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" Introduction

On November 1, 1974, Dr. Roy A. Jensén informed me of the decision to
terminate my contract on the study of UV irradiation of.nuéleiC'acidsxand_
related compounds. Some twenty years ago, I undertook this study' at Tufts
Medical Sghbollin Boston. In 1961,’1 transfefred 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 deépite-the move. |
During this period, the U.S. Atomic Energy Commission, now<ERDA,;provided

the financiai support. Although I received a Career Development Award

from NIH between 1961 to 1970, I did not seek any additiOHalzgrantisupport

from NIH despitg a grant usually accompanied with the awafd:during that time.
Naturally, I am most appreciative for the confidence shown me by .the present
and past members of DBER. On the other hand, I trust that my accdmplishments
5ustify your past and possibly future support. We have witﬁesseduthe o
expkﬁdvedevelopment invthis area from the interest of a few investigators

fo the involvement of multidisciplinary laboratories. :I havenbeen‘much‘
involved during the entire span. Undoubtediy, the study of photochemistry
and photobiology of nucleic acids has achieved its popularity%in recant-
years. However, I believe that further research is essential to reach the
acme. Inevitably, I hope our laboratory cah get the proper*fiﬁancial

support and can continue to bring about‘the ﬁecessary.advangemept. For this

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

Summary of Research Accomplishments

| When a research project is progressing well, few enjoy being’ terminated
and préparing'a Final Progress Report. Never;heless,Aitﬁpfbvides"an
opportunity'to reflect on one's past achievements andvté plan future -

experiments. Especially, these thoughts have passed through 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 énd ideﬁtifiééiion of
photoproducts provided the major breakthrough in the study of photochémistry
and photobiolbgy of nucleic acids. Until ndw; there are five ty?es 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 résponsible for the charaétérizétioﬁs
or discoveries'of all the five types of photéproducts of nuéleic acids. The
following are brief summaries of each. Twovadditional summaries will deél
with the hypothesis of '"Molecular aggregates — puddle formation" and the

study of “"topochemistry".

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 afea

drew the comments of Dr. Michael Kasha (a member of the Natibnal 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
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on the intramolecular electronic processes occurring, although the advent

of flash spectroscopic techniques is rapidly changing the picture (gﬁgf,_
Bridge and Porter, '58; Porter and Strachan, '58). On thé other hand? the
powerful and systematic methods of’organic chemistr& certainly.have much tb
offer in the unra?elliﬁg of the intricate molecular mechanisms of photo--
chemical reactions (e.g. the studies on a uracil by Wang et al., '56; Wang,
'58):; ——————— - (Appendix B.l.a.). This event predated or may have led

the tremendous expansion of photochemial studies among organic chemists.

In these articles, I aiso proposed a zwitterion Species for the_intérmediate
and a "Hot" ground state for such an intermediate based on our findings.
Both aspecfs turned oqt 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

opponenté eventually became advocates. For instance, Summers, Enwall, Burr,
and Letsinger in 1973 (Appendi# B;l.b.) indicated that they sup?orted our
suggestion of a zwitterion intermediate. In‘addition, Dr. H.E. Johns is

now in favor of a "hot" ground state intermediate leading to photohydfation
(Appendix B.l.c.). The.acceptance of these new suppositions are of
consequence in photochemistry in generél and also in the Bioiogical importance

of pyrimidine addition products in nucleic acids.

Pyrimidine Dimers

In the study of photochémistry and phoﬁobiology of nucleic acids;'it is
generally agreéd 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 thyﬁine dimer by Deering

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

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‘ip vivo systems (Appendix B.3.).

Pyrimidine Coupled Product

Also in the mid-sixties, the formation of a coupléd product by the
irradiation of 5-bromouracil derivatives was discovered. _This coupled prpdﬁct
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'qur cdupled
products (Appendix.B.4.). Hopefully, this finding provides the molecular
mechanism responsible for the increased radiation sensitivity of DNA

containing bromouracil. _ N .

Pyrimidine Adducts

Iﬁ the mid-sixties, we discovered a ﬁew 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.).

"Molecular Aggrégates — Puddle Formation" Hyfothesis

The original discovery of pyrimidine photodimerizatibn was madé.by the
irradiation of ﬁyrimidine in frozen aqueous solutions. Invthis connectioh, 1
proposed a "molecﬁlar aggregates — puddle formation" hypothesis'rélating

reactions in frozen states. This hypothesis is in direct contrast to two
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others proposed by two Nobel laureates, Szent Gydrgyi.and Manfred Eigen.
My hypothesis is now generally accepted and has beén credited with leading
to the development of a new area of research in chemistry .as cited in a

review (Appendix B.6.).

Topochemistry.

In the course of our study of the mechanism of UV irradiatioﬁ:of.ffozen
aqueous solutions, we discovered that upon freezing,,tbe,éblutesforms
microcrystals interspersed émong the ice crystals. "Thus,.the.irradiation'of
compounds in frozen aqueous solutions should be similarrtOAthe:irr&diation
in solid films. From the study of solid films, we observed some unexpected
results that led us to suggest that the stereoarxéﬁgements of molecules iﬁ
the crystals are the determining factor for the stereoconfigurations of the
resultant photodimers. Conversely, the étereocpnfﬁguﬁation 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 deﬁelopedﬁinto topochemical studies
of the structures of the dimers and of the crystallinecafrange@entsfbynseveral

laboratories.

