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A.  Introduction

On November 1, 1974, Dr. Roy A. Jensen informed me of the decision to

terminate my contract on the study of UV irradiation of nucleic acids and

related compounds. Some twenty years  ago,   I  undertook   this   study' at'Tufts

Medical School in Boston.  In 1961, I transferred to Baltimore to join the

faculty  of the Johns Hopkins University.     With  the  help  of Dr. James .Liverman,

I was able to continue this project without interruption despite the move.

During this period, the U.S. Atomic Energy Commission, now ERDA, provided

the financial support.  Although I received a Career Development Award

from NIH between  1961  to   1970,   I  did  not   seek any additional grant support

from NIH despite a grant usually accompanied with the award during that time.

Naturally,  I  am most appreciative  for the confidence shown me by the' present

and past members of DEER.  On the other hand, I trust that my accomplishments

justify your past and possibly future support.  We have witnessed the

explosive development in this area from the interest of a few investigators

to the involvement of multidisciplinary laboratories.  I have been much

involved during the entire span.  Undoubtedly, the study of photochemistry

and photobiology of nucleic acids has achieved its popularity'in recent

years.  However, I believe that further research is essential to reach the

acme.  Inevitably, I hope our laboratory can get the proper'financial

support and can continue to bring about the necessary advancement.  For this

purpose, I wish to make a comment at the end of Section -B.

B.  Summary of Research Accomplishments

When a research project is progressing well, few enjoy being'terminated

and preparing a Final Progress Report.  Nevertheless,.it prbvides an

opportunity to reflect on one's past achievements and to plan future

experiments. Especially, these thoughts have passed throught my  mind
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frequently in the last two or three years because I was the Editor of the

21-chapter, two-volume monograph on Photochemistry and Photobiology of

Nucleic Acids (Appendix B).

It is generally assented that the isolation and identification of

photoproducts provided the major breakthrough in the study of photochemistry

and photobiology of nucleic acids.  Until now, there are five types of

photoproducts that have been characterized when nucleic acids are exposed

to UV light at doses comparable to biological studies.  A sixth type, which

was first characterized by K.C. Smith and required much higher doses, is also

of current interest in UV-radiation produced protein - nucleic acid cross-

linkings.  Because it was generally believed that products formed with high

doses may have no biological significance, I did not engage in this phase of

study. Otherwise, our laboratory is responsible for the characterizations

or discoveries of all the five types of photoproducts of nucleic acids.  The

following are brief summaries of each.  Two additional summaries will deal

with the hypothesis of "Molecular aggregates - puddle formation" and the

study of "topochemistry".

B.1.  Pyrimidine Photohydrates

In the area of photochemistry and photobiology of nucleic acids my first

publication was concerned with photohydration of pyrimidine derivatives and

appeared in 1956.  This publication together with a second one in this area

drew the comments of Dr. Michael Kasha (a member of the National Academy of

Science, U.S.) in his appraisal of the status of molecular photochemistry in

that era. He wrote: "Photochemical kinetic studies constitue a major part

of the research in photochemistry undertaken by physical chemists.  Much of

this research is on a stoichiometric level and may give little information



on the intramolecular electronic processes occurring, although the advent

of flash spectroscopic techniques is rapidly changing the picture  (f.z.,

Bridge and Porter, '58; Porter and Strachan, '58).  On the other hand, the

powerful and systematic methods of organic chemistry certainly have much to

offer in the unravelling of the intricate molecular mechanisms of photo-

chemical reactions    (e.6. the studies   on a uracil   by  Wang  et   al.,    '56;   Wang,

'58).--------". (Appendix B.1.a.).  This event predated or may have led

the tremendous expansion of photochemial studies among organic chemists.

In these articles, I also proposed a zwitterion species for the intermediate

and  a "hot" ground state  for  such an intermediate based  on our findings.

Both aspects turned out to be controversial issues; however, most arguments

rested on general principles of photochemistry rather than on our

experimental data.  After long and close examinations of this reaction, the

opponents eventually became advocates.  For instance, Summers, Enwall, Burr,

and Letsinger in 1973 (Appendix B.1.b.) indicated that they supported our

Suggestion of a zwitterion intermediate. In addition, Dr. H.E. Johns is

now in favor of a "hot" ground state intermediate leading to photohydration

(Appendix B.1.c.).  The acceptance of these new suppositions are of

consequence in photochemistry in general and also in the biological importance

of pyrimidine addition products in nucleic acids.

B.2.  Pyrimidine Dimers

In the study of photochemistry and photobiology of nucleic acids, it is

generally agreed that the major breakthrough is the discovery of thymine

dimerization.  Along with a Holland group, I was credited with this discovery

as evidenced from the earliest review that dealt with thymine dimer by Deering

in 1963 to the two most recent reviews by Patrick and by Harm (Appendix B.2.).
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B.3.  Thyminyl Radicals (Thy9)

The formation of pyrimidinyl radicals by UV irradiation of nucleic acids

has interested us for quite some time. Recently, the structural identification

study of the so-called "spore product" indicates that such radicals are

indeed occurring in l» vivo  systems (Appendix B.3.).

B.4.  Pyrimidine Coupled Product

Also in the mid-sixties, the formation of a coupled product by the

irradiation of 5-bromouracil derivatives was discovered. This coupled product

has now been identified as a photoproduct from polynucleotides containing

bromouracil (·submitted for publication). This work was done in collaboration

with Drs. Ehrlich and Riley who showed that the nature of the UV photoproduct

produced in these polynucleotides has properties in common with our coupled

products (Appendix. B.4.).  Hopefully, this finding provides the molecular

mechanism responsible for the increased radiation sensitivity of DNA

containing bromouracil.

_B.5. Pyrimidine Adducts

In the mid-sixties, we discovered a new class of pyrimidine photoadducts

that attracted great attention. Our work has been used as a model for other

laboratories as seen from the remarks made by Dr. Nelson J. Leonard (a

member of the Academy).  Another member of the Academy, Dr. Bernhard Witkop

· designated these compounds  as "Wang adducts" (Appendix  B. 5. ) .

33,6. "Molecular Aggregates - Puddle Formation" Hypothesis

The original discovery of pyrimidine photodimerization was made by the

irradiation of pyrimidine in frozen aqueous solutions.  In this connection, I

proposed a "molecular aggregates - puddle formation" hypothesis relating

reactions in frozen states. This hypothesis is in direct contrast to two
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others proposed   by two Nobel laureates, Szent Gyorgyi .and. Manfred Eigen.

My hypothesis is now generally accepted and has Keen credited with leading

to the development of a new area of research in chemistry as cited in a

review (Appendix B.6.).

B.7.  Topochemistry

In the course of our study of. the mechanism of UV irradiation of frozen

aqueous solutions, we discovered that upon freezing, the solute forms

microcrystals interspersed among the ice crystals.  Thus,.the irradiation of

compounds in frozen aqueous solutions should be similar -to, the:irradiation

in solid films.  From the study of solid films, we observed some dnexpected

results that led us to suggest that the stereoarrangements of molecules in

the crystals are the determining factor for the s·tereoconfigurations of the

resultant photodimers.  Conversely, the stereoconfiguration of a dimer could

be used to predict the packings of the crystalline structures.  This correlation

allowed a Caltech group to predict the correct stereoisomer of, a dimer

(Appendix B.7.).  This concept has been developedinto topochemical studies

of the structures of the dimers and of the crystalline ·arrangements by. several

laboratories.

B.8.  Miscellaneous

Although our research obj ective has been directed toward .understanding

the  photochemistry and photobiology of nucleic -acids, . at  .times the uncovering

of other broader underlying principles of fundamental  imp·ortance 'to  chemistry

in general and new methods of interest to chemists and.biologists resulted as

by-products. For instance, our proposed mechanisms ·of  ,halogenation  of

pyrimidines  and the dehalogenation of halogenated pyrimidines. are «'two  of

current interest in reaction mechanisms.  Similarly, the determinations of

-
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18
base compositions of DNA by bromination and the enrichment of 0 in the

nucleic acid bases are techniques used by many. In addition, our studies

led to the recognition ofanovel electronic transition, i.e. (Tr+IT* transition,

which should be of fundamental importance.

