechaanism of
pgoralen photosensitization did not necessarily depend on presence of
oxygen. Further studies were carried out to emphasize the fact that
photosensitization by psoralen can be demounstrated in absence of
molecular oxygen.

As detailed under succinicdehydrogenase studies, the effect of oxy~
gen was investigated as follows: First, psoralen effect was demonstrat-
ed in presence of two gas phases, both containing oxygen., The irradi-
ation of LDH was carried out in presence of ordinary air aad in pres-
ence of pure oxygen. As shown in Table XX, psoralen manifested its

usual photosensitizing effect. In presence of air, as well as oxygen,
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inhibition of LDH was observed. In mitochondrial SDH studies, it
was observed that in presence of pure oxygen psoralen induced a de-
creased photosensitizing effect. In case of LDH, however, no such
effect was noted, Flushing of oxygen over the surface of crystalline
enzyme solution showed surface denaturation. This inhibitory effect
was observed in absence of UV irradiation, Hence the overall psor-
alen photosensitizing action in presence of pure 02 was roughly of

the same order as observed in case of air (34 to 38%). When irradi-
ation was carried out under nitrogen gas phase, psoralen induced pho-
tosensitization to the same extent as in presence of air or pure oxygen,
If oxygen was absolutely essential, then presence of nitrogen should
have completely blocked the photosensitizing effect with no loss of
enzyme activity, Lven in presence of helium gas, LDH was inhibited
to the same extent that was observed in presence of air, (See Table
XX). These observations further supporied the earlier conclusion
that psoralen action was not dependent on presence of molecular oxy-
gen, These experiments were conducted without any stirring of en-
zyme solution.

Theelfect of EDTA was invesiigated just to confirm the earlier find-
ings, this time however the effect of EDTA was investigated in presence
of other gas phase: (2) in presence of nitrogen and (b) in pres@ﬁce of
helium. In both cases, EDTA revealed the same protective efiect,
there was very little loss of LDH activity. As shown in Table XX,

photosensitizing action of psoralen in presence of nitrogen or helium

(%)
an
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Table XXI : Effecl of psoralen or 8-methoxypsoralen on rat liver cytochrome
oxidase when irradiated with ultravioclet > 3200 A

Millimoles % enzyme
of oxidized activity
A OD/min cyt. €

|
|

1.
a. Mitochondria dark 0. 090 1.42 x 1672 100
b. Mitochondria UV 15' 0. 081 1.28 x 10°3 90
c. Mitochondriat+psoralen dark 0. 090 1.42 x iﬁ—g 100
d. Mitochondria+psoralen UV 15" 0,065 1.02x 107" 712
a. Mitochondria dark 0. 080 1,26 x 1073 100
b. Mitochondria UV 15' 0,080 1,26 % 102 100
c. Mitochondriatpsoralen dark 0,080 1,26 x 10°° 100
d. Mitochondriat+psoralen UV 15! 0, 065 1.02 x 10-3 80
)

a. Mitochondria dark 0.110 1.74 x 1072 100
b. Mitochondria UV 15' 0,115 1.8 x 1072 100
c. Mitochondriat+psoralen dark 0.110 1.74 x 1072 100
d. Mitochondriat+psoralen UV 15' 0,090 1.42 x 1072 81
4,

a. Mitochondria dark 0.110 1.74 x 102 100
b. Mitochondria UV 15" 0,105 1.66 x 1073 95
c. Mitochondriat+psoralen dark 0.110 1.74 x 1072 100
d. Mitochondriat+psoralen UV 15! 0. 080 1.26 x 1072 73
5,

a. Mitochondria dark 0,040 0.63 x 1072 100
b. Mitochondria UV 15" 0.040 0,63 % 102 100
¢. Mitochondria+8-MCP  dark  0.040 0.63x 107> 100
d. Mitochondria+8-MOP UV 15' 0.030  0.47 x 10"° 75
2

a. Mitochondria dark  0.045 .71 % 107> 100
b. Mitochondria UV 15' 0.045 0.71 x 1073 100
d. Mitochondria+8-MOP UV 15' 0.030 0.47 x 1073 66
7.

a. Mitochondria dark 0,075 1.18 x 10°° 100
b. Mitochondria Uv 15' 0,080 1.26 x 1072 100
c. Mitochondria+8-MQOP  dark 0. 075 1,18 x 103 100
d. Mitochondria+8-MOP UV 15! 0,050 0.79 x 1072 66



gas phases was gignificantly blocked by EDTA,

The data in Table XX #5-7 is related to the eifect of psoralen on
lacticdehydrogenase when the enzyme system was subjected to gentle
stirring in the course of illumination, In presence of air, oxygen,
nitrogen and helium, the 2.5 ml.mixture of LDH and psoralen was
gtirred by a magnet stirrer for a period of 15 minutes. This was
done with an intention to bring more enzyme molecules in contact with
psoralen and UV irradiation. As shown in Table XX #5-7, this gentle
stirring resulted in significant photosensitizing effect, The dual ef.
fect of stirring and flushing of gas resulted in appreciable loss of en-
zyme activity even in absence of irradiation, But the result further
supported the earlier conclusions, that oxygen was not needed in psor-
alen photosensitization. The light sensitized photochemical damage
can be demonstirated in presence of oxygen as well as in abssnce of
OXYgen.

mffects of psoralen or 8-methoxypsoraien on rat livér cytochromeoxi-

dage in presence of ultraviolet light; Table XXI shows that 6-meth-

oxypsoralen and psoralen in presence of UV light inactivated cytoechrome

oxidase enzyme sysiem of rat liver mitochondria. W hen protected

from light, these two compounds did net exhibit any inhibitory effect,

Loag-wave ultraviolet irradiation for a period 0:15 minutes in ab-

sence of either of these photosensiiizers was not deleterious to enzyme
ctivity, Only in presence of 8-MOP or psoralen, this important en~

zyme system was affected by UV irradiation.
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The activating and fluorescent wavelengths of furocoumarins: psora-

lens, and the absorption spectrum and the action spectrum of psora-

len: As stated eariier in Grotthus-Draper's law, the spectral limits
of radiation forwarding a particular photochemical process are de-
pendent upon the limits of absorption spectrum of the chromophore, It
might be therefore expected too that the effectivenss of any given wave-
length within this range would depend upon the amount of absorption
corresponding to that wavelength and should iollow the absorption spéc~
trum. The effectiveness of various wavelengths in producing psoralen
activation and photosensitization was investigated in order o obtain

the biological action spectrum of psoralen.

The wavelengths of light which are activating psorales, 8-methoxy-
psoralen and oth r related photosensitizers and exhibiting biological re-
sponses were determined in the following two ways: (1) since fluores-
cence behaviour represents the emission from the acitivated molecules
of absorbed light energy, investigations were carried out to determine
the precise activating and fluorescent wavelengths of severat furocou-
marins, The photosensitizing action of these compounds and their rela-
tive activity were determined by testing these compounds on mammalian
skin and evaluating the erythemal response elicited by these compounds
in preseunce of long-wave uliraviolet irradiation. In a few instances
the photosensitized inhibition of lacticdehydrogenase by psoralen and
other compounds was also studied concomitanily. (2) The other ap-

proach was to study the action epectrum of psoralen, The spectral map



Table XXITA Activating and fluorescence wavelengths of furocoumerins and related compounds

ﬁ;
O\ O~ 0
4.z
Psoralen Isopsoralen
Percent fluor
Activity Activating escence at 0,01
erythemal wavelengths Fluorescence meter setting for
No. Compound response A B (] peak A B €
i. Psoralen Active 270 380 435 L3 19
2, 4-methylpsoralen Active 265 315 360 Lag 6.7 16.3 6L
3. 5t,8-dimethylpsoralen Active 270 375 4ho 8 12
4, 4,k gimethylpsoralen Active 270 360 L35 7 78
5. 1,57,8-trimethylpsoralen Active 270 370 iho 1h.3 138
6. 3,4,5',8-tetranethylpsoralen Active 270 360 430 26 135
T B ,h,S-trimethyl-3§_-
butylpsoralen Active 275 375 430 32 260
8. O-methoxypsoralen
(Xanthotoxin )} Active 280 360 360 460 2.2 10
9. S5S-methoxypsorelen {Ber- Active 270 370 2.3
sapten) 280 350 480 13.3 60
10. 5t ,k-dimethyl-8-acetyl-
psoralen Active 320 370 430 16 28
11. 5',k-dimethyl-8-n propyl- Active 270 360 k30 34 135
psoralen - koo 460 135
Lgo 525 0.6
12, 5',4-dimethyl -8-acetemido-
psoralen Active 275 360 390 450 10,6 61 5.4
13 5',4-dimethyl-8-acetyl -semi~
carbazone Active 360 4o 27
14, 5¢,8-dimethyl-3,4- Active 270 300 355 455 1.2 29 8k
benzopsoralen
15, 5',8-dimethyl-3,4-tetrahy-
drobenzopsoralen Active 270 380 430 3k 150
16, 8-bromo-5',k-dimethylpsoralen Active 275 430 b1
375 héo 31
17. Mermesin (5' isopropenol|2"}-
41, 5t.dihydropsoralen) Active 270 360 430 34 150
18. Anhydro mermesin (5! isopropyl-
psoralen) Active 270 365 450 b7 57
19. 2-carboxy-5,6~dihydro=6-(2"-
isopropenol )-benzo-{1?,2!-b,
4 »5t=b! ] ~difuren Active 290 340 380 11hko 870
20. 5'-methyl-isopsoralen Active 280 350 400 k6o 1.8 35 1:5
2l. 41,5'.dihydro-3-bramo-
8-methoxypsoralen Active 295, 380 450 57 156 - T
550
. 22, 8-dimethyleamine,5',4-dimeth-
ylpsoralen Active 275 320 370 h3s 21 46 120
23. 5',k-dimethyl -8-amino-
psoralen Inactive 380 530 2,2

2k, i',5'-dihydro-h-methylpsoralen Inactive 280 360 545 395 750 1830 19



Table XXIT A (Continued)

141

Percent fluor-

Activity Activating escence at 0.01
erythemal wavelengths Fluorescence meter setting
Noe Compound response A B [of peak A B Cc
25. B-chloro=5',4-dimethylpsorelen Inactive 370 550 6.0
26. 4!,5'-dihydro-B-methoxypsoralen Inactive 280 365 L8o C.6 5.3 0.5
50 525
27. 4',5'-aihydro-3,5 dibromo-8- 280 320 2.2
methoxypsoralen Inactive 290 koo 8.7
300 375 k70 8.0  15.3
28, S-bromo-8-methoxypsoralen Inactive 280 365 480 0.6 543
450 525 0.5
29. 5,8-dimethoxypsoralen Inactive 290 360 450 530 1.6 56 .005
30. 47,5'-dihydro-5-ethyl-carbanyl
-8-methoxypsoralen Inactive 260 360 Los 33 8k
280 380 43
33. 8-hydroxypsoralen Inactive 350 hio L5
32. 4*,5'-dihyiro, 5¢,k4-
dir;ethylisopaéralén Inactive 280 355 395 T60 2400 2k
535
33. 2,9-dimethyl~TH=furo-{3,2-{-]
f_,l] ~benzopyran-T onti: ’ f Inactive 270 360 k35 280 1000
3%. 2,9-dimethyl~7~H-0xazolo-
ﬂ,ﬁ-f—j]_l] ~benzopyran~7-one Inactive 265 335 koo 3.h4 21
] %00 k50 1.2
Lso 525 0.06
35. benzoxazole«S-acrylic acid-
6-hydroxy- p-T-dimethyle
Y -lactone Inactive 350 koo ko 470 5.6 22
36+ benzoxszole-5-acrylic acld~2,6-di-
hydroxy-[—L -T-dimethyl) lactone Inactive 270 k70 22
265 380 490 27 5l
310 420 290
37. benzoxazole- S-gerylic acid
-6~hydroxy- (s -2-T~trimethyl -
7T: Lactone Inactive 270 310 355 400 0,9 1.2 1k
Loo 470 5h
38. benzoxazole - S-acrylic acid - 6-
hydroxy-2-isopropyl- !5-7-&1-
methyl-ﬂ[-lactone Inactive 270 310 355 koo 1.1 1.8 1k
39+ 2ecarboxy -5, 6-dihydro-
8-methoxy-benzo-{1,2~b,
5,4-b! }-difuren Inactive 265 335 430 129 2900
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of the effective wavelengths which produced the photobiological effect
in presence of psoralen was determined., Crystalline lacticdehydro-
genase was used as a testing material and inhibition of this enzyme ia
presence of psoralen was investigated at different wavelengths., The
results were compared with the absorption spectrum of the chromo-~
phore psoralen.

Table XXIIA shows the activating and flyorescent peaks for 39 furo-
coumarins and reclated compounds that were tested. It also includes
the percent fluorescence for each activating wavelength, Table XXIIB
shows the summary of the observatione reported under Table XXIIA.
Out of 39 compounds that were tested topically on albino guinea pig skin
for eliciting photosensitized erytheamal response, 22 were found to be
active and induced varying degrees of erythemal regponse, 17 come
pounds were inactive and showed no binlogical response even in high
concentration range, (For details see Table X¥III.