Miscellaneous

Although our research objective has been,direg;ed‘toward{understanding
the photochemistry and photobiology of nucleicwacids,;at<times}the~uﬁcovering-'
of other broader underlying principles of fundamen@él'importance’to-cheﬁistry’
iﬁ generél and new methods of interest to chemisﬁs;and;biolpgists resulted as
by-products. For instance, our proposed mechanisms -of halogenation of
pyrimidines and the dehalégenation of halogenated pyrimidines are two of

current interest in reaction mechanisms. Similarly, the determinations of
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. : ' . X . . 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 of anovel electronic transition, i.e. Cm>7* transitionm,

which should be of fundamentél»importance,

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
ip this area from many laboratories. This kind of teamwork is moét: |
prodﬁctive aﬁd should be enéouragéd by the Administration; Therefofe,.l
hopé thatlthe members of DBER will fund our projéct that was appfoved

several months ago.
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Training of Personnel

Doctoral Students

John C. Nnadi

Postdoctoral Students
G. Sherman

A.J. Varghese
M.H. Patrick
A. Rafi

K.C. Padmanabhan

D.F. Rhoadésv
0.C. Zafiriou
W.H. Huang':
W. Hauswirth
R“Drisko.
B.S. Hahn
B.R. Toth

S. Sasson

H. Taguchi

J. McKee

K. Acholonu

A. Gupta

H.S. Ryang

Present P031t10n '

~ Manager - Spec1a1 Products Mobil 0il Co.,
stationed in. ngerla

Ph.D. Source

Present Position

Boston U.

U. of Maryland
U. of Chicago
U. of Néwcastle-‘

Eidgenossische
Tech Hochschule

Director of Laboratories
" Mt. Auburn Hospital,
" Cambr., Mass.
‘Faculty
University of Toronto
..Associate Professor

Seientific Staff

. Baltimore Gas & Electric Co.
~Member

“Hopkins.Hospital :Laboratories

U. of Washington Faculty

Johns Hopkins

Colorado

Oregon State U.
Johns Hopkins
University of

Saskatchewan
Johns Hopkins

Weizmann

“University of Washington
Senior Chemist

Woods Hole Laboratory
Associate

Cornell University
" Fellow

.Johns Hopklns Medlcal School
-Assistant Professor

"Essex "“Community College
.Assistant Professor

Johns Hopkins University
Assoc1ate

‘North Dakota Unlver31ty
‘Faculty

Weizmann Institute

Stdate.

“Inst.

Australian Nat.U.Associate

U. of Maryland

U. of Pacific

New York

Osaka U,

-Harvard University
Associate
. “Johns+Hopkins Unlver51ty
Tecturer

‘Howard University

U, ‘Fellow

.Johns Hopkins UnlverSlty
~Fellow
“Johns.Hopkins University

University of Texas at Dallas
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Senior Scientists on Leave

R. Alcantara

H. Ishihara

" M.N. Khattak

"B. Czochralska

J. Cadet

Assistant Professor
Assistant Professor

Staff Scientist

Lecturer

Staff Scientist

Instituto Poletecnico Nacional
(currently Professor)

Nagoya City University

(currently Professor)

Pakistan Atomic Energy Commission
(currently Staff Scientist, REAS,
Baltimore) ’

University of Warsaw

(currently Lecturer) :
Centre D'etudes Nucleaires de Grenoble
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In Two Volumes. . ..

Photochemistry and
Photobiology of Nucleic Acids

4994-7601

Edited by SHIH Y1 WANG

Department of Biochemistry
School of Hygiene and Public Health
The Johns Hopkins University
Baltimore, Maryland

This is the most comprehensive and authoritative two-
volume treatise on the effects of ultraviolet irradiation
of biological systems ever published. These 21 chapters
provide a judicious review of exciting developments with
up-to-date information as well as the necessary back-
ground principles for active researchers and advanced

students. Since this is an interdisciplinary area, the
writings are directed to an audience which ranges from

physicists and chemists to biologists and physicians.

Each of theé more than 20 contributors from around the
world is an authority in his or her field.

Volume 1: Chemistry
April 1976, about 550 pp., in preparation
ISBN: 0-12-734601-5

CONTENTS:

Introductory Concepts for Photochemistry of Nucleic
Acids, Shih YiWang
Excited States of the Nucleic Acids: Bases,
Mononucleosides, and Mononucleotides,
Malcolm Daniels
Excited States of the Nucleic Acids: Polymeric Forms,
William W. Hauswirth and Malcolm Daniels
Pyrimidine Photohydrates, G. J. Fisher and H. E. Johns
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PHOTOCHEMICAL LAWS 73

level and may give little information on the intramolecular
electronic processes occurring, although the advent of
flash spectroscopic techniques is rapidly changing the p1c-
ture (e.g., Bridge and Porter '58; Porter and Strachan
'58). _On the other hand, the powerful and systematic
methods of organic ¢ V.cexrtainly have much.to oifer_

in the unra.velmg of the intricate molecular mechanism.of
photochem1ca.1 rea.ctlons (e B the_ studies_on a uracil by
Wang et al, '56; Wang '58). Unfortunately, however,
spectrosc0p1c theory has not been applied often in the eluci-
dation of such mechanisms, partly because its own nomen-
clature details have served to make 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.

|
1
chemists. Much of this research is on a stoichiometric @ . S l
1

S.1. THE PHOTOCHEMICAL LAWS

5.1.1. Zeroth Law:* The Activation trinciple. -
Grotthus and Draper. over a century ago, established the
principle which may be called the photochemical activation
principle: Ounly the light that is absorbed by a moleculesis
effective in producing a photochemical change. In earlier
times, when the distinction between scattering phenomena
and quantum transitions was unclear, this principle hadra -

central role in the interpretation of photochemical reactions.
In the perspective of the quantum age, the utility of this
Principle has diminished. It seems appropriate to recognize
the activation principle as a zeroth law -- a now self-evi-~
dent starting point for any photochemical interpretation.

