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INTRODUCTION

The study of photochemistry and photobiclegy, 5o well axemplified
by the papers in this sympcsium, is relevant to @ wide range of human
endeavors. These fields have cupplied mony of the crucial idezs and
approaches to problems as diverse as the origin of life and the impoet
of a fleet of supersonic transports on sitin ecanecer in man. I deseribe
briefly three basic research areas in which photechcmictry 2nd rhetobielezy
have made contributions to practical problems -- problems that werc not
envicioned at the time the originzl resetrch was dene. TheSc Qreas are:

(1) The effects of ionizing radietien con DA and the measurement cf
basc damage. This work has beer ecarriecd cuat in ccllubeoraticn with
William L. Carrier (Setlow and Carrier, 1¢73) angd ralcelm C. Paterson
(Paterson and Seflocw, 13972).

(2) The damage ©n DA and the repair of DIA resulting fron the
action of chemical carcinogent on human ccllis. Thizs worz koo been done
in collaboration with James D. Regan (Regen and Setlow, 1973).

(3) The relation of photcproducts in DA to uv-induced skin c2neer.
This work has been coérried out in collaboration with Renold W. Hart (MHort

and Setlow, 1975, 197%).

1. The Relevance of Photobiclozy tog;cnizing Radiaticn Daraee

Many bioleogickl systems are able effectively {o repzir uliraviclet
damage to their DNAS. QOne of the repair sSchemas -- dizcusced by Grosssan
in this volumme -~ involves the removal of ww-induced pyrimidine dimers
from irradiated DAs. This process, called excision, was discovercd 25 a
result of attempts to explain the varied respenses of different bacterial

outants to uv irradiation (Setlow and Carrier, 19Gh; Boyee &nd Howird-Flanders,



1954) . (There are other ultraviciet repair mechanisms, such as these
deseribed by Bridges, Devoret, dovard-Flanlerss znd Within in this
symposium, but the molecular mechinisms imrelved in thesce schemes ore
not 85 well understood 25 in the cxeisicn Brecess.) The first step in
the oxcision wechanism iz the attack by uv-endcnuclease cn uv~-irrddicted

kv

DRA. The nucleasc mikes ¢ single-sirand breold near a pyrinidine dizer.
Its acticn in vitro may b2 detected by the accurmulaticn of such bre&iis
in uw-irradinted DIAS. %Wo have used this concept to search for
cndonueleasas thit attnel y-irradiated DIAS. Since iconizing rodictien
itgelf makes numerous sirand breaks, we (Setleow asnd Carrier, 1973)

medsure the sbility ef 4 crnde eadonueledse preparsticn o mike additicnal

breghs in such DHAS. The procedure is outlined in Toble 1 cnd typical T-1
dsts Are prosented in Pig. 1. Pigure 1o Shows thit the snayms extriel F-1

har noe effect on unirradiated BXA bui as indicsted in Pig. 1b, enzyme
treatment of irradinted BIA resules in 4 nmarkod decredse in iis sedimontation
constent. The decredse is eguivalent to & S-fold ch2nge in melecular waight.
These data are clear cevidence for the enzymic rocognition of demage other
than strand brogks in y-irradicsted Dids. The relative nusbers of these
endonuclense-sensitive sites depend on the irradiation conditions.
Figure 2 indicties that the number of such sites is much larger for DilAs F-2
irradiasted tnoxically than irradiated oxically and that under protected
conditions (in the presence of yeasi extract) the number of endonuclease-~
sensitive sites per chain break is small. It is clear fram 2 comparison
cf Figs. 22 and b that the endonucledse makes single-strand breaks and
doecz not produce double-sirand scissions.

The type of experiment illustrated in Figs. 1 and 2 has opened up a

’ . -

new way of looking at DIA damoged by ionizing radiation. Such new ways



of investiigating icmizing radiation demage are important since many
investigators feel that the more chbviocus measures of damege -- single-sirand
bresks -- are not ucuvally assceicied with lethal or mutagenic evenss

becouse in most biological systems the sirand breaks 2re reraired very

efficiently (Setlow ond Setlow, 1972).