As indicated in Table XXIIA and XXIIB, the region of activating
wavelengths for photosensitizing action of furocoumaring as determin-
ed spectrophotofluorometrically was between 265 and 280 mu in the short
UV range, and between 340 -380 mu in the long ultraviclet range, The
fluorescence peaks for these activating wavelengths were observed in
the region of 420-460 mu, Ouly those furocoumaring which induced
definite photosensitized erythemal response on mammalian skin show-

ed this region of exciting wavelengths, The inactive furocoumarins

which did not exhibit photosensitizing response in general did not show



Figure 10: Absorplion Spectrum and the Action Spectrum of Psoralen

The absorption spectrum was recorded with Beckman DKl
recording apuctroéhatdmetaé. {Psoralen concentration approxi-
mately 10 ug/3 ml, )

Each point on action spectrum rapmséatn a separate run.
LLDH + psoralen solutions were irradiated at different wavelengths
for 45 minutes, Psoralen photosensitized inhibition of LDH was ob-
served at 240, 290, 320 and 360 mu wavelengths. In absence of
psoralen, there was no loss of enzyme activity at these wavelengths.

It is interesting to note that the absorption spectrum of
psoralen shows no absorption peak in 360 mu region. However, the
cam?ound- shows some ahsorétian even in low concentration (about
3 ug/ml) at 360 mu., The activating wavelength for maximum {luor-
escence of psoralen was found to be 360 mu. The wavelength of 360 mu

was found to induce psoralen photosensitized inhibition of LDH.
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these specific activating and fluorescent wavelengths., When the ac~
tivating wavelengths were in the region of 340-380 mu (active com-
pouads), the fluprescence emiited was always greater thaa the flu=
orescence emitted at 260-280 mu. The data suggestedtiat 340-380 mu
was the major activating wavelength region for these molecules, It is
more likely that furocoumarins which show activation peaks in the re-
gion of 340 - 380 mu and concomitantly the fluorescent peaks in the re-
gion of 420-463 mu can causc photosensitization of skia in this re-

gion of long-wave ultraviolet light. The action spectra for these photo-
gensitizing compounds therefore appears to be in the region of 340-380
mu, It may be noted that whea some of these compounds were disgolv-
ed in water, they shawed a shift of about 10 to 15 mu of activating wave-
iengths.

Absorpiion spesctrum and action spectrum of psoralen: As shown in

e, o s e

Figure 10, the absorption spectrum of psoralen has three major peaks:
(1) 245 mu, {2) 295 mu, and {3) 325 mu. The solid line shows the ac-
tion specirum of psoralen. Ultraviolet irradiation of LDH solution
without psoralen at 24GC, 290, 3240, ?360 mu wavelengths showed no loss
activity., The degree of inhibition at 290 and 360 mu was more than
that observed at 240 or 320 mu. It could not be resolved with the re~
gults preseated in Figure 10 which speciiic wavelength {290 or 260 mu)
was more effective in inducing inhibitionof LDH in presence of psoralen.
The attempts were primarily focussed on the relationship batween ab-
gorption spectrum and the action spectrum of psoralen. These results

revaaled that psoralen was the chromogen which absorbed light
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and transmitied this energy (either directly or indirectly) to induce photo-
gensitization.

The 360 mu wavelength was found to induce LDH inhibition and yet no ab-
sorption peak by psoralen in that region was detected. This perplexing situ-
ation, where in abseance of absorption peak one found the inhibition of LDH,
was further investigated. The activating wavelengths of psoralen were stud-
ied, It was observed that psoralen had two activation peaks, (1) at 270 mu and
the other at 360 mu. The fluerescence peak for both activating wavelengths
was at 435 mu. The Figure #11 shows the pattern of activating and fluores-
cence peaks of the molecule. As reported earlier in Table XXIIA, .the acti-
vation at 360 mu was much greater than at 270 mu. In other compounds re-
ported earlier in Table XXIIA, it was stated that the fluorescence ernitted by
the active compounds was always greater in the region of 340-380 mu activat-
ing wavelengths as compared to fluorescence emitted at 265-380 mu, The ac-
tivating pesak at 360 mu for psoralen could very well correspond to the energy
of a metastable triplet state for this photosensitizing molecule. Such triplet
states are known to be highly reactive,

It is thus clear from Figure 10 that action spectrum of psoralen corres-
ponded very closely with the absorption spectrum of psoralen and in addition
there was an activating wavelength of 360 mu which was also reactive and in-
duced photobiological changes,

Relationship between molecular configuration and photosensitizing action of

furocoumarins (psoralens): Recent studies on 8-methoxypsoralen or methox~

salen or 8-MOP) and several other furocoumarins have shown that these
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compounds evoke changes on mammalian skin manifested by erythema

and increased melanogenesis, Musajo and amociateség' k

» have
investigated the photosensitizing activity of several furocoumarins
following topical application of 25 ug/cmz on human skin, Their stud-
ies have shown ihat psoralen was the most active of the naturally oc~-
curring furocoumarins, 8-methoxypsoralen, 5-methoxypsoralen, and
gseveral other compounds such as imperatorin, isopsoralen, B-substit-
uted hydroxy, nitro, amino, psoralen derivatives, were either less
active or completely inactive, Pathak and Fitzpatrick72 also carried
out similar studies on albino guinea pig skin as well as on human
skin, and confirmed these observations, It was additionaily shown
that coumarin, furan and furochromone derivatives were inactive,
They also reported that a linear fusion of furan and coumarin rings,
as in the psoralen molecule, was essential for this response, a non-
linear structure like isopsoralen had no photosensitizing action,

Quite recently Musajo et alé? reported similar studies on the relation-
ship between chemical constitution and the photodynamic properties

in the furocoumarin series, They concluded that the furocoumarin
nucleus was essential for activity and that introduction of a methyl
group reduced the photodynamic action, the reduction being slight for
gubstitution in the 4, 4' and 5' position but marked in the 3 position.
4! -phenyl substitution was shown by these workers to result in an in-
active product, This study covers the effect of methyl and higher al-

kyl substitution, the effect of hydrogenating the fyran ring, and the ac-



Table XXIIX. Relabtive photosensitizing activity of furoccoumaring and coumsrins 1 % fe
Mean erythemal response afber 18 and 36 hours (% reflectance difference) .
Fo. Compound Structure Erythems, Micrograms per 2.5 am® skin ares
Standard Relative
5 10 25 50 100 200 250 500 1000 Psoralen  8-MOP aotivity
25 ug 25 ug
1. Psoralen 6 PR I = Visible + B L -t R
et
) 21 Green filter 3 6 7 a1 5
N N
2, h-methylpsoralen M\_\ Q/:\«;h:\@/\e Visible + e L - e . .
il stk P
SFNFT Green filter 3 7 11 11 9 7
nxu ﬁIu
3. 51,8-dimethylpsorslen r:fw_\o/_ﬂ\/a\c, L0 Visible + + e e ++ bt
— = //\b Green filter 3 3 T.5 10 9 i
4, 4,5',8-trimethyl %0 £
. 5 -ty Y- [, NP N 3 0
mmom.m.wmb w: ﬁ\)ﬂ/ J“. Visible R = = A . T .
QU > \m
% Ly CGreen filter 2 g T.5 1% T 6
atHy 0
i
5. OB-methoxypsoralen m\o/: T \\,Q Vigible - o ++ b b bt
TN Green filter 1 2 6.5 8 7
=G -City
6. B8-acetyl-b,5'-dimethyl- CH
psoralen : u_ﬂ”\o | = A Visible + + + + + T+t -+ o+
- =
e o~ Green filter 5 3¢5 3 2 2 8 5
CHg
. n.xpnzpﬁxm
7. h4,5'-dimethyl- . D Au A0
8-n-propylpsoralen m i L, & Visible + + + + + A 4
e O )
Green filter 3 8 g 6 6 9
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Mean erythemal response after 18 and 36 howrs (% reflectance difference)
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P Remarks
No. Compound Structure Erythena Micrograms per 2.5 cu” skin ares Standard
psoralen  S~MOP Relative
: 25 50 100 200 250 500 1000 25ug 25ug activity
8. 8-bromo-i, 5 -dimethyl-~ Br Visible e + + + + 4+ 4 i+
psoralen HE e 0N 20
il i , _ Green filter 6 2 1 2 3 9 {1
TN
/(\/Jd\lm
9. 2,6,8-trimethyl- e m visible o +* e e i 2O
benzo-(1,2-b,5,4-b1 ) 3 (> H_ CH3 . : 8 being liguid,
~dffuran o Green filter o} 2 * T 250,500,750
3000 Awere applied
_nIm
0. A 0
10, w..fm“.rum.&wwwwn :mnw_\ /s = - Visible - + + + e + +
nethylpsoralen
" , NG CHy Green filter il 2 2 3 7 7
trg
\.O J (4]
1. k4t -dimethylpsoralen ;_ J_ =y & Visible + * + * + Al + +
cHy  N\F me Green filter 2 0 ) 0 3 10 7
0
NH-C -CH3
12, 8-acetamido~k,5'=- e U 500
m&nangmnﬁ.ﬂu.g ) JW\ pg“ Visible - - + + 4 + +
o Green filter s} ] 3 3 9 T
gy CH'3 g
13. mngmaﬁlfm.&.ﬂwmgws CHa 3 m.nz.oz?m.zxv Visible - + + #* - + #
goralen samicgpbazone N 2 N
: v q I Green filter 0 0 3 4 8 7
TN P =
GH -
“Hy &
¢H3 o A 0.0 2,
1k, 3,hebenzo-5',8-dimethyl~ | _ O s Visible + + + * -+ +
soralen e -
? PN Green Filter 3 2 2 3 6.5 5
s £t
15. 3,4-cyclohexeno~5',8- L . //\u visitle + + + + o ++ +
Ipsoralen : X
dimethylps T Hy Oreen Tilter 2 a 2 2 6.5 )
H Hy
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Remarks
Ho. Compound. structure Erythema Standard
Klerograms per 2.5 ns skin ares peoralen  8-MOP Relative
. 25 50 100 200 250 500 1300 25ug S5ug activity
16, 3~nebutyl-s,5!,8. Vigible - * * * + & . -+ &
trimethylpscralen J\ 0/ o
m Green filter o ¥ 2 3 2 0 6 5
CHCHEHIH,
.z, \m: R
17, ankydressrmesin <. uﬁ/ \\J\ J - visible * % i 4 + $
A Creen filter 4 1 3 g 2
LCHT
18, Marmesin rx\ . /_\OJ \D L Tieible + » 4 + - ++ + +
% - ped s
Green filter 3 i 3 3 0 [ 2
19. 5'emethylisopsoralen Vieible - & LJ . a* ++ +
Green filter 0 13 3 k 3 by
20, 2-carboxy-5,6-dihyiro~ Yigible + * * * -+ 4 +
Gm{2"=1s0propenocl J=benzo~
1,2%.0,41,50b difuran Creen filter 2 "l 1 » T 4
ey
1\
2l. seslin Xy visible - + + ++ - +
Green filter o b 4 6 2
OA. 1 %
o :
22, 3-bromoedt,5v-dihydro- kY \ Visitle = 5 " E i - 5
S-methoxypsoralen Py x i -
Er Green filter Q 0 2 3 3 &
Ohlw
23, m‘mx&wthmx@émgoﬁ?ambno- Q\\ Visiltle & s - - - i Sopo s
(17,2'-b=l, 5% ,b" )edi furan~ J Soy b =
2-carboyxlic aecid _ CGreen filter Q 0 2 2 2 3 T
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Table XXIII (Continued) Mean erythemel response after 18 and 36 hours (% reflectance difference) st Remarks
andard
Ho. Compound. Structure Erythema Micrograms per 2,5 cEm skin area peoralen  86MOP Relative
= 50 IO 20 250 Uy TOUT 25ug 25ug Activity
2h.  T-allyloxy-O-methyl- Hy 0 Visible = - + + - + +
coumarin ey >\ =
iy v/ i Green filter 0 0 4 4 1 5
L P P
CHy eHy
25. T-allyloxy-3,%,8- \) 0 o visible - - - #* + - +F *
trimethylcoumarin cHy gin ] J\
g d Green filter o] o} 3.5 2 o] 0 T
m.r r # CHa
EHe Lds CHy
26. T-2llyloxy-3-n-bubyl- o LSy 0 Visible - - + + + ++ +
L ,8-dimethyl-cownsrin oy e i i
k! (4]
wz Phcn,euyCH nxwu.mg filter 3 3 7
CHy .o:rnz CHy
27, 7,8-diallyloxy-lh- iy O J\o Visible " - + 3 - &
methylcoumerin ) 2 | =
T . = Green filter 3 o] 3 2 6.5
mIN ﬂIw
n:\
28, T-allyloxy-l-methyl- x\ /_ Visible - - - + E=s ++ . +
8-nitrocoumarin
¢ H, Green filter 0 ) 0 i 8 9 7.5
nzm
o \_ o)
29. T-allyloxy-k,8-din aw’NF 2 Vvisible - = = + o N 7
methyleoumarin ke _ =
Ch 35 = Green filter 0 ) 0 1 b 2
cH CHy
. nxw
0 n
30, wanogparmwﬁ 2t mmm..&.- _o :\ Visible s + + + + T, ++ +
bromopropyl )=3,4,8«tri- - -4
methyleoumarin CHECH-EH Y~ //\f CH3 Green filter ) N A 5 5 7 5
wﬂ ﬁ K 3
\O *
31. para allyloxyphenol He /Q visible +* % + being
/ liquid
"5 OH Green filter 2 2 5 and 25\were