* 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 PHOTOADDITIO\I OF NUCLEOPH[LES
S - TO URAClL
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(Received 31 July 1972; accepted S Decenmber 1972)

-Abstract—Quamum ynelds for 254 nm ultra\xolet photoaddition of the nucleophiles hydmzme
HCN, HSO;~..methy! amine. and BH,~ to uracil have been'measured: the quantum yields for
hydrazine, HCN, and HSO;~ additions are pH-dependent."The nucleophiles sulfide: azide, -
chloride, bromide. iodide, nitrite and thiocyanate failed to photosadd-under similar conditions. -
. These reactions are m(erpreted as 1.4-additions to the con_;urza‘ed enone system of the anti-
" aromatic.compound, uracil: as susgested by S.. Y. Wang (W ¢ $): The nuclear
c mannenc resonance (NM R) spectrum of the photohydrate ofuratil- S-d- showed that the proton
.- was added to the 5-position in a stereochemically random mariner: The photoaddition’ of HSO;

takes place at much lower concentrations than required for. the thermal-addition of this anion
andisalso slercochemlcally random.

Co INTRODUCTIO\X : -
.THE photomduced addition of water to the 5,6-double bond of uracil has been con—" L
sidered to involve the nucleophilic attack of water on the: relatively positive 6-carbon R

of an exc:ted-state uracil molecule, 1. (Burr, 1968; Smith and Hanawalt, 1969; Burr
et al., 1968: Burr and Park, 1968a; Wang and Nnadi, 1968; Burret al., 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 I1..In addition, evidence about
~ the stéereochemistry of water and bisulfite addition could be obtained by examination .

/C\Nj

' I

of the nuclear maénetic- resonance (NMR) spectra. of the products Acéordinﬂly,'wé
now report the results of such a study on the photohydrate’ of l-gthyluracil-5-d and on
the product of photoaddxtlons of HSO; to uracik.

"EXPERIMENTAL

" Uracil and l-ethyluracil wefe supplied by Cyclo Chiemical Co and used thhout .
further purification. The water was doubly distilled from aglass apparatus.

Irradiations of uracil with the nucleophile in a series of boffered aqueous solutnons

*Present address: Ash Stevens, Inc.. Detroit Research Park 5861 John C. Lodbc Freeway, Detrmt
Michigan 48202.
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4. PYRIMIDINE PHOTOHYDRATES 193
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Fig. 7. Energy level scheme for the pyrimidines indicating the precursor states .
responsible for dimers and hydrates. ) . : _ : ot

excited to its triplet. When this is done triplet states are produced. -
. without 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 such

suggestions as an alternate singlet-state or an excited-state tautomer oo :
.. (for a discussion, see Summers and Burr, 1972). ‘ P -

’ _uEVIbENCE,FOR;AND,AGAINST.IHE,HOT‘GRO,UNﬁ.&IA::J_',E:; We first con-
sider the dependence of hydration on pH, illustrated in Fig. 5 which
shows that hydrates are formed by interactions of water with a neutral ~

- Pyr. For example, with Cyt and its derivatives, the hydrate yield
increases markedly above pH 4 when the base becomes uncharged in
its 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 in hydrate yield occurs at about -

_ PH 4. Fluorescence data, summarized by Burr et al. (1972), indicate

. that this is the pH at which the excited state becomes negatively

" charged. The simplest explanation in this case is that hydration of Ura

takes place mainly from an uncharged excited singlet state. However,
the involvement of an uncharged hot ground state cannot be ruled out.
For example, if a neutral Ura molecule at pH 7 were excited, it would -

- quickly deprotonate to yield a negatively charged singlet. If this mole- _

cule underwent internal conversion in less time than that required to

“regain a proton by diffusion, it would .then be uncharged in a hot

.. ground state and so available for hydration. For Ura the pH evidence
alone cannot.allow us to choose between the two models, pathways a
- and d of Fig. 7. Therefore, other lines of evidence must be considered.
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" Table 2 Molecular Orbital Calculations and Photohydration

Polarization of 5,6-bond

Compound b . 'P, .
Thy 107 © 0.052 © 0.158
Ura - 107 . ~0.122 - —0.183
Cyt 1072 —~0.189 : 0.083

Molecular orbital - calculations have been carried out by 'Dariilo‘}

(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
" vyalue 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 ¢y are approximate values for the neu-
tral molecules taken from Table 1. The yield of hydrates correlates

’—Qv_ilf}_i'ihef PO Igr,iAz

ation of the 5,6

tuch better than with {he values for the first excited singlet, 'Py.

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

. and thus of the electronic singlet, of Me,Ura 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. Wan and Nnadi 1968&@@;@3{(}1.,7(1968,'_1977(7)]7

_also-interpreted substituent, pH.,.and.isotope effects in terms of a hot

_ground state intermedjate.

" The nucleophilic attack of bisulfite; HSO;™, 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. : EEEPEEIEE R
The thermal deamination of Cyd at 95°C may also involve the for-

“mation of a hydrate intermediate with a sa

. “deaminates and then rapidly eliminates water v(We_(:'lr—ﬁéf"énd—Kelly;

“ 1970). Such .a thermal hydrate could be formed only from a vibra-
" tjonally excited ground state, since the electronic singlet is not pro-
duced by heating. Do o
Although some evidence can be interpreted as showing that Pyr

photohydrates are formed from the electronically excited singlet state,

QB'c:)hd .._f'o'r: the electronic gri_)hrid_ svtat‘e

turated 5,6-bond which"




R.A. Deering, Scientific American, December,

of substances called pyrimidines, arc far
more sensitive: to ultraviolet than are
adenine and guanine, which are purines.

. About one in every 100 quanta of ultra-

violet energy absorbed by pyrimidines
alters the molccules; for purines the ratio
is one in 10,000. {In gerieral only a few
of the quanta absorbed by a molecule
will be effcctive in producing permanent
changes.) The search was therefore nar-
rowed to the pyrimidines.

he first effect to be discovered was

that ultraviolet acts on cytosine mole-
cules or the cytosine units of DNA in
water solution, adding a water molecule
across a2 double bond [see middle illus-
tration on page 6]. Heating the altered
cytosine, even to the temperatures re-
quired for biological growth, or acidify-
ing it, partly reverses the reaction.
Therefore the hydration of cytosine did
not seem likely to be of major biological
importance.

