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I. Introduction 

Photoreactivation was discovered in 1949 by Kelner (1). Goodgal, Rupert, 
and the group at Johns Hopkins (2) found that the phenomenon depended upon a 
light catalyzed enzyme's reaction. The significance of the reaction was pin-
pointed by Setlow's group (3) who showed that the enzyme repaired a particular 
far UV Induced lesion in cellular DNA, namely cyclobutadipyrimidines, commonly 
referred to as dimers , which interfere with replication and transcription of DNA. 

An understanding of photoreactivation at the molecular level depends upon 
isolation of a homogeneous enzyme and any cofactors or chromophores necessary 
for the reaction. Sutherland's group succeeded in this endeavor by using a defec-
tive lambda phage carrying the photolyase gene to transduce E^ coli (4). Then, 
the S. griseus enzyme was purified to homogeneity (5) and finally, we (6) 
reported last year that the enzyme from Baker's yeast had been obtained homo-
geneous. Rapid strides in understanding how photoreactivation works can be 
expected now that pure enzyme is available in three laboratories, and significant 
findings were reported by Sutherland and ourselves at the Denver, 1975 meeting 
of the American Society for Photobiology (7). 

II. Objectives 

During the past three years our primary objective has been to prepare 
photolyase from Baker's yeast In a homogeneous state in order to begin 
characterization of the enzyme chemically and physically. Our secondary goal 
has been to isolate and chemically characterize a pure substance from Baker's 
yeast that Increases the activity of a highly purified photolyase preparation 
(8,9). This substance, which we refer to as an activator, might be the one 
absorbing the effective photoreactlvatlng wavelengths or might enhance the 
reaction by some unknown mechanism. Certainly, purifying it and learning how 
it increases photolyase activity would contribute to our basic understanding 
of photoreactivation. With pure enzyme we could also address the problem of 
how the enzyme recognizes its substrate and complexes it. 

III. Accomplishments 

By subjecting our partially purified enzyme to two affinity chromatography 
steps, we succeeded in obtaining homogeneous enzyme. Our criterion of homo-
geneity was the finding of single band when the enzyme was analyzed by gradient 
slab gel acrylamlde electrophoresis. By running simultaneously several proteins 
with known molecular weight, we obtained a molecular weight of 130,000 for 
photolyase (6). This was confirmed by running the enzyme in a 5-20% sucrose 
gradient sedimentation in 0.4 M KC1. Using the Martin and Ames relationship, 
we calculated 136,000 for photolyase. In this respect the enzyme differs from 
the E^ coli one which has a molecular weight of 35,000 (7). 
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When the purified photolyase was analyzed by SDS slab gel electrophoresis, 
two bands were observed, one with a molecular weight of 60,000 and eh* other 
with 85,000. While we could observe these two bands after 5-20* sucrose gradient 
sedimentation in 1 M KC1, only one activity peek was present in the region beeween 
these bands. When die proteins in these two bends were analysed for photolyeae 
activity, it remained constant for two hours. If the two proteins were nixed 
and assayed for activity, there was a time-dependent increase in activity during 
the first hour. This finding supported the idea reconstitutlon of active photo-
lyase upon addition of the subunits had occurred. 

The purified enzyme no longer exhibits an absorption band between 350 to 
380 nm as we had found with the enzyme purified by e single affinity chromato-
graphy (10). However, the excitation and emission spectre of the enzyme remain 
the same. Hence, we have not as yet resolved the issue of whether the fluorescent 
material associated with the enzyme is its chromophore or an impurity. 

We have attempted to unravel this question by purifying an activator of the 
enzyme. Following autolysis of yeast, the supernatant fraction was stirred at 
pH 3.0 for three hours at room temperature, then the activator was purified by 
a combination of ion exchange chromatography and gel filtration (11). The 
molecular weight of the material is 450. It enhances activity at concentrations 
equimolar to that of the enzyme and has an absorption maximum at 248-250 nm. 
The fluorescence data indicate that the activator contains two fluorescent 
moieties. The activator exhibits maxima in its excitation spectrum at 350 nm 
and in Its emission spectrum at 440. These values are similar to those observed 
for the enzyme after it is denatured, namely 360 nm and 445 nm. The nmr data 
show a simple spectrum, one not Inconsistent with the ectlvator as a pterin. 

When we first began to purify the activator. It was stored at -20*C as a 
lyophilized powder. On storage for several weeks it became a potent Inhibitor 
of the enzyme (9). Comparison of the excitation end emission spectra of the 
activator and inhibitor indicate e significant change in structure in the 
conversion of the activator to the inhibitor. 