applied
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Remarks
Table XXIIT (Continued) Mean erythemal response after 18 and 36 hours (% reflectance difference)
2 Standard Relative
No. Compound Structure Erythenma Micrograms per 2.5 em” skin area psoralen 8-MOP activity
Q0 g 550 500 pl¥s s
32. D-acebtsmldc-~|-acetoxy=- = VG =3 Visible - + + + s %
6=(27, 31 dibromopropyl)  CHo- 2 -0y o~ A L0 = o 4 -
<Y-methyl coumarin 3 i | Green filter 0 2 2 b 5
CH-CH-epr Y
t
By
33. OBeacetoxy~T-(21,3'~ Visible + + - = P 5
dibromopropyl J=coumarin
Creen filter 3 3 2 o] 6
3k,  Gesllyl-Tehydroxy- Visible - + + + ik g
homethyl-Sn-propyl- = - =
coumarin Green Tilter o] 4 3 6 7
CH =CH=CH,
L
35. 8-acetyl-T-hydroxgy- Visible - + + Ty &
h-methyl coumsrinoxime = = -
Green filter 0 3 2 i
36, 7-hydroxy-l-methyl- Visible - - * % e 5
8-n-propyleoumarin ol =
Green filter 2 & il L 3 &
37. methyl-G-acetylels Visible - - E 2 2 s +(2)
methyl -T=coumarinoxyacetate -
Green filter i i 4 3 Q 5
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Table XXIV Furocoumarins and coumarins exhibiting no photosensitizing activity
No. Compound Structure A}g Amountzapplied topically
2.5 cm” gkin area
T,
38, 8-amino-4, 5'-dimethylpsoralen ero A0, 0 50, 100, 250
{ 500, 1000
L NN )
ocng s
39, 4!, 5'-dihydro-8-methoxypsoralen /O\/)\ L0 0 50, 100, 250
i b i 500, 1000
#, /‘\\’//)
o I N
40, 4%, 5'-dihydro-4-methylpsoralen nl(k‘w,/ §~‘§’ T 50, 100, 250
¥ “JW 500, 1000
2.
fHg
AG(,H3
o A AN
41, 3,5-dibromo-4!, 5'-dihydro- b~ AN 50, 100, 250, 500
8-methoxypsoralen H;’” werl g ARy
P
JCHﬁ
OO 20
42, 5-~bromo-8-methoxypsoralen ifi i V7 100, 200, 250
LI S 500, 1000
B
G 0.0
43, 4',5'-dihydro-5-ethylcarbamyl~ Hl/ T \T“ 50, 100, 200
8-methoxypsoralen 5 S | S g 250, 500, 1000
ity &
‘s
Q:E‘O- H'},E‘HE
fs
4 s 0. 9
24, B, 7-dimethyl-6-hydroxy-5- ﬁ”(}\:‘f b & 25, 50, 100, 200
benzoxazole acrylic acid, e \/‘5\{/5 250, 500, 1000
o -lactone bt
&
{J u‘\g(ov\. //\Yp&\é ,
& i v
45, 6-hydroxy=! ,2,7-trimethyle5- | . ko 25, 50, 100, 200
benzoxazole acrylic acid, : 2 7 250, 500, 1000
9 dactone Ha
’:E\‘g'z, CHy
N R""C'\ \\//-’“‘\\ O 90
A VU
46, ; T~dimethyl-2~isopropyl=6- Cliy il”w’*:/ . 50, 100, 200, 250
hydroxy~5~beazofuran-acrylic . 7 500, 1000
acid, ~lactone 3“5
CH
P o e i
47, 2,6-dihydroxy ¢ T=dimethyl- \f Za 25, 50, 100, 200
grbenzofuran acrylic acid, A g / 250, 500, 1006
~lactone bty e
N\
NP NG P
48, 4!, 5'~dihydro~4, 5'-dimethyl~ T i 50, 100, 250
isopsoralen K, kg 500, 1000
sr= (A
CHz
A e e N O 6
49, s 2~-dimethyl-5-hydroxy~ i i | f j 50, 100, 250
4 (or §) benzofuran acrylic !o/\\ C " NGRS 500, 1000
acid, ¥ -lactone i z ¥ &
' H 5, —\t\n CHy 4 ey
- /Q\/ &
50, b , 2~dimethyl~5-hydroxy-4~ ] J’ 50, 100, 200, 250
bgnzosazoleacrylic acid R \‘// 500, 1600
~lactone 1 CH
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51,

52,

53.

54,

55,

56,

57.

58

59.

60,

6l.

62,

63,

Table XXIV (Continued)

Compound

Slacetyl-T-allyloxy~ - -~
4-methylcoumarin

7-allyloxy-4-methyl=-8-n
propylcoumarin

T-allyloxy~3, 4~cyclohexeno~
8-methylcoumarin

8~acetoxy~7~ alljcoumarin

7=allyl-8-hydroxycoumarin

7~acetoxy~8-allylcoumarin

7, B~diacetoxy-~4~methylcou~
marin

T~acetoxy-8-(2F, 3’ -dibromo-
propyl)~4=rmethylcoumarin

7eacetoxy~b-allyl-B~diacetyl~
amino~4~methylcoumarin

8~acetamido-7~acetoxy=b~
allyl-4-methylcoumarin

7~acetoxy=-b-allyl=3, 4~
cyclohexeno~8«methylcoumarin

T=acetoxy=3, 4~cyclohexeno=bH~
{2, 3'-dibromo propyl}-8-
methylcoumarin

8-acetyl~6 allyl=7-hydroxy-
4-methylcoumarin

Structure
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Adg Amount applied topically
2.5 cm® per skin area
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T
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]
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W kot
fH - - NC-CHy
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g
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NS
CHoCH CHy N Y
= CHaz
eH c-(ﬁ\r{,\\r,& 0
4'\/1‘ /;!
CH L CH-CH, T NN Hy
B, jh.‘;
Ciy Hx
1
T L 0 I
CH, 5 \J\i,/\?, L ke
90
c,u’:w-xzu;\*/\/ Hy
: [
B B o His
]
L= CH3 Ha.
i
HO._(?/,\/(;\,;O
k4
N

Cl{y-‘fh%’.i?i

L

. LHy =
M Chy iy

¥
CHy

S N =0

100, 250, 500
1000

100, 250, 500
1000

100, 250, 500
1000

100, 200, 250
500, 1000

100, 200, 500
1000

100, 200, 250
500

50, 200, 250
500

200, 250, 500
1000

100, 200, 250
500

50, 100, 250
500

50, 100, 250
500, 1000

100, 250, 500

50, 200, 250
500
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Table XXIV (Continued)

No. Compound Structure A Amountzapplied topically
2.5 cm” skin area
CH
64, b-allyl~7-hydroxy~3, 4, 8- Ho ta. B 100, 200, 250
trimethylcoumarin O 500, 1000
CH=CHocn) £ CH,
&5 wi-f-cu, M3
8~acetamido-6-allyl~7-hydroxy- Ho /’ \"//0 100, 200, 250
4-methylcoumarin | 500, 1000
S,
ChzCHCH) “hy
1P eH=CHy
RO, 0 .
66. 8-allyl-7-hydroxy-4-methyl- RO\ # ? Z 100, 200
N i
coumarin T > 250, 500
CHy
CH3
67. T7-hydroxy~3, 4, 8~trimethyl- OH< O 20 250, 500, 1000
coumarin l |
Ny~ CHy
£LH
ey Qze—="EHBZ
68, 8-acetyl~6~(2}, 3'-dibromopropyl}~ HOw A~ //0 100, 200, 250
7~hydroxy-4-methylcoumarin By I 500, 1000
b RS =
('.H7:¢H -CH, CH3
69, T7~hydroxy-8-methylcoumarin~ 100, 200, 500
3-carboxylic acid 1000
70, 3,4-cyclohexeno~7~hydroxyw 50, 200, 250
8-methylcoumarin 500, 1000
71, 8wamino-7~hydroxy-4~methyl~ 100, 250, 500
coumarin
72, 8~acetamido-7~hydroxy~4«~ 100, 200, 250
methylcoumarin 500, 1000
73, methyl, 6_acetyl_4_methylﬂ7- 100, 200, 250
coumarinoxyacetate 500, 1000
74, b~acetoxy~4-methyl-5~nitro 200, 250, 500
coumarin 1000
75. Z2-acetoxy~5~benzyloxy~
(2'~3'-dibromopropyl)~benzene = ! 100, 250, 500
NS cH2
7
en~c -0 2 el WL g
L
76. 4-acetoxy-~3-allylphenylbenzoate 3 el 100, 250, 500
(A 2'<CH'—'CH9_
CHB Chat CH3
Ho /‘\/O 20
77, 4, 8-dimethyl~7~hydroxycoumarin I 50, 100, 200, 500
X =
CHy
CHy CHy CH3
78, T~acetoxy~b-allyl-4-methyl~8~ 100, 250, 500

n-propylcoumarin

a
Cuz’«c-omao
N o
cH, e eny 7

1000
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tivities of several non furocoumarin compounds includinag many cou-
maring. This is an attempt not only to investigate the relationship
between molecular configuration and the erythematous activity of
various synthetic furocoumarins following uliraviolet irradiation,

but also to demonstrate the structure essential for photosensitization
response in furocoumarin series. Besides testing the photosensitiz-
ing response on mammalian skin, few selected compounds were test-
ed in a biological system consisting of crystalline lacticdehydrogen-~
ase, The reagon for this investigation was to know whether similar
relationship between molecular structure of furocoumarins and inhi-
bition of enzyme activity could also be shown,

In Table XXIII all of the compounds which produced an erythemal
response are listed, as closely as possible, in the order of decreas-
ing response., Their activities are tabulated in terms of perceptible
erythema (visible intensity) and the photovolt reflection meter read-
ings with a green tristimulus filter. These readings represent per-
cent reflectance difference between the test area and the adjaceant con~
trol area.

In Table XXIV the compounds which produced no erythema are listed
and each entry is followed by the conceuntrations in w 2.5 em” skin
area applied topically for which observations were made.

Effect of group substitution on biological activity: Methyl substitution

either at the 4, 5' or 8 positions did not alter the activity of the psora-

len molecule. 4-methylpsoralen, 5%, 8-dimethyl psoralen and 4, 5', 8-



187
trimethyl psoralen were found to be as photosensitizing as psoralen
(Table XXIII #1, 2, 3, 4}« But methyl substitution at the 4' position
resulted in considerable loss of activity. 4,4'-dimethylpsoralen was
significantly less active than psoralen (Table XXIHI #11). Likewise
methyl substitution at the 3 position (3, 4, 5, 8- tetramethylpsoralen)
was found to mitigate the erythemal response (Table XXIII #10). Sev~-
eral other 3-substituted psoralens, 3,4-benzo-5', 8-dimethylpsoralen
3, 4-cvclo hexeno-5', B~dimethylpsoralen, and 3-n-butyl-4, 5!, 8-tri-
tnethyl psoralen also showed diminished activity (Table XXIII #14, 15,
16).

When the 8-methyl group of the very active 4, 5!, 8~trimethylpsora-
len was replaced by an n-propyl substituent, to give 4, 5'-dimethyl-8~
a~propyl psoralen, the photosensitizing activity dropped markedly, pos-
sibly due to the effect of the longer alkyl chain on the solubility of the
psoralen molecule (Table XXIII #7). Likewise 5' isopropyl substituted
anhydromarmesin (Table XXIII #17) exhibited a weak response. All of
the psoralens bearing one or more non-alkyl substituent {e. g. acetamido,
acetyl, amino, bromo, methéxy or nitro) were less active than psoralen
itself (Table XXIII #6, 8, 12, 13, 22). As reported eariierfz, Semeth-
m&y@soralen {Table XXIII #5) like 5-methoxypsoralen, was less active
than psoralen., In analogy with the effect of hydroxy substitution re-
ported earlieg’zp 8-amino substitution (Table XXIV #38) completely
eliminated activity.

