
PHOTOINDUCED SKIN SENSITIZER-tRNA AND -DNA 

INTERACTIONS AND THEIR EFFECTS ON 

BIOLOGICAL ACTIVITY 

by 

CHING-NAN OU, B.S. 

A DISSERTATION 

IN 

CHEMISTRY 

Submitted to the Graduate Faculty 
of Texas Tech University in 
Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

• ̂ Approved 

Accepted 

May, 1977 



M & v - T '̂.: 

Ad . 

nir 

ACKNOWLEDGMENTS 

I am deeply indebted to Professor Pill-Soon Song for 

his guidance and encouragement throughout the course of 

this investigation, and to other members of my committee, 

Dr. John A. Anderson, Dr. Jerry D. Berlin, Dr. Ira C. 

Felkner, and Dr. Richard E. Wilde, for their helpful 

criticism. I also thank Mr. Victor Johnson for his 

valuable help in designing and making part of the experi

mental glass equipment. 

I also greatly appreciate the financial support 

received from Texas Tech University, the National Cancer 

Institute, and the Robert A. Welch Foundation. 

My special indebtedness goes to my wife, Suh-yun, 

for her patience, understanding and encouragement 

throughout my graduate studies. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGMENTS ii 

LIST OF TABLES vi 

LIST OF FIGURES vii 

LIST OF PLATES x 

ABBREVIATIONS FOR NUCLEOSIDES xi 

CHAPTER 

I. INTRODUCTION AND STATEMENT OF PROBLEM 1 

Introduction 1 

Statement of Problem 3 

II. LITERATURE REVIEW 9 

III. MATERIALS AND METHODS 17 

Materials 17 

Methods 19 

Bacterial Growth 19 

Preparation of 5-Fluorouracil-
Enriched tRNA (5FU-tRNA) 19 

Preparation of 8-Methoxypsoralen 

Bound tRNA or 5FU-tRNA 20 

Optical Measurements 23 

Preparation of Aminoacyl-tRNA 

Synthetases 25 

Amino Acid Acceptor Activity 26 

Chemical Analysis of Photoadducts 
of 8M0P-tRNA and 8M0P-5FU-tRNA .. 26 

111 



Photosplitting of 8M0P-Nucleoside 
Photoadducts 27 

Nucleoside Composition Analyses of 
8M0P-tRNA and 8M0P-5FU-tRNA 
Photoadducts 28 

Recovery Studies with Reference 

Nucleoside 30 

Purification of Calf Thymus DNA ... 3k 

Synthesis of (-^^H)-Dimethoxycoumarin 

((3H)-DMC) 35 
Ground State Complexation Between 

DMC and Polynucleotides 37 
Preparation of DMC-DNA Photoadduct 37 

Characterization of DMC-DNA Photo
adduct 38 

Assay for DNA Synthesis 38 

IV. RESULTS AND DISCUSSION liO 

Results kO 

Chromatography and Base Composition 
Analysis of 5FU-tRNA Ij-O 

P r e p a r a t i o n of 8M0P-tRNA and 8M0P-
5FU-tRNA Photoadducts ^5 

Characterization of 8M0P-tRNA and 
8M0P-5FU-tRNA Photoadducts 58 

Chemical Analysis of Photoadducts 
of (%)-8M0P-5FU-tRNA Photo
adducts 73 

Recovery Studies with Reference 
Nucleoside 85 

Nucleoside Composition Analysis of 
8M0P-tRNA and 8M0P-5FU-tRNA 
Photoadducts 85 

IV 



Amino Acid Acceptor Activity 97 

Ground State Complexation Between 
DMC and Polynucleotides 99 

Preparation of DMC-bound DNA 107 

Characterization of DMC-DNA Photo

adduct Hit-

Assay for DNA Synthesis 121 

Discussion 130 

1. Interactions Between tRNA and 
Excited 8M0P 130 

2. Interactions Between DNA and 

Excited DMC I36 

V. CONCLUSIONS lî O 
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CHAPTER I 

INTRODUCTION AND STATEMENT OF PROBLEM 

Introduction 

Many naturally-occurring furocoumarins (psoralens) 

are well known for their photosensitizing ability to 

induce skin erythema (1-3)> and for their carcinogenic 

(̂ ) and mutagenic properties (5-7)- Several psoralen 

derivatives such as 8-methoxypsoralen (8M0P, Fig. 1) 

and trimethylpsoralen are particularly useful therapeu

tically for the treatment of vitiligo (leukoderma) and 

in increasing the tolerance of skin to solar radiation 

(8-10). 

The skin-sensitizing potency of psoralens has been 

correlated with their photoreactivity toward pyrimidine 

bases of DNA via cycloaddition (1, 11-16). The mechanism 

of action of furocoumaryl skin sensitizers is not yet 

established, but it is likely to involve the photomodi-

fication of DNA and RNA and photodynamic effects on pro

teins. Therefore, a detailed study of this photoinduced 

modification is required in order to understand the mo

lecular mechanism of the action of psoralens in various 

biological systems. 

The relationship between the chemical structure of 



furocoumarin and their skin-sensitizing capacity has been 

extensively studied by Musajo et al. (I7-I9). Pathak _et al. 

(21-2̂ 1-) and Song ei al. (7, I6, 25-31). It is generally 

accepted that both the furyl- and pyrone-functional groups 

are required for biological activity. Additionally, it 

has been postulated that the formation of interstrand 

cross-linking through photocycloaddition of 3>k- and ^',5'-

double bonds of furocoumarin is the most likely mechanism 

for skin photosensitization (31-35» Fig. 2). 

In this connection, it is noteworthy to point out 

that most coumarin derivatives are inactive (21) and only 

the active skin-sensitizing psoralens with bifunctional 

groups (3>^- anid ̂ ',5'-) are capable of producing lethal 

and mutagenic action when applied to bacterial cultures 

(5-7, 29, 36-38), and yet the monofunctional (3,4-double 

bond) 5i7-dimethoxycoimarin (DMC) is highly lethal in 

Bacillus subtilis rec~ and her" strains (39). A spec

troscopic study of DMC has revealed the stereochemical 

and structural similarity of this compound to 5-niethoxy-

psoralen which is active as a skin-sensitizer and as a 

lethal and mutagenic agent in B. subtilis (29, 30). 
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Statement of Problem 

Preliminary model studies of skin-photosensitization 

thus far has centered on photomodifications of DNA by 

psoralens, while only little work has been done on ribo-

somal RNA, transfer RNA (tRNA), and proteins. In 197^, 

Mizuno and his coworkers qualitatively examined the effect 

of 8-methoxypsoralen and near-UV light irradiation on the 

conformation and function of yeast transfer RNA (3). 

The initial part of this dissertation is concerned 

with a detailed study of the interaction of 8-methoxy

psoralen with both normal and 5-fluorouracil-enriched tRNA 

(5FU-tRNA) isolated from Escherichis coli B. tRNA not only 

plays a very important role in protein biosynthesis, but 

also its relatively small size serves as a simple model 

system to characterize the binding modes of furocoumarin 

in nucleic acids and to correlate this with biological 

activity. 

The advantages of using 5-fluorouracil-enriched tRNA 

for this investigation are the following. l) 5FU-tRNA has 

the same biological activity in terms of aminoacylation 

as normal tRNA (^0-^3)• 2) Our previous studies indicated 

that 5FU is the most reactive base toward photoreaction 

with furocoumaryl compounds (7, k-k) . Thus, 5FU-tRNA is 

useful in preparing the psoralen-nucleic acid photoadduct 

for chemical analysis. 3) It has been known that 5FU can 



replace uracil and a number of uracil-derivatiVe minor 

bases in bacterial RNA (̂ 5) as well as in the RNA of 

higher organisms and viruses (46, ^7)• Consequently, it 

will essentially eliminate the complexity of photoreac-

tions involving minor bases; in particular, the substi

tution of 4-thiouracil, a minor base in bacterial tRNA, 

with 5FU will circumvent many complications that are 

otherwise encountered in the spectroscopic study of photo

adducts. ^•) Additionally, 5FU is an anti-t\amor agent and 

its incorporation into RNA and subsequent photoreaction 

with furocoumarins are of interest in understanding the 

anti-cancer chemotherapeutic activity of 5FU. 

The second part of the dissertation will discuss the 

structural requirement for the photoreactivity of coumaryl 

and furocoiMfiaryl skin-photosensitizers by using 5.7-di

methoxycoumarin (DMC) as a model. Since DMC lacks the 

furyl C=C double bond for photocycloaddition to pyrimidine 

bases of DNA, the covalent photoaddition of DMC to DNA 

will not involve interstrand cross-linking (as shown in 

Figure 2); nonetheless, it is a strong photomutagenic 

compound. It is my aim to further characterize the inter

action between DMC and DNA and to imderstand the photobio-

logical effects of this interaction. 



Fig. 1. Chemical structures of 8-methoxypsoralen, 5i7-

dimethoxycoumarin, uracili and 5-fluorouracil. 
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Fig. 2. Suggested photocycloaddition of 8-methoxy

psoralen and 5»7-dimethoxycoumarin to thymine 
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CHAPTER II 

LITERATURE REVIEW 

Furocoumarins, a group of naturally-occurring sub

stances in plants of the families Umbilliferae and Ruta-

ceal, can exert various biological actions upon irradia

tion with near ultraviolet light. These actions include 

erythema on human and guinea pig skin followed by in

creased pigmentation, killing and mutagenesis of bacteria, 

inactivation of DNA viruses, inhibition of the tumor-

transmitting capacity of various tumor cells, and dis

orders in the development of sea urchin eggs fertilized 

with sperm (for a review, see references 4-, 20, 2k-, 7^) . 

Photobiological effects of excited furocoumarins in 

terms of lethal and mutagenic activity have been studied 

especially in Bacillus subtilis mutant strains (7, 29, 39). 

and yeast cells (48-53). There is a sharp difference"^ 

between the effects produced by furocoumarins which are 

able to form cross-linkages in DNA"and those produced by 

monofunctional furocoumarins or coumaryl derivatives. 

The difference does not necessarily reflect the photore

activity of furocoumarins toward the cross-linking, as 

it can also be attributed to the ground state intercala

tion (i.e. steric) ability of these compounds. 

9 
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In producing lethal effects, bifunctional furocoumarins 

were much more active than monofunctional ones. 

Studies on mammalian cells treated with 8-methoxy

psoralen and near ultraviolet light (UVA) have shown that 

8-MOP-UVA inhibited DNA synthesis in vivo (3, 54). No 

apparent early inhibition of RNA and protein synthesis was 

observed. Studies on human lymphocytes treated, with 8-

methoxypsoralen and black light revealed the occurrence of 

chromosomal aberrations, consisting mainly of chromatid 

gaps and breaks {55)- The mutagenic activity of 8-MOP-UVA 

has also been studied in Chinese hamster cells; it showed 

the same activity as short-wavelength UV radiation (56). 

The biological effects of photoexcited furocoumarins 

have been correlated with their photoreactivity toward 

pyrimidine bases of DNA via cycloaddition (1, 11-16). The 

first report on the photoreaction of these compounds with 

DNA was published by Musajo (l). Many studies on the pho-

toreactions between furocoumarins and nucleic acids have 

followed, although molecular mechanisms and quantitative 

data on these reactions are still lacking. 

Like many other compounds (for instance, polycyclic 

aromatic hydrocarbons, acridine orange, ethidium bromide, 

mitomycin, actinomycin etc.), furocoumarins can fonn a 

molecular complex with DNA through different kinds of weak 

bonding forces such as H-bonding, van der Waals and hydro-
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phobic forces, aromatic ring stacking, etc.. The formation 

of the ground state complex is supported by several experi

mental evidence. For example, the viscosity of DNA solu

tion increases after addition of furocoumarins (57); "the 

solubility of furocoumarins is considerably higher in DNA 

solution than in water (58, 59); the T^ value of a DNA 

sample rises 1 to 1.5°C after addition of furocoumarins 

(60). By equilibriiim dialysis, Rodighiero at al. (57) 

have determined the amount of furocoumarin which is com-

plexed with DNA. The fonnation of ground state complex is 

generally accompanied by variations of the spectrophotome-

tric properties of the small molecules such as shift of 

their absorption maxima and/or decrease in their molar 

extinction coefficients (30, 59i 6l). 

Photoreactions of furocoumarins with pyrimidine bases 

have been studied by several groups including this labora

tory (for a review, see references 4, 20, 24). It is 

generally accepted that only the pyrimidine bases and their 

nucleosides and nucleotides photoreact with furocoumarins 

(14, 24, 58. 62). No evidence was obtained for photoreac

tion between the purine bases or their nucleosides and 

nucleotides with the active furocoumarins. Pyrimidine 

bases have been assumed to involve 5j6-double bond, under

going photocycloaddition with furocoumaryl 3.4-double bond 

or 4',5'-double bond. These reactions lead to the forma-
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tion of 3>4- and 4',5'-furocoumarin-pyrimidine photo

adducts (11, 12, 14, 24). A theoretically possible bifunc

tional photoadduct in which one furocoumarin molecule is 

linked to two pyrimidine bases has not yet been isolated 

for structural elucidation. However, there is indirect 

evidence that the formation of such bifunctional photo

adduct in the photobinding of furocoumarins to native DNA 

does occur (32, 63-65, 75). 

The 4',5'-photoadducts with the intact coumarin nu

cleus may account for the brilliant violet fluorescence 

when observed under Wood's light, while the 3»4-photo-

adducts with the benzofuryl formate residue are non-fluo

rescent (4). 