B.9. Comments

To submit a Final Progress Report under the present circumstances is

indeed anticlimatic.  At present, our activity and interest in this area

remain high and our group consists of visiting scientists who were trained

in this area from many laboratories. This kind of teamwork is most

productive and should be encouraged by the Administration.  Therefore, I

hope that the members of DBER will fund our project that was approved

several months ago.
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C.  Training of Personnel

C.1. Doctoral Students
Present'Position

John C. Nnadi Manager - Special Products Mobil Oil Co.,
stationed in Nigeria

C.2. Postdoctoral Students
Ph.D. Source     Present Position

G. Sherman Boston U. Director of Laboratories
Mt. Auburn Hospital,

Cambr., Mass.
A. J. Varghese U. of Maryland Faculty

University of Toronto
M.H. Patrick U. of Chicago ..Associate Professor

University of Texas at Dallas
A. Rafi U. of Newcastle Scientific Staff

Baltimore Gas & Electric Co.
K. C. Padmanabhan Eidgen8ssische  · Member

Tech Hochschule Hol>kins:.Hospital ·Laboratories

D.F. Rhoades U. of Washington Faculty
University of Washington

O.C. Zafiriou Johns Hopkins Senior Chemist
Woods Hole Laboratory

W.H. Huang Colorado State.  Associate
Cornell University

W. Hauswirth Oregon State U. Fellow
Johns Hopkins Medical School

R. Drisko Johns Hopkins rAssistant Professor
Essex"Community College

B.S. Hahn University of Assistant Professor
Saskatchewan Johns Hopkins University

B.R. Toth Johns Hopkins Associate
North Dakota University

S. Sasson Weizmann -Inst. Faculty
Weizmann Institute

H. Taguchi Australian Nat.U.Associate
-Harvard University

J. McKee U. of Maryland Associate
:Johns, Hopkins University

K. Acholonu U. of Pacific Becturer

_                Howard University
A. Gupta New   York ·U, Fellow

*Johns Hopkins University
H.S, Ryang Osaka U, . Fell'Dw

 Johns..Hopkins University
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C.3.  Senior Scientists on Leave

R. Alcantara Assistant Professor Instituto Poletecnico Nacional
(currently Professor)

H. Ishihara Assistant Professor Nagoya City University
(currently Professor)

M.N. Khattak Staff Scientist Pakistan Atomic Energy Commission
(currently Staff Scientist, REAS,
Baltimore)

B. Czochralska Lecturer University of Warsaw
(currently Lecturer)

J. Cadet Staff Scientist Centre D'etudes Nucleaires de Grenoble

1.

1_                                                                                                                -
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D.  List of Publications (meeting abstracts excluded)

S. Sasson, S.Y. Wang, and M. Ehrlich, "5,5'-Diuridinyl, A Major Photoproduct

from UV- Irradiation of Polynucleotides containing Bromouracil" submitted

for publication (1976).

B.   Czochralska,   B. S.   Hahn,   and  S.Y. Wang, "Electroreduction of Biologically

Important Pyrimidine Photoadducts" submitted for publication  (1976).

B.S. Hahn, and S.Y. Wang, "The Preparation of trans-Pyrimidine Glycols by

near UV Irradiation" submitted for publication  (1976).

W.W. Hauswirth, and S.Y. Wang, "Cytidine-C(5)-Photoexchange: A Photokinetic

Analysis" submitted for publication  (1976).

W.W. Hauswirth, and S.Y. Wang, "Excited State Processes and Solution

Conformation of Dipyrimidine Adducts" submitted for publication  (1976) .

B. S.   Hahn,  and  S.Y. Wang, "Synthesis and Characterization of 5-Hydroperoxy-

methyluracil (ThyaOOH)".  J. Org. Chem. 41, 567 (1967).

S.Y. Wang, "Pyrimidine Biomolecular Photoproducts", chapter 6, "Photochemistry

and  Photobiology of Nucleic Acids, Chemistry"  Vol. 1, Academic Press,

New York, 1976.

S.Y. Wang, "Introductory Concepts for Photochemistry of Nucleic Acids",

chapter 1, "Photochemistry and Photobiology of Nucleic Acids, Chemistry"

Vol. 1, Academic Press, New York, 1976.

S.Y. Wang, "Photochemistry and Photobiology of Nucleic Acids", Vol. 1 and

Vol. 2, Editor, Academic Press, New York, 1976.

W.E. Cohn, N. J. Leonard, and S.Y. Wang, "Abbreviations for Pyrimidine

Photoproducts". Photochem. and Photobiol.  19,  89  (1974).

W.W. Hauswirth, and S.Y. Wang, "Pyrimidine Adduct Fluorescence in UV

Irradiated Nucleic Acids". Biochem. Biophys.  Res.  Comm.  51,  819  (1973).

J.C. Nnadi, A.W. Peters, and S.Y. Wang, "CIT+Tr* Transition. III. Experimental

and Theoretical Verification  of the Assignment".   J.  Phys.  Chem.  17,  482  (1973).

*
This list contains only those publications pertaining to photochemistry and
photobiology of nucleic acids.
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L.M. Amzel, H.P. Avey, L.N. Becka, R. J. Poljak, M.N. Khattak, and S.Y. Wang,

"Crystal and Molecular Structure   of a 6-Methyluracil Photodimer". Nature,

New Biology 238, 204 (1972).

18
S.Y. Wang, B.S. Hahn, C. Fenselau, and O.C. Zafiriou, "Enrichment of 0 in the

Nucleic Acid Bases". Biochem. Biophys. Res. Comm. 48, 1630 (1972).

M.N. Khattak, W. Hauswirth, and S.Y. Wang, "Photohydration of Pyrimidines in

"Acid Puddles". Biochem. Biophys.  Res.  Comm.  48,  1622  (1972) .

W.W. Hauswirth, B.S. Hahn, and S.Y. Wang, "Spontaneous and Light Induced

Hydration of Pyrimidines". Biochem. Biophys.   Res.   Comm.   48,   1614   (1972).

M.N. Khattak, and S.Y. Wang, "The Photochemical Mechanism of Pyrimidine

Cyclobutyl Dimerization". Tetrahedron  28,  945  (1972).

J.C. Nnadi, A.W. Peters, and S.Y. Wang, "CTF+IT* Transition. II. Intramolecular

Charge-Transfer Interactions across Space".     J.   Amer.   Chem.   Soc.   94,   712

(1972).

1 D.F.   Rhoades,   and  S.Y. Wang, "Photochemistry of Polycytidylic Acid, Deoxycytidine,

and Cytidine". Biochemistry 10,  4603  (1971).

D.F. Rhoades, and S.Y. Wang, "A New Photoproduct of Cytosine. Structure and

Mechanism Studies". J. Amer. Chem. Soc. 93, 3779 (1971).

S.Y. Wang, "Thymine Phototrimer".  J. Amer. Chem. Soc. 93, 2768 (1971).

J.L. Flippen, R.D. Gilar.di, ,I.L. Karle, D.F. Rhoades, and S.Y. Wang, "Crystal

and Molecular Structure of a Pyrimidine Phototetramer".  J. Amer. Chem. Soc.

93,  2556  (1971).

D.F. Rhoades, and S.Y..Wang. "Pyrimidine Phototetramer".  J. Amer. Chem. Soc.

93, 2554 (1971).

C. Fenselau, S.Y. Wang, and P. Brown, "Field Ionization Mass Spectra of Photo-

polymers of Thymine". Tetrahedron 26, 5923 (1970).

S.Y. Wang, J.C. Nnadi, and D. Greenfeld, "Photodecarboxylation and Photo-

hydration of Pyrimidine Derivatives". Tetrahedron  26,   5913   (1970).
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D.F. Rhoades, and S.Y. Wang, "Uracil-Thymiae-Adduct from a Mixture of Uracil

and Thymine Irradiated with Ultraviolet Light". Biochemistry  9,  4416   (1970).

J. Konnert, J.W. Gibson, I.L. Karie,, M.N. Khattak, and S.Y. Wang, "Crystal

Structures of Dimers of Uracil,·and .6-methyluracil". Nature  227,  953   (1970) .

J.L. Flippen, I.L. Karle, and S.Y.-·Wang, "Crystal and Molecular Structure of

a Thymine Phototrimer". Science 169, 1084 (1970).