Effect of hydrogenation at the 4! and 3' positions: Hydrogenation of the

41, 5' double bond resulted in almost complete loss of activity. 4'-5'-
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dihydro-8-methoxypsoralen, 4'-5'~dihydro-4~methylpsoralen, 4!, 5'-
dihydro~5-ethyl-carbamyl-8-methoxypsoralen and 3, 5-dibromo-4*, 5'~
dihydro-8-methoxypsoralen were completely inactive (Table XXIV #39,
40, 43, 41}, 3-bromo-4'-5'-dihydro-8-methoxypsoralen showed a very
weak response (Table XXIII #22).

Effect of substitution at 3 and 4 positions: Substitutions at 3 and 4

positions showed marked loss of the photusensitizing action., 3,4, 5!,
8-tetramethylpsoralen; 3n-butyl 4, 5%, 8-trimethylpsoralen; 3, 4~benzo~
57, 8-dimethylpsoralen and 3, 4-cyclohexenc-5', B-dimethylpsoralen ex-
hibited weak responses (Table X XIII #11, 16, 14, 15).

Activity of oxazolocoumarins: Five oxazolocoumarins (compounds #44-

47, 50, Table XXIV) were tested., Although these compounds were quite
gimilar in structure to the furccoumarins, they were all completely in-
active,

Activity of difuran derivatives: As shown in Table XXIII #9, 2,6, 8-tri-

methyl benzo-(1, 2~b, 5, 4-b') difuran induced a characteristic ++ grade
erythema. This compound was available only in a crude form and it
is likely that it will show much greater photosensitizing action when
purified, This observation indicated that photosensitizing activity was
not confined to the furocoumarin nucleus as stated by Musajo et alé?.
Also 2-carboxy-5, t-dihydro-6-(2'-isopropyl)~benzo 1%, 2'=b, 4!, 5'bt-
difuran and marmesin (Table XXII #18, 20) showed a weak erythemal

response, It appears that a linear tricyclic system of benzene and fur-

an rings also possessed photosensitizing ability., Hydrogenation of
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furan ring at the 5 and 6 positions resulted in considerable loss of
activity (Table XXIII #20, 23),

Non-linear furocoumarin compounds: As shown in Table XXIV #48,

nonlinear furocoumarins were essentially inactive, 4!'-5'-dihydro,
4, 57 -dimethyli-isopsoralen was inactive. Seslin, a nonlinear chro~
manocourmnarin, pmduced a weak response, 5'-methyl isopsoralen
showed just a trace of erythemal response (Table XXIII #21, 19).
Compound #49, Table XXIV, showed no photosensitizing action,

Studies with coumarin derivatives: Most of the coumarin derivates

tested were inactive. Those that were active (compounds #24 to 37,
Table XXIII) gave only a weak response only at high concentrations,
Compounds 30, 32, 33 are very possibly converted to furocoumarins
in vive, The activity of these 14 coumarin derivatives out of 42 was
significantly less than other active furocoumarins reported in Table

X XIN, Six compounds with an allyloxy group in the 7 position {24, 25,
26, 27, 28, 29) showed weak but definite activity. Interestingly, p-
allyloxy phenol (#31, Table XXIII) showed a definite response. There
were a few other derivatives which demonstrated some activity(#34 to
37, Table XXIII), Substitution of methyl, higher alkyl, allyl, hydroxy,
nitro, acetyl or acetoxy groups on the coumarin ring did not produce
active compounds, (Table XXIV #51-78). But the fact that a few cou~
marin derivatives slicited photosensitized responses suggested that the

furocoumarin structure was not essential for photosensitizing action.
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Table XXV Photosensitized inhioition of lactic dehydrog=nase
Ly psoralen derivatives
% loss of
Concentra- uv LDH ac-
Compound tion ug/ml. Dark 15' tivity Remarks

i. Psoralen 48 0.13%5 0.100 26 active
2. 8-methoxypsoralen 50 0.110 0,095 14 active
3. 5-methoxypsoraien 55 0.100 0.080 20 active
4, 4-methylpsoralen 49 0.100 0,075 25 active
5. 4, 5'-dimethylpsoralen 45 0.130 0.105 20 active
G, 4, 5', 8-trimethylpsoraien 50 0.120 0,100 17 active
7. 3,4-benzo-~58', 8-dimethyi-

psoralen 45 0.110 0,095 13.7 active
8. 4',5'-dihydro-8-methoxy- weekly

psoralen 40 0,105 0,100 B active
9. 8-hydroxypsoralen 100 0.110 ¢.110 O inactive
10. 5'-methylisopsoralen 70 0.120 0.120 0 inactive
il. 4,4'-dimethylpsoralen 40 0.115 0,115 O inactive
12, 3,4, 8, 5'-testramethyl-

30 0,110 0,110 O inactive

psoralen
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Photosensitized inhibition of lacticdehydrogenase by psoraien deriva-

tives: Only twelve compounds were tested for photosensitized inhibi-

tion ef LDH, Other psoralen derivatives such as 8-acetyl, 5',4-dimethyl
psoralen, 8-acetamido-3!, 4-dimethylpsoralen, 4', 5'-dihydro-5~cthyl-
carbamyi«%-mmhaxy?soral@m 3,4-cyclohexano~5f-dimethyipsoralen,
3n~butyl, 4, 5, 8«trimethylpsoralen, 4, 5'«dimethyl-8~-a-propylpsora-
ien were also tried but they were found to be insoluble and hence were
not inveatigated, Asg shown in Table XXV it can be seen that several
of these furocoumarinsg inhibited LDH in presence of ultraviolet light.
They closely i‘x:»i.lawled the activity patiern as demonstrated on guinea
pig skin., Although number of observations are needed to gquantitatie
their relative responses as manifested by the degree of inhibition, yet
some general observations can be made {rom the data presented in
Table XXV, It can be seen that psoralen and 4-methylpsoralen were
most active, B-methoxypsoralen, 5-methoxypsoralen, 4, 5'-dimethyl
psoralen, 4, 5'-8-trimethyipsoralen, 3,4-benzo-5t, S-dimethyipsomlen
were less active. Just as S8«hydroxypsoralen, 5'-methylisopsoralen,
4,4'~dimethylpsoralen, 3,4, 8, 5!'-tetramethylpsoralen and 4!, 5'.di-
hydro 8-methoxypsoralen were found to be either inactive or showed a
very weak response on guinea pig skin, similarly these compounds
were found to be either incapable of inducing photosensitized enzyme
inhibition or exhibited a very weak action, Thus the relative activity
data of enzyme inhibition closely followed the pattern iliustrated by

determining the erythemal activity of these compounds on guinea pig
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skin, It is apparent that this relationship between structure and the
photosensitizing activity can be demonstrated in other blological »ys-
tems aiso.

Ultraviolet carcinogenesis and effect of 8 -methoxypsoralen and psora-

lent  The present study was undertaken to detormine: (2} whether
8-MOP and psoraien {fure .2', 3' g 7 coumarin} when given in oral
form protected or otherwise affected the ultraviolet carcinogenecsis

in albino and pigmented mice; (k) if the findiags of O'Neal and ﬁriiiizsa
and Griffin et at?z could be explained on the basis of differences e~
tween the oral and intraperitoneal route of admiaistration, {since &
dose of 0.4 mg/mouase/day injected intraperitoneally to an adult mouse
with an average weight of say 25-30 grams corresponds to a dose of
neariy 1000 mg per 70 kg body weight as against therapeutically rec-
emmended duse of 30 rg/70 kg); the effect of a second more potent
furecournarin peoralen, as ¢ompared to 8-methoxypsoralen {Pathak
and f?itzpazrick?z, Musajo ot alﬂ.'s, Fowlks et 31?4, have reported
psoralen to be the most potent photo active naturally occurring fure-
coumarian); {d) the role of melanin pigment in the skin in uitraviolet
carcinogenasis,

Ceneral observations: W ithin a weak after the beginning of irradia-

tion, both the 2ibine and piginented mice showed erythema and scal-
ing on the ears. In about three weeks ihe scale had come loose and
ears showed thickeaing. All types of the pigmented mice showed in~
creased pigmentation of the ears and tail regions. This iype of in~

creased melanogenesis was greater in the mice receiving the drugs,
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especially in the black and the brown strains. Mice receiving 8-MOP or
psoralen at the 0, 64 mg level (Group #6, 11, 16, 19, 24, 27) had severe
erythema of ears, nose and face regions., These regions were sufficient-
ly burned to be,followed by scar formation, loss of hair, and thickening of
ears. The control animals showed less severe ultraviolet burns {group #1,
2, 13, 21, 29, 32, 36, 40 and 44). Groups receiving 0.01, 0.04, 0.16 mg
of 8-MOP or psoralen or ally and the dietary groups (#3-5, 7-10, 12, 14-18,
22-24, 26, 28, 30, 31, 33-35, 37-39, 41-43) showed no appreciable damage
of irradiated regions. They did not look in any way different from con-
trol ultraviolet or dietary groups. The groups receiving 0,16 mg and

0. 64 mg in pigmented mice series showed less damage than the corres-
ponding albino groups. During the first 45 - 100 days, the other ob-
servers (TBF, FD) could not differentiate the control groups {rom groups
receiving 0.01, 0.04, 0.1¢ mg of drugs in albino as well as pigmented
series. Since the eye lens absorbs ultraviolet light very strongly,

most of these animals became blind within 30 to 45 days after exposure.
Cataracis were observed in many animals. The control group as well

as groups receiving the drugs were equally affected. Albino mice

and pink eyed grey mice suifered eye damages more than the other
pigmented mice. In albino series about 5 - 10% of the mice had tu-

mors of the eyelid. There were no tumors of the eyelid in the pig-

mented groups., The death rate up to the end of irradiation period

(120 days) was less than 10% in group #1-28, whereas group #29 to 45

had about 25% deaths in 120 days irradiation period, but after comple-
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tion of the irradiation the animals recovered aund lived invariably long
enough to reveal tumor development,

Incidence of ear tumors: The {iaal tumor incidences in 45 groups are

surminarized in Table XXYJB In contrast to the lindiags of C'Neal and Grif-

70
fin , there was no protecting or stimulating effect of 8-meithoxypsora-

len or psoralen on UV carcinogsnesis in albiao mice except in groups
receiving very high doses of the two drugs, When the (umor incidence
of control albino groups was compared with 8-methoxypsoralen or psor-
alen~treated mice, it was apparent that theve wers no statistically sig~
nificant differences ameong different groups within same strain ol mice,
Although orally administered 3-MOP groups in albino series, AHF
strain showed less incidence of tumors {40 to 509 against conirel groups
60 to 709%) but the difference was {ound to be within experimeantal vari-
ation limits {see statistical analysis in Materials & Methoda Section).
Croup #7 which received 3-MCP in the diet showed almost the same
incidence of tumors as the control groups, Likewise group #12 which
received psoralen through the diet revealed the incidence of tumor very
silnilar to the coatrol group. These observations are further streagth-
ened by the fact that groups #8, 9, 10, and 11 which received paoralen
through oral intubation did not show any decreased incidence of skin
can:er, The {inal incidence of tumor 'waé very much like the control
groups. YFurthermecre, when the results of the other two 2lbino strains

arz compared against their controls {Group #30, 31 vs.29, and Group

433, 34, 35 vs,32) one hardly finds any basis to state that 8-MOP treated
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groups are protected against UV carcinogenesis, nor there is an ex~
perimental evidence to say that this photosensitizing agent is poten-
tiating UV carcinogenesis in low doses.

The results related to pigmented mice strains are of interest, The
incidence of tumors in four pigmented strains of mice (C537Bls, C57
Br/cd, GS?E}U&A‘X"% and pGJAc) was significantly much less than in
the albino strains. Groups #15, 16, 18, 20, 26, 36, 37 and 44 showed
no development of tumors; eight groups ha@ only 5% tumeors {(#19, Z2,
23 28, 38, 39, 40, 45); four groups had 10 percent tumors (#14, 24, 41
and 43); the rest of the six groups{#13, 17, 21, 25, 27 and 42) had tu-
mor incidences ranging from 15 to 25 percent. The significant vari-
able differentiating the albino and the pigmented strains appeared to be
melanin pigment. The presence of melaain pigment more possibly re-
tarded tumor induction and afforded an appreciable protection against
ultraviolet carcinogenssis, Administration of 8-methoxypsoralen or
psoralen either by way of oral feeding or by dietary intake at these dif-
ferent dose levels did not seem to either potentiate or afiord protection
to the mice. The incic’?ence of tumor in control groups as well as groups
receiving 8-MOP or psoralen was practically the same.

It is thus cbvious that when comparisons were made between control
groups and groups receiving 8~-MOP or psoralen in albino geries as well
as pigmented strains, the total tumor incidence within a specific mice
strain remained close to experimental variation. There was no protec~

tion from ultraviolet carcinogenesis.