Membrane binding has been very useful in studying the interaction of 
various DMA binding proteine with DNA. We developed such an assay for photo-
lyase using H-irradiated bacteriophage T7 DMA (12). With this technique we 
determined the rate constants for the formation and dissociation of photolyase-
Irradiated DMA complexes (13); the values were 2.7 x 107 A*mol~1»sec~1 and 
1.4 x 10~3 sec**1, respectively. These values were in excellent agreement with 
those obtained by Harm & Rupert using flash photolysis (14). The binding tech-
nique was used to obtain an action spectrum for the yeast enzyme. A maximum 
was observed «t 366 nm as had been observed earlier by Rupert & Harm, The 
binding method was used also to show that ferrlcyenlde inactivation of the 
enzyme resulted in marked inhibition of complex formation (13). Apparently, 
a cysteine residua Is Involved in enzyme binding to Irradiated DNA (10). 

Recently, we found that N-bromosuccinimide at pH 7.0 completely inactivates 
the enzyme, but mercaptoethanol restores activity completely (15). This Is 
reminiscent of the action of farrlcyanide on the enzyme and suggests Involvement 
of an easentlal sulfhydryl group. When the enzyme was attacked with hydrogen 
peroxide at pH 8.5, inactivation occurred, but this was also reversible (15). 
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IV. New Objectives and Plane 

These are clearly spelled out in eh* renewal proposal and, hence, only 
a brief s usury will ba given in this section. Using trensforming DNA and 
mutant cells deficient in DMA repair mechanisms, it has been shown that the 
small fraction of the 290 to 300 nm radiations of the sun reaching the earth 
can Induce lethal cyclobutane dipyrlmldlnes In DNA (15-20). These experiments 
were carried out with natural sunlight. Small amounts of unidentifiable damage 
in the DMA accumulates which are lethal, too, (17, 18). Few if any studies 
have been carried out with the near ultraviolet radiations of natural sunlight 
between 330 to 380 m to determine what kinds of damage they induce and whether 
they are harmful. Such studies with man-made lamps, done on a variety of cella, 
are mainly physiological and have been summarised by Klein (21). At a molec-
ular level it Is known that these radiation Induce dimers (22) and single 
strand breaks in DNA (23) dinars in tobacco mosaic virus UNA, (24) and adducts 
between thlourldlne and cytidine in E. coli transfer RKA (25). Damage to the 
latter reduces protsla and RKA synthesis. 

It is apparent that natural sunlight can ba very damaging to cells and 
there has evolved in nature an ecological balance between the harmful and useful 
offsets of sunlight allowing lifs eo survive. Hence, thara is considerable 
concern in the scientific community that man's technological advances may be 
responsible for depleting the stratospheric osona layer that prevents moat of 
tha ultraviolet radiations of sunlight from penetrating to the surface of ths 
earth. The possibility has been raise* that free radicals produced from 
fluorocarbons used as aerosols and tha SST emissions can react with and causa 
gradual dspletlon of the ozone layer (26,27). It has baan estimated chat 
increased ultraviolet radiations may'produce 10,000 more skin cancers in the 
world's population. The potential impact on the ecological balance referred 
to above is not known. 

These considerations prompted our new directions detailed in the renewal 
proposal. The DMA in plants exists during the Interphase period as chromatin, 
in which it is covered with five histones that prevent transcription of most 
of the DNA (28). There are also associated with the DKA upwards of 500 proteins 
(29) referred to as nonhistone proteins, some of which are thought to be 
involved ia tha regulation of transcription (30). Recently, chromatin has 
been shown to consist of a series of baads on a string, l.«., nu bodies also 
referred to as nucleosomas, composed of 150 to 200 base pairs wrapped around 
histones and nonhistone proteins and connected to each other by short filaments 
of double-strended DNA (31,32). 

It is our intention eo study tha kinds of dsmage that naar ultraviolet 
light induces in chromatin and the kinds of mechanisms that may be available 
eo plants to repair or circumvent the dsaaga. While our initial studies will 
use the near ultraviolet light of man-made lamps, our ultimate intention is 
to discern damage to plants by natural sunlight. 

We will look for various kinds of damage: cyclobutane dimers, base damage, 
single-strand brsaks, apurinlc sites, and cross-linking of MIA with proeains. 
Wa will attempt to devise mlcromethods eo follow eha induction and loss of ths 
varloua types of damage. We will determine whether a particular type of damage 
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disappears with tins and whether this Is due to celluler death or repair. If 
repelr mechanisms are found, assuming they are enzymlc In nature, we will 
attempt to Isolate and purify the enzymes involved. 

We propose to Investigate the effects of the various damages on the 
template activity of both the DMA extracted from the chromatin and the chromatin 
itself. 