J. C.   Nnadi,   and  S.Y. Wang, "Evidence  for  n  + 1* Transition in N-Malonic Esters
C

of Heterocyclic Compounds". J...Amer...Chem. Soc. 92,.4421 (1970).

C.   Fenselau,   and  S.Y.   Wang, "Mass Spectra  of Some Dimeric Photoproducts  of

Pyrimidines".. Tetrahedron  25, :2853  .(1969).

J. C. Nnadi, and S.Y. Wang, "D2O Solvent Effect on Photoproduct Compositions of

Pyrimidines". Tetrahedron Letters, No. 27, 2211 (1969).

I.L. Karle, S.Y. Wang, and A.J.'Varghese, "Crystal and Molecular Structure of

a Thymine-Thymine Adduct". Science 164, 183 (1969).

M.N. I<hattak, and S.Y. Wang, "Uracil IPhotoproducts ' from Uracil Irradiated in
'.

Ice".  Science 163, 1341 (1969).

S.Y. Wang, "The Determination of Nucleic.Acid.Base Composition by Chemical

Reactivity" (pp. 178-184) in Methotis.in"En'zymplogy, ·Vol. XII, edited by

L. Grossman, and D. Moldave, Academic Press, Inc. (1968).

A. J.   Varghese,   and   S.Y. Wang, "Photoreversible, Photoproduct of Thymine".

Biochem. Biophys.  Res.  Comm.  33,  102 .(1968) .

S.Y. Wang, "Photochemistry of Nl'«Methylnicotirtamide Salts". Biochemistry 1,

3740 (1968).

S.Y. Wang, J.C. Nnadi, and D. Greenfeld, "Photodecarboxylation and Photo-
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A.J. Varghese, and S.Y. Wang, "Thymine-Thymine Adduct as a Photoproduct of

Thymine". Science  160,  186  (1968).

S.Y. Wang, and A. J. Varghese, "Cytosine-Thymine Addition Product from DNA

Irradiated with Ultraviolet Light". Biochem. Biophys.   Res.   Comm.   29,   543

(1967).

D.P. Hollis, and S.Y. Wang, "Structure of Homodimers of Thymine and

Dimethylthymine . A Nuclear Magnetic Resonance Study" .      J.    Org.    Chem.    32,

1620 (1967).

A. J. Varghese, and S.Y. Wang, "Ultraviolet Irradiation of DNA in vitro and

in vivo Produced a Third Thymine-Derived Product". Science  156,  955   (1967).

A. J. Varghese, and S.Y. Wang, " is-syn Thymine Homodimer from Ultraviolet

Irradiated Calf Thymus DNA". Nature  213,  909  (1967).

S.Y. Wang, M.H. Patrick, A. J. Varghese, and C.S. Rupert,  Comment on

1,Concerning the Mechanism of Formation of UV-Induced Thymine Photoproducts

in DNA".   Proc.  Nat.  Acad.  Sci.  58,  2483  (1967).

S.Y. Wang, M.H. Patrick, A. J. Varghese, and C.S. Rupert, "Concerning the

Mechanism of Formation  o f UV-Induced Thymine Photoproducts  in  DNA".     Proc.

Nat. Acad. Sci. 57, 465 (1967).

H.    Ishihara,   and   S.Y. Wang, "Photochemistry of 5-Bromouracil in Aqueous

Solution". Biochemistry 5,  2307  (1966).

H.   Ishihara,   and  S.Y. Wang, "Photochemistry of 5-Bromo-1,3-dimethyluracil  in

Aqueous Solution". Biochemistry i,  2302  (1966).

H.   Ishihara,   and  S.Y. Wang, "Photochemistry of 5-Bromouracils: Isolation  of
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Appendix BNew from Academic Press
In Two Volumes....

Photobiolog¥ of NucleicAcids
Edited by_SHIH_Yl WANG

Department of Biochemistrv
School of Hygiene and Public  Health

The Johns  Hopkins  University
Baltimore, Maryland

This is the most comprehensive and authoritative two- students. Since this is an interdisciplinary area, the
volume treatise on the effects of ultraviolet irradiation writings are directed to an audience which ranges from
of biological systems ever published. These 21 chapters physicists and chemists to biologists and physicians.
provide a judicious review of exciting developments with Each of the more than 20 contributors from around the
up-to-date information as well as the necessary back- world is an authority in his or her field.
ground principles for active researchers and advanced

Volume 1: Chemistry Volume 2: Biology
April 1976, about 550 pp., in preparation Coordinator: MICHAEL H. PATRICK
ISBN O-12-734601-5 Institute of Molecular Biology

CONTENTS: University of Texas-Dallas

Introductory Concepts for Photochemistry of Nucleic February 1976, 448 pp., $44.00/£22.80

Acids. Shih Yi Wana ISBN: 0-12-734602-3

Excited States of the Nucleic Acids: Bases, CONTENTS:
Mononucleosides, and Mononucleotides, Physical and Chemical Properties of  D NA,
Malcolm Daniels M. H. Patrick

Excited States of the Nucleic Acids: Polymeric Forms, Photochemistry of D NA and Polynucleotides:
William W. Hauswirth and Malcolm Daniels Photoproducts, M. H. Patrick and R. 0. Rahn

Pyrimidine Photohydrates, G. J. Fisher and H. E. Johns Photochemistry of DNA; Secondary Structure,
Photosensitization, Base Substitution, andPyrimidine Photodimers

Gordon J. Fisher and H. E. Johns Exogenous Molecules, Ronald 0. Rahn and
Michael H. PatrickPyrimidine Bior„olecular Photoproducts. Shih Yi VVana Ultraviolet Inactivation of Biological Systerns,

Photoproducts of Purines. Dov E lad John Jagger
Aggregate Formation, Excited State  I nteractions, The Radiation-Induced Addition of Proteins and

and Photochemical Reactions in Frozen Aqueous Other Molecules to Nucleic Acids,
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PHOTOCHEMICAL LAWS                     73

chemists.  Much of this research is on a stoichiometric
level and may give little information on the intramolecular
electronic processes occurring, although the advent of
flash spectroscopic techniques is rapidly changing the pic-
ture (e. g., Bridge and Porter   ' 58; Porter and Strachan
'58).  On the other hand, the powerful and systematic.
methods of oreanic chemistrv r.p.r-tei„ly bev-e. rn,irh.tn-nffer
in the unraveling of the intricate molecular mechanism,of
Dhotochernical reacti_ensj -:.g._the-studies-oa-A-uracil by_
Wang et al, '56; Wang  '58). Unfortunately, however,' si«ctroscopic theory has not been applied often in the eluci-
dation of such mechanisms, partly because its own nomen-
clature details  have s erved to rnake it somewhat inscrutable,
but largely because of actual limitation in the development
of the theory. However, the last decade has brought great
extensions in the understanding of molecular electronic
spectra,  so it is worthwhile to inquire if any connections
between theory and experiment can now be made.

5.1. THE PHOTOCHEMICAL LAWS

5.1.1.    Zeroth Law: * The Activation 6 rinciple. -
Grotthus and Draoer. over a century ago, established the
principle which may bi called the photochemical activation
principle:  Ogly the light that is absorbed by a moleculetis
effective in producing a photochemical change. In earlier
times, when the distinction between scattering phenomena
and quantum transitions was unclear, this principle  had' a
central role in the interpretation of photochemical reactions.
In the perspective  of the quantum  ag e.   the utility  of this
principle has diminished. It seems appropriate to recggnizethe activation principle  as a zeroth law  --  a now self- evi-
dent starting point for any photochernical interpretation.