All these 3»4- or 4',5'-photoadducts can be decomposed 

by irradiation at 254 nm, restoring the initial compounds 

(11, 12, 14, 24). However, Chandra et_ aJ.. have reported 

that the photosplitting of furocoumarin moieties from DNA 

by reirradiation with shorter ultraviolet wavelengths (in

cluding 254 nm) only occurs to a very limited extent (34, 

66, 67). 

The photoreaction between furocoumarins and DNA have 

also been studied with respect to the structural and con

formational aspects (for a review, see references 4, 20, 

24). The formation of a molecular complex by very weak 

forces is an important preliminary step for the photoreac-
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tion between furocoumarin and DNA. Several indirect indi

cations have suggested that these molecular complexes are 

formed by intercalation of the planar furocoumarin molecule 

between two base pairs in double-stranded DNA. By means of 

flow-dichroism and hypochromicity measurements, evidence 

for this intercalation has now been obtained (30, 68). 

The number of intercalation sites of DNA for furocoumarin 

was determined to be 3 sites every 100 nucleotides for 

5-methoxypsoralen, 6 sites for 8-methylpsoralen (68) and 

2 sites for 8-methoxypsoralen (31). 

Recently, kinetic studies on the photoreaction between 

psoralen and DNA have been carried out by Dall'Acqua (68). 

Utilizing the available data and certain approximations, 

the rate constants of formation of all possible photo

adducts (3»^- and 4',5'-photoadducts, bifunctional photo

adduct, photodimer and photooxidation products) have been 

calculated by computer simulation. From this study, it is 

concluded that monofunctional adducts are formed four times 

more frequently than bifunctional ones. Among the mono-

functional photoadducts, the yield of 3f4-cycloadducts is 

higher than that of 4';5'-adducts. 

Specific sites in double-stranded DNA for the inter

calation or photobinding of furocoumarin have been charac

terized by using several synthetic polynucleotides (69). 

The regions of DNA with single base chains, as in (poly dA-
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poly dT) and (poly dC-poly dG), appear to be unsuited for 

the intercalation of psoralen. On the other hand, the re

gions of DNA with an alternating sequence of bases, as in 

poly (dA-dT) and poly (dG-dC), favor the intercalation of 

psoralen, consequently favoring the subsequent photoreac

tions. 

In an attempt to describe the electronic mechanism 

involved in the photocycloaddition of skin-sensitizing com

pounds to DNA bases. Song et_ al. have studied the excited 

states of coumarins and psoralens (l6, 25. 27, 31). Both 

the spectroscopic and theoretical molecular orbital data 

indicated that the photoreactive triplet, excited state T-, 

It 

(•Fr,¥ ) of a number of coumaryl compounds (including furo

coumarins) has many commpn features, as characterized by a 

significant localization in the pyrone C=C bond. The 

supporting evidence include (l) general invariance of the 

0-0 phosphorescence frequency for series of coumaryl and 

furocoumaryl compounds, (2) the common phosphorescence 

polarization, (3) common vibrational modes involving the 

C=C stretching and C-H out of plane bending, and (4) high 

spin density at Co and C^ positions. Therefore, the 3,4-

position of the pyrone ring of furocoumarin has been pre

dicted as the most reactive site for the cycloaddition to 

the pyrimidine bases of DNA. 
Recent results of configuration analysis calculations 
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have shown that both S-]̂ (F,Tr ) states of coumarin and 

psoralen contain significant charge transfer character in 

the C=C bond of the pyrone moiety (32?S CT to the C=C 

vacant MO in coumarin and 22?5 in psoralen) , whereas CT 

character at the furyl C=C bond of psoralen is Ikfo. On the 

other hand, the T-]_Cir,ir ) state of these molecules shows a 

substantial localization of the excitation in the pyrone 

C=C bond. No significant localization is predicted at the 

furyl C=C bond (28). Recent EPR/ODMR data are consistent 

with the localized Tf , IT state (70, 71). 

In this regard, the benzodipyrones, possessing two 

reactive C=C pyrone bonds, were synthesized (72) and have 

been proposed as potential DNA cross-linking agents. 

These compounds can photoreact with pyrimidine bases and 

photoinduce mutation in Bacillus subtilis (7. 44). 

The relative importance of the singlet vs triplet 

state reactivity of psoralens toward pyrimidine bases re

mains to be established. Bevilacqua and Bordin demonstrated 

a moderate quenching effect of the photo-C^^-cycloaddition 

of psoralen to pyrimidine bases by oxygen and paramagnetic 

ions (73). Recently, Mclnturff (44) obtained more definite 

quenching data, using 0.04 M 5FU as the substrate. She 

showed a nearly complete quenching of the photoaddition 

between 8-methoxypsoralen and 5FU, as determined from 

initial rate measurements based on the absorbance change of 
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the former. It appears that the triplet psoralen plays an 

important role in the photoreactions with pyrimidine bases. 

In this connection. Song et _al. (29) have proposed 

that the impotency of hydroxypsoralen as skin sensitizers 

is attributable to the lack of efficient triplet formation 

due to the competing ionization process in the S-, state and 

the delocalized triplet nature of the anionic forms of 

hydroxypsoralens. 

A presently unresolved problem concerns the mechanism 

of the photoaddition at the 4',5'-double bond of the furan 

ring. It is possible that the photocycloaddition at the 

furan moiety proceeds via singlet excited state, in con

trast to the cycloaddition at the pyrone moiety (28). The 

singlet to triplet energy transfer from furocoumarin to 

pyrimidine bases may occur, followed by the cycloaddition 

of the triplet pyrimidine bases to the furan ring (7). 

However, this is probably less likely than the singlet 

pathway. 



CHAPTER III 

MATERIALS AND METHODS 

Materials 

Crystalline forms of 8-methoxypsoralen (8M0P), 5.7-di-

methoxycoiMiarin (DMC), and coumarin were obtained from 

Sigma, Aldrich, and Matheson Coleman and Bell Chemical 

Company respectively. They were foiind to be free of im

purities to'a desired sensitivity and were used without 

further purification. (̂ H)-8M0P was custom tritiated by 

New England Nuclear and further purified by chromatography 

on cellulose TLC sheets (specific radioactivity was about 

2 Ci/m mole). The purity of this (3H)-8M0P was more than 

90^ as determined by radioactivity counting. The extinc

tion coefficient in water solution was determined as £ 

=1.24 X 10^ at 301 nm for 8M0P and 6=1-20 x 10^ at 327 nm 

for DMC. Tritiated water (5 Ci/ml) was purchased from New 

England Nuclear. Tritium-labeled potassium borohydride 

was Amersham-Searle no. TRK-293. Trifluoroacetic anhydride, 

Ribonuclease T-. (grade III), and Ribonuclease A (type lA) 

were from Sigma Chemical Company. Snake venom phosphodi

esterase (code VPH) and bacterial alkaline phosphatase 

(code BAPF) were from Worthington Biochemical Corp.. Thin-

layer cellulose sheets without fluorescent indicator 

obtained from E. Merck Laboratory (5502) were used for 

17 
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nucleoside composition analysis and those obtained from 

Eastman Kodak Company were used for other analytical pur

poses. RP-R54 Royal X-Omat medical X-ray films were from 

Eastman Kodak Company. Unfractionated tRNA from E. coli B 

was purchased from Schwarz Bioresearch and further chromato-

graphed on Sephadex G-lOO colTimn using 1 M NaCl as eluting 

solvent. Poly [d(A-T)] , poly (d(G-C)) and E. coli tRNA^^® 

were from Boehringer Mannheim Biochemicals. Calf thymus 

DNA (sodium salt, type V) obtained from Sigma Chemical 

Company was further purified before use. The purification 

procedure followed the method described in the Methods 

section. Molar extinction coefficients of polydeoxynucleo-

tides samples are: calf thymus DNA €(p)=6620 at 258 nm; 

poly [d(A-T)] e(p)=650O at 262 nm (7^); and poly Id(G-C)) 

6(p)=7100 at 255 nm (77). Nucleosides were from Cycle, 

Sigma Chemical Company and Calbiochem. dATP, dGTP, dCTP, 

dTTP and DNA polymerase (E. coli) were from P. L. Biochemi

cals. (3H)-TTP was from ICN Pharmaceuticals Inc.. 



19 

Methods 

Bacterial Growth 

E. coli strain B grown in nutrient agar was transfered 

into a glucose-salts medium of Demerec and Cahn (78) three 

times. If bacteria did not grow in the first medium, then 

ifo peptone was added to help growth. Mass growth of bac

teria was performed in 15-1 fermentors (New Brunswick 

Scientific Co.) at 37 C. Growth was followed by monitoring 

absorbance at 650 nm. Additions of solid 5-fluorouracil 

and thymine at a final concentration of 25 jug/ml each were 

made when the OD measurement at 650 nm was between O.3 and 

0.4 (the early exponential phase of growth). Incubation 

was continued for 3 to 4 hours. Cells were chilled and 

harvested with a continuous flow centrifuge (Sorvall KSB-R), 

washed twice with 0.01 M Tris-HCl (pH 7.4)-0.01 M magnesium 

acetate buffer and stored at -20°C until used. 

Preparation of 5-Fluorouracil-Enriched tRNA (5FU-tRNA) 

5FU-tRNA was isolated essentially as described by 

Horowitz at al. (42). Following the disrupture of 40 g of 

cells by a French pressure cell at 10,000-12,000 psi, cell 

debris were then removed by centrifugation at 20,000 g for 

20 min. Ribosomes were pelleted by ultracentrifugation at 

105,000 g. The ribosome-free supernatant (typically I35 ml) 

was deproteinated by treating with equal volume of phenol 
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and l/lO volume of sodium dodecylsulfate at room temperature 

for 30 min (41). The tRNA was then deacylated by incubation 

at 37°C in 1.8 M Tris-HCl buffer (pH 8.0) for 90 min (79). 

Contaminating RNA was separated from tRNA by chromatography 

on Sephadex G-lOO using 1 M NaCl as eluting solvent. Sepa

ration of 5FU-enriched tRNA from other tRNA was performed 

by chromatography on DEAE-cellulose column. tRNA which 

contained little or no 5FU was completely eluted from DEAE-

cellulose column with O.325 M NaCl in 0.02 M Tris-HCl buffer 

(pH 8.9). 5FU-enriched tRNA was then eluted with a linear 

upward gradient of O.325 M to 0.6 M NaCl in 0.02 M Tris-HCl 

buffer (pH 8.9). Nucleoside analysis of this 5FU-enriched 

tRNA was carried out as described later. 

Preparation of 8-Methoxvi)Soralen Bound tRNA or 5FU-tRNA 

Samples (typically 10 ml) containing equal molar con

centration of 8M0P [cold or (%)-labeled) and tRNA (in 

moles of nucleotides; assuming average molecular weight of 

each nucleotide is 340) in either distilled HgO or 0.01 M . 

Tris-HCl (pH 7.4)-0.01 M magnesium acetate buffer was de-

oxygenated and irradiated at 365 nm in a Pyrex container 

equipped with 10?̂  CuSOju as filter solution (as shown in 

Fig. 3). The temperature was maintained at 25°C and the 

light sources were black light RUL-3500A lamps used in the 

Rayonet preparative photoreactor (type RS). The absorbed 



Fig. 3- (A) A Pyrex container used for the preparations 

of 8M0P-tRNA and DMC-DNA photoadducts. S, sam

ple solution; F, 10^ *̂ uS02, as filter solution; 

W, water jacket; T, Pyrex test tube. (B) Cross-

section of (A). All the measurements for the 

tubing are outside diameter. 
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light intensity was 6.5 x 10 quanta/sec/entire volume as 

determined by liquid-phase chemical actinometry using po

tassium ferrioxalate (80, 81). After photoirradiation, the 

sample was then chromatographed on Sephadex G-50 using 1 M 

NaCl as eluting solvent. Fractions corresponding to tRNA 

were pooled and precipitated in 2 volumes of ethanol at 

-20°C. The precipitates were then collected by centrifuga

tion at 20,000 g for 20 min. The contaminants were removed 

by extensive dialysis against either doubly-distilled water 

or 0.01 M Tris-HCl (pH 7.4)-0.01 M magnesium acetate buffer. 

Samples containing tRNA only or 8M0P only served as refer

ences. 

The binding ratio of 8M0P to tRNA was calculated from 

radioactivity of purified 8M0P-bound tRNA. The extinction 

coefficient of tRNA used for calculation was 6?""^^=23.3 at 
1 cm 

260 nm for tRNA and 6°'J^=23.9 at 260 nm for 5FU-tRNA (82). 

Optical Measurements 

All the purified photoadducts of 8M0P-tRNA, 8M0P-5FU- -

tRNA and DMC-DNA were used for optical measurements. The 

absorption spectra of all photoadducts were recorded on a 

Cary 118C spectrophotometer. Circular dichroism spectra 

were recorded at room temperature on a Jasco J-20 CD-ORD 

spectrometer which was modified to enhance the signal-to-

noise ratio by replacing the Pockel cell and the circuitry 
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with a Morvue photoelastic Modulator (Model PEM-3) and 

lock-in amplifier/phase detector (Model PAR 121). Cor

rected luminescence spectra were measured on a Perkin-

Elmer spectrefluorometer model MPF-3. Fluorescence life

times of 8MOP-5FU-tRNA were measured as described by Fugate 

and Song (83). 