164

The rate of tumor induction in albino and pigmented groups was
alao studied., The measure of tumor induction adopted in these stud-
jes was the time elapsed between the f{irst dose of ultraviolet light and
the appearance of a tumor. ElmnH has shown that within a given popu«
lation of identically treated animals the logarithm of the time to tumor
appearance has a normal distribution and therefore tumor induction
time in different groups can be compared. The albino mice developed
tumors earlier than the four pigmented strains., After starting the ul-
traviolet irradiation, the control groups in the AHF albino series show-
ed first tumor induction at the end of 90 days, The other two albino
strains (AJAC, ANC) showed the appearaance of first tumor at the end of
100 days. The controi groups in the pigmented mice series which devel-
oped tumors showed first tumor induction after 166 days. This prolong-
ed tumor development time difference between albino and pigmented mice
was found to be statistically significant, In the albino mice strain AHF,
except for group numbers & and 11 which received 0. 64 mg dose of 8-
MOP or psoralen, the rest of the eight groups (#3, 4, 5, 7, 8, 9, 10, 12)
which received 8-MOFP or psoralen either orally or through the diet, de-
veloped tumors after 90-116 days. The other two albino strains {AJAC,
ANC) receiving these drugs developed tumors after 110-120 days. As
compared to atbino mice, the rate of tumor induction in all the four pig~
mented straing receiving psoralen or 8-methoxypsoralen was very glow,
In six pigmented groups(#l4, 19, 22, 23, 24, 27) the first tumor induc-

tion time was around 147 days, In the rest of groups (including 0.64 mg
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dose level groups) the induction time was greater than 166 days. This
wide significant difference in induction time (albino vs. pigmented) can
be accounted for by the preseace of increased melanin pigment follow-
ing irradiation, It seemed to afford an appreciable protection and delay~
ed the induction ef tumor.

The albino groups {#6 and 11) receiving the highest dose of 8-MOPF
or psoralen, however, did show a shortened induction time, beginning
at only 56 to 60 days. This acceleration of cancer induction was not
surprising in view of the experimental damage and high degrze of hyper-
plasia associated with administration of such high doses of drug (. 64 mg/
mouse/day is equivalent to about 1000 mg/70 kg). This dose level cer-
tainly accelerated the rate of tumor induction but aot the total incidence
in the given period of observation, Other dose levels of 8«MOP as well
as psoralen {0.01 to 0.16 mg/mouse/day, as well as distary groups) did
not show any acceleration of cancer induction. Most of the tumors in=-
duced in these mice with ultraviolet irradiation have been found to be
sarcomas or contained sarcoma, The squamous cell and basal cell
carcinomas have not been observed (ElumlB' 14, Grifiin, et al?)a. The
differences in penetration of the carcinogenic radiation in the mouse skin

as compared to human skin accounts for this discrepancy.



DISCUSSION

The inactivation or inhibition effects of enzymes in photosensiti-
zation process by psoralens results basically in the obliteration of
essential units of the ceil's machinery, The destruction of enzyme
activitiez such as euccinic dehydrogenase, cytochrome oxidase, lac-
ticdehydrogenase revealed at least qualitatively, the nature of some of
the primary events which take place following photesensitization in bio-
logical systems. It has been demonstrated that the photosensitizer and
the illumination with a specific wavelength of light must be simultanecus~
ly present before any effects of these photoactive drugs can be demon~
strated. Long-wave ultraviolet light by itself was ineffective and harm -
less to the biological system, This property would be expected for a
complex system with a photoactive component and suggesied af rongly
that a short-lived activated state of psoralen was involved. The ground
state of psoralen or 8-MOP molecules is inactive for lack of sufficient
energy to induce alterations in enzyme structure, The capture of a2 quan-
tum {or quanta ) by these molecules adds a small increment of energy
resulting in an activated or excited molecule. It is thedissipation of
this additional energy which seems to alter the biological activities, The
activated molecules appear to be short-lived as evidenced by the photo~
chemical inefficiency. The inactivation of an enzyme, ideally speaking,
is a one-hit process where a single quantum upon absorption at the prop-
er gite should inactivate the enzyme molecule. Euﬁitia' well known that

the enzyme molecules absorb many quanta before they are inactivated,
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The degree of inhibition in a few enzyme systems reported in this thes-
is is undoubtedly low and represents a low photochemical efficiency. It
also indicates that it is not a chain reaction where one quantum may set
off the reaction of many molecules,

Enzymes are proteins where amino acids are joined to one another
in chain like aggregates by means of peptide bonds and cross linked by
the primary bonds, The primary bonds that hold the polypeptide chain
together are the peptide linkages. The hydrogen bonds give form to the
polypeptide chains, e, Bes in the form ofk a helix, The structure of pro-
tein is therefore vulnerable to modification by the breaking of these
bonds, Loss of enzymic activity may result through the unfolding of
this helical structure or by cleavage of peptide linkages. Any minor
change in molecular configuration may result in the loss of activity.

Asg discuese& in the introductory part of this thesis, sufficient quantum
energy is available in the ultraviolet radiation of the wavelengths 3200-
3800 :'k which are activating psoralen molecule. Johnson et al;sg, have
shown that the energy of activation required for denaturation by a gen-
eral unfolding of the protein molecules is around 25 K cal. per mole.
iIndoubtedly the major part of the energy introduced into the protein
molecule by a capture of a quantum is lost as heat, increasing the kin-
etic motion of atoms without modifying their arrangement, but the ener-
gy is still sufficient to effect photosensitized denaturation.

The cloge parallelism between the photosensitized destruction of

SDH activity in vive for guinea pig skin and invitro inhibition of SDH,
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L.DH, cytochrome oxidase, as well as the observations described by

34 69
Fowlks et al> ~ and QOginsky et al. , concerning the photosensitized bac-
tericidal effect by psoralen and 8-methoxypsoralen, suggested that
there may be close link between the two apparently dissimilar process-
es, The dehydrogenases and cytochrome oxidases as a class of enzymes
are rather unique "cogs' in the metabolic machinery providing as they
do, energy from metabolic processes. Thus the most immediate and
striking effect of psoralen in presence of ultraviolet irradiation appears
to be subcellular damage.

Theinitial results that were presented in Fig, 5 and Table VI re-
vealed that mitochondrial washing was prerequisite to elicit the psora-
len response. It was also clear thé,t phosphate buffer acted as a protec-
tive agent to the SDH molecules. In this connection it is interesting to
note that activation oi SDH by phosphate ions present in phosphate buf-
fers has been observed by Singer et ai?S. TRIS, imidazole or glycyl-

glycine buffers and arsenate showed no activation. The effectiveness

84

of phosphate in exhibiting increased activity has led Slater and Bonner

to suggest that phosphate combines with active center of dehydrogenase.

Preirradiation of mitochondria as well as of psoralen or 8-methoxypsor
alen solution showdd that no phototoxic produtt was produced which was
deletereous to enzyme activity., This also demonsirated that the irra-

diation of the combination of dual agents, photosensitizer and biological

material, was essential to effect enzyme inhibition, The increased
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susceptibility of mitochondria to 8§-MOP photosensitization following
storage in a frozen state wase possibly due to a change in the state of
: , = 83

iron. As believed by Singer et al. , it may involve a rearrangement
or reorientation of bonds or a change in the valency of the prosthetic
group: iron,

While the degree of photosensitized inhibition of SDH or LDH ac-
tivity was roughly proportional to the concentration of 8-MOP or psor-
alen, it was not precisely linear, (Fig. 6 and 9). There can be severl-
al reasons for this discrepancy, First, it was necessary to investigate
this effect only in a limmited concentration range since these substances
were not very soluble in biological milieu, Secondly, with the progres-
give increase in the concentration of the sensitizer, the degree of fiu~
orescence increased, The absorbing material at the surface layer may
thus act as optical filters. This filtering of the incident light through se-
gquencial layers can mitigate intensitity of lLight reaching a deeper layer
and thus prevent the photosensitized inhibition of enzyme molecules pres-
ent in inner layers. A gentle stirring of the enzyme solution during the
illumination period wae carried out to expose enzyme and psoralen mole-
cules to the incident light, Although increased inhibition of enzyme by
psoralen was observed by this modification (see Table XX), surface de~
naturation of the enzyme in absence of psoralen was observed., Finally,
it should be noted that mitochondrial suspension and LDH solutions were
irradiated in presence of air, Other oxidations due to prolonged irradi-

ation would be expected under these conditions. Ia spite of these limi-
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tations, a linear responsge was notad,

It is known thai crystailine enzymes when exposed to ultravielet
light of specific wavelengths are inactivated, The amount of inactiva-
tion is proportional to the dose of light. This relationship is known to
be exponential one, i.&.,, a straighi line is obtained if the logarithm of
the enzymic activity is plotted against the dose of UV irradiation., Pho~
tosensitized inhibition of SDH as well as LDH was found to exhibit this
relationship, To plot such data, one must know the amount of light ab~-
porbed, since the photochemical or photosensitized reactions caa only
resuli from the radiation which is absorbed. The data preseanted in Fig.
7 and Table XIV does not iméty thai all the UV light that was incident on
the bislogical system was absorbed guantitatively, nor does it mean that
all the light that was sbsorbed was effective in inducing biological
changes. In fact, the guantum efiiciency of cur system was always very
low. Most of the light and hence the energy associated with it appeared
to be transferred into heat through collision with other molecules. A
major portion of it seemed to be dissipated as fluprescence, By in-
creasing the time of irradiation one has increased the probability of ac-
tivated psoralen molecules to come ia contact with the enzyme molecules
which in turn woald result in increased photosensitization.

Theeffect of low temperature in potentiating the photosensitizing
dction of 82MOP was rather surpriging but the findings were in agree-

ment with the data presented by Oginsky =l ai?’g. As stated earlier,
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these workers characterized the temperature coezfficient of 8-MOP
photosensitization and found it to be less than one, OCn the contrary,

the temperature coefficient for methylene blue action was found to be
greater than one, The 8-MOP photosensitized reaction displaying an
overall low temperature coefficient suggested that the thermal reactions
which were affecting the photobiological effects had been minimized
(loss of energy through vibrational movements and collisions of mole-
cu‘ies). This observation is in agreement with the general conception
that the temperature coefficient of photochemical processes are on the
whole 'much smaller than the thermal reactions., Furthermore such ef-
fect favors the existence of a {ree radical in psoralen photosensitization
which are stabiiized ai low temperatures,

From the fact that SDH activity of rat liver mitochondria and lactic
dehydrogenase was not protected by addition of SH reagents such as
cysteine, BAL and glutathione, one is led to the conclusion thatSH groups
were not intimately involved in the photochemical steps of this process.
In fact, in rat liver mitochondiia addition of glutathione increased the
degree of photosensitization, This effect was roughly proportional to
the concentration of GSH added (Fig. 8). Although there is littie publish~-
ed work which indicates the formation of free radical GS° in the presence
of UV or a ﬁhotesensitizer and UV light, a free radical mechanism has

been postulated. Inorganic and organic thiol compounds (viz. NaSH,

y :oan — .
cysteine, glutathione) are known to be oxidized by UV. Bersin as well
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as Weiss and associate have studied the oxidation of such thiocl reagonm,
- L [ e Bl | Fae . .
(See also Fava et al. , Eldjarn and Pihl ). The primary process has been
conceived as: RSH + hv —> RS® + H°,
In ad¢queous solution one would also expect RS~
RS~ 4 HOH + hv —> RS® + H® +OH"
Z RS® —s» R~S»5-R s RSH + H®*-—> R8° +Hj
2 H® —» Hjp
Oxidation of GSH and cysteine by H0; formation is another possi-
bility: 2 RSH + Op= R-5-5-R+H0;,, Hydrogen peroxide thus produced
may further oxidize SH groups, This would then lead to further inhibi-
tion of enzyme, Hydrogen peroxide could also be formed by the interac-
tim of the photo-excited metastable triplet state of psoralen with oxygen,
leading by electroa transfer to the Oy~ radical ion and the sequence:

.
av

P—= Px __0, 5 0,- +P

- + t+e +
@2_ __t____ilj_u%, HOZ .,,_NE/‘—’? HGE" ._:mwm-l.H S }’7:9202

Where P* is an excited psoralen molecule,
The emergy of excited P¥ molecule can be transfered to O, and could
lead to the formation of an activated O, molecule which in turn could give
rise to hydrogen peroxide,

A third possibility for the formation of H,0, due to catalysis by

+

metal ions like Fel™ Cu++, Zn+ etc,, may be conceived as follows:
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hv ¥ H,0 -
P—>P > °H4°*0OH i *H+ °H — H

++
Fe' ' 4 *OH —> Fe'T

2
+ bl
4+ OH

E = ++
Fe OH +°0H —> Fe + H0,
*OH + *OH —>H,0,
The peroxidatic oxidation may also bring inactivation of the en-

zyme, It can be briefly stated as follows:

hv
3Ha0, —> 2HO' 4 2HZ0, or Hp0, ~—> 2°OH
or FaH' + HZQE ~~~~~ e Fe+++ + QHE” + *OH

*OH + H0, —> HO®, + 1,0
HO®; + H0, —> 02 + H0 + *OH
Evidence for a peroxide type reaction can be pestulated when one

observes the results conceraning the effect of EDTA. This metal chela-
tor was found o protect photosensitizing action of psoralens, (Table
X, XI, ¥X1X.) EDTA chelation with metal ions present in mitochondria
could block peroxide formation and peroxidatic oxidation, Also SDH and
LDH have been confirmed to be metalo proteins and reépectively have

et and Za™t as their prosthetic groups., One is naturally tempted to

F
spa_culat;e that versene (EDTA) is shielding the essential metal ions.
There was however no evidence that EDTA formed a complex with
protein LDH or its prosthetic group Zn.+The absorption spectra of a
mixture of LDH and EDTA solutions did not show any shift. (Sse Fig.

