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Abstract—The photochemistry of uracil, uridine, cytosine, thymine and bromouracil has
been investigated in frozen aqueous solution and in dried films. Essentially the same photo-
products were obtained in the two conditions; however, the yield of photoproducts was
considerably greater in frozen solution. Uracil forms a dimer which can exist in two forms.
Some kinetic data are presented for the interconversion of these two forms. The mixed dimer
of thymine and uracil can also exist in two forms. Uridine forms only one acid stable photo-
product and does not appear to form mixed photoproducts under the conditions used. Two
new photoproducts of thymine other than the dimer are described. Cytosine was at first
considered to be completely inert but using more sensitive detecting equipment it has recently
been found to form uracil dimer as a result of dimerization and deamination. The most
remarkable response was shown by bromouracil. When irradiated by itself it formed no
photoproducts but when irradiated in the presence of uracil, uridine, cytosine or NaOH it
formed many photoproducts. Most of these products were devoid of bromide, but two still
contained bromine. One of these has been identified as the mixed dimer of uracil and
bromouracil while the other has been tentatively identified as the dimer of bromouracil.
Dimers of thymine or bromouracil were not formed by X-rays.

IN 1928 GATES(® pointed out the probable relation between the bactericidal effectiveness
of the various wave lengths of ultraviolet light (u.v.) and the absorption of u.v. by deoxy-
ribonucleic acid (DNA), but it was not until some twenty-one years later that a photo-
chemical reaction of the pyrimidines was described that appeared to be of biological
importance. In 1949 Sinsheimer and Hastings®? reported the reversible photochemical
alteration of uracil and cytidylic acid. It was ultimately shown by Moore®® that this
reaction, which involves the reversible hydration of the 5-6 double bond of uracil, yields
6-hydroxy, 5-hydro uracil. In 19€0, Beukers and Berendst® reported that the irradiation
of thymine in frozen solution resulted in the formation of a thymine dimer. This dimer
was also found in DNA when irradiated in vitro® and in the DNA of bacteria when
irradiated in vivo®®. We had been studying the radiation sensitizing effect of the in-
corporation of base analogs, such as 5-bromouracil*® %, into DNA. It seemed of interest
to determine whether bromouracil were more sensitive than thymine to photochemical
dimerization: such a finding would provide a chemical basis for the radiation sensitizing
effect that incorporated bromouracil imparts to irradiated bacteria. A systematic search
was therefore undertaken for u.v. irradiation products of C-14 labelled pyrimidines,

* This investigation was supported by Grant CA-02896 from the National Cancer Institute of the
U.S. Public Health Service.
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irradiated singly or in pairs in frozen aqueous solution and in dried films. 1t was expected
that these data would be helpful in evaluating the results obtained in vivo. The possible
production of dimers by X-irradiation was also investigated. The present report deals
with our findings in vitro and relates the identification of these photoproducts and some
of their properties. Certain of these data have appeared in a preliminary communication®®
and in a review article®”. A subsequent paper®® will discuss the photoproducts, especially
of thymine and bromouracil, obtained in vivo.

METHODS

The u.v. light source used was the Mineralight Model SL.2537 (Ultra-Violet Products,
Inc., San Gabriel, California). The intensity of the lamp at 2537 A was about 685 ergs/
mm?/min at 5 cm (at —20°C) and was monitored by uranyl oxalylate actinometry by the
method of Bowen(”., Thymine-2-C-14, bromouracil-2-C-14 and adenine (unlabelled) were
obtained from Calbiochem (Los Angeles); uracil-2-C-14 from New England Nuclear
(Boston, Mass.); uridine-C-14 (uniformly labelled) and cystosine-2-C-14 were from Schwarz
BioResearch, Inc. (Orangeburg, N.Y.); Br-82-bromouracil was kindly supplied by Dr.
Joseph P. Kriss*®. The solutions of purines or pyrimidines were 0-5 mg/ml (unless otherwise
stated) in water. About 200 ul of a solution or 100 ul of each of two solutions were mixed
in a Pyrex spot plate and frozen in a freezer (~—20°C) and irradiated (in a freezer, usually
for 60 min) with the Mineralight so placed that the filter was 5 cm from the top of the
sample being irradiated. The solutions were then thawed and aliquots (approximately
10% dpm) spotted on strips of Whatman #1 paper and chromatographed for about 18 hr
(descending) in butanol/acetic acid/water (80/12/30). Table 1 lists representative Rf values
in this solvent. The chromatograms were then photographed in ultraviolet light®? and
the radioactive areas were determined using a commercial strip scanner. For quantitation
the radioactive areas were eluted in 0-1 N HCI and an aliquot counted in a liquid scintilla-
tion counter, using a counting solution previously described (%,