If repair mechanisms are found in the plants, we propose to examine 
whether near ultraviolet damages the enzymes involved since such radiations 
are known to destroy photolyase in vitro (33). 

The new directions proposed will certainly leave no time to continue the 
work we have carried on during the past several years. Nevertheless, I will 
briefly outline some studies we would pursue were sufficient funds and 
personnel available. 

With sufficient quantities of purified yeast DMA photolyase, we could 
determine whether the fluorescent moiety associated with our most highly 
purified preparation is an Impurity or the actual chromophore for photo-
reactivation. 

Extensive dialysis of the Ej. coll encyme leads to inactivation because 
of the loss of a 257 nm-absorbing cofactor. We would attempt the same experi-
ment with the yeast enzyme to see whether there is loss of a similar cofactor 
and/or the chromophore. 

Using 1 M KC1, ve partially separated two sub units of the yeast enzyme 
and then reconstituted active enzyme upon mixing. Using milligram quantities 
of enzyme, it should be possible to devise a chromatographic scheme for the 
separation of the sub-units. Some experiments that ean be performed with the 
subunits are whether each one binds to the substrate* which one has the 
chromophore and cofactor, does either one alone show activity, and which one has 
Che SH group that appears to be essential for binding. 

Ma have now Isolated email amounts of a pure photolyase activator. Dr. 
Lamola at Bell Telephone laboratories has run an nmr analysis. Identification 
of structure will require more material for a mass analysis. Since the material 
appear*, to have a free amino group, it may be possible to prepere a crystalline 
derivative which would eneble an X-ray analysis for complete structure deter-
mination. 

V. Present State of Knowledge end Significance for 
Biology and Medicine 

DMA Photo lvase 

I think the two most significant areas of photolyase research at preeent 
are (1) chemical and physical characterization of the enzyme, and (2) deter-
mination of ita distribution in mammalian cells and in particular epidermal 
cells. 
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Moat of the biochemical characterization of the enzyme stems from 
Sutherland's group and our own. The data from Sutherland's laboratory appear 
in the 1976 Abstracts of the American Society for Photoblology (7),and ours 
is in Biochemistry 14. 3418 (1975) (6). The E._ coll enzyme has a molecular 
weight of 35,000 but has a marked tendency to aggregate. The yeast enzyme 
has one of 130,000. Amino acid analysis of the E^ coli enzyme shows It to 
be low in aromatic amino acids and to be devoid of tryptophan. While no 
amino acid analysis has been performed on the yeast enzyme, its low extinction 
at 280 nm suggests a low aromatic amino acid content. Arginine has been found 
at the amino terminal of the E. coli enzyme. A 257 nm moiety, or cofactor, 
can be dlalyzed away from the Ej. coli enzyme which renders it inactive. This 
cofactor can be isolated from the heat denatured enzyme, and it restores the 
activity of the apoprotein when added to it. Such experiments have not been 
performed with the yeast enzyme, but it has been found to consist of two 
dissimilar aubunlts having molecular weights of 60,000 and 85,000. When 
mixed, these reconstitute active enzyme. 

So far adenine has been identified in the cofactor of the E. coli enzyme. , 
By difference spectra, the E^ coll enzyme and irradiated DNA form a complex, 
which abaorbs minimally from 350 nm to 450 nm (34) and which shows a large 
abaorbance decrease at 257 nm. The Sutherlands believe that at least in the 
caae of the Eg. coli enzyme the complex absorbs the effective photoreactlvating 
wavelengths. 

In our laboratory an activator of yeast photolyase has been purified. 
Surprisingly, the substance abaorbs at 248 to 250 nm, but this is not reflected 
In its excitation maxima at 280 nm and 358 nm. Dr. Lamola has taken an nmr 
spectrum and found it rather simple and not Inconaistent with that of a pterin. 
Before we can apprise the role of the activator in photoreactivatlon, its 
structure needs to be determined, and we need to ascertain whether It can 
restore activity to enzyme freed of Its fluorescent moiety. 

Sutherland first reported finding photolyase in a mammalian tissue, 
human leucocytee (35). She elso found the enzyme in murine cells grown in 
culture; the lines were Swiss # 1 and 2 and Balb/c of mouse 3T3 cells (36). 
She also Jound the enzyme In human fibroblasts grown in culture (36). The 
maximum in the action apectrum of the leucocyte enzyme was about 400 nm, but 
she has found that 500 nm light will photoreactivate such cells and has 
cautioned against the use of yellow light in work with the human enzyme (37). 
A very significant contribution from h«r laboratory has been the finding that 
the enzyme was present in low levels in fibroblasts from patients with 
Xeroderma pigmentosum in contrast to normal calls (38). This raises the 
possibility that patients with skin cancer may generally have low levels of 
this enzyme. 