.-I

* Editors' note:   This law has been sometimes called the first
law of photochemistry (cf. G. K. Rollefson and M. Burton, Photo-
chemistry and the Mechanism of Chemical Reactions, Prentice-
Hall. Inc., New York 1939).
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THE PHOTOADDITION OF NUCLEOPHILES
TO URACIL

W. A. SUMMERS. JR.* C. ENWALL. J. G. BURR
Department ofChernistry. University of Oklahoma. Norman.Oklahoma 73069. U.S.A.

and

R. L. LETS1NGER
Department of Chemistry. Northwestern University, Evanston. Illinois 60201.U.S.A.

CReceked 31 J lily 1972: accepted S Dece„:ber 1972)

Abstract-Quantum yields for 254 nm ultraviolet photoaddition of the. nucleophiles'hydrazine,
HCN. HSO,--methyl amine. and BH.- to uracil have been-meas.ured: the quantum yields for
hydrazine. HCN.and HSOI additions are PH-dependent.'The nucleophiles sulfide. azide,
chloride, bromide. iodide. nitrize and thiocyanate failed to photo-add under similar conditions.
These reactions are interpreted  as  1.4-additions  to  the conjugated enone system  of the anti-
atomatic,compound..uracil: As.Su::&ested,by.S.-Y._Wang.(Wana.and:Nnadi..19,63.E  The nuclear

+ magnetic resonance (NM R) spectrum of the photohydrak ofuratil-5-d- showed·that the proton
s4 as added to the 5-position in a stereochemically random manner. The photoaddition of H SO3-
takes place at much lower concentrations than required fer, the thermal addition of this anion
and is alsostereochemically random.

INTRODUCTION

THE photoinduced addition of water to the 5,6-double'bond of uracil has been con-
sidered to involve the nucleophilic attack of water .on the·relatively positive 6-carbon
of an excited-state uracil molecule, I. (Burr, 1968; Smith and Hanawalt, 1969; Burr
et al., 1968: Burr and Park, 1968a; Wang and Nnadi, 1968; Burreta/., 1972; Summers
and Burr, 1973). Since a test of this hypothesis lies in the generality of the reaction,
we now report the photochemical reactions of a number of other nucleophiles with the
5,6-double bond of uracil producing compounds of type II. In addition, evidence about
the stereochemistry of water and bisulfite addition could be obtained by examination

0          .0
"            H  U

..01 =- Ht-C.fill> -i#.' 04-HAz
I                                       II

of the nuclear magnetic resonance  (N MR) spectra  of the ·products. Accordingly,  we
now report the results of such a study on the pholohydrate of 1,-ethyluracil-5-d and on
the product of photoadditions of HSO3- to uracil.

EXPERIMENTAL

Uracil and 1-ethyluracil were supplied by Cyclo Chemical Co. and used without
further purification. The water was doubly distilled from a glass apparatus.

Irradiations of uracil with the nucleophile in a series 6f boffered a4ueous solutions

*Present address: Ash Stevens, Inc.. Detroit Research Park..5661 John C. Lodge Freeway, Detroit.
Michigan 48202.
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Edited by Shih Yi Wang, Academic Press.

4. PYRIMIDINE PHOTOHYDRATES 193

Senglizer      I
'p,3 NE Single,               1                111

Triplet ' Singlet 1

ta)7/ 1 (dh\,   /stoles-i.-/    ·            '/ig
\4 31'1 /1          1/ (bli   =

  (,3,32€ »RE} "H„"          ' ."t'                     133-1UE-=Bground j -6- dimer11Hydrate Eff/=33:.J states   7             1                   /
'Po                                     Donor

Fig. 7. Energy level scheme for the pj,rimidines indicating the precursor states
responsible for dimers and hydrates.                                                                                              c
excited to its triplet. When this is done triplet states are producedwithout any involvement of the Pyr singlet. Under these circum-
stances, Greenstock and Johns (1968) showed that no hydrates result.Hence, hydrates do not arise from the triplet state. [The 6-azapyrimidines are exceptions to this rule (Kittler and Lober, 1969;Kittler, 1972); however, they are not true pyrimidines.] This leaves
paths a and d as possible precursors for the hydrate, along with suchsuggestions as an alternate singlet-state or an excited-state tautomer
(fpr a discussion, see Summers and Burr, 1972).

-EVTnFNrt,FoR Awn, ACATNRT -THR RnT-r.Rn,Thrn fr ATE = We first con-sider the dependence of hydration on pH, illustrated in Fig. 5 whichshows that hydrates are formed by interactions of water with a neutral
Pyr. For example, with Cyt and its derivatives, the hydrate yieldincreases markedly above pH 4 when the base becomes uncharged inits ground state. The simplest explanation is that hydration occurs 

from a hot uncharged ground state.
'  ' For Ura which is neutral up to pH 9.3 in the ground state (Shugar  and Fox, 1952), a sudden reduction iri hydrate yield occurs at aboutpH 4. Fluorescence data, summarized by Burr et al. (1972}, indicotethat this is the pH at which the excited state becomes negativelycharged. The simplest explanation in this case is that hydration of Uratakes place mainly from an uncharged excited singlet state. However,tlie involvement of an uncharged hot ground state cannot be ruled out.For example, if a neutral Ura molecule at pH 7 were excited, it wouldquickly deprotonate to yield a negatively charged singlet. If this mole-cule underwent internal conversion in less time than that required toregain a proton by diffusion, it would .then be uncharged in a hotground state and so available for hydration. For Ura the pH evidencealone cannot.allow us to choose between the two models, pathways a
and d of Fjg. 7. Therefore, other lines of evidence must be considered.
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Table 2 Molecular Orbital Calculations and Photohydration                                                               N
1

Polarization of 5.6-bond                                                      9

Compound               *t,                  'P„                   'Pi 7

Thy 10-:' 0.052 0.158

Ura 10-2 -0.122 -0.193                                
                          1

Cyt 10-1 -0.189 0.083

Molecular orbital calculations have been carried out by Danilov

(1967) and Malrieu (1967), and some of their results are reproduced in

Table 2. The polarization of the 5,6-bond iS defined as the difference

between the calculated charge densities on C{5) and C{6). A positive

value indicates that C(6} is relatively negative and, therefore, that it
.-                             has a lower probability for nucleophilic addition of a water molecule.

Hence a positive polarization would be expected to lead to a low

hydrate yield. The values for *H are approximate values for the neu-

tral molecules taken from Table  1. The yield of hydrates correlates

-with-thd  polart  a i i  of the_5,6-bond- for_the elp_c-fi·oo» ground- state

much better than with the values for the first excited singlet, ipt.

Whitten et al. (1970) reported that the quenching of fluorescence,

and thus of the electronic singlet, of Me2Ura by a variety of nucleo-

philes, including water, does not correlate well with the rate of pho-

tochemical addition.to the Pyr. This suggests that the addition is not

to the fluorescent singlet state but rather to a vibrationally excited

ground state. £ang and Npadi (19981 and Wang et al. (1968, 1970}

..21fn -int Arprpt pa _67,64titi,Ant,·"AH. -and-i,int.niIA-effREGLiriitermsof-a-hot

=S lzE.dstple=iiiterICL#jilite.
The nucleophilic attack of bisulfite. HSOr, on Ura and Cyt deriva-

tives to give the 6-sulfite product analogous to the hydrate has been

reported (Shapiro et al., 1970; Hayatsu et al.. 1970). Since this reac-

tion is a thermal addition which cannot involve the electronically ex-

cited singlet state, it provides yet another suggestion that hydration

may occur via a hot ground state.

The thermal deamination of Cyd at 95°C may also involve the for-

Smation-of a-hydrate  intermediate  -with  a saturated 5,6-bond which

deaminatel  and ihen rapidly eliminates water -{WeEhler and-Kelly,

1970).  Such.a thermal hydrate could be fo'rmed only from a vibra-

tionally excited ground state, since the electronic sing]et is not pro-

duced by heating.
Although some evidence can be interpreted as showing that Pyr

photohydrates are formed from the electronically excited singlet state,

"
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of substances called pyrimidines, arc far      Universitv of Del ft iii  Holl:tild and.Sllill      of  thymine  dimers   in   polymer  (·11:,i„s
more  sensitive' to ultra\'iolet   than   are Yi ,\-ant.now-of. 1-0-Jitis.1{01]kinilitligiw.      such  as  DNA.  Ricliard  B.  Setlow  :„,41
adenine and glianine. whiell are purines.   jit):. -d#*gj-ercill)ilt-altlw,uKkin-a,liqu,i,     I   carried out experiments   on    ime                   i
About onc in every 100 clitanta of 1,!tra-     soliitioti thbmineis not particul.111,·.sellsii.  -model  pol>mers :it  the Oak Ridge  X*,-

violet energy absorbed bv nrrimidines  tife to ultra\·ioletu-hi._a..Folicentrated,  tion:,1 Laboratorr. Similar experimi·:,ts
..