TABLE 1. Rf VALUES FOR SAMPLES CHROMATOGRAPHED IN
BUTANOL/ACETIC ACID/WATER (80/12/30) ON STRIPS OF
WHATMAN NO. | (DESCENDING)

Spotted Spotted

in 1 N HC1 in H,0
Thymine 0-61 059
Uracil 0-47 0-47
Guanine 0-23 0-30
Cytosine 0-22 0-36
Bromouracil 0-61 0-60
Adenine 0-28 0-50
Thymine Dimer 0-26 0-24
Uridine 0-31 0-32
Uridylic Acid 0-09 0-09
Cytidine 0-15 0-23
Cytidylic Acid 0-04 0-07
Bromodeoxyuridine 0-62 0-60
Thymidine 0-58 0-57

Thymidylic Acid — 0-09




Photochemistry of the pyrimidines 505

RESULTS AND DISCUSSION
Formation and Identification of Photoproducts

The results are presented in Table 2 and Figs. 1 and 2. Many of the compounds or
mixtures of compounds exhibited no photochemical response (Table 2). Those exhibiting
a photochemical response are separately described below.

TABLE 2. PERCENT PHOTOCHEIMCAL CONVERSION IN FROZEN

SOLUTION.

U* 69 BU* 0%
BU*+U 64, BU*+T 0%
U*+BU 44 T*+BU 0%
T 85% T*+A 0%
T*+U 789 BU*+A 0%
U*+T 68 C* 0,
BU*+C 32% C*+U 0
T*+C 77% C*+T 0%
U*+C 559 C*+BU 0%,
U*+A 36% C*+A 0%
Us* 229

US*+T 289

T*+US 63

US*-+BU 21%

BU*+US 209

BU*+NaOH 58%
(0-02N)

Experimental conditions are described in the section on Methods. Uracil is designated by U; bromouracil
by BU; thymine by T; cytosine by C; adenine by A; and uridine by US. An asterisk (*) indicates that the
compound is C-14 labeled.

Thymine. Thymine forms no mixed photoproducts with bromouracil in frozen solution;
in fact, the presence of bromouracil completely inhibits the formation of photoproducts
by thymine (Table 2). Adenine also inhibits the formation of thymine photoproducts
(see addendum). Thymine does not react with cytosine (see addendum) but the presence
of cytosine only slightly inhibits the photochemical reactivity of thymine. The presence
of uridine or barbituric acid is also only slightly inhibitory to the photochemical reactivity
of thymine. Attempts to dimerize thymine and the several aromatic amino acids in frozen
solution were also unsuccessful. This was attempted in view of the observation of the
in vivo crosslinking of DNA and protein by small doses of u.v.(?% 28, 29 [n the presence of
uracil the total reactivity of thymine was somewhat reduced but mixed photoproducts
were formed (see below).