Reduction of the photoirradiated control tRNA and 

8M0P-tRNA to a highly fluorescent derivative was carried 

out by a modified method of Krauskopf et_ al. (84) as des

cribed by Ofengand and Bierbaiim (85). The reaction mixture 

consisted of 0.6 ml irradiated tRNA or 8M0P-tRNA water solu

tion (A25o=^)' °-2 ml of 0.5 M H3BO3-O.5 M KCl solution 

(adjusted pH to 9-5 with 0.1 N NaOH), 0.1 ml of 0.18 M 

NaEDTA (pH 9-9). and 0.1 ml of NaBHi,, (20 mg/ml freshly 

dissolved in pH 11 ice water). After incubation in the 

dark for 1 hr at room temperature, the excess NaBHij, was 

destroyed by addition of 0.I6 ml of 3.5 M acetic acid and 

incubation for 10 min at room temperature. The pH was 

adjusted to neutrality by addition of 0.8 ml of Bicine-

NaOH buffer (made from 145 ml of 0.5 M Bicine, pH 7.5, and 

55 ml of 0.2 N standard NaOH) and then 0.04 ml of H2O was 

added. The corrected excitation and fluorescence measure

ments were made on dilutions of above mixture to 3-nil final 

volume with standard diluting buffer containing O.15 M 

Bicine (pH 7-5) and 0.04 M magnesium acetate. 
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Preparation of Aminoacyl-tRNA Synthetases 

The aminoacyl-tRNA synthetases free of tRNA were pre

pared at 4°C by a slight modification of the method as 

described by Kelmers at al. (86). E. coli B cells (15 g) 

were dispersed in 60 ml of buffer (0.01 M Tris-HCl, pH 7.4, 

containing 0.01 M magnesium acetate and 0.001 M glutathione) 

and disrupted by passage through a French pressure cell at 

10,000 to 12,000 psi. The broken cell preparation was di

luted with 4 volumes of buffer and centrifuged at 35,000 g 

for 40 min and then at 100,000 g for 3 hours to remove par

ticulate matter. The supernatant was collected and nucleic 

acids were precipitated by the slow addition of 0.1 vol. 

of lOfo streptomycin sulfate (freshly prepared with cold 

deionized HgO). After having been stirred for 3 hours, the 

precipitate was removed by centrifugation at 16,000 Q for 

10 min. The supernatant solution was then adjusted to 

pH 7=5 with 0.1 M KOH and maintained at that pH during the 

addition of solid ammonium sulfate to 65% saturation. 

After having been stirred for half an hour, the precipitate, 

was collected by centrifugation at 16,000 g for 10 min. 

The residues were redissolved in 40 ml of buffer and dia-

lyzed overnight against 8 liters of buffer. Finally, 0.25 

volumes of glycerol was added to the enzyme solution, and 

it was stored at' -60°C. The protein concentration estimated 

^^ ̂ 280^^260 ^^^^° ^^^ about 2 mg/ml. The contaminating 
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n u c l e i c a c i d was only 0.4?S 

Amino Acid Acceptor Activity 

Aminoacylation of tRNAs and their photoadducts was 

carried out essentially as described by Kelmers at aJ.. (86) 

or Pestka (87) and modified by Johnson at _al. (4l) . A O.5 

ml reaction mixture contained 50 « moles of Tris-HCl buffer 

at pH 7.4', 5 *̂  moles of magnesium acetate, 1 n mole of ATP, 

14 2.5 « moles of KCl, I.5 n moles of a C-labeled L-amino 

acid, 3 n moles of each of other I9 amino acids, 0.5 « mole 

of CTP, 0.02 to 2.0 Ag^Q units of tRNA and sufficient crude 

aminoacyl-tRNA synthetase (approximately 0.04 mg) to obtain 

maximal formation of aminoacyl-tRNA. After incubation at 

37 C for 30 min, the reaction was stopped by the addition 

of 7% cold trichloroacetic acid; 0.5 mg of bovine serum 

albumin was added as carrier. The precipitate was collect

ed on Millipore filters, dried and counted in a Beckman 

liquid scintillation counter in a PPO/POPOP/Triton X-114/ 

Xylene cocktail (88). 

Chemical Analysis of Photoadducts of 8M0P-tRNA and 8M0P-

5FU-tRNA 

(%)-8M0P-tRNA [or (%)-8M0P-5FU-tRNA] was completely 

digested into nucleosides plus (3H)-8M0P-nucleoside [in

cluding nucleoside-(3H)-8M0P-nucleoside, a cross-linking 
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product] by enzyme mixture containing ribonuclease A, ribo

nuclease T-, , snake venom phosphodiesterase and alkaline 

phosphatase under the conditions used for nucleoside com

position analysis as described later. The products were 

separated by thin layer chromatography on cellulose TLC 

sheets and visualized on X-ray film by low-temperature 

fluorography as described by Randerath (89). The solvent 

systems used for thin layer chromatography were as follows: 

A) acetonitrile : ethyl acetate : n-butanol : isopropanol : 

6 N ammonia (7: 2 : 1 : 1 : 2.7, by vol.), B) jt-amyl 

alcohol : methyl ethyl ketone : acetonitrile : ethyl acetate 

: water : formic acid, 88^ (4: 2 : 1.5: 2 : 1.5: 0.18, 

by vol.), C) n-propanol : water (3 s 7, hy vol.), D) n-

propanol : water (7 ' 3, hy vol.), E) n-butanol : acetic 

acid ; water (4 : 1 : 5, hy vol.; only upper portion was 

used), F) n-butanol : isopropanol : 7=5 N aqueous ammonia 

(3 ! 3 s 2, by vol.), G) jt-amyl alcohol : methyl ethyl 

ketone : water : formic acid, 88?5 (2: 2 : 1 : 0.1, by vol.). 

Photosplitting of 8M0P-nucleoside Photoadducts 

Enzymatic digest of (%)-8M0P-tRNA (typically 25 jul) 

was irradiated at 255 nm in a quartz tube for 0.5. 1. 3. 

and 5 hour at room temperature. The light sources were 

RUL-255OA lamps used in the Rayonet photoreactor (type RPR 

100). The photosensitized splitting of adduct by the tri-
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plet sensitizer, 2-anthraquinone sulfonate, followed the 

method described by Ben-Hur and Rosenthal (90) and Lamola 

(91). The sensitizer concentration was such that the 

absorbance of the solution was 2/cm at 365 nm. The solu

tion was deoxygenated before irradiation. After irradia

tion, the products were separated by thin layer chromato

graphy on cellulose TLC sheet using solvent systems C or 

D. The separated products were visualized on X-ray film 

by low-temperature fluorography (89). 

Nucleoside Composition Analyses of 8M0P-tRNA and 8M0P-5FU-

tRNA Photoadducts 

The nucleoside composition of 8M0P-tRNA and 8M0P-5FU-

tRNA was analyzed by the chemical tritiiim labeling method 

developed by Randerath at al. (92, 93) and modified in 

our laboratory. tRNA (or 5FU-tRNA) exposed to the same 

dose of irradiation without the presence of 8M0P was used 

as control. All samples (typically O.5 ml) were dialyzed 

extensively against doubly-distilled water to remove con

taminants, especially Tris which reacts with periodate 

and consumes tritium labeled borohydride. After dialysis, 

20 ;ug of tRNA sample (base on 1 ^260 ^̂ i"̂ ='̂ ^ ̂ S RNA) was 

dried under vacuum and redissolved in 15 Jul of water so

lution containing 0.6 mg/ml of ribonuclease T,. Addition 

of 2 jal enzyme mixture containing RNase A (2 mg/ml), snake 
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venom phosphodiesterase (2 mg/ml), alkaline phosphotase . 

(1.5-2.0 mg/ml), magnesium chloride and 1 jul of 0.6 M Bi

cine solution (pH 8.0) followed as described by Randerath 

at al. (92). Enzymatic digestion of tRNA was then carried 

out at 37°C for 6 hours. 3 JUI of enzymatic RNA digest 

('-lO n moles of nucleoside, assuming average molecular 

weight of nucleoside is 325) was used for periodate oxida

tion. An approximately 2-fold molar excess of NalOji, over 

total nucleosides (4 JUI of 5 x 10"-̂  M NalOK solution) and 

8 Jul of HpO were added to give final nucleoside concentra

tion in the range of O.6-0.8 n mole/iil. Incubation was at 

23 C for 2 hours in the dark. The incubation mixture was 

then cooled briefly on ice and 1 JUI of 0.1 M potassiiom 

phosphate, pH 6.8, was added. 1 «1 of 0.1 M (%)-KBHK in 

0.1 N KOH solution (radioactivity of 2-3 Ci/m mole) corre

sponding to about a 5-fold molar excess of borohydride 

over periodate was added immediately and the mixture was 

incubated at 23°C for 2 hours in the dark. If the (%)-

borohydride had been stored in 0.1 N KOH aqueous solution 

for more than 1 month at -80 C, then gradually increasing 

amount of borohydride were used. (3H)-KBHJL in 0.1 N KOH 

solution should be lyopholized in small batches and stored 

at -85 C. It is then redissolved in H^O prior to use (94). 

Following the reduction, 30 jul of 1 N acetic acid (~300-

fold molar excess over borohydride) was added to decompose 
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the unreacted borohydride. The solution was uncovered and 

kept under the good ventilation hood for 20 min at room 

temperature. It was then evaporated to complete dryness 

under vacuum. The residue was redissolved in 10-20 jul of 

0.1 N formic acid. An aliquot of labeled RNA digest (about 

2-5 «Ci 3H) was spotted on a 20 cm x 20 cm cellulose sheet 

without fluorescent indicator (E.M. Lab. # 5502) and se

parated by solvent systems A and B. Spots containing tri

tium were visualized on X-ray film by low-temperature 

fluorography at -85 C for 2 days. The component spots 

were cut out and eluted with 5 ml of 2 N ammonium hydroxide 

or with water and 0.5 ml aliquots were counted in 10 ml of 

scintillation cocktail containing 0.3^ PPO (w/v), 0.02^ 

POPOP and 25?̂  Triton X-114 (v/v) in xylene (88). A blank 

containing no tRNA was carried through the same procedure. 

Recovery Studies with Reference Nucleoside 

Reference nucleosides were checked for impurities by 

one-dimensional chromatography on cellulose with solvent 

F or solvent G (92). If further purification was necessary, 

paper or thin-layer chromatography with different solvent 

systems described by Fink and Adams (95) were used. The 

molar extinction coefficients used for determining nucleo

side concentration are siimmarized in Table 1. Decomposi

tion of dihydrouridine in 0.1 N NaOH was measured at 230 
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Table I. Molar Extinction Coefficients Used for 

Calculating Initial Nucleoside Concentra

tions in Recovery Experiments. 

Nucleos ide 

A 

m-'-A 

m^A 

m^A-

C 

m^C 

5FC 

G 

m-'-G 

m G 

2n 
mgG 

m'̂ G 

I 

U 

m^U 

m^U 

hU 

V 
5FU 

pH 

6 

1 

7 

7 

7 

7 

7 

6 

6 

1 

1 

1 

6 

7 

5 

7 

13 

7 

1 

A 
max 

260 

257 

266 

257 

271 

277 

277 

253 

256 

• 259 

265 

256 

248.5 

262 

262 

267 

230 

263 

268 

e X 10"^ max 

14 .9 

13 .7 

15 .9 

18 .8 

9 . 1 

8 . 9 

8.06 

13 .6 

1 3 . 1 

14 .2 

17 .7 

13 .3 

12 .3 

1 0 . 1 

9 .0 

9 . 8 

10 .3 

8 . 1 

8.95 

Reference 

(96) 

(96) 

(96) 

(96) 

(96) 

(96) 

(97) 

(96) 

(92) 

(92) 

(92) 

(98) 

(96) 

(96) 

(96) 

(96) 

(92) 

(96) 

(99) 



Plate 1. Two-dimensional separation of (%)-labeled 

reference nucleoside mixture. The nucleoside 

mixture was pretreated with buffer and enzymes, 

oxidized with periodate and then reduced with 

tritiated borohydride as described in Methods. 

3.0 uCi of labeled nucleoside mixture was 

applied to a 20 cm x 20 cm cellulose sheet 

and was chromatographed with solvents A and B. 

The first dimension was from botton to top 

and the second dimension from left to right. 

The film was exposed for 3 days. Or, origin; 

gly, glycerol; B, spots also observed on 

blank, not derived from nucleoside mixture. 

m-̂ U was overlapped with 6,6-diJVIeA. 
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nm; the extinction at zero time was extrapolated from the 

time curve and used for the calculation of molar absorp

tivity (92). Nucleoside to be studied was mixed with 

equal concentration of cytidine and adenosine (both cyti

dine and adenosine served as references). About 60 n moles 

of nucleoside mixture were withdrawn and dried under va

cuum. Pretreatment of nucleosides with buffer and enzymes 

followed the procedures described in nucleoside composi

tion analysis method. Incubation was at 37 C for 6 hours. 

About 10 n moles of nucleoside samples that have been pre-

incubated with buffer and enzymes were used for periodate 

oxidation and (H)-borohydride reduction procedure. Ali

quots of labeled samples containing 0.5-1 JuCi of (-̂H) were 

applied to a 20 cm x 20 cm cellulose sheet in 1 JO.1 portions 

and were chromatographed with solvents A and B. The cal

culations of recoveries were based on the ratio of concen

tration determined by spectrophotometry and the radioacti

vity determined by liquid scintillation counting as des

cribed by Randerath at al (92). 