12, a, b.) Addition of zntY ions at ixl 0*4' concentration also did not

reveal any change in the absorption specira of LDH + EDTA mixture,
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Furthermore, addition of psoralen to the same mixture did not exhibit
any changes in the absorption spectrum or activation fluorescence
spectrum, It was apparent that if LDH + psoralen + EDTA complex was
indeed formed (with or without zinc) it did not produce a change in the
absorption spectrum of the mixture. The spectrum of such a mixture
was essentially the same as the sum of the spectma of the separate com-
ponents. One other fact is clear, that EDTA does not block the effec-
tive wavelengths since it has no absorption in 300-400 mu region. Ex-
cept for the hypothesis that EDTA must be bwcking the secondary cata-
lytic effects of metal ions, its effect remains to be clarified,
Furthermore, experimental evidences presented by Blum and Speal-

1 94, 95

10 ; 3 . :
man Fiala” , Vodrazka and his associates , do not favor the

‘H203 hypothesis, BnlumME has also presented arguments against an
Hz0, mechanism. The positive free energy A F, in the reaction H30 +
Q> 2H,0, does not support in the formation of H202  but rather it
favors the destruction of peroxide (as indicated by arrows) with the
evolution of O3,

In several photosensitized reactions including enzyme inhibition

as well, several investigators have failed to demonstrate the formation

of H;02 or any other peroxide. An even more cogent argument is that
H,0 does not absorb ultraviolet radiation except at wavelengths shorter
than those usually included in our biological studies. The same is true

in general for oxygen. Moreover, psoralen photogensitization was inde-
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pendent of oxygen, Nevertheless, in presence of metal jous, glutathi-
one + O; in biological systems, one cannot rule out the formation of
H20, through free radical reactions, It would however result {rom a
secondary effect.

Role of moplecular oxygen in psoralen photosensitization: In photo~

sensgitization of living cells by organic dyes such as methylene blue,
eosin, etc., the basic mechanism has been proposed to be the oxidation
of cell components by molecular oxygen and this effect has been called
"photodynamic effect,” Obviously . the reaction will not go in the
absence of O, However, the observations reported in this thesis re-
lated to inhibition of SDH as well as LDH indicated that photosensitiza~
tion can occur in the absence of oxygen. In presence of 02 of the air as
well as pure 02, psoralen was found to induce photosensitized inhibition,
When O was replaced by nitrogen and helium, inhibition of these two
enzymes could still be demonstrated. Oginsky et_aiﬁ’g also investigated
the effect of molecular Q2 in 8-MOP photosensitization. Suspensions

of 5. aureus and two strains of E. coli were irradiated in presence of

O3z, nitrogen, or helium, with two photosensitizers: (1) 8-MOP in pres-
ence of long-wave ultraviolst light; (2) methylene blue in presence of vig~
ible light, They observed that pressnce of molecular Oz markedly accel-
erated the death rate with methylene blue, whereas no such effect was
observed with 8-MOPF, In fact, the presence of molecular O2 coneistently

retarded the lethal action of 8-MQOP as compardd to nitrogen or helium,



It is thus clear that the mechanism of 8-MCP or psoralen does not
meet the criteria of photodynamic action as defined by BmmH’ 14.
On these gounds it was preferred to designate the action of psoralen as

photosensitization. It is also clear that the mechanism of psoralen ac-

tion does not involve the SH groups of SDH or LDH enzymes, nor oxi-

dative processes such as those demonstrated by Blumu

al?é”gg

, and Weil et

. It is interesting to note that free iadicals are more long-lived
in absence of oxygen, The low temperature favors their stabilization,
The oxygen independent actiion of psoralen therefore favors a free radi-
cal hypothesis,

A very interesting hypothesis postulated in the mechanism of
psoralen photosensitization is the formation of a free radical., The free
radical may be of psoralen itself, or the activated psoralen molecule
may initiate the formation of another free radical as conceived earlier.
it may also arise by excitation with 360 mu in a2 protein molecule, It ie
possible for a photoactive molecule like psoralen to undergo a meta-
stable triplet state upon irradiation and form a very active biradical
which will have two unpaired electrons associated with its eleciron spins,
Allen and Ingraml have very recently shown the existence of {ree radicals
in albumin, insulin and melanin at low temperatures following their ex-
posure to ultraviolet irradiation with 360 mu wavelength, The electron
spin resonance absorption lines determimd by these investigators clear-
ly illustrates that proteins can form free radicals at 360 mu. The ef~

fect of albumin and {ibrinogen was investigated and it was shown that
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addition of these two proteins separately to LDH + psoralen mixture com-
pletely blocked and protecied the photosensitized inhibition of LDH, The
activating wavelengths for maximum fluorescence of psoralen were found
in the region of 360 mu, The same wavelength was found by Allen and
Engrlmi to induce free radical formation in albumin and other proteins.
it is also now recognized that proteins act as semiconductors and through
resonance can transfer velectrons very rapidly. Tho excitation of psor~
alen by 360 mu may cause a free radical formation in protein, It is also
possible that psoralen may act as a stabilizer for free radical formed
in proteins. In absence of albumin or fibrinogen, the free radicals,
which are characterized by their very high chemical reactivity, are
damaging the structure of protein {in our case lacticdebhydrogenase and
succinic dehydrogenase). Incorporation of albumin or fibrinogen thus
shielded LDH molecules from inactivation. LDH concentration used waa
approximately 3x10"%M. Albumin and fibrinogen were added at lxlﬂ'ﬁM.
Both these proteins might have quenched the free radical formation in
LDH.

Cwinones are known to act as trapping agents for free radicals.
They also act as electron acceptors, The eifect of addition of quinones
on this system (LDH + psoralen) was investigated to test whether free
radical mechanism of psoralen could be blocked, Neither of the two
guinones, viz., 2-amino, 1, 4-naphthoquinone and 2-methyl-~1, 4-naph-

thoquinone prevented psoralen photosensitization. These negative re-



sults still do not rule out the {ree radical hypothesis. It may be that
these electron acceptors are not in direct contact with the free radi-
cal, The free radical is not absolutely free, but is influenced by the
other dipoles in the molecule of which it is a part and haice such elec-
tron acceptors may fail to act as protective agents,

‘The studies related to the addition of DPNH and DPN further clari-
fied the mechanism of psoralen action, If the prosthetic group of this
enzyme was the target of psoralen effect, it would seem reasonable to
expect a significant protection of LDH and consequently no loss or &
very litile loss of ensyme activity should follow, Both DPN and DPNH
were added in quite large amounts (1?@1@“3,; i), but both did not alter the
inhibitory effect of this sensitizer, It was thought that DPMN:LDH com-
piex or DPNH:LDH complex migh‘; prevent the inactivation effects of
psoralen, Only at higher concentirations (Zxl Q”BM}, addition of DFNH
exhibited some definite protective effect, This indicated that DPNH act~
ed as an optical filter and blocked the effective wavelengths that activat-
ed psoralen molecule, Very recently Winer et al}GS' e reported the
activation and fluorescent spectra of heart muscle LDH~-DPNH complex.
PNH has been shown to have activation waveleagth of 340 mu and flu~
oresence peak at 465-470 mu., When DPNH was added to the dehydro-
genase solution, the wavelength of maximal emission was found to

shift to about 445 mu with relative increase in intensity of {luorescence,

Likewise, effects with heart muscle LDH, beef liver glutamic dehy-

£

§



drogenase, horse liver alcohol dehydrogenase and yeast alcohol dehy-
drogenase, have been observed by several other workers (Boyer and
‘“E}zeoremw, Winer aand Schwa1°t,lag' NM, Duysens and Kronenbergz Yo
Similar studies were therefore carried out to see whether muscle lac-
ticdehydrogenase DPNH complex was formed in our system and whether
in presence of psoralen there was any shift in the activation and {lu-
orescent wavelengths of LDH + DPNH + psoralen mexture., Intensifica-
tion and about 10 mu shift in fluorescent wavelengths of the LDH -
DFNH complex were observed, DPNH activation and {luorescent peaks
were 345:465 respectively, LDH+DPNH showed 345/455 peaks. Follow~
ing addition of psoralen there was no further shift of activation and flu-
orescent waveleangths, (Thie was investigated at low temperature at
about 10-12°C). Oaly intensification of fluorescent peaks was observed
which was, however, not additive., It should be known that psoralen +
LDH mixture aiso showed an activation peak at 345 mu + 5u and fluor-
escence peak at 455 mu + 5 mu. When DPNH was added to LDH + psor-
alen mixture, the resultant fluorescent should have been additive., For
several low concentrations of DPNH aad psoralen mixture there was an
increase in intensity of fluorescence when LDH was added but the fiuo-
rescence was not additive and proportional to the concentration of 3
components, This indicated that dissipation of absorbed energy as
fluorescence {2 form of loss of energy) was not occurring, The absorb-

ed energy was retained in the system which was either transferred di-
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rectly to the protein and altered its activity or induced a free radical
formation. It is tempting to speculate that prosthetic group of LDH
also could contribute to the tf&pfping of energy. The energy at 340360
mu having been absorbed by psoralen and LDH-DPNH complex, could be
also causing the damage to biological activity of this protein,

The addition of various substances such as metal ions, substrate
pyruvate, various amino acids, flavin mononucieotide, B}z, etc,, to the
photosensitized LDH system also yielded some intereasting results,
MAddition of metal jons such asg F‘e+,+ CuJ,rJrIs"an;”L}pfgf had no effect on the sys~
tem, Exogenous addition of metal ions was investigated with a hope that
they would act as « sparing agents and protect the metali_c prosthetic group
of LDH, But none of these metal ions protected the functional pari of the
apoenzyme molecule, From these, however, one cannot conclude that
metal prosthetic group was not involved in psoraien photosensgitization,

The amino acids, tyrosine, tryptophan, histidine, cysteine, methion-
ine and glutathione when incorporated into the irradiation system containe
ing LDH + psoralen, did not exhibit any protective effect. These negative
resulis do not necessarily mean that aromatic amino acids of enzyme
molecules were not attacked during psoralen photosensitization. Such
experiments reveal one interesting point, that molecules which do not
absorb in the effective wavelength region will not block the psoralen re-

in
sponse. Most of these amino acids/low concentrations do not show any
absorption in 320-380 mu region and hence do not affect psoralen photo-

sensitization, This is further confirmed by the fact that vitamin By ,



wihich has a major peak of absorption in 360 mu region, when added to
the irradiation mixture counsisting of LDH + psoralen, completely blocked
the photosensitiziag action of psoralen. One can conceive a competitive
avsorption pheacimenon when two absorbing materials are absorbing in
the same wavelength region, The effective wavelength of light would be
certainly less accessible to psoralen molecules. This in turn would re-
duce the photosensitizing action. Flavin mononucleotide is a well-known
photosensitizer, Addition of this mixture was found to be highly detri-
mental to the enzyme activity, FMN showed an absorption maxima in
the region of 373 mu., Both psoralen and FMN therefore could act in-
dependently and induce the bioleogical damage, Results with Bj2, FMN
and DFNH thus streagthened the belief that the effective wavelengths for
psoralen action were near about 340 mu,

Although addition of hydroquinone scemed to protect the enzyme
against psoralen photosensitization, ihis effect was however not real,
Hydroquinone was found to reduce pyruvic acid in the reaction
Pyruvic acid + DPNH = lactic acid + DFN. This explained why linear
curves with slopes identical to control specimens were obtained and
indicated an apparent protective effect. Addition of substrate {pyruvate)
aiso did not ailter the action of psoralen., Pyruvate was thus incapable
of preventing the photosensitized inhibition of LDH,

Action spectrum of psoralen ; The biological studies reported

in the preceding pages and obsgervations reported by several workers
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Figure 11: Activating and Fluoresceat Wavelengths of Psoralen

B T ——

and 5', 4-dimethyl-8-aminopsoralen.

The horizontal axis represents wavelength, each number
when multiplied by 100 gives the wavelength in mu. The vertical
axis represents the intensity of fluorescence, (an arbitrary scale).

Top figure showe the fluorescence peak of psoralen. The
activating wavelength was 360 mu and the fivorescence peak was
at 435 mu.