Beukers et al® found that 5 per cent ethanol added to thymine at 10-4M completely
inhibited the formation of thymine dimer in frozen solution At 10-*M thymine forms
the same types and amounts of photoproducts as at 0-5 mg/ml (0-04 M). At 0-5 mg/ml
the presence of 5 per cent ethanol had no effect upon the photochemical reactivity of the
thymine. At 10-4M no thymine dimer was produced in the presence of 5 per cent ethanol,
as reported by Beukers ez al®; however, we did find that about 6 per cent of the thymine
was changed to a material with an R; of 0-33 and 2 per cent to an R, of 0-88. In an
experiment to test the effect of quick and slow freezing on the formation of thymine
photoproducts, only about 3 per cent more dimer was produced when the samples were
slowly frozen at —20° than when they were quickly frozen at —78°,
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The per cent photochemical conversion of thymine to photoproducts in frozen solution
agrees with that reported by Wang®? and Smietanowska and Shugar®), The extent of
conversion was about 85 per cent. There was about 9 per cent conversion to a photoproduct
having an Ry in our solvent of 0:13 and 76 per cent conversion to a product whose R;
was 0-24 (Fig. 1). This latter compound is the thymine dimer based upon equivalence
in R, values in isopropanol-HCI as described by Beukers et al® and Wacker et al.®?).,
The minor photoproduct has the same R as the dimer in this solvent and probably explains
why it was not detected by the above authors. If it is formed in irradiated DNA it would
be difficult to demonstrate since it is largely destroyed by hydrolysis in trifluoroacetic acid
or formic acid. As a consequence of acid hydrolysis some of the material with an R; of
0-13 was converted to material having an R; similar to that of the dimer, some to thymine,
and some to unidentified products. Reirradiation of this R; 0-13 material in distilled water
(at 2537 A) led to the formation of one mole of free thymine and a second product that
contained two moles of thymine and chromatographed as did the dimer. The ordinary
thymine dimer however, should have been completely converted to thymine under the

Compounds Chromatographic Location (Re)
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FiG. 1. Photoproducts or uracil and thymine. See section on Methods for experimental
conditions and legend to Table 2 for explanation of symbols.
U*: Rf 0-01 and 0-12; different physical forms of uracil dimer; the two are inter-
convertible.
U*+T: Rr 00 and 0:19; mixed dimers or uracil and thymine (two forms are inter-
convertible, see U*) :
R¢ 0-12 uracil dimer
T*+U: Rf0-0 and 0-19, see U*+T
Rr 0-24 thymine dimer
T*: Rf 0-24 thymine dimer
Rt 0-13- unknown photoproduct of thymine




Photochemistry of the pyrimidines 507
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FiG. 2. Photoproducts of bromouracil and uracil. See section on Methods for experimental
conditions and legend to Table 2 for explanation of symbols.

U*: Rr 0-01 and 0-12; different physical forms of uracil dimer; the two are inter-
convertible

U*+BU: Ryr0-00 probably uracil dimer, see U*
Ry 0-13 mixture of uracil dimer and unknown photoproduct of BU
Rr 0-26 a mixed dimer of uracil and bromouracil (still contains bromine)

BU*-+U: Rg 000 photoproduct of bromouracil; has no bromine but absorbs in the u.v.;
probably a dimer by a single carbon-carbon bond
Rr 0-13, see U*4-BU
Rf 0-26, sce U*-}-BU
R¢ 0-44 probably a dimer of bromouracil (still contains bromine)

BU*+C: Rf0-00, see BU*4-U
Ry 0-09 unknown photoproduct of BU
R 0-44, see BU*+-U

conditions of the experiment. This new thymine photoproduct is alkali labile. 1 hr in
0-1N NH,OH converts it to two new products with Ry values of 0-17 (75 per cent) and
0-30 (25 per cent). Sixty minute irradiation (4-3x10? ergs/mm?) in 0-1N¥ NH,OH gave
rise to five new products [R¢: 0-01 (3 per cent); 0-09 (2 per cent); 0-17 (17 per cent); 028
(7 per cent); 0-38 (11 per cent); 0-46 (22 per cent); 0-62 (thymine; 38 per cent)].

The spectrum of this material (Ry0-13) is quite different from that of the dimer (Fig. 3)
in that there is very little absorption at wave lengths below 2600 A but both have a peak
at about 2820 A. Per mole of thymine (measured on the basis of radioactivity content)
the extinction for the dimer at this wave length is about one-fifth that of the Ry 0-13
material.
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F1G. 3. Absorption spectra of thymine and its photoproducts

The radioactive areas on a chromatogram of irradiated thymine such as shown in Fig. 1

were eluted in 0-1 N HC1 (as was a blank chromatogram) and their spectra determined. The

amount of radioactivity was determined in each of the samples and the optical density readings

were then normalized to an equal concentration of thymine. The curves therefore represent the
absorption spectra per unit amount of thymine