Photolyase was first found In plants by our laboratory (39). It was 
found in several varltles of bean sprouts, the cotyledons and plumule were 
richer In the enzyme than hypocotyl and radicle. The orchard has been found 
to be a rich source of enzyme, and there is evidence for the enzyme in wild 
carrot protoplasts(40). Murphy recently reported that photoreactivating 
nitrate reductase production in Nlcotiana tabacum grown in culture could be 
accounted for by the action of a DNA photolyase (41). This suggestion is 
supported by the earlier work of Trosko and Mans our (42) who found repair of 
dlmers In cultured tobacco cells and that of Murphy and Gordon, who found 
photoreactivatlon of the system repairing TMV-RNA (43). 
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Kelner's laboratory reported that the chloroplast plays a role In the con-
trol of the Intracellular levels of photolyase in Eugleaa and that photolyase 
Is coded by nuclear genes <44). Photoreactlvatlng light plays a role in the 
induction of phctolyase synthesis. 

All forms of plant and animal life exposed to sunlight, particularly 
germ cells, are exposed to mutagenic and lethal radiations. Very few studies 
have been carried out on a molecular level on the damage induced, and its 
repair in such cells. Rupert's laboratory has uncovered new mechanisms of 
repair in B. subtills spores (45). Such studies should be carried out with 
pollen of various plants. Kondo has shown that UV damage to maize pollen can 
be photoreactivated. Does the sun produce the spore photoproduct in maize 
pollen? How are fish eggs and sperm protected? I think much can be learned 
by addressing such problems. 

VI. Publications Stemming From Work During the Past Three Years 

1. A Rapid Assay for DNA Photolyase Using a Membrane Binding Technique. 
J. J. Madden, H. Werbin, J. Denson. Photochem. Photobiol. 18. 441 (1973). 

2. Use of the Membrane Binding Technique to Study the Kinetics of Yeast 
Deoxyribonucleic A d d Photolyase Reaction. Formation of Enzyme-Substrate 
Complexes In the Dark and Their Photolysis. 
J.J. Madden and H. Werbin, Biochemistry 13, 2149 (1974). 

3. Purification of an Inhibitor of DNA Photolyase with Fluorescent Spectra 
Similar to Those of the Enzyme. 
J. J. Madden and H. Werbin, Biochlm. Biophvs. Acta 383. 160 (1975). 

4. Yeast DNA Photolyase: Molecular Weight, Subunit Structure, and Reconstitution 
of Active Enzyme from Its Subunits. 
D. T. Boatwright, J. J. Madden, J. Denson, and H. Werbin. Biochem. 14, 5418, 
(1975). 

5. Manuscript almost completed: 
Purification from Baker's Yeast of An Activator of DNA Photolyase 
J. J. Madden, J. Denson, and H. Warbln 
To be submitted to Biochemistry 

VII. Training Aspects of the Contract 

Dan T. Boatwright received his M.S. degree from The University of Texas 
at Dallas in 1975. The title of his thesis was, "Characterization of 
Homogeneity and Subunit Structure of Yeast DNA Photolyase." Portions of this 
thesis were published (see Section, Publications Stemming from This Work). 

Young-Moo Kim is working with photolyase now and expects to receive her 
degree by the end of the summer of 1976. The probable title of her thesis 
will be, "Amino A d d Residues in Photolyase Required for Activity." 

Graduate students receive a stipend for working in various laboratories. 
Those who worked for a semester in our laboratory on photolyase are 
(1) Tommy Taylor, (2) Tom Chiang, and (3) Young-Moo Kim. 
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Outstanding seniors In high school and freshmen In college receive 
summer stipends from UTD for work in laboratories. Ue had in m r laboratory 

Mary Wilson - now a biology major at Wellesley College. 
Janice Green - now a pharmacology major at Baylor University. 
Scott McCaul - now a medical student at Tulane University. 

Dr. John J. Madden, who received his Ph.D. at Emory University, and 
who was a post-doc in our laboratory, made outstanding contributions, and 
is now at Southern Methodist University. 

VIII. Totsl Support for Research Program 

1. ERDA Contract # E(40-1)3630, "The Mechanism of Photorepair of UV-Damage 
by Photolyase, Modification #9, from 1 August 1975 through July 31, 1976, 
$25,000. 

2. Robert A. Welch Foundation Grant No. AT-480. "Final Purification and 
Mechanism of Action of DNA Photolyase: An Enzyme Repairing Far UV Damage 
to DNA." Second year of two year grant, 1 June 1975 to ."?1 May 1976, 
$14,332. This grant has been renewed for three years (througjh May, 1979) 
at $15,000 per year. 
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