For some years, however, this hydra-
tion was the only sensitive, ultraviolet-
induced change in the bases that could
be detected. Heavy doses of radiation
did produce complex rearrangements,
but these doses were far in excess of
the smallest ones known to have biolog-

University of Delft in Hollund and Shih
Y1 Wang, now: of Johns Hopking Univer:
_sitv. discovered that althoush in.a liguid,

~ solution thyvmine is not pacticuls uly sensi-

tive to ultraviolet, in_a concentntcd,

frozen_aqueous solution it is_extremely,

sensitive. It developed that irradiation

of the fro o ¢s, thymine,
molecules to combine and form twa-

molecule chains, or dimers. As in the case

brealthrough in the mhatachemictrye of

DNA came when R. Beukers I)Istra

I b A e S .

SPHERICAL MIRROR

MONOCHROMATOR provides ultraviolet light of a single wave-
length for experiments. Light of mixed wavelengths is rendered
parallel by a spherical mirror and passes through a quartz-and.
~ water prism. (Class would not transmit the desired wavelengths.)

4

of the cytosine conversion, a dou:ble bond
changes to a single, and new bonds be-
tween carbon atoms link the two thy-
mines [see bottom illustration on page
6]. Unlike the altered cytosine, the
thymine dimer is stable to heat and acid.
But when the solution is melted, irradia-
tion can convert the dimer back into the
two original thymine molecules. What

the freezing does is to hold the thymines -
close together in a crystalline or semi- -

crystalline configuration, making it pos-
sible for the dimer bonds to form be-
tween two neighboring thymines when
they absorb ultraviolet. It seemed likely
that such a conversion would also occur
in DNA, where thymine units are some-
times adjacent to each other on a helical
strand and are held in relatively fived
positions. In 1860 Adolf Wacker and his
associates at the University of Frankfort

“1cal effects. About three vears aco a . found thymine dimers in DNA extracted

from irradiated bacteria.
In order to get more complete infor-

- and W. Berends of the Technc‘ﬂoomax mation on the formation and splitting

o HETEROCHROMATIC UV
; LIGHT SOURCE"

A\Y/

1962

of thyvmine dimers in polymer chaius
such as DNA, Richard B. Setlow and
I carried out experiments on some
~awodel polvmers at the Oak Ridge Na-
tional Laboratory. Similar experiments
were porfo:mcd independently at the

‘C'lhfornu Institute of Technology by~
Harold ]ohns and his collaborators.

The compounds we used were short

- polvmers—in effect short single strauds

of DNA in which all the bases were thy-
“mine. Some of our test ‘molécules con-
tained only two backbone units and two
thymines; cthers had 12 or more. Since
the sugar-phosphate backbone holds the

-thymines in fairly: close proximity, we

anticipated that ultraviolet radiation

should form dimers between adjacent.

thymines in a chain even in a liquid solu-
tion. And we expected that once the
dimers had formed they would be sub-
ject to breakage by ultraviolet, as were
the isolated th\ mine dimers. When thy-
mine loses a double bond in changing to
a dimer, it also loses its ability to absorb
light at 2,600 angstroms.. Therefore
measuring the change in 2,600-angstrom
absorption gives an indication of the ra-
tio between th\ mine monomers and thy-
mine dimers in the solutxon.

\Y/* hen we irradiated our pol\mers,'

dimers were in fact produced. Siuce
the rate of formation dxd not vary with
th) mine concentration, we concludcd

T

" MIRROR

QUARTZ PLATES

SAMPLE

The prism splits the light into many components of different wave
lengths, only two of which are indicated here, and the beams are
refocuscd by a second mirror. The sample to be irradiated is posi-
tioned behind a slit that excludes all Lut the desired wavele ngth.

» Appenglix B.Z.

SPHERICAL - -
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‘D. Properties of Photoproducts Formed in DNA . T

1 Cy?élobﬁi;y’l- ijipyrir.ri_idihes -(lsyféiiyr) -

. a. Isolation and Purification

i TtHyorny. It is generally agreed that the most sigpificant., -

. breakthrough _in. DNA photochemistry was the_isolation and iden- -
Lhcation of ThyoThy from _irradiated frozen solutions of Thy .

" (Beukers and Berends, 1960, 1961; Wang, 1960, 1961). Evidence for . "

ThyoThy in irradiated DNA was initially obtained by Beukers et al. : i

~(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 similarity to the chemical and spec-_. B

“troscopic properties of the product obtained from irradiated frozen -
solutions of Thy. The first chemical evidence for the structure of

ThyoThy derived from DNA was reported by Blackburn and Davies e

from chromatograms of acid hydrolyzed, irradiated DN@L([‘*_H]Thyt‘ :

“from E. coli), when mixed with ThyoThy(c,s)' from irradiated frozen

(1966, 1967). These authors showed that the major product obtained

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

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
. ThyoThy(c.s) rearranges to a triazatricyclodecane derivative, a reac- -
“fion sterically 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 - -
* ThyoThy(c.s) made ftom irradiated frozen solutions of Thy (Varghese - .
- and Wang, 1967a; Weinblum, 1967). ' R e

- §i. CYT-CONTAINING DIMERS. Cyclobutyl dimerization was shown '._’,::;;
by Setiow- and Carrier (1966) to extend to pyrimidines in general. As ™ o

- noted _ earlier, these dimers undergo easy deamination to form -
"UraoUra and UracThy from CytoCyt and CytoThy, respectively. The - -

_ “crystal structure of these dimers isolated from DNA has yet to be de- " 7;"'_ .
termined. However, Weinblum (1967) showed that UracThy isolated ...