The thawed solution of irradiated thymine exhibits a peak at 3200 A (Fig. 4)*. Unlike
the thymine dimer, this peak is not destroyed by reirradiation at 2390 A, but it is destroyed
by reirradiation at 3100 A (Setlow(®). Recrystallized thymine dimer does not exhibit
this peak yet the dimer area eluted from a chromatogram does show this (Fig. 3). Wang®8)
finds a similar peak in irradiated DNA (proportional to A-T content) and reports that
after treatment with photoreactivating enzyme it disappears. The importance of the
enzyme is uncertain since this new thymine photoproduct is reversed by long wave light
alone. The 3200 A peak in irradiated DNA is not reversed by short wave light(!.
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F1G. 4. The absorption spectra of irradiated and non-irradiated thymine
Thymine was frozen and irradiated (at 2537 A) with 6-7 % 10* ergs/mm?, thawed, made to
0-1 N HCI and its spectrum determined. The spectrum of unirradiated thymine, normalized
to give the same reading at 262 my as the irradiated sample, is also included for comparison.

* This phenomenon was called to the author’s attention by Dr. R. B. Setlow (unpublished observations).




Photochemistry of the pyrimidines 509

Other photoproducts of thymine are produced in vivo and will be described in a sub-
sequent publication®®,

Uracil. When uracil was irradiated under our standard conditions about 69 per cent
of it was converted to photoproducts (Table 2, Fig. 1). The number and relative amount
of the photoproducts was a function of the conditions used both before and after irradiation.
If the irradiated sample was spotted on a chromatogram immediately after thawing and
developed in the chromatographic solvent only one photoproduct was observed. This
material had an R; of about 0-12 in our solvent and is presumably a photodimer of the
type found for thymine®. If instead of spotting the irradiated material immediately after
thawing, it was either allowed to stand at room temperature for up to 24 hr or at 4° for
up to 6 hr the amount of the first photoproduct diminished and a second product appeared
with an R;of 0-01 (Fig. 5). The process can be considerably accelerated by simply refreezing
the solution for a few minutes.
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TIME AFTER IRRADIATION, HR.

Fic. . he interconversion of the two forms of uracil dimer

Experimental conditions are described in the text. After thawing, the u.v. irradiated samples

of uracil-2-C-14 were allowed to stand either at 4° or 24 and aliguots were removed at

various times for chromatography to determine the relative amounts of the two forms of the

uracil dimer present in each aliquot. The form with Rf 0-01 can be reconverted to the form
with Rr 0-12 by acid, alkali or heat.

The relative formation of these two photoproducts of uracil was also very much
dependent upon the concentration of the uracil solution. In very dilute solutions the total
amount of uracil photoproduct formed was maximal and the formation of material with
an R; of 0-01 was essentially zero (when chromotographed immediately after thawing).
As the concentration of uracil increased the total amount of photoproducts formed de-
creased for the same dose of u.v. (probably due to shielding of the uracil molecules lower
in the frozen solution). As the uracil concentration increased the material with an R, of
0-01 appeared and its concentration continued to increase while the amount of material
with an R, of 0-12 decreased (Fig. 6).
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Fi. 6. The formation of uracil dimer at 2537 A as a function of the concentration of uracil.

Solutions of the several concentrations of uracil were frozen and irradiated as described in the

section on Methods. The samples were then thawed and immediately spotted on chromato-

grams. The curve labeled TOTAL gives the total amount of uracil dimer formed. The Rr

numbers refer to the two forms of uracil dimer (see Fig. 1). The closed squares and circles

refer to those samples which took about 35 min to freeze while the open squares and circles
took about 20 min to freeze in the freezer.

The isolation of a photoproduct of uracil has been previously described by severa
authors. Wacker ef al® irradiated frozen uracil at 0-06 mg/ml and obtained only one
photoproduct. We have determined this material to be identical to the photoproduct
having an Ry of 0-12 in our solvent. The results in Fig. 6 would predict the formation of
only one photoproduct at this concentration. Wang®? irradiated uracil at 0-11 mg/ml
and presumably also would have obtained the material with R; 0-12. Smietanowska and
Shugar® irradiated at 0-9 mg/ml and would have obtained a mixture of both photo-
products. We have performed a bulk isolation of photoproducts when uracil was irradiated
at 1-0 mg/ml. The material subsequently isolated after several recrystallizations was
exclusively the material with an Ry of 0-01. (Identified by chromatography and reirradiation
of the two areas (R; 0-01 and 0-12) eluted from the chromatogram. The appearance of
u.v. absorbing material (free uracil) occurred only after reirradiation of the solution
containing the extract of Ry 0-01. The photoproduct having an R¢ of 0-12, however, was
present in the mother liquor of the first crystallization.)