alters the molecules: for purines the ratio .,frozen ag.Neous sc,littion  it  is  extremils.   were  perfotmed  bldependentlf  at  tl,e
is one in 10,000.  (In general onlv a few      sensitive.   It developed.iliat irradiation California   Institute   of   TeclinAlogy   I,y

of the quanta absorbed by a molecule  pf the frozen solution causes thsmilit  Harold  jolins mid his collabor.itc,rs.
will be effective in producing permanent molecilles  to  coml,itte.  and  form  t„o-,    The  compounds  we  used  were  sliort
changes.) Thc search was therefore nar- molecule chains, or dimers. As in the case polymers-in effect short single stra„cls

rowed to the pyrimidines. -of the cytosineconversion, a double bond     of DNA in which all the bases were tli\·-
changes to a single, and new bonds be-      mine.  Some  of  our test -molecules  ax,-

rphe first effect to be discovered was tween carbon atoms link the two thy- tained only two backbotie units and t„.0
1  thatultraviolet actson cytosine mole- mines [see bottom illustration  on  page thymines; cthers had  12 or more. Sitice

cules  or the cytosine units  of  DNA  in 6]. Unlike the altered cytosine,  the tlie sugar-phosphate backbone holds the
water solution, adding a water molecule thymine dimer is stable to heat and acid.      thymines  in fairly close proximity,  we
across a double bond [see middle illus-     But when the solution is melted, irradia- anticipated that ultraviolet    radiatimi
tration on page 61. Heating the altered    tion can convert the dimer back into the    should form  dimers between  adjace„t
cytosine,  even  to the temperatures  re- two original thymine molecules. What thymines in a chain even in a liquid solu-
quired for biological growth, or acidify- the freezing does is to hold the thymines     tion.  And we expected  that  once  tlie
ing  it, partly reverses the reaction. close together in a crystalline or semi- dimers had formed they would be stil,-
Therefore the hydration of cytosine did crystalline configuration, making it pos-   ject to breakage by ultraviolet, as were
not seem likely to be of major biological sible for the dimer bonds  to form be- the isolated thymine dimers. When thy-

importance. tween two neighboring th).mines when mine loses a double bond in changing t<,

For some years, however, this hydra- they absorb ultraviolet. It seemed likely a dimer, it also loscis its ability to absorl,

tion was the only sensitive, ultraviolet-   that such a conversion would also occur light  at 2,600 angstroms. Therefore
induced change in the bases that could     in DNA, where thymine units are some- measuring the change in 2,600-angstroni
be detected. Heavy doses of radiation times adjacent to each other on a helical absorption gives an indication of the ra-
did produce complex rearrangements, strand  and  are held in relatively flxed     tio between thymine monomers and thr-
but these doses were  far in excess of positions. In 1960 Adolf Wacker and his mine dimers in the solution.
the smalIest ones known to have biolog- associates at the University of Frankfort
leal effects. About three years. 200 ag found thymine dimers in I;)NA extracted      Fhen

we irradiated our polymers,

brc21:thrcuzh in 'he r'·°toc"em#*· of    frnm irradiated bacteria. d:mers were in fact Droduccd. Since
bNA came when R. Beukers, T. Iilstra- In order to get more complete infor-    the rate of formation did not van* with
ind  W. Berends  of the TechnolegiSE    mation  on  the  formation  and splitting thymine concentration,  we   concluded

r--
SPHERICAL MIRROR

HETEROCHROMATIC UV
LIGHT SOURCE      _______--   s=   

1,\
-

11.. WATER

41
01\ ChisT= 67---  SPHERICAL

-                                                                               MIRROR

:3.
,.

QUARTZ PLATES

»i1   / »».4/ SAMPLE
MONOCHROMATOR provides ultraviolet light of a single wave- The prism splits tlle light itito niany cornponent5 of different wate-
length for experiments. Light of mixed wavelengths is rendered lengths. oi,ly t"p of,•hich ore indicate,1 here, and the bran,- are
parallel by a sphcrical mirror and passes tlirough a quartz-and· refoctiscd by a ,·erd„,1 inirror. The san,ple to lie irradiated i, 1,u·i·
water prisn,. (Class „·ould not tran,nlit :lie Je,ircd „'avelengths.) tioned bel,ind a slit tli:it excludes 211 Lut tlie de.ired was-el•·,11:th

4 ....../..
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54 M. H. PATRICK AND R. 0. RAHN

D. Properties of Photoproducts Formed in DNA

1. Cyclobutyl Dipyrimidines (Pyr©Pyr}

a. ·Isolation and Purification

i. THY©THY.. It is generally agreed - FliiIi-- -the-"masi-ki</difisiii i,„,   .

bieak'thrgusth.. i_321?NA_Ellotochemistry was the isolation and iden--
, tification   of   Thv©Thy from irradiated frozen solutions   of   Thy
..iligulieff and Birends,_19601 1961: 1 t,an&4  =60,<8,-19611. Evidence for
Thy©Thy in irradiated DNA was initially obtained by Beukers et al. ..
(1960}  and  substantiated by Wacker et al.  (1960). In these,  and  in "

subsequent studies by others, identity of the photoproduct rested on

chromatographic evidence and its simila«ty-to. the chemical  and spec--  -

troscopic properties of the product obtained from irradiated frozen

solutions of Thy. The first chemical evidence for the structure of

Thy©Thy derived from DNA was reported by Blackburn and Davies

f1966,1967}. These authors showed  that the major product obtained.
from_chrometograms of acid hydrolyzed, irradiatdd DNA.{[:'H]Thy
from E. coli), when mixed with ThyoThy(c,s} from irradiated frozen

solutions of Thy, co-chromatographs with the latter and undergoes no

significant change in specific activity after repeated recrystallizations.

The identity of the two photoproducts was confirmed by treatment

with sodium hydroxide and bromine; under these conditions the
Thy©Thy[c,s} rearranges to a triazatricyclodecane derivative, a reac-

lionsterically unfavorable for the other three geometrical isomers.

_The_only_ drawback   to this proof   is   that both Thy(6-5}Pyo   and

ThyoThy(c,s) are formed in irradiated DNA, and these photoproducts

are chromatographically indistinguishable and co-crystallize under

the conditions employed. Shortly thereafter, however, pure ThyoThy

was isolated in milligram quantities from irradiated DNA and was
shown to give the UV, IR, and NMR spectra identical to those of the

Thy©Thy(c.s) made from irradiated frozen solutipns of Thy (Varghese
and Wang, 1967a; Weinblum, 1967).

ii. CYT-CONTAINING DIMERS. Cyclobutyl dimerization was shown
by Setlow and Carrier (1966} to extend to pyrimidines in general. As  -

noted earlier. these dimers undergo easy deamination to form
UraoUra and UraoThy from CytoCyt and CytoThy, respectively. The ·
crystal structure of these dimers isolated from DNA has yet to be de-

termined. However. Weinblum (1967} showed that UraoThy isolated

from DNA and Ura©Thy obtained from irradiated frozen solutions of a
SThy and Ura mixture have identical infrared spectra. On the basis of

.1
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6. REPAIR OF UV-IRRADIATED 1310[.OGICAL SYSTEMS 235

DNA or any other DNA} is added to a reaction mixture consisting of
enzyme extract and irradiated transforming DNA. the PR reaction rate             ..:
decreases. However, no such slowdown is observed when the ir-             ·   .·      .,
radiated unspecific DNA has been previously photoreactivated. Evi-
dently the nonspecific UV-·irradiated DNA molecules compete with.
the irradiated transforming DNA for PRE. Increasing concentration     -                           -           -
and UV exposure  of the nonspecific DNA enhances its competing                                                     -   .           -:
power by increasing the probability for any given PRE molecule to                        '   - 
react with   that   DNA.   If the ratio [amount of ·competing   sub-         .,
strate] : [amount of substrate in  the biologically tested DNA]  is r, one                                                  -
zvould expect that the PR rate in the studied substrate would be                          ".· ".  .-.   -  " . '  ...1  i-
reduced to 1/(1 + r) times the rate obtained without competition. This

' -

was indeed found by Rupert (1962a) when he varied the concentration    
of competing DNA or its UV exposure.