- from DNA and UraoThy obtained from irradiated frozen solutions of a
“Thy and Ura mixture have identical infrared spectra. On the basis of
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. REPAIR OF UV-IRRADIATED BIOLOGICAL 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 P ‘
decreases. However, no such slowdown is observed when the ir- = .~ '.. . 7 o 500
radiated unspecific DNA has been previously photoreactivated. Evi- =~ .° . 1«07 0 ,
~dently the nonspecific UV-irradiated DNA molecules compete with. -~ © - v« 00 -0 A e
the irradiated transforming DNA for PRE. Increasing concentration - .- - . - .0 70700 ISP
and UV exposure of the nonspecific DNA enhances its competing =~ . .~ .0 .. L ol
power by increasing the probability for any given PRE molecule to =~ = - . L e
react with that DNA. If the ratio [amount of ‘competing sub- -~ . "0 -0 o0 T ees T L
strate] : [amount of substrate in the biologically tested DNA] is r, one . Lo '
would expect that the PR rate in the studied substrate would be
reduced to 1/{1 + r) times the rate obtained without competition. This
-was indeed found by Rupert (1962a) when he varied the concentratlon B
of competing DNA or its UV exposure. : '
The competitive inhibition assay not only lends strong support to , : , LT e
the overall concept of photoenzymatic repair, but it has also become a - - T s L e
useful tool for demonstrating the presence of photoreparable UV le- = o e '
sions in any kind of DNA, or even in synthetic oligo- or polynucleo-
tides. This is particularly relevant in cases in which DNA lesions . _ R
cannot be tested directly for photoreactivability, it may be that the o L S
cells. do not contain. PRE or that PR is masked by. other processes. i L Tl

5. The Photorepara‘bie UV Lesion and Its Alteration

When it was 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- S U
nized by the enzyme" Eogtgmjmmmgmk@guow, e iR e
by Beukers and ngeré_ﬁg(lg 0, 1961) the dlscovery of a major c!roup L e
“of photoproducts, the cyclobutanedlpyrlmxdmes {or “Pyr dimers” RS : IR

from here on symbolized by PyroPyr) formed between adjacent Pyr

bases within the same strand. Thus, first evidence for the biological

significance of these photoproducts was indeed obtained by PR exper- - » R,
riments. In 1962, Wulff and Rupert showed that these dimers disap- . D

pear from UV-irradiated transforming DNA under PR conditions in ' . ' ’
vitro, but that they remain in the DNA under comparable conditions - _ . ST oo
not causing PR. Since ~90% of the inactivating UV lesions in - =~ . - - . . o008
Haemophilus DNA are photoreparable, these results suggest that ' R ]
" PyroPyr are the major, if not the only, cause of UV lethality.
Further evidence for PyroPyr being the predominant lethal, and by
inference photoreparable, UV lesions was obtained in quite a different
way. As is discussed in Section E,1. a large fraction of the PyroPyr
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While the evidence presented above suggesﬁs that 5—thymiﬁylF5,6—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:

O 3
_ :}451 (3}42
o o~ |
M‘e hy E|Q
J\ ] >

to give.Sehydroxymeth§1uracil, 5-formyluracil, and 5-carboxyuracil, has been
e i = T e

observed when _thymine is,irfadia;ggﬁyi;h UV (A-254 nm) in solution (17), th the

first step for_such a reaction 1. Sequence is probably, the forma:iog*gﬁmﬁhamxhymlnyl

Xadical III The formation of the thymyl radical IV is suggested from electron—

spln?resonance studies of DNA and thymine irradiated with UV or ionizing

radiations (18-20). Itvis therefore not unreasonable to assume that UV can
1nduce radicals IXI 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 in moist DNA. Recently Rahn and Hosszu (8) have shown
that the absence of water is necessary for the formation of spore photoproducts
(mainly P ) in dry DNA. From the above considerations 1t can be postulated
that the nature of the hydrogen sourcevdetermines the type of thymine-derived
'product in_UV—irradiated DNA. 1In the éresence of weter, hydrate formation and
dimerization may take place concurrently and, the hydration product of thymipe
being very unstable, fhe isolable product will be mainly the dimer. In the
dry state the methyl group of one fhymine residue may be the hydrogen source

for the other, thus leading to IIX and 1V, and finally the product V.

489
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"EFFECT OF BASE SEQUENCE ON THE -
ULTRAVIOLET IRRADIATION PRODUCTS OF
DOUBLE-STRANDED POLYNUCLEOQOTIDES .
CONTAINING BROMOURACIL AND ADENINE

MELAME EHRLICH* and MONICA RiLEYT

Dept. of Bnochermstry, State University of New York, Stony Brook, New York 11790 USA. - .

© (Received 6Auoust 1973; accepted 21 February 1974}

Abstract-—The effetts of uhra\i:o!et irradiation of double-stranded syntheuc po!ynucleotides contain-
ing BrU and A have been investigated. Homopolymer pairs and alternating copolymers composed of

either ribo- .or deoxyribo-nucleotides were prepared and were irradiated with either 313nm or .

. ~285nm light. Strand separation and a modest amount of strand breakage followed irradiation of the
homopolymer pairs. Changes in the uitraviolet absorption spectra of the polymers during irradiation
reflected - the sum of hyperchromic increases caused by progressive strand separation and loss of

absorbance caused by photoproduct formation. Extensive debromination’cccurred. An RNase digest

of irradiated poly(rA)- poly™*C(rBrU). analysed by column chromatography, showed components
similar to those found previously upon irradiation of smgnﬂ-stranded poly(rBrU). Little photoproduct

was released by RNase digestion as mononucleotides. The major photdproduct was in the dinucleotide - - '

fraction, and may be 5,5-diuracil. Base sequence had a profound efect on the sensitivity of the
polynuc]eundcs Irradiation of alternating copolymers with doses of light comparable to those that
produced tmajor photochemical changes in the h0mopolymer pairs brought about little if any change in

Appendix B4 .

the copolymers of alternating base sequence.