Bottom figure shows 380 mu as activating wavelength and
530 mu the fluorescent wavelength of 5', 4~-dimethyl-8-amino
psoralen. This compound was incapabie of inducing photoseﬁmtized

erythemal response,



(Fitzpatrick et al?z. Fowlks et a}.%&. Cginsky et al?q, Musajo et ak?ﬁ)

has brought out one fact that long-wave ultravielet light, by itself inocu-
ous and ineffective in inducing any photochemical reaction in absence of
psoralen or 3-MOF, was capable of inducing photosensitized reaction

in presence of theee two photosensitizers. 5o far it was not known

which specific wavelengths of tong-wave ultraviolet light was eifective,
Studies reported in relation to activaiing and {luorescence wavelengihs

of several furocoumarin derivatives and related compounds revealed

the precise region of the wavelengths whicn were activating psoralen
derivatives. The activating wavelengths for the photesensitizing action of
furocoumarins were found to be in the region of 265-280 mu in the short
ultraviolet range and between 340-380 mu in the long ultraviolet rangdFig.11).
The fluorescence peaks for these aciivating wavelengihs were observed
in the region of 420-460 mu. An interesting correlation between the
photogensitizing activity and excitation wavelengths emerged. Only those
compounds which were found to be biologically active, capable of inducing
erythemal response as well as inhibition of enzymes showed this region
of activating and fluorescent wavelengths.The ifactive furocoumarins in
geﬁeral did not show these specific activating and {luorescent wave~
lengths, Data concerning the relationship between absorption spectram
of psoralen and the wavelengthe of Light-inducimg photosensitized inhi-
bition of lacticdehydrogenase revealed the nature of the light absorber in
this photubiological process., The inhibition of LDH was observed by

those wavelengths which corresponded with the absorption spectrum of



=

188

psoralen, If psoralen was the chromophore, the action spectrum of
pasoralen should superimpese on its absorption spectrum and should ex~
hibit greatest effectiveness at maxima of absorption and least effective~
ness at minima of absorption. This assumption turned out to be correct.
The inhibition of L.DH by psoralen was observed at 240, 290, 320 and
360 mu which corresponded very closely with the absorption peaks of
245, 295, 325 mu ia the psoralen molecule. The 360 inu wavelength
which was also found to be effective did not correspond to the absorption
peak of psoralen, At 360 mu psoralen in very low concentration has very
little absorption and yet it exhibited inhibition at this wavelsngth, Franck
37 .
and Livingston  have proposed & theory in dye sensitized reactions and
their view hasg now become more generally accepted. It emphasizes the
importance of a triplet state. It is recognized that the high Intensity ab-
sorption bands of photoaciive dyes correspond to singlet-singlet transi-
tions., The ordinary {luorescence corresponds to a transition-singlet
excited statesground state, A radiationless transition alsoc occurs from
the excited singlet state to a triplet state (chemically a diradical). It
is the latter form which phosphoresces and has a lifetime sufficiently
loug to give rise to photobiological effects, It is the reactive, tautomer
of the excited molecule. In the ground state the molecule will normally
have no unpaired spins, On irradiation, howsver, a molscular bond can
be disrupted and impaired electrons give rise to excitation to a triplet
state. It is this state which is pestulated to occur in psoralen photo-
sensitization.

Whether psoralen forms a free radical or whether it excites the
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protein to undergo a free radical state or whether the protein forms
the free radical and psoralen stabilizes it or whether the activated
state of psoralen at 360 mu induces the formation of a small steady
state concentration of free radicale remains to be investigated, Ans-
wers to such basic questions can in part be obtained through studies
utilizing electron spin resonance detection,

The mechanism of psoralen (P photosensitization is postulated as

foilows: P + hv —> P%¥ excitation by absorption

1 P¥ s P + hv, deactivation {fluorescence)
P* ' > P#** (metastable triplet state)
P¥% ——» P+ hv) reverting to the ground level
+ hv
2 Protein + P ~———3>")

g firee radical formation.
+ hv §
B

Protein .

i

In either case the high energy associated with P*¥* or protein + P
giving a free radical, will induce biological changes in the system,

The date presented for the activating and fluorescent wavelengths
of all the photogensitizing furocoumarins supports this postulation,
The decrease of activity in substituted psoralens may resulf {rom their
inability to lose electrons or participate in free radical formation,
Furthermore the detection of free radicals in severgl proteins follow-
ing irradiation at 360 mu (Allen and Ingraml) and the fact that activa-

tion of reactive psoralen derivatives was found to be in the region of



340-380 mu strongly suggests such a mechanism,

Studies related to aciion spectrum of 8-MOFP haw been very recent
ly reported by Ogiunsky et al?g. Bacterial cells of two E. coli straine
were irradiated under long-wave ultraviolet lamp, Corning color
filters differing in transmittance were used to select certain wave-
léngm regions, Their results indicated that wavelengths longer than
390 mu were as effective as those shorter than 390 mu., These authors
there fore commented, "It is reasonable to consider ithat §-MOP is not
the primary chromogen in this system.'" They plotted the surviving
fraction of the bacterial colony under the given filter against the rela-
tive intensity of transmitted radiation by the same filter, Their cb-
servations and the concluding comment that action spectrum studies
do not clearly impiicate 8-MUP as the chromogen in thissystem were
rather perpiexing in the light of the action spectrum studies reported
in this thesis. Upon examining the characteristics of UV transmittance
of the Corning filters that were used by Oginsky et aif}g it was evident
(see Corning Glass Celor Filters, a bulletin by Corning Glass works,
Corning, New York) that nine {filters out of a total of twelve {ilters that
wére used by these invesiigators did show a significant transmitiance
(45-85%) in the region of 360 mu., Two other fiiters had about 10-15%
transmittance in the region of 360 mu. Only one filter showed a cut-off at
at 380 mu and did not transmit 360 mu, This was the filter which was
least effective in inducing photosensitized bactericidal effect oi 3-MOF,
The nine filters that transmitted significant light in the region oi 36U

miu were the most effective in exhibiting the lethal effect. The two
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other filters (trangmittance 10-15% at 30 mu) showed the lethal affect

™

but were less effective. In fact, their results certainly support the
data presented in this thesis that the effective wavelength region in
psoralen photosensitization is arcund 360 mu + 20 mu., Proteins,
as we know, show absorption peak in 280 mu region, The activating
and fluorescence peaks of LDH as determined by spectrophotofivori-
meter were 290 + 5 mu and 345 mu respectively, In order to accept
the quantum of energy of a specific wavelengt}i, the recipient molecule
must absorb in the same spectral region. Since LDH in low concentra~
tion does not show any absorption peak in this region of 340-380 muy,
one can say that it was not the primary chromogen, It was considered
that an LDH:psoralen complex with an absorption maximum in this
region might have been formed in the mixture and was absorbing the
quanta. However, upon examinatian of the absorption spectrum of LDH
+ psoralen mixture, it was observed that the spectrum of a mixture of
LLDH and psoralen did not show any shift of ahsorption peaks, it was
essentially identical to the sum of the spectra of the separate compo-~
nents (see Fig. 12 a,b), Zven the activation peaks and fluorescent
peaks remained identical, (285/350 for LDH and 350/460 for psoralen.)
It was therefore apparent that primary chromogen must be psoralen.
Studies related to the effects of structural alterations on the photo~
sensgitizing activity of furocoumarins were primarily carried out with

an aim to relate the structure of the compound to its biological activ~



ity. What was hoped for ideally, was the emwergence of 2 common
denominator of structure or functienal group relationship which
would provide clues into the mechanism of bieological activity or chem-
ical reactivity. Surprisingly, however, no such definitive relationship
was forthcmming in this study. An important varient which has not been
controlled in these studies was that of solubility of the test matarial
in the physiological milieuv in which biological activity wase tested.
Differences in solubility and permeability within the cellular environ-
ment can modify and alter the response., However, not withstanding
this limitation of approach, certain common factors did emerge
from these experiments, For example, methylation at carbon atoems
4, 5' and 8 of the psoralen nucleus did not markédly modify the bio-
logical regponse, but methylation at 4' position reduced the activity,
Likewise methylation at the 3 position also resulted in loss of activity,
Examination of the data revealed that molecules possessing linear
tricyclic systems like psoralen were generally active but nonlinear
structures such as isopsoralen were inactive., Substitution with groups
which may be designated as eleciron enriching (such as roethoxy, amino,
acetamido, etc.,) as well as electron withdrawing (such as nitro and
aCeﬁa) imparted a partial or complete loss in erythemal response,
Hydrogenation of the 4', 5' double boad or substitution of a nitrogen
atom for one of the carbon atoms in the . furan ring eliminated activ~

ity.  Indeed any substitution which markedly altered the resonance with-



in the psoralen system mitigated or destroyed the activity,

This was not unexpected from the other findings reported earlier,
where it was shown that almost all compounds of this series which
were biologically active and induced photosensitization possessed ab-
sorption and fluorescent peaks in the range of 320-360 mu/420-460 mu,
respectively, while those which were inactive were outside these nar-
row limits. The significance of this observation is underlined by the
fact that the long-wave ultraviolet 3200 4;;) light was employed to po-
tentiate psoraien action (erythema and sun tanning). The augmenta-
tion of this response by the active psoralens is probably in large meas-
ure a result of the capture of radiation energy of this wavelength region
{320-360 mu) and its stabilization to a metastable state, It is evident
that alteration of the molecule with groups which alter the absorption
and fluorescent séectra decrease the biological response, This re-
sponse pivots primarily on the photoactivation of psoralen, The ab~
gorption of light at a specific wavelength and the emergence of light
energy at another from a component in intimate contact with sensi«
tive cellular structures thus appears to be crucial for photosensitiz-
ing activity. Evidently, any deviation from the character of this ab-
sorption will aiter the capacity of the molecule to exhibit its photosensi-
tized biological response, Loss of activity of psoralen derivatives may
result fraﬁa their inability to lose electrons or participate in free radi-
cal formation,

From the ultraviolet carcinogenesis experiments it can be concluded



that the findings of O'Neal and Ca‘riffin?@ indicating that 8~-MOP when
administered through diet provided protection against UV carcino-
genesis are not confirmed. Dietary feeding of 8-MOP or psoralen

(0. 5g/kg. diet) did not reveal any protective effect. The basic dif-
ference between this study and thai carried out by Griffin et m?"" 81,
was dose levels, Throughout their studies this group had used an ar~
bitrarily chosen intraperitoneal dose of 0, 4 mg/mouse /day, This

dose was roughly 40 times the therapeutic dose usually recommended
ia clinical trials, Potentiation of carcinogenesis can follow in very
high doses when one visualizes that these molecules can trap high ener-
gies of radiation. The primary purpose of psoralen administration was
to build up an increase in corneum thickening, and increase in melanin
pigmentaiion, thereby creating a barrier to reduce the penetration of
harmful ultraviolet radiation. Such high doses as 0,40 mg/mouse /day
would induce constant erythema and hyperplasia of the ékin and would
not let the damaged cells repair, nor permit the thickening of corneum,
(An albino mice a8 we know cannot produce melanin pigment). In low-
er dose levels no such potentiation was observed, In fact, the rate of
induction of tumor (tumor deveiopment time) was identical to the con-
trol groups., No evidence was there in lower dose levels to suggest that
these two substances were carcinogenic and potentiated tumor induction
and the rate of appearance of turnor. Moreover, psoralen being more

reactive (it induced nearly three times as much erythema as 8-MOP



for the same dose level) did not show potentiation of carcinogenesie

in lower dose levels, Only at higher dose levels 0. 84 mg/mouse /day,
both psoralen and 8-MCUP ashowed potentiation of carcinogenesis and
shortened the induction time, beginning at only 56 days. This accelera-
tion of cancer induction is aot surprisiag in view of the experimental
damage to the animals on this high dose of 0, 64 mg of 8- MOP or psor-
alen. It is of interest to note that the final tumeor incidence did not in-~
crease in these animals,