Purification of Calf Thymus DNA 

Type V calf thymus DNA (50O mg) from Sigma Chemical 

Company was dissolved in 200 ml of standard saline-citrate 

buffer (SSC buffer) (O.15 M NaCl plus 0.015 M Na-citrate, 

pH 7.1) and treated with RNase A solution to give a final 
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concentration of 40 Jug of RNase A per ml of solution. The 

stock solution of RNase A contained 4 mg/ml in 0.15 M NaCl 

at pH of 5-0 and was heated at 80°C for 10 min to eliminate 

DNase. After one hour incubation at 37°C, an equal volume 

of freshly distilled phenol saturated with 0.1 M Tris in 

HpO was added. The DNA solution was then shaken gently 

with a rotary shaker for 30 min in the cold (4°C). After 

centrifugation at 10,000 g for 20 min, the upper layer was 

removed with the aid of a wide mouth pipette. An equal 

volume of chlorofomi and isoamylalcohol mixture (24 : 1; 

by volume) was added to supernatant. The mixture was 

shaken at room temperature for 30 min and then centrifuged 

at 10,000 g for 20 min. Chloroform-isoamyl alcohol treat

ment was repeated until no denatured protein remained at 

the interface. The supernatant obtained from the upper 

layer was added to two volumes of 95^ cold ethanol. The 

DNA fibers were spooled with a glass rod by stirring clock

wise so that a vortex was created. The fibers were pressed 

to eliminate ethanol and redissolved in standard saline-

citrate buffer. The DNA solution was then dialyzed exten

sively against the same buffer or other desired buffer so

lutions. DNA in SSC buffer was stored at -60°C until used. 

Synthesis of (%)-Dimethoxycoumarin r(̂ H)-DMCl 

The synthesis of (3H)-DMC was carried out by the acid 
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catalyzed tritium exchange method described in New England 

Nuclear Co. catalog (1974-1976). Approximately 5 mg of 

DMC was dissolved in 13 ml trifluoroacetic anhydride. The 

solution was briefly chilled in ice. A pinch of black 

platinum, freshly generated by bubbling Hp gas through a 

solution of platiniom oxide in trifluoroacetic anhydride, 

was then added. Tritium-labeled water (1 ml of- 5 Ci/ml 

TpO plus 1 ml of 1 mCi/ml T2O) was slowly added into DMC 

solution (care was taken to prevent the generation of heat 

and the evaporation of (H)-trifluoroacetic acid). Ex

change was performed by stirring the solution at 65°C for 

48 hours. The solvent was then removed by vacuian distil

lation, and the residues were dissolved in ethyl ether. 

The ether solution was then filtered and dried under vacuum. 

The residues were then redissolved in a small amoTint of 

distilled acetone. (3H)-DMC was separated and purified by 

thin-layer chromatography on silica gel plate (freshly 

prepared) using ethyl ether as the chromatographic solvent. 

The purified (3H)-DMC was identified by absorption, cor

rected fluorescence, and excitation spectroscopy. Prior 

to (-̂ H)-DMC synthesis, deuterium-labeled DMC was prepared 

by the same method as described above. The NMR spectrum 

revealed that the exchangeable protons are located at Ĉ ,, 

C^, and Cg. (3H)-DMC synthesized by this method has spe

cific radioactivity equal to 30 mCi/m mole. 
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Ground State Complexation Between DMC and Polynucleotides 

The concentration of DMC in 0.3 mM phosphate buffer 

(pH 7.1) was fixed at 53 "M. After addition of calf thy

mus DNA, the absorption spectrum on a Cary 118C spectro

photometer was taken against the same concentration of 

DNA. Control experiments were done in parallel with sin

gle stranded DNA which was prepared by heating DNA solu

tion (in 0.01 M phosphate buffer, pH 7.I) in boiling water 

for 10 min and then cooled rapidly to 0°C. The same solu

tions were also used for the corrected fluorescence measure

ment on a Perkin-Elmer Hitachi MPF-3 spectrofluorometer. 

The complexation studies were also carried out with DMC 

and DNA, poly [d(A-T)) , and poly [d(G-C)) in standard 

saline-citrate buffer- This buffer contained 0.15 M NaCl 

plus 0.015 M sodium citrate (pH 7.1). 

Preparation of DMC-DNA Photoadduct 

Samples containing DMC [cold or (^H)-labeled} and 

DNA (one molecule of DMC per 10 nucleotides of DNA) were 

irradiated at 365 nm [absorbed light intensity 6.5 x 10 

quanta/sec/entire reaction volume (10 ml)J in the absence 

of Op for different periods of time. After irradiation, 

samples were precipitated in two volumes of 95f° ethanol. 

The precipitates were collected by centrifugation at 

10,000 g for 20 min and redissolved in 1 M NaCl. DNA 
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solution was further purified by chromatography on Sephadex 

G-50 or G-lOO using 1 M NaCl as eluting solvent. Fractions 

corresponding to DNA were pooled and precipitated in three 

volumes of ethanol. The precipitates were then collected 

by centrifugation, redissolved in SSC buffer, and dialyzed 

extensively against SSC buffer. In the case of radioacti

vity counting, dialysis was performed with doubly-distilled 

water. 

Characxerization of DMC-DNA Photoadduct 

Optical measurements of DMC-DNA photoadduct were 

carried out as described above (including absorption, CD, 

corrected fluorescence and excitation spectra, and fluo

rescent lifetime measurements). Per cent hyperchromicity 

ifoh) was determined by the following formula: foh= [(A^^o/ 

A°2c;8̂  - l] X 100. Here Api-g is the absorbance of DNA or 

DMC-DNA photoadduct after denaturation by boiling the so

lution (0.01 M Pi buffer, pH 7.1) for 10 min and then 

cooled rapidly to 0°C. A^^g is the absorbance of DNA or 

DMC-DNA photoadduct before denaturation. 

Assay for DNA Synthesis 

DMC boiind DNA was assayed for its replication activi

ty. The assay measured incorporation of a labeled nucleo

tide into an acid-insoluble fraction as described by 



38 

solution was further purified by chromatography on Sephadex 

G-50 or G-lOO using 1 M NaCl as eluting solvent. Fractions 

corresponding to DNA were pooled and precipitated in three 

volumes of ethanol. The precipitates were then collected 

by centrifugation, redissolved in SSC buffer, and dialyzed 

extensively against SSC buffer. In the case of radioacti

vity counting, dialysis was performed with doubly-distilled 

water. 

Characxerization of DMC-DNA Photoadduct 

Optical measurements of DMC-DNA photoadduct were 

carried out as described above (including absorption, CD, 

corrected fluorescence and excitation spectra, and fluo

rescent lifetime measurements). Per cent hyperchromicity 

ifoh) was determined by the following formula: foh= [(A2<r8/ 

A°2tg) - l] X 100. Here Api-g is the absorbance of DNA or 

DMC-DNA photoadduct after denaturation by boiling the so

lution (0.01 M Pi buffer, pH 7.1) for 10 min and then 

cooled rapidly to 0°C. A°j.g is the absorbance of DNA or 

DMC-DNA photoadduct before denaturation. 

Assay for DNA Synthesis 

DMC bound DNA was assayed for its replication activi

ty. The assay measured incorporation of a labeled nucleo

tide into an acid-insoluble fraction as described by 
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Fujimura and Roop (lOO). The assay mixture (0.3 ml) con

tained 33 «M dCTP, dATP, dGTP, dTTP, 20 «Ci of (%)-dTTP, 

67 mM Tris-HCl (pH 8.6), 67 mM dithiothreitol, 30 n moles 

of DNA and 2 units of DNA polymerase from E. coli B (158 

units/mg proteins; 1 unit catalyzes the incorporation into 

acid insoluble product of 10 nanomoles of nucleotide under 

the conditions described by Richardson at al. (101) using 

"activated" DNA as the template/primer). DNA polymerase 

was dissolved in a buffer solution containing Q.Vfo bovine 

serum albumin, 20 mM Tris-HCl (pH 8.6), 2 mM dithiothreitol, 

and 20?̂  glycerol. The reaction was initiated by addition 

of enzjrme and carried out at 25°C for different period of 

time. Reaction mixture (50 jul) was withdrawn each time 

and added to 2 ml of 5fo cold trichloroacetic acid contain

ing 0.01 M Na^PpOr;. The acid-insoluble material was col

lected on a millipore membrane filter, washed three times 

with 5 ml of 0.01 N HCl, and dried at 70°C. The radioac

tivity was determined in 10 ml of scintillation cocktail 

containing 0.3fo PPO (w/v), 0.02fo POPOP and 25^ Triton X-114' 

(v/v) in xylene (88). A blank containing no DNA polymerase 

was carried through the same procedure. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Results 

Chromatography and Base Composition Analysis of 5FU-tRNA 

After deacylation, the tRNA was precipitated in etha

nol and collected by centrifugation. The precipitates 

were then redissolved in 25 ml of 1 M NaCl and passed 

through a Sephadex G-lOO column using 1 M NaCl as eluting 

solvent, the contaminating RNA and phenol were separated 

from tRNA as shown in Figure 4. The major peak contains 

normal tRNA, low 5FU-substituted tRNA and 5FU-enriched 

tRNA. Since 5FU has a lower pKa than uracil (46), 5FU-

enriched tRNA has a greater net negative charge than nor

mal or low 5FU-substituted tRNA at certain pH values. 

When tRNA sample obtained from Sephadex G-lOO chromato

graphy (Fig. 4) was applied to a DEAE-cellulose column and 

washed with 0.325 M NaCl in Tris-HCl buffer (pH 8.9). the 

normal tRNA and low 5FU-substituted tRNA were eluted out 

completely. 5FU-enriched tRNA was eluted with a upward 

linear gradient of a 0.325 M to 0.6 M NaCl in Tris-HCl 

buffer (pH 8.9) as shown in Figure 5. Nucleoside composi

tion analysis of 5FU-enriched tRNA obtained from DEAE-cel

lulose chromatography by the chemical tritium labeling 

method showed that more than 90?̂  of its uridine residues 
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Fig. 4. Gel filtration of mixed tRNA on Sephadex G-100. 

Deacylated tRNA (100 mg) was passed over a 

Sephadex G-100 column (4.3 x 50 cm) equilibrated 

with 1 M NaCl. Flow rate was 44 ml/hr and 

8.2 ml fractions were collected. Fractions from 

50 to 69 were pooled and precipitated with 2 

volumes of cold ethanol. 
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Fig. 5. DEAE-cellulose column chromatography of mixture 

of 5FU-enriched tRNA and other tRNA. Mixed 

tRNA (60 mg) obtained from Sephadex G-100 

chromatography was applied to a DEAE-cellulose 

column (2.5 X 38 cm) and.l4.2 ml fractions 

were collected. tRNA v/hich contained little 

or no 5FU was eluted from the column with 

0.325 M NaCl in 0.02 M Tris-HCl buffer (pH 8.9). 

5FU-enriched tRNA was then eluted with a linear 

gradient of 0.325 M to 0.6 M NaCl in 0.02 M 

Tris-HCl buffer'(pH 8.9). The absorbance of 

each fraction was determined. Aliquots of 

fraction 23O to 320 were pooled and precipitated 

in ethanol. 
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or derivatives (such as pseudouridine, dihydrouridine, and 

ribothymidine) were replaced by 5FU (Table 2). The major 

nucleoside composition of 5FU-tRNA remains essentially 

unchanged except for the small replacement of cytidine by 

5-fluorocytidine (42). 4-Thiouridine content in 5FU-tRAN 

was determined by the absorbance ratio A„„„/Ap^- as des

cribed by Doctor at al. (102). There was only 10^ of the 

normal amoiint of 4-thiouridine present in the 5FU-enriched 

tRNA. 

Preparation of 8M0P-tRNA and 8MOP-5FU-tRNA Photoadducts 

A reaction mixture (10 ml) containing equal molar 

concentration of (-̂ H)-8M0P and tRNA (or 5FU-tRNA) was chro

matographed on a Sephadex G-50 coliomn after irradiation at 

365 nm. Elution profiles are shown in Figures 6 and 7. 

The radioactivity associated with tRNA or 5FU-tRNA indi

cated the covalent binding of 8M0P to tRNA structure, since 

control samples containing tRNA and (3H)-8M0P without expo
's 

sure to light and sample containing only ("̂ H)-8M0P with 

exposure to the same dose of irradiation did not give any 

radioactivity at the tRNA peak. Chromatography of photo

lyzed sample on Sephadex G-25 gave the same result as G-50, 

except that the photoproducts of 8M0P itself were better 

separated. Figure 8 shows the elution profiles of the 

reaction mixture obtained from photolysis of a sample 
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Table 2. Nucleoside Composition of tRNA and 5FU-Enriched 

tRNA as Determined by the Chemical Tritium 

Labeling Method 

Nucleoside 

G 

C 

A 

U 

5FU 

V 

hU 

m^U 

m'^G* 

I 

m^A 

m^A 

5FC 

m G 

Mole fo 

Normal tRNA 

3 0 . 6 0 

2 9 . 4 7 

1 9 . 1 2 

1 4 . 3 0 

1 .80 

2 . 2 5 

1 .13 

0 . 7 5 

0 . 2 5 

0 . 2 4 

0 . 0 9 

0 . 1 2 

5FU-tRNA 

3 0 . 2 2 

2 8 . 5 3 

1 9 . 1 0 

1 .44 

1 8 . 3 0 

0 . 1 4 

0 . 1 3 

0 .10 

0 .75 

0 .26 

0 .25 

0 . 0 8 

0 . 7 4 

0 . 1 2 

R a t i o 

5FU-tRNA/tRNA 

0 . 9 9 

0 .97 

1.00 

0 . 1 0 

0 . 0 8 

0 . 0 6 

0 . 0 9 

1.00 

1 .04 

1 .04 

0 . 8 9 

1.00 

Corrected for 64?5 recovery 

'''m-'-G overlaps with 5FC in the solvent systems used, 

the mole fo of m̂ Ĝ in 5FU-tRNA was assumed as the 

same as in normal tRNA. 