The competitive inhibition assay not only lends strong support to                                     -
the overall concept of photoenzymatic repair, but it has also become a
useful tool for demonstrating the presence of photoreparable UV le-
sions in any kind of DNA, or even in synthetic oligo- or polynucleo-
tides. This is particularly relevant in cases in which DNA lesions
cannot be tested directly for photoreactivability, it may be that the
cells do not contain PRE or that PR is masked by other processes.

5. The Photoreparable UV Lesion and Its Alteration

When it rvas established that UV-irradiated, but not unirradiated
DNA serves as substrate for the PRE, an obvious question arose; which
kinds of photoproducts or structural alterations in the DNA are recog-
nized by the enzyme?.Enrt„-natply a major hreakthrr,11:h in the._I .IV.        0
phntnrh em i glry_n f  DN A  Jya.R  a:r.rinm t' lif.h«p.rl-hy_ye.ng.(1 cliifl,.1981 ) . a n ri   '                                                                           ·
by BeuligIP_3JMLlismsldLIUj.60,19&1): .the discovery of a major group                                               -            "' -·
of photoproducts, the cyclobutanedipyrimidines (or "Pyr dimers" *
from here on symbolized by Pyropyr) formdd between adjacent Pyr
bases within the same strand. Thus, first evidence for the biological
significance of these photoproducts was indeed obtained by PR exper-
iments. In 1962, Wulff and Rupert showed that these dimers disap-
pear from UV-irradiated transforming DNA under PR conditions' in
ritro. but that they remain in the DNA under comparable conditions
not   causing PR. Since   - 90%   of the inactivating UV lesions   in                                        -                        -                                       9
Haemophilus DNA are photoreparable, these results suggest that
PyroPyr are the major, if not the only, cause bf UV lethality.

Further evidence for PyroPyr being the predominant lethal, and by
inference photoreparable, UV lesions was obtained in quite a different
\ray.  As  is  discussed  in  Section E,1. a large fraction  of the PyroPyr

&

./
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While the evidence presented above suggests that 5-thyminyl-5,6-dihydro-

thymine is the most probable.structure of P3' the mechanism for its formation

in DNA is not clear.  However, the following reaction mechanism can be proposed:
0

dHHN      2

H N  <
01 i Me 0

ii                 3 1 1 1

Me  hv <  R III   1 11 It
1 H N- \F NH

Ji Ji0  N              0             04<N/ H- 141'-:O1                H  HH
R Ii      HN  .Me

V
H

0 Nu
I

i, IV

R

There is some evidence for the formation of radicals III and IV as a

result of UV irradiation.  Thus the oxidatio»_of-the. 5-methyl group of thymine

lio give 5-hydroxymethyluracil, 5-formyluracil.  and  5-carboxyuracil,- has..,b*an

observed when thymine is .irradiated with UV (X-254 nm) in ,solution  (17),  the
firs.t steD for_such_ja_r.eaction-,pequence_is_p.robably_the formatinn-*f..1:hLthymin 1-
-.----1/f-4/1/8-39(·:.r - - -

radical III. The formation of the thymyl radical IV is suggested from electron-

spin-resonance studies of DNA and thymine irradiated with UV or ionizing

radiations (18-20).  It is therefore not unreasonable to assume that UV can

induce radicals III and IV under suitable conditions.  To explain the differ-

ences in the E.S.R. spectra of wet and dry DNA, Pershan et al (18) have postu-
--

lated the necessity of two sources of hydrogen, one of which predominates in

dry DNA and the other ln moist DNA.  Recently Rahn and Hosszu (8) have shown

that the absenceof water is necessary for the formation of spore photoproducts

(mainly P3) in dry DNA.  From the above considerations it can be postulated

that the nature of the hydrogen source determines the type of thymine-derived

product in UV-irradiated DNA.  In the presence of water, hydrate formation and

dimerization may take place concurrently and, the hydration product of thymine

being very unstable, the isolable product will be mainly the dimer.  In the

dry state the methyl group of one thymine residue may be the hydrogen source

for the other, thus leading to III and IV, and finally the product V.

489
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EFFECT OF BASE SEQUENCE ON THE
ULTRAVIOLET IRRADIATION PRODUCTS OF

DOUBLE-STRANDED POLYNUCLEOTIDES
CONTAINING BROMOURACIL AND ADENINE

MELANIE EHRLICH* and MONICA RILEY.t
Dept. of Biochemistry, State University of New York, Stony Brook, New York 11790, USA.

(Received 6 August 1973; accepted 21  February  1974)

Abstract-The effects of ultraviolet irradiation of double-stranded synthetic polynudeotides contain-
ing BrU and A have been investigated. Homopolymer pairs and alternating copolymers composed ofeither ribo-.or deoxyribo-nucleotides were prepared  and  were  irradiated  with  either  313 nm  or
- 285 nm light. Strand separation and a modest amount of strand breakage fcl:owed irradiation of the
homopolymer pairs. Chtinges in the ultraviolet absorption spectra of the polymers during irradiation
reflected the sum of hyperch:omic increases caused by progressive strand separation and loss of
absorbance caused by photoproduct formation. Extensive debromination'occurred. An RNase digest
of irradiated poly(rA) · poly'*C(rBrU). analysed by column chromatography. showed components
similar to those found previously upon irradiation of single-stranded poly(rBrU). Little photoproduct
was released by RNase digestion as mononucleotides. The major photciproduct was inthe dinucleotide
fraction. and may be 5,5'-diuracil. Base sequence had a profound effect on the sensitivity of the
polynucleotides. Irradiation of alternating 'copolymers with doses of light comparable to those that
produced major photochemical changes in the homopolymer pairi brought about little if any change in
the copolymers of alternating base sequence.

INTRODUCTION adenine and bromouracil. Four double-stranded
Work on:the nature of the UV·photoproducts pro- polymers were used, which differ from one another
duced in the synthetic polynucleotide poly(rBrID     only in base sequence or in the nature of the sugar  :
has been reported ((Ehrlich:and Riley, 1972a,b). Ir- moiety: homopolymer pairs and double-stranded
radiation  of this polynucleotide  led  to  changes in copolymers of alternating base sequence were both
absorption spectrum,·,debromination. formation of used, composed of either ribo- or deoxyribo-
photoproducts, and strand breakage. The major nucleotides. Irradiation of the poIynucleotide com-
photoproduct was released by-enzymatic digestion plexes poly(rA)-poly(rBrED, poly(dA)·poly(dBrU).
as a dinucleotide and was foung:tg»YAnioner:ties.-, poly[r(A-BrIJ)·r(A-BrU)], and poly[d(A-BrU)-
in common with 5,5'-diuracil (Ishihara and Wang, d(A-BrU)] resulted in photochemical changes in
1966. the homopolymer pairs similar to those observed

Many biological  studies' have made use of the previously for single-stranded poly(rBrU), but had
increased radiation sensitivity of organisms con- little effect on the alternating copolymers.
taining BrU-DNA (i.e. -Djordjevic and Szybalski,

MATERIALS AND MErHODS  -1960; Setlow and Boyce, 1963; Mennigman, 1967;
Cleaver, 1968). Td learn more about the molecular Preparation Of synthetic polynudeotides
consequences of irradiation of double-stranded (a)  Single-stranded · potymers. Poly"C(rBrU).
poly-deoxyribonucleotides containing BrU, we "C-BrUDP was prepared by bromination of "C-UDP

(New England Nuclear Co. radioactive salt diluted withhave   extended  ·our' earlier   studies to double- nonradioactive compound). The "C-BrUDP was
stranded synthetic *polynucleotides containing purified by column chromatography then polymerized

with polynucleotide phosphorylase as previously de-
scribed (Riley and Paul, 1970). The preparation of

*Present address..Dept. of.Bioch.mistry, Tulane Uni-     poly"C(rBrU) used in these experiments had a specific
versity  School -Df Medicine, New Orleans, Louisiana activity of 2.0 x 103 counts min-' pmol-'.
70112. Poly(dBrU): both "C-labelled and non-radioactive

'IPerion to whom correspondence should be directed. poly{dBrU) were prepared. Non-radioactive dBrUTP was
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photoproduct [5-(4'-pyrimidin-2'-one)uracil] obtained from uracil and 4-
thiouracil under the same conditions.