2. The Repair of Chemically-Indueced Damage to DIA

The ccnecepts of DA repair vwere derived frem ctudies on microbial
systems. Two photcbiolcgzical expariments have extended these concepts to
humdn cells. The first was the finding that normal human cells are able
to excise appreciable numbers of pyrimidine dimers from their DIA (Regan
et al., 196€). Such cells can repair this tyme of uv damege and, by
anglogy with bacieris, should also be able to repair varieus chemical
insults to thelir DMAS. The sccond finding was the determinatisn that
cells derived from ipdividuslds with the disease xeroderma pigmentosum 2re
defective in DRA repair (Cleaver, 1668) and are unable to excise dimers
from their DHA (Sectlow, et al., 195%). (There are scme exceptions %o
this rule.) The disease is genetically determined and is characterized
by & very high incidence of light-induced skin cencer. These daia indicate
thet such individuals probably get skin cancer vecluse of their inability
t0 repair uv damz2ge to their DFA.

We have developed an esoteric but practical and informative
photochemical technique for detecting repair of damage to cellular DHA
(Regan, et 2l., 1971). The technigue is easily extended {Sctlow and
Regan, 1972; Regan and Setlow, 1975) to measurements of rep2ir of chemical
damage since it does not require & knowledge of the nature of the
alteration induced in DIA by the deleterious agent. A schematie diagram

of it is shown in Fig. 5. 1t makes use of the fcllowing basic



photeochemical and photobiological Tindings. If 2ltered cells carry cut
excision repair in the presence of Brdurd, ithey will remcve lesions from
their DA and will incorporate the analogue into the parental DilA strands.

If they repair in thymidine, they incorporate thymidine intc the repaired
strands of DHA. DiAs that contain BrdUrd are much more sensitive to uv
ragiation than thymine~conteining ones and the increased sensitivity is
manifest by a high degree of alkeline lability in the irradiated BrdUrd

DHA. Thus irradiation of rep2ired DHA resulis selectively in breaks in

the BrdUrd-contzining regiony of the DNA. The selectivity for BrdUrd
photolysis can be accentudted by using & wavelength, such as 315 nm, that

is poorly absorbed by normal DIA but apprecizably absorbed by the substituted
polymer. The brecks resulting from the photcchemical irzatiment with 515 nm
can be assessed by sedimenting these DiAs in alkeline gradients. On such
gradicents DHAS of moleculay weights over 108 tre easily handled and
therefore this techmigue is capable of measuring small nwsmbers of brecks in
108 daltons of Dih. The ability of 515 nm radiation to break the repaired
DNA depends upon tuwo parameters: (a) The nuster of repeired regicns and

{b) the number of BrdUré residues per rep2ired region and by measuring the
kinetices of breskage we arc able to estimate both these parameters. Althcugh
I do not give the anslytical details, it is obvious that the larger the

size of the region the less light needed 10 break it. Despite the fact

that we dc not know the moleculayr details of mest physical and chemical
lesions (clthough uc do knew the Geiails of 4$he uv-induced ones), we have
been able to anglyze the DA of human cells treated in vivo witn these agents
so a8 Lo esiimmte the sizes of the replired rezions. Table 2 indicates that D=2
We can separate a large number of chemicul treatmenis into two classes

(Regan and Setlow, 1973). Onc class is similer tc ultraviclet damage in



that it results in the production cf large repaired regions in ncormal
humen cells and a2 negligible amount of repair in cells from individuals
with xeroderma pigmentosum. The second class is found in both types cf
cells and is exemplified by treatments such as y irradiation and ethyl
methanesulfonate treatment. Thus xercderma pigmentosum cells &re not only
unable to repair uv-induced pyrimidine dimers'but also are incapable of
repairing damage resulting from & number of chemical agents. It is a
reasonable inference that agents that result in DHA rep2ir in norma2l celis {
but not in xercderma pigmentiosum ones are potentiallycédeleterious. It is
&ls0 reasongble to suppose that unrepaired lesions may result in death,
mutetion or neoplastic transfoermation.

It is worth re-emphasizing that our knowledge of the repair of chemical

damage in cells is based almost completely on photobiological techniques

and concepts.