As compared to albino mice, the pigmcnté& mice showed strikingly
very low iacidence of skin cancer. The presence of melanin pigment
in brown, biack, grey and yellow pigmented mice appeared to protect
these mice appreciably agaiast UV carcinogenesis. It ie aiso interest-
ing to see that 8-MOFP or psoralen did not potentiate carcinogenesis in
these pigmentied mice., Melanin granules being protein in nature can
act as absorbers of carcinogenic wavelength and cut off the effective-
ness of the radiation. It also seems likely that the increased attenua~
tion of the radiation in presence of melanin is due to scattering by
these particles. Damielsz: has suggested that melanin being a stable
free radical, is a repository of photoactively-produced electrons or
radicals and may serve as depository ground for compounds produced
by photochemical action which would be toxic or carcinogenic. Also
L@nguet-giggmalmbalievesthat the melanin polymer can act as a one
dimensional semiconductor with bound protons produciag energy traps

in the system.
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The complex changes resuliing {rom psoralen administration to
humans as well as to experimental anima} s in fact represent a bio-
logical response to shield the living parts of the skin from solar as
well as artificial UV light iajury. Following exposure to light, the
erythemal response potentiated by psoralens represeats actiaic in-
jury to the cellular layers of epidermis and possibly even the dermis,
It would seern reasonable to think that measures which would acceler-
ate or augment these self preservative changes would be beneficial if
they are specific and not inherently injurious to the other organs and
more particuiarly to the skin and eyes. But recently {ree radicals
have been postulated as taking part in carcinogenic activity by several
(Allen &

workers (Ingram’). PFsoralens can therefore be potentially dangerous

if misused.
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SUMMARY

l. The introductory part of the thesis deals with the theoretical back-
ground about the absorption of light by photoactive compounds and its
effects on biological systems, The historical aspects of psoralen,
their physiological properties and their distribution in nature have

been cutlined,

2e Destruction of succinicdehydrogenase activity by psoralen or §-MOFP
photosensitization in vivo in the guinea pig skin and in vitro in isolated
rat liver mitochondria has been demenstrated. Various treatments
which rendered the rat liver mitochondria susceptable to the photosensi-
tizing action of 8~-MOP were studied. It was found that saline washing,
suspension in distilied water and aging of the mitochondria rendered
them more sensitive to photosensitization. It was observed that phos-
phate ions protected the SDH from photossnsitized inhibition. Effect

of preirradiating mitochondrial suspension, psoralen suspension and
glutathione solution was investigated and it was concluded that no pho-
totoxic agent was formed which was detrimental to enzyme activity, Fur-
thermore, it has been shown that the photosensitizer and the UV illum-
ination must be simultaneously preseat before any effects can be dem-~
onstrated in biological system. Effects of varying the concentration

of 8-MOP and psoralen and also the dose of ultraviolet light were in-
vestigated, When the logarithm of enzyme activity was plotted against

the dose of UV irradiation, the data indicated an exponential relation-
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ship. Also with progressive increase in the concentration of these
two photosensitizers and UV irradiation time, greater inhibition of the
SDH and LDH activity was observed,

3. The degree of inhibition of a few enzyme systems that were studied
was found to be low which indicated a low photochemical efficiency and
also suggested that the mechanism of psoralen photosensitization was
not a chain reaction,

4. The inactivation of enzymes such as cytochrome oxidase, lacticde-
hydrogenase and succinicdehydrogenase indicated that the efiect of
psoralens involved primarily a subcellular damage.

5. The effect of temperature on psoralen photosenegitization wae stud-
ied. The temperature coeificients for §-MOP were Less than 1, 0.
MEre enzyme activity was loset when illumination was carried out at
 reduced temperature.

6. The succinicdehydrogenase of rat liver mitochondria and the crystal-
line lacticdehydrogenase were not protected by addition of SH- reagents
such as cysteine, BAL and Clutathione. The failure of these 5H re-
agents to protect the enzyme activities led to the conclusion that the
sulphydryl groups necessary for retaining enzyme activities were not
primarily involved in photosensitization. Indeed, addition of GSH to
rat liver mitochondria in progressively high concentrations was found

to increase the degree of photosensitized inhibition of SDH.
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1. Zffect of addition of ethylenediarnineteiraacetate was investigated,
Incorporation of LDTA into biological systems (SDH+ipsoralen, LDH4
psoralen, SDHipsoralen+G3SEH, L]ﬁHﬂ-psoralenJrGSH) prior to irradia-
tion revealed a significant protection, LDTA chelation with metal ions
and prosthetic groups of these two enzymes as well, was inveastigated,
However, no evidence was obtained which suggested that ZDTA form-
ed é complex with protein or its prosthetic group.

8. Eifect of oxygen on photosensitizing action of succinicdehydrogenase
and lacticdehydrogenase by gsorélen and 8-MCP was investigated. In
presence of owygen of air as well as pure 02, these two photosensitiz-
ers were found to inhibit these enzymes, Molecular Oz was however
fiound to retard SDH inhibition. When O2 was replaced by nitrogen or
hetium, inhibition of these two enzymes could still be demonstrated,
The mechanism of psoralen photosensitization did not meet the criteria

" - 11

of photodynamic action" as defined by Blum |, It was fouad to be inde-
pendent of oxygen and hence its bialbgical action has been termed as
"photosensitization.”

++

. - = ) e + it
9. The effect of metal ions such as Fe ', Fe+++. tt ¥

en'v, Cu » Mg, was
investigated with the hope that they would protect the structure and
fuactional group of LDH, No protective effect was noticed,

10. The effect of incorporating various amino acids such as tyrosine,
tryptophan, histidine, cysteine, methionine and glutathione in biologi-

cal gsystem was investigated with the assumption that aromatic groups
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or SH groups of the enzymes were primary sites for photosensitiza-
tion, and incorporation of these amino acids would block the psoralen
photosensitized inactivation of LDH. No sparing effect of any kind by
these amino acids was observed.

11, Substances which blocked the effective wavelengths of light which
activated psoralen molecules and acted as optical filters were found
to prevent psoralen action, Vitamin B}, and DPNH revealed such pro~
tective effect, Whereas flavine mononucleotide which is known to be
photosensitizer potentiated’pwralan action, Addition of bovine albu-
min and fibrinogen showed pronounced protective effect. These obser-
vations led to the hypothesis that a free radical or metastable triplet
gtate of psoralen was involved in the mechanism of psoralen photosensi-
tization,

12. Incorporation of quinones into LDH+psoralen system did not alter the
photosensitization effect of psoralen, Hydroquinone effect appeared
to be non-specific, Addition of substrate such as pyruvate did not re-
veal any protection against psoralen sensitizatian,

13. The activating and fluorescent wavelengthsstudies of several furo-
coumarins were carried out. The activating wavelengths for photosen-
sitizing furocoumarins which were biologically active were found in two
regions: (1) 265-280 mu; (2) 340-380 mu. The fluorescence peaks
for these activating wavelengths were in tfxe region of 420-460 mu,

The inactive furocoumarins did not reveal such relationship. The in-
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hibition of lacticdehydrogenase by a few selected furocoumarins also
supported these observations. It is more likely that furocoumaring
which show activation peaks in the region of 340-380 mu and concemi-
tantly the fluorescent peaks in the region of 420-460 mu can cause photo-
sensitization of skin and inhibit enzyme activities in this region of long-
wave ultraviolet light. It is concluded that the action spectra for these
photosensitizing compounds lies in the region of 340-380 mu,

i14. The action spectrum determined by the photosenéi&izec‘s destruction
of lacticdehydrogenase activity induced with psoralen was by 240, 290,
320 and 360 mu., This corresponded closely with the absorption spec-
trum of psoralen {245, 295 and 326 mu). The 360 mu wavelength which
inhibited LDH in presence of pseralen corresponded with the activating
peak of this molecule. It is postulated that the activating peak of 360
mu for maximum f{luorescence of psoralen represents a metastable
triplet state for this molecule, which being highly reactive induces pho-
tobiological changes.

15.The effect of structural alterations on the biological activity of f{uro-~
coumarins with 36 furocoumarin and 42 coumarin derivatives was inves-
tigated., None of the compounds tested was more active than psoralen,
Substitution with methyl groups at positions 4, 5' and 8 did not reduce
the activity but methyl substitution at 4' or 3 positions significantly de~
creased the photosensitizing activity of psoralen. Simultaneous substi-

tution at 3 and 4 positions also resulted in loss of activity. Substitution



of an alkyl group larger than methyl decreased the activity, Substi-
tution with methoxy, amino, nitro, acetyl, acetamino, bromo, ethyli~
carbamyl at 5 or 8 positiens resulted in either partial or complete loss
of activity, Owxazolocoumarin derivatives, isopsoralen derivatives,
were found to be inactive, Hydrogenation at 4' and 5' double bond
practically eliminated the photosensitizing response, A benzo difur-

an derivative was found to be active, but hydrogenation resulted in loas
of activity, Most of the coumarin derivatives were inactive. In short,
any ether substitution or modification of psoralen structure was found
to either lower the response or mitigate the activity.

16, Based on these obgervations, it is visualized that a2 mstastable
triplet state of psoralen or more likely a {ree radical formation induced
by psoralen or psoralentprotein mixture in presence of an effective
wavelength in the region of 360 mu is inducing the biological changes
both in vivo and in vitro systems.

17. Ultraviolet carcinogenesis studies in albino and pigmented mice
receiving psoralen and 8-MOP, indicated that the findings of O'Neal
and Griffizx?O suggesting that dietary administration of 8-MOP provided
protection against UV carcinogenesgis were not confirmed. No potentia-
tion nor any protection was observed when 8-MOP or psoralen were
administered orally in the dose levels ranging from 0.0l to 0,16 mg/mouse/
day. Also the dietary feeding of 8-MOP or psoralen (0. 5g/kg diet) did
not indicate any protective effect, Higher dose levels of 0, 64 mg/

mouse /day accelerated cancer induction. The presence of melanin



pigment in several pigmented mice strains definitely protected the
mice significantly against UV carcinogenesis. No potentiation or in-
creased carcinogenesis by pesoralen or 8-MOP feeding was observed
in these pigmented mice,

Based on these cbservations it i8 concluded that photosensitization

by psoralen reflects biological alterations initiated by light,
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CONCLUSIONS

The inhibition or inactivation of enzymes such as succinicdehydro~
genase, lacticdehydrogenase, cytochrome oxidase by psoralen or 8-
methoxypsoralen in presence of ultraviolet irradiation, both in vivo
and in vitro systems, indicated that the primary biological effects by
these photoactive compounds involved subcellular molecular damage,
The activation of psoralen by absorption of energy in the form of quan~
ta and the dissipation of this energy in the biological systems is the
underlying mechanism in psoralen photosensitization. Two hypotheses
are advanced: (1) It is postulated that the mechanism of psoralen ac-
tion involves a free radical formation in psoralen or psoralen plus pro-
tein mixture. (2) A metastable triplet state of psoralen has also been
postulated which interacts and stabilizes free radical formed in pro-
teins, It seems that the high energy and great reactivity associated
with free radical or metastable triplet state is responsible for photo-
sensitized biological reactions. This is supported by the observations
that psoralen photosensitization was dependent on the concentration of
psoralen, the dose of ultraviolet light and the wavelength of light, Low
temperature increased the degree of photosensitization. The photosen~
gitization by psoralen and 8-MOP was independent of oxygen. In fact,
presence of molecular oxygen decreased the degrée of photosensitizing
action. Proteins such as albumin, fibrinogen, protected the enzyme

L.DH against psoralen photosensitization,



206

Tailure of sulphydryl reagenis such as EAL, cysteine and gluta~-
thione to protect the succinicdehydrogenase and lacticdehydrogenase
from psoralen photosensitization make it tempting to conciude that
SH groups necessary for activity of these enzymes were not primari-
ly involved in this mechaaism. Incorporation of ZDTA into the bio-
logical systems completely blocked the action of these two furocou-
marins, The photosensitization of psoralens can be blocked by sub-
stances which absorb the effective wavelengths which activate these
molecules, Vitamin B, and DFNH showed such an effect, The acti-
vating and fluorescent wavelength studies of several f urocoumaring re-
vealed the precise region of the wavelengths of light which enabled the
biolegically active :furccauma;ing to induce photosensitization. The
activating wavelengths for photosensitizing action of [urocoumarins
were found in two regions: (1) 265-280 mu; (2) 340-380 mu. The {lu-
oreacence peaks for these activating wavelengths were in the region of
420-460 mu. The inactive furocoumarins did not exhibit these proper-
ties, Studies concerning the relationship between the absorption spec-
trum of psoralen and the wavelengths of light inducing photosensitized
inhibition of LDH in presence of psoralen (the action spectrum) revealed
that psoralen was the primary chromogen and also supported the ex~
istence of a metastable triplet state of psoralen. From the study of
the effects of structural alterations on photosensitizing activity of furo-

courmarins and related compounds, one fact emerged and that was that
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any substituiion which markedly altered the resonance within the psor-
alen nucleus mitigated or destroyed the activity., A linearly annulated,
unsubstituted condensed tricyclic system like psoralen was the most
active furocoumarin, Ultraviolet carcinogenesis studies in albino and
pigmented mice receiving psoralen and 8-MCP, indicated that the find-
ings of O'Neal and Griffin7a. suggesting that 8-MOP administration
through diet providad protection against UV carcinogenesis were not
confirmed, Under the experimental conditions no poteantiation, nor
any protection, was demonstrated by 8;MOP or psoralen in dosge levels
ranging from 0.0l to 0, 16 mg/mouse/day. Nor the dietary feeding of
8-MOF or psoralen indicated any protective effect, Higher dose levels
of 0. 64 mg/mouse/day accelerated cancer induction and shortened the
tumor development time. The presence of melanin pigment in sever-
al pigmented mice strains certainly protected the mice significantly
against UV carcinogenesis, No potentiation of carcinogenesis by psor-
alen or 8-MOF was obgerved in these pigmented mice. It is concluded
that measures that would accelerate or augment psoralen photosensitized

responses may be potentially dangerous to biological aystems,
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