Plate 2. Two-dimensional separation of (-̂ Ĥ)-labeled 

digest of tRNA. (A) Normal-tRNA, (B) 5FU-tRNA. 

The tRNA samples were hydrolyzed, oxidized 

with periodate and then reduced with tritiated 

borohydride as described in the Method section. 

2.2 AiCi of labeled digest was applied to each 

chromatogram. The film was exposed for 10 days. 

Or, origin; gly, glycerol; X , uridine-5-

oxyacetic acid; Xp, 2-methyladenosine; X^, 

unidentified compound; B, spots also observed 

on blank, not derived from tRNA. 
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Fig. 6. Sephadex G-50 column chromatography of the pho

tolyzed solution containing equal molar concen

trations of tRNA and (%)-8M0P. Photolysis was 

carried out as described in Methods. Irradia

tion time was 12 hours. The concentration of 

tRNA (in moles of nucleotide) or 8M0P was 

2.29 X 10^ «M. The eluting solvent was 1 M 

NaCl. The flow rate was O.5 ml per min and 

3 ml fractions w.ere collected and assayed both 

for radioactivity ( ) and for absorbance 

at 260 nm ( ). 
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Fig. 7. Sephadex G-50 column chromatography of the pho-

.tolyzed solution containing equal molar concen

trations of 5FU-tRNA and (%)-8M0P. Photolysis 

was carried out as described in Methods. Ir

radiation time was 12 hours. The concentration 

of 5FU-tRNA (in moles of nucleotide) or 8M0P 
2 

was 2.27 X 10 AM. The eluting solvent was 1 M 

NaCl. The flow rate was 0.5 ml per min and 

3 ml fractions were collected and assayed both 

for radioactivity ( ) and for absorbance 

at 260 nm ( '• ) . 
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Fig. 8. Sephadex G-50 column chromatography of a photo

lyzed solution containing equal molar concen

trations of tRNA and 8M0P (A) photolysis in the 

presence of Op. (B) photolysis in the absence 

of Op. Irradiation time was 20 hours at 365 nm. 
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containing tRNA and 8M0P with the presence of Op. Appar-

rently, tRNA was fragmented by the singlet oxygen generated 

by the triplet energy of excited 8M0P. Elution fractions 

corresponding to tRNA were collected, purified, and 

counted. From the specific radioactivity of (%)-8M0P in 

the reaction mixture the number of moles of 8M0P bound to 

each mole of tRNA at different irradiation time was calcu

lated, and the results are shown in Figure 9. Photobinding 

of 8M0P to 5FU-tRNA was much faster than to normal tRNA 

during the initial stage due to the high reactivity of 

5FU. The maximum incorporation of 8M0P into both normal 

tRNA and 5FU-tRNA was about the same at I6 hours irradia

tion time (-̂ 3.5 moles of 8M0P/mole tRNA) except nonnal 

tRNA showed a sigmoidal binding curve. The quantum yield 

of the formation of 8M0P-tRNA and 8M0P-5FU-tRNA photoad

ducts at 16 hours irradiation time was O.OO23. If normal 

tRNA was preirradiated at 365 nm for 12 hours prior to the 

addition of 8M0P, then the binding ratio was lower than 

the native tRNA binding rate. Furthermore, the binding 

curve was no longer sigmoidal. Prolonged irradiation for 

more than I6 hours caused the dissociation of 8M0P from 

normal tRNA. 



Fig. 9. Photobinding kinetics of (%)-8M0P to 5FU-tRNA 

(x X , x) . normal tRNA (o o o) , and 
preirradiated tRNA (• • • ) . 
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Characterization of 8M0P-tRNA and 8M0P-5FU-tRNA Photoadducts 

Absorption spectra of 8M0P-tRNA and 8MOP-5FU-tRNA pho

toadducts showed a slight blue shift (1 to 2 nm) of the 

major band (258 nm) and new absorbance at longer wave

lengths (320 nm to 500 nm) as compared to control sample 

(Fig. 10, 11, 12). 

Circular dichroic (CD) spectra of both tRNA adducts 

were examined to determine possible changes of conformation 

of tRNA structure due to the binding of 8M0P. Both CD spec

tra of tRNA adducts showed a 3 to 4 nm red shift of the 

positive band; rotational strengths of both positive and 

negative band are much less than the control tRNA samples 

(Figures 13 and 14). 

8M0P-5FU-tRNA adduct showed a distinctly different 

fluorescence spectrum from either the spectrum of control 

5FU-tRNA or 8M0P itself. But its spectrum was very simi

lar to the spectrum of the DNA-8M0P intercalation complex. 

The control 5FU-tRNA showed no fluorescence at all (Fig. 

15). 8M0P-tRNA adduct showed heterogeneous emitting spe

cies (i.e., two or more adduct species). The control tRNA 

showed an emission maximum at 400 nm when excited at 330 nm 

(Figure I6). 8M0P-tRNA adduct showed two emission maxima: 

X at 400 nm and 480 nm (Figure I6). Corrected excita-
max 

tion measurements of 8M0P-tRNA adduct gave two distinctive 

spectra when the emission wavelength was set at 400 nm and 



Fig. 10. Absorption spectra of 8M0P-tRNA photoadduct 

( ) and control tRNA ( ). 

8M0P-tRNA photoadduct was prepared as described 

in the Methods section. Irradiation time was 

16 hours at 365 nm. Solvent was doubly distill

ed water. The control was the tRNA which was 

irradiated at 365 nm for I6 hours in the ab

sence of 8M0P. 
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Fig. 11. Absorption spectra of 8M0P-5FU-tRNA photo

adduct ( ) and control 5FU-tRNA 

( ). 8M0P-5FU-tRNA photoadduct was 

prepared as described 'in the Methods section. 

Irradiation time was 20 hours at 365 nm. 

Solvent was doubly distilled water. The con

trol was the 5FU-tRNA which was irradiated at 

365 nm for I6 hours in the absence of 8M0P. 
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Fig. 12. Absorption spectra of 8M0P-5FU-tRNA photoadduct 

( ) and control 5FU-tRNA ( ) 

at wavelength longer than 310 nm. Both samples 

are the same as in Figure 11 except Ap^^ used 

was 10.7. 



64 

soNvadosav 



Fig, 13. CD spectra of 8M0P-tRNA photoadduct ( 

and control tRNA (. ). Both samples 

are the same as in Figure 10. 
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Fig. 14. CD spectra of 8M0P-5FU-tRNA .photoadduct ( 

and control 5FU-tRNA ( ). Both samples 

are the same as in Figure 11. 



68 

2 0 

1 — ' — r 1 ' r 

A 
i 6 

12 

8 

ro 

O 

^ 0 

® 

- 4 

~8 

-12 — 

- ' -----

8M0P-5FU-tRNA 

-5FU-tRNA (20hr) 

-16 -

1 ± 
220 240 260 280 300 320 340 

WAVELENGTH (nm) 



Fig. 15- 3orrected emission spectra of 8M0P ( ), 

8M0P-5FU-tRNA photoadduct ( ), control 

5FU-tRNA ( ). and 8M0P + DNA (molar ratio 

of DNA(p)/8M0P = 40) ( ). Solvent was 

doubly distilled water. Measurement was carried 

out at room temperature with excitation at 340 

nm. 
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Fig. 16. (A) Corrected emission spectrum of 8M0P-tRNA photo
adduct. X at 370 nm was from Raman scattering, 

max -̂  ^ 
Measurement was carried out at room temperature 

with excitation at 330 nm. (B) Corrected emission 

spectrum of control tRNA. Measurement was 

carried out the same as in (A). 
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480 nm (Figures 17 and 18). The corrected excitation and 

fluorescence spectra of NaBH^-reduced samples of control 

tRNA and 8M0P-tRNA adduct are shown in Figures 17 and 19. 

Both reduced samples showed excitation X at 270 and 

386 nm and s shoulder peak at 401 nm with emission at 
max 

445 nm. The 8M0P-tRNA adduct however showed a higher tail

ing emission at longer wavelength ( > 493 nm) presumably due 

to the emission of 8M0P-nucleotide adducts. These data 

confirmed that 4-thiouridine-cytidine dimer was one of the 

predominant emitting species. Comparing the corrected 

fluorescence intensity of both NaBHjL-reduced samples of 

control tRNA and 8M0P-tRNA adduct and correcting for the 

overlapping intensity at 445 nm contributed by 8M0P-nucleo-

tide adducts, we estimated that there was about 5^% 4-thio

uridine-cytidine dimer formed in the SMOP-tRNA structure. 

The fluorescence lifetime was 1.85 nsec for 8MOP-5FU-tRNA 

adduct and 1.0-2.5 nsec for 8M0P-tRNA. These results are 

summarized in Table 3. 

Chemical Analysis of Photoproducts of (%)-8MOP-5FU-tRNA 

Photoadducts 

Among 20 different solvent systems tried, the mixture 

of n-propanol and water (solvents C and D) gave the best 

separation of the products of enzymatic digest of the 

(%)-8MOP-5FU-tRNA photoadduct (Plates 3 and 4). At least 



Fig. 17. Corrected excitation spectra of SMOP-tRNA photo 

adduct ( ) and NaBHij.-reduced SMOP-tRNA 

photoadduct ( ). Measurement was carried 

out at room temperature with emission wave

length at 400 nm for SMOP-tRNA photoadduct and 

at 445 nm for NaBHjî -reduced SMOP-tRNA photo

adduct . 

I 
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Fig. 18. Corrected excitation spectra of SMOP-tRNA photo

adduct ( ) and NaBH2j.-reduced SMOP-tRNA 

photoadduct ( ) with emission wavelength 

at 480 nm. 
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Fig. 19. Corrected emission spectra of both NaBHj4,-reduced 

samples of SMOP-tRNA photoadduct ( ) and 

control tRNA ( ). The excitation wavelength 

was set at 3S5 nm for both samples. 
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Table 3. Fluorescence Lifetimes (in nsec) of 8M0P-5FU-

tRNA and SMOP-tRNA Photoadducts. 

Excitation SM0P-5FU-tRNA SMOP-tRNA 

Wavelength (nm) ^^ ^^^+ ^^ ^^^+ ^^ ^^^-, ^^ ^^+ 

330 1.849 1.675 

338 — — 1.43 2.53 

350 1.812 I.908 

375 1.858 1.486 I.036 0.984 

All lifetimes reported here are measured by phase delay 

at two modulation frequencies indicated at 25°C. 



Plate 3' One dimensional chromatography of enzymic digest 

of the (%)-8M0P-5FU-tRNA photoadduct. The photo

adduct was digested by the enzyme mixture containing 

RNase A, RNase T-|_, snake venom phosphodiesterase 

and alkaline phosphatase. 0.2 AiCi of labeled 

digest was applied to cellulose sheet and was 

chromatographed with solvent C. The film was 

exposed for 5 days. A, (-̂ H)-8M0P; B, enzymic 

digest of the (^H)-8M0P-5FU-tRNA photoadduct; 

C, photolyzed solution containing enzymic digest 

of the (%)-8M0P-5FU-tRNA photoadduct and 2-anthra

quinone sulfonate, irradiation time 3 hours at 

365 nm, see text for photosplitting of 8M0P-

nucleoside photoadducts. 
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Plate 4. One dimensional chromatography of enzymic digest 

of the (%)-SM0P-5FU-tRNA photoadduct. The photo

adduct was digested by the enzyme mixture containing 

RNase A, RNase T^, snake venom phosphodiesterase 

and alkaline phosphatase. 0.2 JuCi of labeled 

digest was applied to cellulose sheet and was 

chromatographed with solvent D. The film was 

exposed for 5 days. A, (-̂ H)-SMOP; B, enzymic digest 

of the (^H)-8M0P-5FU-tRNA photoadduct; C, photolyzed 

solution of enzymic digest of the (%)-SM0P-5FU-tRNA 

photoadduct, irradiation time 3-5 hours at 255 nm, 

see text for photosplitting of SMOP-nucleoside 

photoadducts. 
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8 different products were separated by 2 dimensional chro

matography using solvent G in the first dimension and sol

vent D in the second (Plate 5). Two dimensional separa

tion of products by solvent system D and E also gave the 

same result, although its resolution was not as good as 

the combination of solvent C and D. These photoproducts 

were hardly photodissociated into component base and 8M0P 

with ultraviolet (3.5 hr irradiation at 255 nm) or with 

photosensitizer 2-anthraquinone sulfonate (3 hr irradiation 

at 365 nm) under the conditions described in Methods. 

Recovery Studies with Reference Nucleoside 

The fo recoveries of 19 nucleoside trialcohols are 

summarized in Table 4. Most of nucleosides showed more 

than 90fo of recovery under the condition used for the 
7 

chemical tritium labeling method except for N'-raethyl-

guanosine, an alkaline-labile compound which only showed 

6k'fo recovery. There was about 9% of N -methyladenosine 

being converted into 6-methyladenosine. Dihydrouridine, 

another alkaline-labile compound, showed 87^ recovery and 

the decomposed product was identified as glycerol. 