5-(1'-8-9-Ribofuranosyl-4'-pyrimidin-2'-one)uridine (Ib) (Cyd"<Srd, or
(*451)- The conditions for the ph.otoreaction at 335 nm for cytidine and 4-
thiouridine were the same as those described above.  The product was dissolved

in 2 N HCOOH, filtered, and the acid was removed in vacuo. Puri fication of
the solid residue was effected by solution in 1 i- HCl, precipitation with
NaOH, washing with water, and drying, dp 270°; nmr (CF3COOH) 69.61 (s, 1); 8.70-

8.77 (d and s, 2);. 7.45 (d, 1=7 Hz, 1); 6.16-6.20 (ss, 2, anomeric H's).
Anal. Calcd for ClaH23N5O10.H20:  C, 44.35; H, 5.17.  Found:  C, 44.64;

H, 4.99.

RESULTS AND DISCUSSION

The photoreaction of 4-thicuracil and cytosine yielded only one product

with ultraviolet absorption and flgorescence emission (on borohydride reduc-

tion)   spectral  characteristics  in  agreement  with   those  of the photochemi cally
Valcrosslinked products resulting from the irradiation of gv coli tRNAl   ,

tRNAYal .  tRNA et, tRNAMet. tRNA he (Yaniv et al·,  1969) and tRNA rg (Chaffin
et 81·,  1971)  at  335  nm. The cytosine - 4-thiouracil photoproduct, Cyt'* Surl,
exhibiting 11120 323 nm and Al'2O 334 nm had a molecular ion peak in the massmax             sh

spectrum and microanalysis,  as the monohydrate, correct for CBH7N502, corres-
ponding to combihation of cytosine and 4-thiouracil with the loss of H25.

For  the next stage  in the structure determinatio .we were guided. bl.
,thegreti cal considerations resul,ti.09.-from (a)-the direction of photoaddi-
tion of thiobenzophenone to the electron-deficient olefin acrylonitrile at
366 nm (w +  *)  to give a substituted 8-cyanothietane  (Ohno  et  al·,  1969),
which was opposite to the direction of the photoaddition of acetone (n + 1*)
to acrylonitrile to give a subtituted a-cyanooxetane (Barltrop and Carless,

1966),  and  {b)  the  structures  of the photoproducts_from uracil   (Khattack  and_
,Wang. 1969). thymine. (Varqhese and_Wang, 1968). and a mixture of uracil. and.  ..,
thpnine (Rhoades and Wang, 1970), which are postulated to.have-arisen. via -
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_3496 by T.  Kunieda  and _p.  Wltkop
Appendix b.5.<7'able I.    Nmr Spectra of Thlmine Dimers and Tlicir I'roducts of H>drolysis, Hydrogcnolyis, and Oxidation•

11
> CCH, > C-CH: C-C

.1 1
H H           ·

Compd DMSO-ds D:0 DMSOds . D,0 DMSO-d, D:0 Remarks
-

1 8.67 6.24

(6 H, s) (2 H. s)
5 8.71 5.93 5.50 AB pattern  for  > CCH:-

(3 H, s) (1 H, s) (1 H. d) and cyclobutane protons
8.68 J = 10.0 Hz 1,=   8.5  Hz

(3 H, s) 5.52 5.78
(1 H, s) (1 H, d)
J = 10.0 Hz J = 8.5 Hz

6 8.97 8.91 6.23 5.98 Carbinol protons, 4.97 and
(3 H, s) (3 H, s) (2 H, broad (2 H, s) 4.87 (1 H, s, D:0)
8.93 -8.79 multiplet) 5.30 and 5.15 (1 H, d,
(3 H, s) (3 H, s) J = 5.0 Hz, DMSO-d,)

7 8.97 8.84 6.57 6.25 6.17 5.85 Addition of D:O chringes

(6 H, s) (6  H, s) (4 H, broad (4 H, s) (2 H:.d, (2 H, s) cyclobutane doublet to
singlet) J = 4.5 Hz) singlet at 6.11

10 8.71 5.90
(6 H, s) · (2 H, s)

12 8.66 6.16 AB pattern for cyclobutane

(3 H, s) (1 H. d) protons
8.60 5.90
(3 H; s) (1 H, d)

3 - 6.0 Hz
13 9.11 6.53 6.13 Solvent, D20 and trifluoro-

(6 H, s) (4 H, s) (2 H, s) acetic acid (11)
14 8.77 5.55 -NH„ 4.20 (4 H, s)

(6 H, s) (2 H, d) >NH, 3.15 (2 H, d)-
1 = 10 Hz                                    J = 10.0 Hz

15 8.74 6.23 6.33D
(6 H, s) (4 H, s) (2 H, s)

A in                 r,4.-:.-1 -L:ra- ---0 7-6.- siectra v.':7 mezs·Jrcd cn c  Varic: n-:v .i=2,':smz:z:.    -..-,...-„.....0 *c gwen iii r  valdes (teliatilci;111,;ldne as iltlenal or ex-
temal (D:O) standard).

2 /-\ t\ 1 0-  . /\
, 91-  :   ' ' I.

\ 1 /-\.' ,\/    ,/  .5.At,=---                              ,  i    '."K.ili' ·'·pi  ,-
0 '  -/F 2.---4-- :   1 -1 [_1 6

5. ,       f                         „ .rr
-1 -          f   ..  \30

\.1 i 39:Qi .4
* -2- \ lili .tz/C< li   i

E           i      /  ,         0.2...e....  r                                                                   .9              'i               ,    -ii    V ..0-*'
-3- \/ i    bAL 3 1 0' A   .'-a

: k
. tr:                                       A      /,-:-4.      1          :,   i 3b   ...w#94 ·-,                                                                                                                 :  1                   ':: bit:Gl .                           i

':\.
,          . .     6  6    1'                                                                                                         ,   1               ,             '.'12.4.4-5 ;,I i -5.·'    1           2-01  A-1»*

k.,
1 : 4814,66

-6220        ; 250       "280-  : .'3 0 1 : 3b

m.                         i: 0/Figure 2. ORD curves of thymidine dimers 1 (-),and. 32 and -10 -              : :
3b (- - -) (R =  2-deoxyribofuranosyl) iii IFIEOH. 250 300 350

m,

Figure 3. ORD curves or the optically active photodimers 32 arl

furanosyl), were isolated from tlic irradiated frozen so- 3b. The assignments are tentative.

lution of thymidine': and purified by chromatography
'on silica gel. Their ORD spectra are slrown in Figure
2.    Mild acid hydrolysis of tlieseditners-gave optically           Tlic ORD spectra  of (t)-33. (R  =  H)  and  (-)-34
inactive dinier 1 (R  =: 11), (t)-dinier 30, [a]251) +94' (R. = H) exhibited Cotton effects with a strong intensit>·
'(1-I:O), and (-)-dinier lb, [a]2:D -92' (H,O).   In addi-      i.e.,  |[*]p - [*]T |/100 Ca= 1.2 X 10:·), around 250 n!.1
tion wc observed the forinatioii of a new fluorescent (Figure 3), probably due to the intensive n-:r* tr:iii>:

· proditct, A",:,"1 313 nm. which presumably corre- tions of the urcidoc:irbonyl group iii analogy to dill>-
·' spends to Wang's acl duct (AMS.316 n m). 15.16 drolhymine27  and  cyclothymine  nucieosides:26  At. .