The photoproduct with an R; of 0-12 is probably the simple dimer of uracil. A product
formed when thymine and uracil are irradiated together (mixed dimer of thymine and uracil)
falls in the central position (R; 0-19) between the thymine dimer (R; 0-24) and the material
with R¢ 0-12 (see below). The R, 012 material also responds to reirradiation in alkaline
solution in a manner similar to the thymine dimer, yielding, however, uracil as the product.
As we have seen the R; 012 photoproduct can be easily changed to the photoproduct with
an Ry of 0-01 by standing at room temperature or at 4° and it can be accelerated by freezing
and thawing of the solution. The change from R;0-12 to R;0-01 is apparently not an all-or-
nothing change. If the sample is allowed to freeze slowly, irradiated, thawed and then
not refrozen before chromatography numerous small peaks of radioactivity appear between



Photochemistry of the pyrimidines 511

the main peaks at R; 0-12 and R, 0-01. We have assumed these products to be in transition
between R, 0-12 material and R; 0-01 material. The material with an R; of 0-01 can be
reconverted to the Ry 0-12 material by treatment with acid, alkali or heat. Since these
two products are readily interconvertible it would appear that the two are related but differ
in physical form. Both compounds have the same spectrum, which resembles that of the
thymine dimer{2. 17 _that is, they only show “end absorption”. On reirradiation in solution
at 2537 A both compounds yield uracil at about the same rate. In Figs. 1 and 2 it is indicated
that the uracil photoproduct at the origin on the chromatogram is u.v. absorbing, as judged
by photography using light at 2537 A, yet when eluted from the chromatogram it showed
very little absorption at this wave length. The material at the origin is probably in crystalline
form and is blocking the transmission of the u.v. light passively rather than by true
absorption. A similar explanation is probably also applicable to the more insoluble form
of the mixed dimer of thymine and uracil (see below).

Uracil does not form a mixed photoproduct when irradiated in frozen solution with
cytosine (see addendum). The presence of cytosine is only slightly inhibitory to the photo-
chemical response of the uracil. The presence of adenine markedly reduces the yield of
uracil photoproducts. Uracil forms a mixed photoproduct with thymine (see below).
Uracil not only enhances the photochemical reactivity of bromouracil but also forms a
mixed dimer with bromouracil (see section on bromouracil).

Quick freezing (dry ice) results in about 16 per cent less photoproducts than slow
freezing in the freezer at minus 20° and the loss is in the material with R, 0-01. (Experi-
mental sequence: fast or slow freezing, irradiation, thawing, refreezing and chromatography)

The problem of the chemical lability of uracil dimer has been raised. Beukers and
Berends®) found that reconversion of the uracil photoproduct to uracil by reirradiation
was not accomplished “if the time between the two irradiations was too long. Tt is assumed
that the reaction product of uracil is rather unstable”. We have found that the more
insoluble form of the uracil dimer (at the origin on chromatogram) is progressively formed
from the more soluble form by standing at room temperature after irradiation (Fig. 3).
It is possible that the more insoluble form of the dimer precipitated out of solution on
standing (as it does in our hands) and could explain the results of Beukers and Berends
just cited.

A more serious claim for the instability of uracil dimer has been made by Wacker
et al®® 30, 35 who reported that it is not very stable in acid or alkili or even in water at
100°C for 15 min. It is difficult to explain the observations of these authors on the lability
of uracil dimer when Smietanowska and Shugar®V found it “will withstand heating for
1 hr in 10 N HCI 0*. We have also found it to be quite stable to a variety of conditions
as shown in Table 3. Failure to isolate uracil dimer from irradiated polymers would there-
fore not seem to be due to its chemical lability (unless its presence in a polynucleotidé
chain confers lability) but is more probably related to the frequency of neighbouring
uracil residues and to the inefficiency of dimer formation because of competing hydration
reactions?,