Nucleoside Composition Analysis of SMOP-tRNA and 8M0P-

5FU-tRNA Photoadducts 

During the studies of the nucleoside composition of 



Plate 5. Two dimensional separation of enzymic digest of 

the (^H)-SM0P-5FU-tRNA photoadduct. The photo

adduct was digested by the enzyme mixture containing 

RNase A, RNase T^, snake venom phosphodiesterase 

and alkaline phosphatase. 0.3 ixCi of labeled digest 

was applied to cellulose sheet and was chromato

graphed with solvents C and D. The film was exposed 

for 7 days. First dimension was from bottom to 

top; second dimension from left to right. 
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Table 4. Recoveries of Nucleoside Trialcohols 

Nucleoside 

A 

m-'-A 

m^A 

m^A 

C 

m^C 

5FC 

G 

m^G 

m^G 

mgG 

m'^G • 

I 

U 

m^U 

m^U 

hU 

¥ 

5FU 

Nucleoside 
trialcohol 
recovery if) 

100.0 

85. 2 

93.3 

98.0 

100.0 

97.0 

99.3 

98.9 

98.2 

99.8 

98.2 

64.0 

102.0 

101.9 

90.0 

101.0 

87-0 

98.9 

100.S 

Other Products 

Products Recovery if) 

m^A 8.7 

Glycerol + 
other products 

« 

Glycerol 
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SMOP-tRNA photoadducts by the chemical tritium labeling 

method, we found that photoirradiated tRNA and SMOP-tRNA 

were resistant to enzymatic digestion by the enzyme mix

ture containing RNase A, snake venom phosphodiesterase and 

alkaline phosphatase. Therefore, the standard method for 

the base composition analysis as described by Randerath 

et al. (92) yield incomplete enzymatic digestion. An 

endonuclease specific for guanine residues, RNase T,, was 

employed for the digestion of photo-modified tRNA i.e., 

irradiated control tRNA and SMOP bound tRNA. The base 

composition of non-irradiated tRNA (control) was the same 

as that of the irradiated tRNA digested by the enzyme mix

ture containing RNase T-, . However, the base composition 

of the irradiated tRNA digested in the absence of RNase T, 

was different from that of the non-irradiated tRNA (Table 

5). The apparent difference in base composition of ir

radiated compared to non-irradiated tRNA control resulted 

from incomplete digestion of RNA when RNase T-^ was not used. 

A similar requirement of RNase T, for complete digestion 

was observed for 5FU-tRNA (Table 6), SMOP-tRNA photoadduct 

(Table 7) and 8M0P-5FU-tRNA photoadduct (Table 8). 

Purified tRNA from E. coli was used for the metho

dological study. From the known sequence of E. coli 

tRNA (115), one can obtain some information about the 

accuracy of this method and the digestibility of the 
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Table 5. Nucleoside Composition of Irradiated tRNA as 

Determined by the Chemical Tritium Labeling 

Method. 

Nucleoside 

G 

C 

A 

U 

V 

hU 

m^U 

m^G* 

I 

m^A 

m^A 

m-'-G 

Molef 

15 hr irradiated tRNA 

-RNase T̂ ^ 

22.75 

33.44 

20.42 

16.07 

1.89 

2.57 

1.33 

• 0.81 

0.24 

0.25 

0.09 

0.14 

+RNase T-ĵ  

30.81 

29.81 

18.55 

14.20 

1.79 

2.33 

1.15 

0.76 

0.26 

0.22 

0.07 

0.11 

Control 

30.60 

29.47 

19.12 

14.30 

1.80 

2.25 

1.13 

0.75 

0.25 

0.24 

0.09 

0.12 

Corrected for 64^ recovery. 

'̂ "Control sample is the non-irradiated tRNA which is 

analyzed by the method with the absence of RNase T-ĵ. 
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Table 6. Nucleoside Composition of I r r a d i a t e d 
5FU-tRNA as Determined by the Chemical 
Tritium Labeling Method. 

Nucleoside 

G 

C 

A 

U 

5FU 

V 

hU 

m^U 

7G* 

I 

m^A 

m^A 

5PC 

Molef 

20 hr irradiatf 

-RNase T, 

19.15 

32.51 

21.50 

1.79 

21.94 

0.20 

0.16 

0.22 

0.94 

0.24 

0.30 

0.12 

0.89 

2d 5FU-tRNA 

+RNase T, 

29.80 

28.24 

19.17 

1.46 

18.36 

0.10 

0.12 

0.20 

0.76 

0.26 

0.26 

0.09 

0.74 

Control 

30.22 

28.53 

19.10 

1.44 

18.30 

0.14 

0.13 

0.10 

0.75 

0.26 

0.25 

0.08 

0.74 

Corrected for 64?5 recovery. 

Control sample i s the non- i r radia ted 5FU-tPiNA which i s 
analyzed by the method with the absence of RNase T, . 
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Table 7. Nucleoside compositions of SMOP-tRNA photo

adduct and control tRNA as determined by the 

chemical tritium labeling method. 

Nucleoside 

G 

C 

A 

U 

V 

hU 

m^U 

7 * 
m^G 

I 

m^A 

m^A 

m-'-G 

SMOP-

-RNase T-, 

2 0 . 5 9 

3 4 . 1 0 

2 1 . 3 3 

1 6 . 3 2 

2 . 0 5 

2 . 9 1 

1 .24 

0 . 6 2 

0 . 3 3 

0 . 2 5 

0 . 1 2 

0 . 1 3 

Mole f 

•tRNA ( 1 ^ h r ) 

+RNase T^ 

3 0 . 5 3 

2 8 . 1 0 

1 6 . 9 0 

1 3 . 3 0 

1 .83 

2 . 3 3 

1 .14 

0 . 6 9 

0 . 2 3 

0 . 2 1 

0 . 0 9 

0 . 1 2 

C o n t r o l 

tRNA 

3 0 . 8 1 

2 9 . 8 1 

1 8 . 5 5 

1 4 . 2 0 

1 .79 

2 . 3 3 

1.15 

0 . 7 6 

0 . 2 6 

0 . 2 2 

0 . 0 7 

0 . 1 1 

Corrected for 64^ recovery. 

Corrected for the content of SMOP-nucleoside adduct 

as described in Results. 



93 

Table 8. Nucleoside compositions of 8MOP-5FU-tRNA 

photoadduct and control 5FU-tRNA as deter

mined by the chemical tritiiom labeling method. 

Nucleoside 

G 

C 

A 

U 

5FU 

? 
hU 

m^U 

7 * 
m^G 
I 

m^A 

m^A 

5FC 

SMOP-

-RNase T, 

16.67 

37.68 

21.35 

2.41 

18.16 

0.S7 

0.44 

0.23 

0.69 

0.30 

0.29 

0.14 

0.69 

-5FU. 

Mole fo 

-tRNA 

+RNase T^ 

30.30 

28.31 

17.62 

1.68 

14.60 

0.23 

0.29 

0.14 

0.70 

0.27 

0.24 

0.13 

0.67 

Control 

5FU-tRNA 

29.80 

28.24 

19.17 

1.46 

18.36 

0.10 

0.12 

0.20 

0.76 

0.26 

0.26 

0.09 

0.74 

Corrected for 6kfo recovery. 

^Corrected for the content of SMOP-nucleoside adduct 

as described in Results. 
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photo-modified tRNA by the enzyme mixture used in the 

method. Table 9 summarizes the nucleoside compositions of 

E. coli tRNA^^®, irradiated tRNA^^® (control tRNA^^®; 15 

hr irradiation at 365 nm) and SMOP-tRNA^^®. The base con

tents of two minor nucleosides, 2-methylthio-N -isopentenyl 

adenosine and 3-(3-amino-3-carboxypropyl) uridine, were not 

detennined because the locations of these two compounds 

were unknown. Nevertheless, agreement is close between nu-

Phe Phe 

cleoside compositions of native tRNA , control tRNA 

and data reported in the literature (115) except cytidine 

which is often slightly higher than expected (92). These 

data show that the method used is accurate and enzymes 

employed are capable of giving complete digestion of pho

to-modified tRNA. 

Nucleoside composition analyses of (%)-SMOP-tRNA and 

(%)-8M0P-5FU-tRNA photoadducts were carried out by the 

same procedure as described in Methods, except unlabeled 

borohydride was used as reducing agent. After 2-dimensional 

separation by solvents A and B, the fluorogram showed that . 

all the radioactivity remained at origin. Therefore, the 

nucleoside which photoreacted with SMOP and formed an 

SMOP-nucleoside adduct would not migrate to the same posi

tion as free nucleoside itself would. This would cause a 

decrease in the total content if there were photoaddition 

between this fraction of the base and SMOP. In order to 
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obtain the true base composition of SMOP-tRNA and 8M0P-5FU-

tRNA photoadducts for comparison with the control tRNA and 

5FU-tRNA respectively, a correction was made for the mole f 

of each base of SMOP-tRNA and 8M0P-5FU-tRNA adducts by mul

tiplying each mole ^ by a factor of 72/76. This factor was 

deteiTttined by the binding ratio of (%)-8M0P and tRNA. From 

Figure 9, we obtained a maximum binding ratio of 3.5 moles 

of SMOP per mole of tRNA and 5FU-tRNA. Assiming one mole

cule of SMOP photoreacted with one molecule of nucleoside 

and that one molecule of SMOP may possible photoreact with 

two molecules of nucleoside (interstrand cross-linking), 

therefore, we deduced the factor of 72/76 (i.e., 4 nucleo

sides photoreacted per 3.5 SMOP molecules assumed). Inter

strand cross-linking formation has been postulated as the 

result of intercalation (68). Since the fluorescence poly-

rization measurements showed the formation of ground state 

complexation between tRNA and SMOP (p=0.1 for 8MOP+5FU-tRNA; 

8M0P/5FU-tRNA(p)=l : 15, p=0.022 for SMOP in H2O, X^ =365 

nm), the formation of interstrand cross-linking would be 

possible. Therefore, the above assumption is reasonable. 

As shown in Table 8, the 5FU content in SM0P-5FU-tRNA 

photoadduct was drastically decreased, indicating that 5FU 

was indeed the most reactive site toward photoreaction 

with SMOP. In 8M0P-5FU-tRNA photoadduct, there were 3.76 

mole fo of 5FU and 1.57 mole f of adenosine equivalent to 
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3 molecules of 5FU and 1.2 molecules of adenosine per mole

cule of 5FU-tRNA (assuming, on average, 76 nucleotides per 

tRNA molecule) photoreacted with SMOP. Table 7 shows the 

base composition of SMOP-tRNA photoadduct. There was a 

decrease in the contents of adenosine, cytidine and uridine. 

This indicated that the reacting species included these 

three bases. From the differences between the base compo

sitions of SMOP-tRNA photoadduct and control tRNA, we ob

tained 1.3 molecules of cytidine, 1.25 molecules of adeno

sine and 0.7 molecules of uridine per tRNA photoreacted 

with SMOP. In the case of E. coli tRNÂ '̂ '® (Table 9). there 

are I.S9 molecules of guanidine, I.60 molecules of cytidine 

and 0.38 molecule of uridine photoreacted with SMOP. 

Amino Acid Acce-ptor Activity 

As shown in Table 10, the amino acid accepting activi

ty of irradiated tRNA decreased drastically in comparison 

with native tRNA (control tRNA vs SMOP-tRNA photoadduct). 

The same results were obtained with 5FU-tRNA photoadduct. 

The aminoacylation activity of SMOP-bound tRNA was only 

20fo of its native structure. The loss of amino acid 

accepting activity may be due to the change of tRNA confor

mation caused by prolonged irradiation. The photobinding 

of SMOP to the nucleic acid bases may cause a significant 

change in the conformation of tRNA itself, including the 
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Table 10. Amino Acid Acceptor Activity. 

p mole amino acid/Ap^Q unit 

Native tRNA 

Irrad. control tRNA 
(16 hr irradiation) 

SMOP-tRNA 
(16 hr irradiation) 

Native 5FU-tRNA 

Irrad. control 5FU-
tRNA (20 hr irradia
tion) 

8M0P-5FU-tRNA 
(20 hr irradiation) 

Phenylalanine 

75 

28 

15.3 

87 

42.5 

. 15.4 

Leucine 

121 

67 

29 

76 

39.4 

16.2 
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disruption of base pairing and base stacking as confirmed 

by CD studies. 