Jnt,r,toi of 11,p An,pr;rnn (-hon,irnl Fr,rietv  1 09·14  1  Litv 14  1071
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0                            0        0 lyzed hydrolysis of acetic anhydride, B-propriolactone,
1 .CHj and p-nitrophenyl acetate in water and in ice andin 40   QH, H,F U

H-N- y fro,en. A.     H---N "S--4  N-H

04.73                 ..,6.4 6'              'C_ 3-1
1- pointed out that a concentration effect was responsible

0 N- N u for increased rates of these reactions in ice. The
It

H                H H crystallization of water resulted in high concentrations
  .      of reactant in liquid regions of the frozen systems, and
1,   ·-.   ·the rate of any bimolecular reaction was simply in-

-1LBhotedeactivation    and    reactivation, pf-,micrdor-2      creased  by this change in concentration.     In a later

ganisms,10 together with speculatkon on whether the investigation of the reaction of morpholine with two

reaction occurs in the_39.lid_state .or .in ."puddles" of"  thiolactonests they noted that the over-all observed

liquid i.n the frozen-system; has rehulted iii-a great deal reaction order changes from three in nonfrozen so:ution

of interest in this type of froze-n-siate-reaction. Di--'     to two in frozen solutions. This seemed opposite to

menzation ot thymine in ice has recently'l been quite results anticipated for a concentration phenomenon,

easily established as a true solid-state reaction (see and they suggested that the ice structure itself takes

below). part in a proton transfer reaction in place of one of the

Several kinetic studies of chemical reactions in frozen morpholine molecules.

systems have been prompted by initial observations Some inorganic reactions in frozen aqueous solutions

that some reactions appear to be catalyzed by the have also given interesting results and explanations.

frozen conditions. The increase in rate is often so The autoxidation of iodide ion occurs with enhanced

great that it makes possible.the quenching of the reac- rates in frozen solutions17 and the oxidation of iodide by

tion simply bv thawing a sample; a leisurely analysis arsenic acid proceeds very rapidly even at -70° in

of reaction progress can then be ordinarily carried out frozen solutions.13 Perhaps most interesting is the
electron exchange between ferrous and ferric ions in

at room temperature. Such accelerations and other
unusual kinetic features of frozen reactions have been HCIOJ-H20 solutions frozen   to -78:19 Under  the

interpreted in a great variety of ways. conditions used it was estimated that the reactants

Grant, Clark, and Alburnu described the base.  were separated in the solid medium by roughly 100 A,  -

catalyzed hydrolysis of penicillin in frozen systems at yet, except for an ordinary decrease due to temperature,

-5 to -30°. Here reaction occurred in frozen the reaction rate was not different from that in liquid
solutions at higher temperatures. A facile electron

samples. but not in identical nonfrozen samples held
-..                        _.,•.. r.... 9 .1- .

transfer by a water bridgiug mechanihm was suggested
long periods at 06'.  na illis beci* bene.au,y luutici, „uc
reaction was not influenced by the manner in which for reaction in both liquid and solid systems.8

samples were frozen, but the presence of various solutes Such interesting possibilities, combined with the

(glycerol, ethanol) stopped the reaction in the frozen fortuitous discovery of a particularly simple reaction

samples. The authors considered a possible explana- in frozen organic solvents,20 indicated that a systematic

tion involving concentration of reactants on freezing, investigation of some reactions in frozen solutions would

but suggested that a favorable substrate-catalyst posi- clarify or establish some of the many suggested ex-

tional constraint, and possibly the exceptionally high planations.21 Although the projected study did not
initially require it, it now seems best to begin a descrip-proton mobility in ice, might be factons.12   They have

also suggested that reactant and product ·diffusion, tion of the work with definitions of the terms "frozen"

crystal imperfections, as well as the dielectric properties --and 'crate."

of ice may play some role in certain reactions in frozen
* 'Frozen State." Often, in subconscious but mis-

taken analogy to one-component systems, there is a
systems.13  In the hydroxylaminolysis of some amino

t>. acid esters in frozen solutions they showed  that reac- tendency to think of two- (or more) component sys-

tions were often inhibited bt addition of compounds tems below their freezing points as solids.. The fre-
structurally analogous to the reactants; the kinetic quent existence of a liquid in equilibrium with a solid

at temperatures below the freezing point is often neg-
relationship found was that of a Lineweaver-Burk plot
for competitive inhibition. This seemed to suggest

lected.18 It is important, therefore, to mention that

the existence of catalytically active sites on the ice only below its eutectic point is a system completely

surface.11
solid. It seems best to consider that a "frozen state"

0  Butler and Bruicels compared the kinetics of cata- exists in the range of temperatures below the freezing
point and above the eutectic point, i.e., where solid is

(10) S. Y. Trang, Fed. Proc.. 24, Su51, 15, S-71 (1965)._ind-
reteredces. thertip.    -

'
(11) (a) W. Fi:chtbaucr and P.  Irizur, Photochem. Photobiot.. 5. (16) T. C. Bruice and A. R. Butler. ibid.. 86.4104 (1964).

323 (1906); (b) S. Y. Wang, ibid., 3,395 (1964). (17) Y. Eyal. D. Alaydan, and A. Treinin, Israel J. Chem., 2.133
(12) N. II. Grant, D. E. Clark, and H. E. Alburn, 1. Am. Chcm. (1964).

'Soc: 83,4176 (1961). (18) (a) T. E. Kiovsky and R. E. Pincock, J. Ckem. Ed,ic.. 43.
(13)  H. E. Alburn and N. H. Grant, ibid., 87, 4174 (1965); N. H. 361   (1966);  (b)   R. E. Pincock  and  T. E. Kiovsky,  ibid.,  43.358

Emnt, D. E. Clark, and ]I. E. Alburn, ihid., SS, 4071 (1966). (1966).
(14) N. 11. Grant and ]I. E. Albitrn. Biochcmistry, 4, 1913 (1965); (19) R. A. Horne. J. Ino,1  Nuct.  Chem.,  25,  1130  (1963).

A,ck. Biochem. Biorhys., 118. 292 (1967). (20)  R. E. Pincock  and T. E. Kiovsky, J.  A m. C*em. Soc.. 87.
(15)  A.  IL  Butler  and  T. C.  Bruice,  1.  A m. Chem. SOC., 86, 313 2072 (1965).

(1964). (21)  R. E. Pincock and T. E. Kiovsky. ibid.. 87,4100 (1965).
'-
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Appendix B.7.

BIOC.MIMICA ET BIOI'HYSICA ACTA I2g

Short Communications

SC 2249
On 1-methylthymine photoproduct*

Ultraviolet irradiation of a frozen solution of thymine produces thymine photo-
producti. When the solution is thawed the latter product reverts to thymine upon
further ultraviolet irradiation2. The photoproduct has been shown to be a dimer with
a cyclobutane ring formed by addition of 5,6 double bonds of the two thymines34.
Uracil and N-substituted uracils and thymines behave similarlyl,5-10.· It is probable
that formation of thymine photodimer is favored when thymine residues are close
together in a suitable configuration. Thus the dinucleotide TpT readily forms the
photoproduct in dilute Solution'4,9-12. The dimer is also formed, presumably mainly
from adjacent thymines in the polynucleotide chain, upon irradiation of DNA in
solutionlo, 13-16, WANG proposes that microcrystalline a:gregates of thvmines fornl
yhen thymine solutions are frozen. andthat.in .these.crystali5».th,vmines are favpr-1.-
ablv  oriented  for  photodimerization.   He  was  also  able  to. prepare. thymine dimers-
ty BTad<ati« thin U-ms 9f thvminel                                                                              „

fhe photostationary state depends on wavelength. Formation of the dimer is
favored by long wavelengths where orily thymine absorbs; dissociation is favored  at
around 230 mp where the absorption coefficients of the dimer are comparable to
those of the monomer.

I wish to pr,esent evidence which supports the hypothesis that 2 thymine mole-
cules held in a favorable configuration readily undergo the photochemical formation

i of the dimer. These fragmentary observations were made in the course of a study
of the single crystal absorption spectra of purines and pyrimidines17. While measuring
transnlissions with light po]arized perpendicular to the b-axis in the (}:02)-plane (the
plane of the molecular layers18) of a I-methylthymine single· .a-ystal, which was
0.1  p · thick, considerable bleaching took place.   (Tlie absorption coefficient  for  the
first absorption band of the crystal perpendicular to the b-axis in (I02) is about
IO  times the absorption coefficient parallel  to the b-axis  in  (I02).)  At  the  end  of the                                         '
experiment the birefringence of the crystal had fallen by about 30 % and its light
transmission  at  280  In,  had increased  b   75 % ·

An experiment to demonstrate that this bleaching was due to the formation of
thymine photodimer was done as follows. A preparation of thin plates of I-methyl-
thymine was obtained by rapid evaporation of a hot solution spreadout on the bottom
of  a  Petri  dish. The predominant  form  is (I02), parallel  to the molecular layers,  and
the thickness of the crystals ranged from 0.7-20 p. The absorption maxirnum for
the crystal is 273 mp, the same as for solution. By irradiating the crystals mostly
to the red of 270 mp, a region where the dimer absorption coefficient is small relative
to the monomer, a favor:,ble pliotosteady state with major production of the photo-
product should be established. By employing a continuous source one is assured

1
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