INTRODUCTION

" Work on:'the nature of the UV photoproducts pro-

duced in the synthetic. polynucieotide poly(rBrU)
- has been reported ((Ehrlich:and Riley, 1972a,b). Ir-
radiation of this polynucleotide led to changes in
absorption spectrum,;debromination, formation of
photoproducts, and strand breakage. The major
photoproduct was released by enzymatic digestion
as a dinucleotide and QUi properties, .
in_common with 5,5’-d1uracxl (Ish:hara and Wan

1966).
Many ‘biological studies-have made use of the

increased radiation. sensitivity of. orgamsms con- -

taining BrU-DNA (i.e. Djordjevic and Szybalski,
1960; Setlow and*Boyce, 1963; Mennigman, 1967;
Cleaver, 1968). To learn more about the molecular
consequences of -irradiation of double-stranded
poly-deoxynbonucleondes containing BrU, we
have extended .our- earlier- studies 'to double-
stranded synthetic _polynucleotides

*Present address:, Dept. of Biochemistry, Tulane Uni-
versity School ~of - Medicine, New Orleans, Louisiana
70112,

tPerson to whom correspondence hould be directed.

. containing -

- adenine and bromouracil. Four double-stranded
polymers were used, which differ from one another :
only in base sequence or in the nature of the sugar - -

moiety:. homopolymer pairs and double-stranded

copolymers of alternating base sequence were both -~

used, composed of either ribo- or deoxyribo- E
nucleotides. Irradiation of the polynucleotide com-

.plexes poly(rA)-poly(rBrU), poly{dA)-poly(dBrU),

poly[r(A—BrU)-r(A—BrU)}, and poly{d(A—BrU)-
d(A——BrU)] resulted in photochemical changes in |
~ the homopolymer pairs similar to those observed
previously for single-stranded poly(rBrU), but had
little effect on the alternating copolymers.. = -

MATERIALS AND ‘METHODS -
Preparation of synthetic polynucleotides
(a) Single-stranded-  polymers.
“C-BrUDP was prepared by bromination of "*C-UDP

(New England Nuclear Co. radicactive salt diluted with -

nonradioactive compound). The ™“C—BrUDP was
purified by column chromatography then polymerized
with polynucleotide phosphorylase as previously de-
scribed (Riley and Paul, 1970). The preparation of
poly"“C(rBrU) used in these experiments had a specific
activity of 2:0% 10° counts min™ pmol™.

Poly(dBrU): both "“C-labelled and non-radioactive

- poly{dBrU} were prepared. Non-radioactive dBrUTP? was

159
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pﬁotoproduct [Se(4'—pyrimidin—Z'—one)uraci]] obtained from uracil and 4-
‘: thiouracil under the same conditions.

5-(1'-g- 0- R1bofuranosy1 -4'-pyrimidin-2'-one)uridine (Ib) (Cyd"\Srdl or

€7745,). The conditions for the photoreaction at 335 nm for cyt1d1ne and 4-
thiouridine were the same as those described above. The product was dissolved
" §n 2 N HCOOH, filtered, and the acid was removed jg_vacho. Purification of

- the solid residue was effected by solution in 1 N HC1, precipitation with

NaOH, washing with water, and drying, dp 270°; nmr (CF4CO0H) &9. 61 (s, 1), 8.70- '

8.77 (d and s, 2);.7.45 (d d =7 Hz, 1), 6.16-6.20 (ss, 2, ancmeric H's).

ﬁggl. Calcd for CygH,3N50,4-H,0: C, 44.35; H, 5.17. Found: C, 44.64;

H, 4.99. " o | |
RESULTS AND. DISCUSSION

The: photoreactlon of 4-thiouracil and cytos1ne Yyielded only one’ product

‘f_with ultraviolet absorption and flyorescence em15$10n (on borohydr1de reduc~
tionj spectral characte s~1cs in agreement with those of the nhotochemica]]y

- crosslinked products resulting from the irradiation of E. c011 tRNAva1,_.
Rz, tanatet, tRNAMEt tRNAPPE (vaniy et al., 1969) and tRNAPT9 (Chaffin
et al., ]971) at 335 nm.. The cytosine ——-4-th1ourac11 photoproduct, Cyt’”‘Surl,
exhibiting A 323 nm and AHZO 334 nm had a molecular ion peak in the mass

- spectrum and m]croana1y51s, as the monohydrate,‘correct for C8H7N502,corres-
'ponding to combination of cyﬁosine and-4-thiouracil with the loss of HZS._

For the next stage in the structure determination, we were quided bzu_

Lheoretical considerations re§gltjnq,f§ggpjg)Lthe direction of photoaddi~ . -

tion of thiobenzophenone to the electron-deficient olefin atry]onitrile ét
366 nm (n + 7*) to give a substituted g- cyanothietane (Ohno et al., 1969),
~ which was opposite to the direction of the photoaddition of acetone (n - n*)
o acrylonitrile to give a subtituted a-cyanooxetane (Barltrop and Carless,

1968), and (b) the structures of the photOproducts from uracil (Khattack and_

) HanQ. 1969) hym1ne (Varghese and Wang, 1968), and a mlxture of uracil and

5 .