3. UV-Induced Skin Cancer: Dimers or Other Macromolecular Change?

BExcessive uv irradiation may result in skin cancer in mouse and in |
man (Blum, 1959; Epstein, 1970), and the high incidence of skin cancer in !
individuals that are not ab’e to excise pyrimidine dimers in their DNA :
implies that damage tc the DNA of cells is the causative agent, although

the mechanisms by which such damage is translated into & necoplastic

transformation are not known. An adequate assessment of the danger to

man of an incieased uv fluence -- such as might arise from & decrease in

stratospheric 05 as a result of the flights of a large fleet of supersonic

transports -- requires an understending of the photochemistry and

photobiology of the process. The need for basic knowledge is especially

important becuuse existing epidemiolcgical data may not be adeguate to

evaluate gquantitatively the hazard of an inereasc in uv level at the earth's



surface. Although we have good clues that damage to DNA is the causative
agent, we do not know whether the important vhotoproducts are pyrimidine
dimers or one of the many other types of alterations induced in DNA by
irradiation. The absence of dimer excision in xeroderma pigmentosum cells
is not strong evidence in favor of dimers as the important causative agent
because other changes may also not be excised: However, such other changes
have not been looked for quantitatively in irradiated mamrmalian cells.
Enzymic photoresactivation -- 2 process described in this symposium
in detail by Rupert and by Sutherland -~ is specific for pyrimidine dimers
(Cook, 1970; J. K. Setlow, 1972). Enzymic photoreactivation reverses only
one photoproduct -- pyrimidire dimers. The specificity is illusirated in
Fig. 4 whers I emphasize the notion that uv irradiation may make many
products in DIJA and that enzymic photoreactivation ¢nly monomerizes dimers
and leaves ihe other orcducts uniouched. If uv-irduced tumors were
photoreactivaeble, this finding would be evidence for cyclobuiane pyrimidine
dimers as a lesion in the DNA that resulis in necoplastic transformation.
Such an experiment cannot be dene on placenial mammals since they do not
contain the enzyme (Cook, 1970). Fish, however, do. John S. Cook, James D.
Regean end myself conceived that an excellent system for such an experiment

would be the gynogeneiic (nonsexu2lly reproducing) fish, Poecelia formose.

The offspring oxr' the fish are identical, 2nd therefore there are no
immunoiogical barriers to traansplanting cells from one member cf the clione
to ancther. The experirent actuaily carried out by Ronzld ¥. Hert and
myself is shown in Figure 5. Tissue from a number of fish are homogenized
s0 85 to yield clumps of cells. These clumps are treated as indicéted in
the Figure, injected into isogenic recipients and the recipients scorod for

tumors & number of months later. The experiment is almost campleted (Hert



and Setlow, 1973, 1974). (We only have preliminary results on the last
line of Fig. 5.

The effect of uv exposure in producing tumors in the fish into which
irradiated cells are injected is shown in FPig. 6. There is a reasonable F-6
production of tumors and the production rate depends on both dcse and on
the tissue that has been irradiated. Figure T shows the effects of F-7
photoreactivating illumination on cells that had first been irradiated with
an exposure of 1000 f.args/mm2 of 254 nm radiation. The photoreactivating
iliumination reduces the tumor incidence with a dose reduction facter of
about 0.8. Since these fish contain photoreactivating enzyme, these data
are strong evidence implicating pyrimidine dimers in DNA as the initial
change that results in necplastic transformation. Many additional
experiments need to be done. For example, the effect of injected cell
number, the direct correlation of photoreactivation of tumor incidence
with photomonomerization of dimers, the wavelength dependence of the
various phenomena and, most importantiy, the biolegical characteristics
of the transformed cells. From such experiments we should be able to
obtain the probability of a neoplastic transformabtion per pyrimidine dimer
per 108 daltons of DNA. With this point as a calibration mark we then
are in a position to assess -- using the data on repair of chemical damage
described in the previous section -- tumor incidence per chemical lesion
per 108 daltons of DNA. Thus photochemistry and photobiology have not
only identified the first molecular lesion -~ 2 lesion in DA -- that is
respor .ible for the neoplastic transformaiion, but give us the opportunity
of ¢ atitating chemical chang_es in DNA with the probability of a

transformation.
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CONCLUSICH
It is clear from the papers in this symposium that photcbiological
and photochemical researches are some of ocur most important endeavors in
m2tching curselves to our environment. They are important not only for
our well being 2and for their beauty and the insight they give us into
molecular and cellular processes, but also for the solution to a number

of important practical biological questions ocutside of the photobiological

field.
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Table 1. The procedure used to detect endonuclease-sensitive sites in

y-irradiated DNA using an endonuclease preparation.