Mixed dimers of thymine and uracil. Mixed dimers of thymine and uracil are formed
(see also Beukers and Berends®; Wacker et al.®l: 36).) Analogous to the situation with
uracil, two forms of the dimer are produced. The one at R; 0-19 (Fig. 1) predominates
immediately after irradiation but after standing in the cold, it was largely converted to the
form having an R; of 0-0. The origin material can be reconverted to the material at Ry
0-19 by heating at 75° for 5 min.
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TABLE 3. THE CHEMICAL STABILITY OF URACIL DIMER

9% Uracil Dimer
% Destruction

Experiment No. 1 2 3 Average of Dimer
Control 69-9 71-5 666 69:34-1-8 0-0%
10 min at 100°C 672 70-1 69-0 68:8+1-0 0-7%
1 N NH,OH 699 70-5 67-4 69-24-1-2 0-1%,
Dry: in HCI 69-4 69-4 68-1 69:04-0-6 0-49%;
TFA at room T 677 67-5 66-9 67-44+0-3 2-8%
TFA at 155°C 594 65-2 59-8 61-542-5 11-3%

Uracil-2-C™ (1-5 pc/ml; 0-5 mg/ml) was frozen and irradiated at —20°C with 4 10* ergs/mm? (2537A).
The solution was thawed and an aliquot (20 pl) spotted on a chromatogram. Another aliquot was heated
at 100° for 10 minutes and then spotted. A third aliquot was made to 1 N NH,OH (with 2 N NH,OH)
and allowed to stand at room temperature for 60 minutes and then was spotted on a chromatogram. A
fourth aliquot was taken to dryness in a vacuum desiccator and then dissolved in 1 N HCI for spotting.
A fifth and sixth aliquot were taken to dryness and then dissolved in trifluoroacetic acid (TFA) and sealed
in tubes. One tube stood at room temperature while the other was heated at 155°C for 60 minutes(®).
The two samples were than taken to dryness over NaOH and dissolved in 1 N HCl1 for spotting. The
chromatograms were run in butanol/acetic acid/water (80/12/30; v/v{v) and the distribution of the radio-
activity determined and quantitated using a Vanguard strip scanner and Automatic Data System.

For purposes of identification an experiment analogous to that described in Fig. 1
was performed except that both the uracil and the thymine were C-14-labeled. The
resulting four photoproducts were isolated from the chromatograms and then resubmitted
to chromatography so that contaminating photoproducts from adjacent peaks could be
removed. The purified photoproducts were then reirradiated in alkaline solution O-1M
NH,OH) at 2537 A and the increase in optical density at 2600 A was followed to a maximum
value. This required about 30-60 min at 5480 ergs/mm2/min to reach the plateau. The
solutions were again chromatographed and quantitated. Knowing the specific activity
of the uracil and thymine, the molar amounts of monomers liberated could be determined.
The peak at R; 0-24 yielded only thymine and was therefore the thymine dimer. The peak
at R, 0-12 yielded only uracil and was therefore the uracil dimer. The origin peak yielded
12:7% 102 uM uracil and 6-9 x 102 pM of thymine indicating that this material was a
mixture of uracil dimer and uracil-thymine mixed dimer. The material with an R; of
0-19 yielded 37 x 1072 uM wracil and 3-3x10 * pM of thymine indicating that this was
in fact a mixed dimer of thymine and uracil. The absorption spectrum for the thymine-
uracil dimer was quite similar to that described for the thymine dimer(* 1. The thymine-
uracil dimer was much more insoluble in water than either the thymine dimer or the
uracil dimer. 1f the crystals were still wet with the mother liquor they would dissolve in
1M NH,OH at room temperature. 1f the crystals were dried then the only solvent found
that would dissolve them at room temperature was 1N NaOH.

Uridine. The per cent photochemical conversion of uridine (22 per cent) agrees with
that reported by Wang®?. Only one photoproduct was detected and this had an Ry of
0-05 in our acidic solvent system. In similar experiments, Wacker et al.®* used a neutral
chromatographic solvent and were also able to demonstrate the presence of the hydrated
photoproduct of uridine (which reverts to uridine in acid). Uridine did not appear to
interact photochemically with any of the compounds with which it was mixed (Table 2).
The presence of thymine or bromouracil did not effect the photochemistry of uridine and
the presence of uridine did not grossly suppress the photochemical reactivity of thymine.