Ground State Com-plexation Between DMC and Polynucleotides 

Ground state complexation between DMC and calf thymus 

DNA was characterized by the absorption and corrected fluo

rescence spectra. Figure 20 shows that X at 327 nm 
max 

shifts to the red and decreases in absorbance with increas

ing concentrations of DNA. A clear isosbestic point was 

found at 351 nm in the series of absorption spectra of DMC 

at different DNA concentrations. These results are con

sistent with the results obtained by Harter (6l) except 

there is a shift of X for different DNA(p)/DMC molar 
max -̂  ' 

ratio. The increasing hypochromicity indicates a strong 

complex formation. Figure 21 shows the effect of calf 

thymus DNA on the fluorescence spectrum of DMC. The fluo

rescence intensity decreases as the concentration of DNA 

increases. The emission X^^ does not change, indicating 

that the complex is non-emitting. Table 11 summarizes 

these results. Figure 22 shows the plots of ̂ M^gn, f^^^, 

and foE against the molar ratio of DNA(p)/DMC. Further 

increasing DNA(p)/DMC ratio does not linearly increase 

foLk . In fact, it reaches a plateau level at DNA(p)/DMC 

=160. The complex formation between DMC and DNA in higher 

ionic strengths of buffer such as standard saline citrate 



Fig, 20. Absorption spectrum of 5,7-dimethoxycoumarin in 

the presence of calf thymus DNA, poly d(G-C), 

and poly d(A-T). Solvent was O.3 mM sodium 

phosphate buffer (pH 7.1). Spectrum was taken 

against the same concentration of DNA or poiy-

deoxynucleotide. The molar ratio of DNA(p)/DMC 

was: 1, 0; 2, I.16; 3, 10.0; 4, 19-3; 5, 38.6; 

6, 50.2; 7, 77.2; 8, 100; 9, 154.4. The molar 

ratios of poly-d(G-C)/DMC and poly d(A-T)/DMC 

were the same as 10.0. 
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Fig. 21. Corrected emission spectrum of 5,7-dimethoxy-

coiimarin in the presence of calf thymus DNA. 

Spectrum was taken at room temperature with 

excitation at 340 nm. Solvent was 0.3 mM 

sodium phosphate buffer (pH 7-1). The molar 

ratio of DNA(p)/DMC was: 1, 0; 2, 10.0; 3, 

38.6; 4, 77.2; 5, 100; 6, 154.4. 
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Table 11. The Effect of DNA on the Absorption Spectrum 

of 5,7-DiiQethoxycoumarin^. 

Molar r a t i o 
DNA(p)/DMC 

0 

I . l 6 

10 .0 

19 .3 
38 .6 

5 0 . 2 

77 .2 
100.0 

154 .4 

\ i a x ^ " ^ ^ 

327 

327 .3 
328 

329 

330.5 

331.5 

332.5 
334.0 

336.5 

e 

12,000 

11,758 
10,900 

10,230 

9.417 
8,996 
8,612 

8,282 

7,958 

fo^ 

— 

2.0 

10.1 

17 .3 
27.4 

33 .4 

39 .3 

44 .9 
50 .8 

^ ^ ^ ^ 3 2 7 ' 

0.0 

2 .02 

9.16 

15.06 

22.05 
25.78 
29.90 

32.76 

36.30 

fo A 1 / 

0 .0 

— 

13.0 
— 

35.1 
- -

4 9 . 4 

53-9 
63.6 

^At room temperature in 0.3 mM sodium phosphate buffer 
pH 7.1. 

^Per cent hypochromicity (foH)= ((eJj2°/€°^^) - l) x 100, 

where €^2° and € are extinction coefficients in ^max max 
the absence and presence of DNA. 

.H20 AD U n 
H^k^27= '^'^^ H2O X 100 where A5^° and 

A?p„ are the abso^'SZnces at 327 nm in the absence and 

presence of DNA 

,otk'L = X 100 where I^Q ^^'^ -^f ^^® ^^^ ^•^^~ 

oresence intenlities at 453 nm in the absence and pres

ence of DNA. 



Fig. 22. Plots of ?SAAO27 (̂  ^ •*)» f'^ (" ° *") and 

fo ̂ If (o o o) against the molar ratio of 

DNA(P)/DMC. Solvent was 0.3 mM sodium phosphate 

buffer (pH 7.1). (o o 0) is the plot of 

^AA^27 against the molar ratio of DNA(p)/DMC. 

The measurement was carried out in SSC buffer 

(pH 7.1). 
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buffer (SSC) is not as strong as in 0.3 mM phosphate 

buffer. Such complexes were not readily detectable with 

coumarin or with single stranded DNA. The Stern-Volmer 

plot of fluorescence quenching of DMC by DNA is shown in 

Figure 23. The equilibrium constant Kq was calculated as 

-2 -1 
2.259 X 10 M from the static quenching Stern-Volmer 

equation: IfQ/lf= 1 + Kq (Q). Where I^^ and I„ are the 

fluorescent intensities at 453 nm in the absence and pres

ence of DNA, (Q) is the concentration of DNA. Here, Kq is 

the dissociation constant. 

The synthetic polynucleotides such as poly [d(A-T)J 

and poly [d(G-C)J were also used to characterize the pref

erential binding site. As shown in Figures 20 and 24, com

plex formation between DMC and poly [d(A-T)] is about two

fold greater than between DMC and poly [d(G-C)) , as judged 

from the hypochromicity. 

Preparation of DMC-bound DNA 

A reaction mixture (10 ml) containing (-̂ H)-DMC and 

DNA at molar ratio of DNA(p)/DMC=10 was chromatographed on 

a Sephadex G-50 column after irradiation at 365 nm for 8 

hours. The elution profile is shown in Figure 25. The 

presence of radioactivity in the DNA fraction indicated 

the covalent binding of DMC to DNA, since the control sam

ple containing irradiated (%)-DMC plus non-irradiated DNA 



Fig. 23. The Stern-Volmer plot of fluorescence quenching 

of DMC by DNA. 
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Fig. 24. Absorption spectrum of 5i7-dimethoxycoumarin 

( ) in the presence of poly d(G-C) 

( ) and poly d(A-T) ( • ). Solvent 

was SSC buffer (pH 7.1). Spectrum was taken 

against the same concentration of polydeoxy-

nucleotide. The molar ratios of poly d(G-C)/ 

DMC and poly d(A-T)/DMC were the same as 10.0. 
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Fig. 25. Sephadex G-50 colume chromatography of the photo

lyzed solution containing calf thymus DNA and 

(^H)-DMC. The molar ratio of DNA(p)/DMC v/as 10. 

Photolysis was carried out as described in the 

Methods section. Irradiation time was 8 hours. 

Solvent was SSC buffer (pH 7.1). The concen

tration of DNA.(in moles of nucleotide) was 

1.12 X 10^ AIM. The eluting solvent was 1 M NaCl. 

The flow rate was 6.5 ml/min and 3 nil fractions 

were collected and assayed both for radioactivity 

( ) and for absorbance at 258 nm ( ). 
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did not give any radioactivity at the DNA peak. The DNA 

fraction was further purified by precipitation in ethanol 

and dialysis against buffer or doubly distilled water, 

and the radioactivity of the DNA solution was counted in 

a Beckman liquid scintillation counter. 

Figure 26 shows the binding as a function of dif

ferent irradiation times. The binding of DMC to DNA 

reaches a plateau level at 4 hours irradiation time. 

From the specific radioactivity of (•̂ H)-DMC in the reac

tion mixture, the binding ratio of DMC to DNA nucleotide 

was one molecule of DMC bound per 575 nucleotides in DNA. 

Characterization of DMC-DNA Photoadduct 

Purified DMC-DNA photoadduct was characterized by 

absorption, CD, and corrected excitation and emission 

spectra. The absorption spectrum of DMC-DNA photoadduct 

does not show any difference at the major band (X^^x" 

258 nm) from that of control DNA. However, it shows a 

higher absorbance at wavelengths longer than 310 nm 

(Figure 27). 

The circular dichroic spectriom of the DMC-DNA photo

adduct is shown in Figure 28. The rotational strengths of 

both positive and negative bands are more or less the same 

as the control DNA sample except at wavelength 300-335 nm 

where the DMC-DNA photoadduct shows a negative CD band. 



Fig. 26. Photobinding kinetics of (-̂ H)-DMC to calf thymus 

DNA. The specific radioactivity of (%)-DMC 

in the reaction mixture was 6.42 x 10' dpm/u mole, 
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Fig. 27. Absorption spectra of DMC-DNA photoadduct ( ) 

and control DNA ( ). DMC-DNA photoadduct 

was prepared as described in the Methods section. 

Irradiation time was 8 hours at 365 nm. Solvent 

was SSC buffer (pH 7.1). The control was the 

DNA which was irradiated at 365 nm for 8 hours 

in the absence of DMC. 
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Fig. 28. CD spectra of DMC-DNA photoadduct ( ) and 

control DNA ( ). Both samples are the 

same as in Figure 27-
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The molar ellipticity of this negative band at 307 nm is 

-634. This negative band is due to induced optical activi

ty of the DMC bound to DNA. 

Figure 29 shows the corrected fluorescence spectra 

of the DMC-DNA photoadduct and the control DNA. The con

trol DNA shows no detectable fluorescence. By exciting 

the adduct at 320 nm, X„ of the fluorescence spectrum 
max 

was located at 450-460 nm. When excitation was set at 

340 nm, the fluorescence X, was found at 448-453 nm. 

The corrected excitation spectrum also showed different 

X for different emission wavelength settings. Apparent-
max '='' ^ ^^ 
ly, there are at least two different emitting species in 
the DMC-DNA photoadduct. The one which fluorescences at 
longer wavelengths has a corrected excitation X „„ at 327 ° ° max 

nm. Another which fluorescences at shorter wavelengths 

has a corrected excitation X„ at 320 nm (Figures 29 and 
in. 3.x 

3 0 ) . 

The fluorescence lifetimes of the DMC-DNA photoadduct 

were, measured as 3.4 to 7.4 nsec as shown in Table 12. 

The fo hyperchromicity of DMC-DNA photoadduct and control 

DNA were found to be 29% for both samples. 

Assay for DNA Synthesis 

As shown in Figure 3I, the replication activity of 

DMC-DNA photoadduct is only 1/2 of native DNA. The control 



Fig. 29. Corrected excitation spectrum of DMC-DNA photo

adduct. Sample is the same as in Figure 27. 
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Fig. 30. Corrected emission spectra of DMC-DNA photoadduct 

( ) and control DNA ( ). The excita

tion wavelength was set at 340 nm for control DNA. 
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Table 12. Fluorescence Lifetimes (in nsec) of 

DMC-DNA Photoadduct. 

Excitation ^Q J^^ ^^ ^^^ 

Wavelength (nm) pj^^^^ Modulation Phase Modulation 

320 6.31 7.4 

340 6.70 3.50 3.47 5.24 



Fig. 31. The replication activity of native DNA (x x x) 

control DNA (• • •) and DMC-DNA photoadduct 

(A 4 A ) . Both control DNA and DMC-DNA photo

adduct are the same as in Figure 27. 
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DNA which is the DNA exposed to the same dose of irradia

tion as DMC-DNA photoadduct without the presence of DMC 

shows identical activity as native DNA. 
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Discussion 

The photodynamic effect and photomutagenic action of 

excited furocoumaryl compounds upon topical application to 

human or guinea pig skin and in bacterial cultures have 

been correlated with their photoreactivity toward the 

pyrimidine bases of DNA via cycloaddition. The relation

ship between chemical structure and the skin-photosensitiz

ing activity of furocoumaryl derivatives has been exten

sively studied by Musajo et_ al,. (17-I9) , Pathak ejt al. 

(21-24), and Song et al. (7, I6, 25-31). It is generally 

accepted that both furyl and pyrone functional groups are 

required for biological activity. The mechanism of action 

of furocoumaryl skin sensitizers is not established, but 

it is likely to involve photodamage and/or photo-induced 

conformational changes of DNA and RNA. Therefore, a de

tailed study of the molecular mechanism of the photomodi-

fication of DNA and RNA is essential for an understanding 

of the skin photosensitizing action of psoralens. 

Employing reactive model RNA molecules (e.g., 5FU -tRNA) 

and DNA and two different coumaryl compounds, namely, SMOP 

and DMC, I have dealt with this objective. 

I. Interactions Between tRNA and Excited SMOP 

5FU-enriched tRNA isolated from E. coli B treated with 

5-fluorouracil has more than 90?S of its uridine derived 

bases (such as uridine, cytidine, pseudouridine, dihydro-
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uridine, ribothymidine and 4-thiouridine) replaced by 5FU. 

5FU-enriched tRNA with its high photoreactivity serves as 

a useful model system for the study of the photoreaction 

between furocoumarins and nucleic acids. The photobinding 

kinetic curve (Fig. 9) indeed confirms that 5FU is signifi

cantly photoreactive so that photobinding of furocoumarin 

to 5FU-tRNA proceeds without the apparent induction period 

which was observed with native tRNA. The nucleoside com

position analysis of SM0P-5FU-tRNA photoadduct also indi

cates that 5FU is indeed the most reactive constituent in 

5FU-tRNA. These results are in good agreement with our 

previous finding (7, 44). 

The high photoreactivity of 5FU toward SMOP may be 

used photochemotherapeutically to negate the skin-sensitiz

ing and photodynamic effects of psoralens. 

The photo-crosslinking between 4-thiouridine at posi

tion 8 and cytidine at position 13 in E. coli tRNA irradi

ated with near UV light, either in vitro or in vivo is a 

well known phenomenon (85, IO3-IO5). The corrected exci

tation and fluorescence spectral measurements of the SMOP-

nucleoside adduct (Figures I6, I7, and 18) indicate that 

there is another emitting species besides the SMOP-nucleo

side adduct. The corrected excitation and emission spec

tra of a NaBH^-reduced sample of the SMOP-tRNA photoadduct 

confirms that 4-thiouridine-cytidine dimer was one of the 
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predominant emitting species. Since the preirradiated 

tRNA did not show a sigmoidal binding curve and SMOP-tRNA 

photoadduct only had 5^% of the 4-thiouridine-cytidine 

dimer formed, the competition between the formation of 4-

thiouridine-cytidine dimer and the photobinding of SMOP to 

either nucleoside may account for the sigmoidal kinetics 

of photobinding of SMOP to normal tRNA. The photobinding 

of SMOP in this region may cause either a tertiary or 

secondary conformational change of tRNA into a more favor

able conformation for the binding of SMOP. This conforma

tional change along with the availability of either 4-thio

uridine at position 8 or cytidine at position 13 can ac

count for the higher maximum binding ratio of normal tRNA 

than of preirradiated tRNA. 