-1ﬁhym1ne (Rhoades and wang. 1970), which are postu]ated to have arlsen v1a,

_1527
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'Figure 2. ORD curves of thymidine dimers 1 (—)-and. 3a and

-3b (- - <) (R = 2-deoxyriboluranosyl) in MeOH.

furanosyl), were isolated from the irradiated frozen so- _

Jution of thymidine'* and purified by chromatography
ron silica gel.  Their ORD specetra are shown'in Figure

2. Mild acid hydrolysis of thesc dimers-gave opticaily

‘Anactive dimer 1 (R =:H), (+)-dimer 3a, [a]**D +94°
(H:0), and (—)-dimer 3b, [a]*p —92° (H.0). In addi-
~tion we observed the formation of a new-fluorescent
o product, MW 318 nm. which
sspandsto, Wang’ sulduct ()\""’316nm) 15,16

Dl

Qe

Thurnnl of the Americon Flw‘mirnl Corivtv 1 03714 1 Tilv 14 1071

presumably corre-

““Fable 1. Nmr Spectra of Thymine Dimers and Their Products of Hydrolysis, Hydrogenolyis, and Oxidation®
: = | |
- > CCHj—= -> C—CHy- -~ - —-{|2—f—-
. . . ] B H H - o .
Compd DMSO-ds . D:O L DMSOs . . DO DMSO-d, DO - Remarks
1 8.67 6.24
. (6 H' S) : (2 H' S) ) . - .
5 8.71 ‘ .- 5.93 : 5.50 . AB pattern for >CCH,~
(3H, 5) . " (1H,s) (1H,d) . and cyclobutane protons
§.68 - J==:10.0 Hz J=8.5Hz o )
(3H,s) . ' 5.52 5.78
(1H,s) (1H, d)
' J =10.0Hz - J=8.5Hz _
6 8.97 8.91 : . - 6.23 5.98 Carbinol protons, 4.97 and
(3H,s) (3:H, s) - (2 H, broad (2H,s) 4.87 (1 H, s, D;0)
8.93 ~8.79 o multiplet) : 5.302and 5.15(1 H, d,
(3H,s) (3H,s) . S . J = 5.0 Hz, DMSO-4y)
7 8.97 8.84 6.57. 6.25 6.17 ' 5.85 Addition of D0 changes
(6H,s) (6H,s) - (4H,broad (4 H,s) ‘ (2H;d, .- (2H,5s) cyclobutane doublet to
singlet) ' J = 4.5 Hz) i 'singlet at 6.11 )
10 8.71 ' oo 5.90 '
(6 H,s) (2H,s) .
12 8.66 6.16 AB pattern for cyclobutane
. (BH,9) (1H,d) protons
8.60 5.0 .
(3 H;s) (1 H, d)
13 911 - - - 6.53 6.13 Solvent, D,0 and trifluoro-
' (6 H,s) . {(4H,5s) ’ (2H,s) - aceticacid (1:1) -
14 8.77 ' 5.55 , " -NH,, 4.20(4 H, 5)
’ (6 H,s) (2H, d) >NH, 3.15 (2 H, d)-
. ' o J = 10 Hz ) J = 10.0Hz.
15 » 8.74 L "6.23 . 6.3% -
: (6 1,5s) : (4 H,s) (2H,s)
o The ':""" wwers measured on 2 Varizn A-50 :;:::':‘::::r Chaimical shills are given in 7 values {letiamelityisniane as iuternal or ex-
~ternal (D:0) standard). = . ) . .. . L :
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Figure 3. ORD curves of the optically active photodxmers 3aard
3b, The assignments are tentative, .

The ORD spectra of (+)- 33-(R H) and (—)-3

'(R ‘H) exhibited Cotton effects with a strong intensit}-

ie., |[¢lp — [¢)r /100 (@ = 1.2 X 10%), around 250 n*
(Figure 3), probably due to the intcnsive n-r* transt

tions of the urcidocarbonyl group in analogy to dihy-
drothymine? and cyclothymmc nuclcosxdcs % Al e
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H-‘NJE/CHJ ' frment he
o)w thawed, ho

~ganisms, | torrr \ . specul aon on“ether h'e

Teaction occurs 1n the sohid state or 1n ‘‘puddles” of .

liquid in the frozen system, has resulted in a great deal

" =5 to
samples, but not in identical nonfrozen samples held |
* jong periods ai 387

of interest in this type of frozen-state reaction. Di-

easily established as a true solid-state reaction (see
. below).

Several kinetic studies of chemical reactions in frozen
systems have been prompted by initial observations
that some reactions appear to be catalyzed by the

‘frozen conditions. The increase in rate is often so
great that it makes possible.the quenching of the reac-
tion simply by thawing a sample; a leisurely analysis
- of reaction progress can then be ordinarily carried out
" at room temperature. Such accelerations and other
unusual kinetic features of frozen reactions have been
interpreted in a great variety of ways. ;
" Grant, Clark, and Alburn? described the base-
catalyzed hydrolysis of penicillin in frozen systems at
—30°. Here reaction occurred in frozen

A5 lis Leoin gehérany found, the
reaction was not influenced by the manner in which
samples were frozen, but the presence of various solutes
(glycerol, ethanol) stopped the reaction in the frozen
samples. The authors considered a possible explana-
tion involving concentration of reactants on freezing,
but suggested that a favorable substrate-catalyst posi-
tional constraint, and possibly the exceptionally high
proton mobility in ice, might be factors.” They have
also suggested that reactant and product -diffusion,
crystal imperfections, as well as the dielectric properties
of ice may play some role in certain reactions in frozen
systems.® In the hydroxylaminolysis of some amino
acid esters in frozen solutions they showed that reac-
tions were often inhibited by addition of compounds
structurally analogous to the reactants; the kinetic
relationship found was that of a Lineweaver-Burk plot
for competitive inhibition. This seemed to suggest
the existence of catalytically active sites on the ice
surface.l

Butler and Bruice™® compared the kinetics of cata-

Q10) 8. Y. Wang, Fed. Proc 24 u

JJelerences therc - v ”
Zui e3) « #uchtbaucr and P. Marur, Phalachzm Pholab:ol 5,

823 (1966); (b) S. Y. Wang, ibid., 3, 395 (1964).

(12) N. H. Grent, D. E. Clark and H. E. Album. J. Am. Chem.
‘Soc., 83, 4476 (1961).

(13) H. E. Alburn and N. H. Grant, ibid., 87, 4174 (1965); N. H.
~Graat, D. F. Clark, and . E. Alburn, ibid., 85, 4071 (1966).