1. DNA > altered DNA

y-irradiation chain breaks )

"base damage"

sediment in alkali
2. altered DNA —
enzyme treatment ——> sediment in alkali

3. calculate, from sedimentation profiles in (2), the number of

breaks per lC.v6 daltons introduced by endonuclease treatment.



Table 2. The numbers of BrUra residues in the repaired regions of the
DNA of human cells treated with the indicated agents. (The
BrUra-photolysis technique was used for these measurements.) Datae

from Regan and Setlow (1973).

Agent Normal cells XP cells
uv 25 little repair
N-acetoxy-AAF .To} " "
ICR-170 10 " "
y-rays ~ 1 ~ 1
ethylmethane ~ 1 ~1

sulfonate



Figure Iegends
¢ 3
Figure 1. (35182-1) - Sedimentation patterns of “H-lebeled E. coli DNA
in alkaline sucrose gradients. Before sedimentation the DRA was

either treated or not treated with an extract from Mierococcus luteus.

(a) Unirradiated DRA, (b) DA irradiated anoxically with 20 krads.

Dpata from Setlow and Carrier (1973).

Figure 2. (26183) - Plots of the reciprocal of the weight average molecular
weight (& measure of the number of breaks per molecule) vs. dose for
various irradiation conditicns. O —— DNA treated with endonuclease;
® --- DNA not treated with endonuclease. Sedirentation in alkali s0 as
to measure single-strand dbreaks except for (b). (a) Irradiated in
air, (b) irradiated in 2ir and sedimentation in neutral sucrose so as
to0 measure double-strand breaks, (¢) irradiated ancxically,

(d) irradiated in the presence of 10 mg/ml of yeast extract so as to

approximate the direct acticn of radiation. Data from Setlow and

carrier (1973).

Figure 3. (24240) - An outline of the procedure for the detection of
repaired regions in parental DNA by the photolysis of incorporated
BrdUrd (Regan, Setlow and Ley, 1971). 1In most of cur experiments
we have used a double-label procedure in which the cells to be

5H and those to be incubated

incubated in BrdUrd were labeled with
in AThd vere labeled with 32P. The difference in the number of
oreaks between these two labels measures the net effect of photolysis

of BrdUrd.



Figure 4. (27996) - A schematic diagram indiceting some of the possible
uv-induced photoproducts in DNA inveclving pyrimidines (7%, U, 6&,
6&, 6&), purines (A*) and DHA protein links and the fact that
enzymic photoreactivation reverses only one class of product --

~ N
cyclobutane pyrimidine dimers (TT, CT, éb)-

Figure 5. (27286-1) - An cutline of an experiment to determine if
pyrimidine dimers in DNA result in neoplastic transformation. If
they do, then there should be very few tumors in those fish injected
with cells treated with uv plus PR campared to uv alone or compared

to PR plus uv. The no-treaiment and PR samples are controls.

Figure 6. (27612) - A dose response curve for tumor induction. The
average fluence through the samples is aporoximately 0.1 of the

indicated exposure. Data from Hart and Setlow (1973, 1974).

Figure 7. (27813-1) - UV-irradiated or unirradiated cells were subject
to photoreactivating illumination. The photoreactivating illumination
by itself had little effect on tumor induction, but if it followed
the uy irradiation it resulted in a very marked decrease in tumors.

Data from Hart and Setlow (19735, 1974).
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PHOTOREACTIVATION MONOMERIZES PYRIMIDINE DIMERS
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DO PYRIMIDINE DIMERS IN DNA RESULT IN TUMCRS?
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