Prolonged photoirradiation of normal tRNA (> l6 hr) 

can cause a decrease in the SMOP/tRNA binding ratio, in 

contrast to the case of 5FU-tRNA whose binding ratio remains 

constant. The basis for this differential reactivity is 

unknown. 

Nucleoside composition of RNA determined by the chem

ical tritium labeling method developed by Randerath and his 

coworker (92) was calculated from the fraction of each 

(-̂ H)-nucleoside trialcohol. Therefore, incomplete diges

tion of RNA would result in incorrect base composition. 

Since the recognition of substrate by enzyme is very 
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specific, any modification of tRNA including chemical modi

fication of the bases and secondary or tertiary conforma

tional changes in the tRNA structure may cause incomplete 

enzymatic digestion of tRNA. We have found that photo

irradiated tRNA and SMOP-tRNA were resistant to enzymatic 

digestion by an enzyme mixture containing RNase A, snake 

venom phosphodiesterase and alkaline phosphatase. A 

specific endonuclease, ribonuclease T-. which catalyzes RNA 

depolymerizarion was found to be the best enzyme, together 

with the enzyme mixture mentioned above for complete diges

tion of the irradiated tRNA and SMOP bound tRNA or 5FU-tRNA 

and its SMOP bound photoadduct. Further study of this 

Phe method with purified tRNA„ ,. confirmed the accuracy of 

the method. With this modified procedure, we were able to 

obtain the true nucleoside composition of SMOP-tRNA and 

SMOP-5FU-tRNA, and SMOP-tRNA^^®^ ,. photoadducts. 
• CO -LX 

Since all SMOP-nucleoside adducts remained at the 

origin of the chromatogram, a nucleoside photoreacted with 

SMOP would show a decrease in its. content in terms of the 

mole fo as determined by the modified chemical tritium 

labeling method. From the nucleoside composition of the 

SMOP-tRNA photoadduct, this method showed that the reac

tive nucleosides involved adenosine, cytidine, uridine and 

presumably their derivatives. In the case of SM0P-5FU-

tRNA photoadduct, the significant decrease of 5FU content 
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clearly showed that 5FU is the major base photoreactive 

with SMOP. Adenosine also showed a significant decrease, 

although it did not decrease as much as 5FU. With the 

study of nucleoside composition of SMOP-tRNA"^^®, both 

guanidine and cytidine showed a substantial decrease in 

their content. To a much less extent, uridine also showed 

some decrease. These results suggest that photoreaction 

can take place between SMOP and pyrimidine as well as pu

rine bases. The optimal site in DNA for intercalation of 

psoralen and for the photoreaction is represented by the 

regions containing a sequence like poly d(A-T), poly d(G-C) 

(69)0 It is very likely that a sequence like poly (A-U), 

poly (G-C) in tRNA would also be favorable for the photo

binding of SMOP. Therefore, the photo-reactivity of each 

base can be characterized by the presence of the base at a 

preferential intercalation site of polynucleotide. Since 

E. coli tRNA^^® contains I7 G-C out of a total of 21 base 

pairings in its 2° structure (115), it would not be sur-

prising to find photoreactivity of G and C in SMOP-tRNA^''^. , 

Based on the binding ratio data and comparing the 

difference in the 5FU content of control 5FU-tRNA and SMOP-

5FU-tRNA photoadducts, more than 70^ of the bases involved 

in the photoreaction are found to be 5FU. Furthermore, 

chemical analysis of the photoproducts of SM0P-5FU-tRNA 

revealed at least 8 different adducts. Since 3,4-photo-
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adducts show only weak absorption relative to the starting 

compound at wavelengths longer than 320 nm (Song, umpublished 

data), the absorption of both SMOP-tRNA and 8M0P-5FU-tRNA 

photoadducts at longer wavelength (320 to 500 nm) impli

cates 4',5'-cycloaddition of SMOP at pjrrimidine bases. 

The fluorescence lifetime measurement of SMOP-tRNA photo

adduct gives heterogeneous lifetimes, while SM0P-5FU-tRNA 

photoadduct gives a homogeneous lifetime. 

In summarizing all the chemical evidence, it can be 

concluded that SMOP not only photoreacts with pyrimidine 

bases but also photoreacts with purine bases in tRNA via 

3,4- and 4',5'-photoaddition. An intra-chain cross-link

ing adduct may also be formed. Unfortunately, direct 

structural analysis of photoproducts is not feasible be

cause of the extremely small amounts that are obtained. 

In contradiction to the results of Mizuno et aL (3) 

and Kittler and Zimmer (106), we have found a remarkable 

change in the CD spectra of tRNA and 5FU-tRNA upon photo

binding with SMOP. A red shift of the positive CD band 

of these 8M0P-RNA adducts may indicate the rupture of 

H-bonding and base pairing of tRNA. The decrease in the 

amplitude of the CD band indicates the disruption of base 

stacking and helicity of the tRNA "arms" (I07). 

The loss of biological activity in terms of the amino 

acid accepting activity can be accounted for by the follow-
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ing possibilities: 1) the disruption of 3° structure or • 

change in conformation of 8M0P-RNA photoadducts as deter

mined by CD measurement, 2) photobinding of SMOP at the 

-C-C-A arm and/or at the anticodon region, thus disturbing 

the binding to tRNA synthetase. Further experiments in

cluding sequencing of the SMOP-tRNA adduct are desirable 

in order to confirm this possibility. Nevertheless, photo-

crosslinking and isotope labeling studies of complexes of 

aminoacyl-tRNA synthetase with tRNAs have shown that synthe

tases bind along and around the inside of the L-shaped 

tRNA, with interactions at six sites extending from the 3' 

terminus at one end of the L to the anticodon located about 

75^ away at the other end of the L (lOS-112). Therefore, 

any modification at these interaction sites in tRNA would 

cause perturbation of the binding of synthetase and conse

quently decrease the aminoacylation activity. 

2. Interactions Between DNA and Excited DMC 

5,7-Dimethoxycoumarin possesses no furyl C=C bond. 

Therefore, the photoaddition of this compound to pyrimidine 

bases of DNA will not involve interstrand cross-linking 

and yet it is a highly lethal and mutagenic compound (39)-

This brings about the question as to whether the formation 

of interstrand cross-linking is required for skin-photo

sensitization. Further characterization of the inter-
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action between DMC with DNA will provide more information 

about the molecular mechanism of skin-photosensitization. 

DMC not only forms an intercalation complex with DNA 

as implicated by the hypochromicity observed (Table 10), 

but also photoreacts with DNA as determined by gel filtra

tion and liquid scintillation counting techniques. Ground 

state complexation is not linearly related to the DNA(p)/ 

DMC molar ratio, indicating involvement of specific inter

calation sites in DNA. By employing the synthetic poly-

deoxyribonucleotides, we have characterized the preferen

tial binding site which is located at alternating d(A-T) 

sewuences. 

A spectroscopic study has revealed the stereochemical 

similarity of DMC to 5-niethoxypsoralen (29, .30). The unique 

ability for DMC to intercalate into DNA can be explained 

by examining the steric compatibility of this coumarin vs 

5-methoxypsoralen with respect to the DNA intercalation 

sites. The major difference between 5.7-dimethoxycoumarin 

and 5-methoxypsoralen is in the relative efficiency of 

populating the triplet state since DMC has high fluores-

ence quantum yield (<̂ p=0.65 at room temperature) and very 

weak phosphorescence at 77K (30). Thus, this may lead to 

different photoreactivities of DMC and psoralens with 

respect to the photocycloaddition to DNA, 

The photobinding of DMC to DNA reaches a plateau 
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level after 4 hours irradiation time indicating that photo

binding is also very specific. The maximum photobinding 

ratio of DMC to DNA nucleotide is only 1/575. CD study 

has confirmed that the photobinding of DMC to DNA is 

through photocycloaddition rather than photosubstitution, 

because only photocycloaddition would create assymmetric 

centers and therefore give induced optical activity of the 

DMC bound to DNA. Furthermore, ground state intercalation 

complexes of DMC show no detectable induced CD. Different 

corrected excitation spectrum of DMC-DNA photoadduct at 

different emission wavelengths as well as different cor

rected emission spectrum of DMC-DNA photoadduct at different 

excitation wavelengths suggest the formation of more than 

one DMC-base photoadduct in DNA. The heterogeneous life

times of DMC-DNA photoadduct further confirm this result. 

Since poly [d(G-C)) also gives substantial intercalation 

complexes, it is very likely that different photoadducts 

may be derived from different binding sites. Further 

experiments using sjmthetic poly (d(A-T)) and poly [d(G-

C)} for photoreaction with DMC will be useful to confirm 

this speculation. 

Although the photobinding ratio of DMC to DNA is 

small and the photobinding of DMC to DNA shows neither 

detectable conformational change nor the formation of 

interstrand cross-linking (from hyperchromicity determina-
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tion), its biological activity in terms of DNA replication 

is drastically reduced. This indicates that monoadducts 

play as important a role in photodynamic effects as does 

cross-linking. 

It remains to be established whether the photocyclo

addition of DMC to DNA base is through the singlet or 

triplet excited state. It is possible that the photoaddi

tion of DMC to DNA occurs via the triplet excited state, 

since DMC is less efficient in populating the triplet 

state, thus accounting for the lower photobinding ratio 

than SMOP-DNA photoadduct (1/26) (31). However, since the 

self-photodimerization is likely to proceed -wia the singlet 

excited state (113, 114) and the self-photodimerization of 

DMC in 0.3 mM phosphate buffer (pH 7.I) occurs efficiently 

with and without oxygen (6I), the singlet pathway for the 

photoreaction between DMC and DNA is favored over the 

triplet photoreaction. 



CHAPTER V 

CONCLUSION 

In vitro study of the photoreaction between DNA, RNA 

and coumaryl compounds such as 8-methoxypsoralen and 5^7-

dimethoxycoumarin was carried out. The results obtained 

were very useful in understanding the molecular mechanism 

of photomodification of nucleic acids and the structural 

requirement of skin-photosensitization. The conclusions 

deduced from this study are as follows: 

1. The incorporation of (%)-8M0P into tRNA under ir

radiation at 365 nm without oxygen was shown by gel filtra

tion, millipore filter and liquid scintillation counting 

techniques. 

2. 5FU is intrinsically so active that photobinding of 

SMOP to 5FU-tRNA proceeds without an apparent induction 

period of sigmoidal kinetics. The nucleoside composi

tion analysis of 8M0P-5FU-tRNA photoadduct also indi

cates that 5FU is indeed the most reactive constituent in 

5FU-tRNA. 

3. Photobinding of SMOP to normal tRNA requires a spe

cific binding site as indicated by the induction period 

of binding kinetic curve (apparent sigmoidal kinetics). 

The initial specific binding site is probably located 

either at position 8 or position 13 from the 5' end of tRNA, 

140 
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4. The maximum photobinding of SMOP into both normal 

tRNA and 5FU-tRNA is about the same at l6 hours irradiation 

time ('̂3.5 moles of SMOP per mole of tRNA). 

5. Photoreaction between tRNA and SMOP is Op independent. 

tRNA can be fragmented by singlet oxygen generated by the 

triplet of SMOP. 

6. Nucleoside composition analysis of SMOP-tRNA photo

adducts suggests that photoreaction can take place between 

SMOP and pyrimidine as well as purine bases. The photo

reactivity of each base toward cycloaddition with SMOP is 

probably characterized by the frequency of the base present 

at the optimal intercalation site of the polynucleotide. 

7. Chemical analyses showed that photoproducts can be 

formed via both singlet and triplet states of SMOP. There

fore , all possible photoproducts and their isomers can be 

obtained. Direct structural analysis of photoadducts is 

in progress in our laboratory in order to confirm this 

conclusion. 

8. The photobinding of SMOP can substantially change the-

conformation of tRNA and deactivate its ability to accept 

amino acid, thus suppressing protein biosynthesis. 

9. DMC can form an intercalation complex with DNA. 

This complex is non-emitting and has an absorption ̂î a.x 

shifted to the red. The preferential intercalation site 

is characterized as an alternating d(A-T) sequence. DMC 
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shows a substantial complexation with an alternating d(G,-

C) sequence. These different binding sites can accoimt 

for different photoproducts formation. 

10. Photobinding of DMC to DNA occurs as determined by 

gel filtration, liquid scintillation counting and fluoresc

ence measurement. The maximum photobinding ratio of DMC 

to DNA nucleotide is 1/575-

11. The photobinding of DMC to DNA is through photo

cycloaddition instead of photosubstitution. 

12. Hyperchromicity determination shows no interstrand 

cross-linking formation of DNA. 

13c The replication activity of DMC-DNA photoadduct is 

only 1/2 that of native DNA. 

14. In vitro study of photoreaction of DMC with DNA has 

revealed that monoadducts play an important role in photo

dynamic effects, as does cross-linking. Although the skin-

sensitizing potency of DMC has not been tested, its high 

photo-lethal action in B. subtilis (39) and drastic reduc

tion of DNA synthesis activity suggest that the formation 

of interstrand cross-linking is not the only structural 

requirement of skin-photosensitization and related photo

dynamic effects. 
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