(14) N. H. Grant and H. E. Alburn, chhcmuhy.4 1913 (1965);
Arck. Biochem. Riophys., 118, 292 (1067).

(15) A. I Butler and T. C. Brmce, J. Am. Chem. Soc., 86, 313
1964).
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lyzed hydrolysis of acetic anhydride, B-propriolactone, '
“and p-nitrophenyl acetate in water and in ice and
- pointed out that a concentration effect was responsxble

for increased rates of these reactions in ice. The

_crystallization of water resulted in high concentrations
. of reactant in liquid regions of the frozen systems, and

the rate of any bimolecular reaction was simply in-
creased by this change in concentration. In a later
investigation of the reaction of morpholine with two
thiolactones'® they bpoted that the over-all observed
reaction order changes from three in nonfrozen solution
to two in frozen solutions. This seemed opposite to
results anticipated for a concentration phenomenon,

and they suggested that the ice structure itself takes
" part in a proton transfer reaction in place of one of the

morpholine molecules.

Some inorganic reactions in frozen aqueous solutions

have also given interesting results and explanations.
The autoxidation of iodide ion occurs with enhanced
rates in frozen solutions and the oxidation of iodide by

arsenic acid proceeds very rapidly even at —70° in

frozen solutions.)® Perhaps most interesting is the
electron exchange between ferrous and ferric ions in
HCIO~H;0 solutions frozen to —78°.1°

were separated in the solid medium by roughly 100 A,
yet, except for an ordinary decrease due to temperature,

the reaction rate was not different from that in liquid
solutions at higher temperatures. A facile electron =
transier by a water bridging mechanism was suggested

for reaction in both liquid and solid systems.”
Such interesting possibilities, combined with the
fortuitous discovery of a particularly simple reaction

in frozen organic solvents,? indicated that a systematic -
investigation of some reactions in frozen solutions would - -

clarify or establish some of the many suggested ex-

planations.® Although the projected study did not -

initially require it, it now seems best to begin a descrip-
tion of the work with definitions of the terms “frozen
and “rate.”’
““Frozen State.”
taken analogy to one-component systems, there is a
tendeney to think of two- (or more) component sys-
tems below their freezing points as solids. .
quent existence of a liquid in equilibrium with a solid
at temperatures below the freezing point is often neg-
lected.® It is important, therefore, to mention that
only below its eutectic point is a system completely
solid. It seems best to consider that a “frozen state”
exists in the range of temperatures below the freezing

point and above the eutectic point, z.e., where solid is

(16) T. C. Bruice and A. R. Butler, ibid., 86, 4104 (1964).
( (17) Y. Eyal, D. Maydan, and A. Treinin, Israel J. Chem., 2, 133
1964).

(18) (a) T. E. Kiovsky and R. E. Pincock, J. Chem. Educ., 43,

361 (1906); (b) R. E. Pincock and T. E. Kiovsky, idid., 43, 358 _

(1966).

(19) R. A, Horne, J. Inorg. Nucl. Chem., 25, 1139 (1963).

(20) R. E. Pincock and T. E. Kiovsky, J. Am. Chem. Soc., 87,
2072 (19065).

(21) R. E. Piccock and T. E. Kiovsky, ibid., 87, 4100 (1965).

_ Under the
conditions used it was estimated that the reactants

Often, in subconscious but mis-,-v .

The fre- = |
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Short Communications

SC 2249
' On 1-methylthymine photoproduct*

 Ultraviolet irradiation of a frozen solution of thymine produces thymine -photo-
product!l. When the solution is thawed the latter product reverts to thymine upon
further ultraviolet irradiation® The photoproduct has been shown to be a dimer with
a cyclobutane ring formed by addition of 5,6 double bonds of the two thymines?-6,
Uracil and N-substituted uracils and thymines behave similarly®.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®#-12, The dimer is also formed, presumably mainly
from adjacent thymines in the polynucleotide chain, upon irradiation of DNA in
solution?®3-16, WaNG proposes that microcrystalline aggregates of thvm.nes form

. when thymine solutions are frozen and that in these _crystals the thvmmes are favor- e

@bl\ oriented for photodimerization. He was also_able o prepare thymine dlmers

by irradiating thin films of thymine3, -
“The photo:tatlonary state depends on wavelength. Forrnatlon of the dimer is
favored by long wavelengths where only thymine absorbs; dissociation is favored at

around 230 mg where the absorptlon coefficients of the dimer are comparable ‘to~ o

those of the monomer.

I wish to present evidence which supports the hypothesis that 2 thymine mole-
cules held in a favorable configuration readily undergo the photochemical formation
of the dimer. These fragmentary observations were made in the course of a study
of the single crystal absorption spectra of purines and pyrimidines?. While measuring
transmuissions with light polarized perpendicular to the b-axis in the (x0z)-plane (the
. plane of the molecular layers®} of a 1-methylthymine single crystal, which was
0.1 p-thick, considerable bleaching took place. (The absorption coefficient for the
first absorption band of the crystal perpendicular to the b-axis in (xo02) is about
10 times the absorption coefficient parallel to the b-axis in (102).) At the end of the

~ experiment the birefringence of the crystal had fallen by about .30 % and its hoht

transmission at 280 mg had increased by 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 T-methyl-
thymine was obtained by rapid evaporation of a hot solution spread out on the bottom
of a Petri dish. The predominant form is (102), parallel to the molecular layers, and
. the thickness of the crystals ranged from 0.7-20 p. The absorption maximum for
the crystal is 273 my, the same as for solution. By irradiating the crystals:mostly

to the red of 270 my, a region where the dimer absorption coefficient is small. rcldtlve'

to the monomer, a favorable photosteady state with major production of the photo-
product should be established. By employing a continuous source  one -is assured

” Contribution No. 2621 from the Department of Chemistry of the California Institute of

Technology.
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