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Summary

Previous studies have demonstrated that phototherapy de-
presses serum riboflavin in jaundiced infants. The potential long-
term hazards of this in vivo reaction may be significant in view of
the in vitro reaction of riboflavin which modifies intracellular DNA
in eukaryotic and prokaryotic cells. Previous investigations have
suggested that the DNA-modifying activity of riboflavin results
from the generation of singlet oxygen and photooxidation of the
guanine moieties of the DNA. In the present study, we demonstrate
that singlet oxygen is not involved in the photodynamic reaction
of riboflavin and deoxyguanosine.

Speculation

In view of the known relationship between DNA-modifying
activity and mutagenesis and carcinogenesis, the photodynamic
reaction between riboflavin and deoxyguanosine may have adverse
long-term effects on children exposed to phototherapy. A better
understanding of the characteristics of this photochemical reaction
may permit the development of -a phototherapy unit effective in
the photoisomerization of bilirubin yet devoid of DNA-modifying
activity.

Several investigators have shown that standard phototherapy
lamps can photodecompose riboflavin in vitro and that newborn
infants may develop riboflavin deficiency during phototherapy (1,
6, 10). This riboflavin deficiency, presumably due to the in vivo
photodecomposition of riboflavin, is exaggerated in breast-fed
infants and may be prevented by parenteral or oral administration
of riboflavin (2). The potential long-term consequences of ribo-
flavin deficiency and/or vitamin supplementation in newborn
infants receiving phototherapy have not been defined.

Studies in our laboratory demonstrated that illumination of
DNA in the presence of riboflavin resulted in physical chemical
changes in this biopolymer (8). The observed changes were con-
sistent with an altered base moiety in the treated DNA. Additional
studies with individual deoxynucleosides revealed that only de-
oxyguanosine was modified when illuminated in the presence of
riboflavin (9). Subsequent investigation with human cells in tissue
culture indicated that a brief exposure of such cells to photother-
apy in the presence of trace amounts of riboflavin resulted in a
decrease in the molecular weight of the cellular DNA (8). Follow-
up studies with antinucleotide antibodies suggested that the de-
creased molecular weight of DNA isolated from cells illuminated
in the presence of trace amounts of riboflavin was a consequence
of an alteration in the guanine residues (5).

The purpose of the present study was to further characterize the
photochemical reactions of riboflavin and to determine the role,
if any, of singlet oxygen in the riboflavin-induced photodegrada-
tion of deoxyguanosine.

MATERIALS AND METHODS

The following chemicals were obtained from the indicated
chemical supply houses and, except where indicated, were stan-
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dard reagent grade and were used without further purification: 2’
deoxyguanosine and riboflavin, Sigma Chemical Co. (11); 1-bu-
tanol, acetic acid, ammonium hydroxide, toluene, sodium azide,
and high purity argon, Fisher Scientific Co. (12); DO (99.8% D)
and [8-’H]-deoxyguanosine (3 Ci/mmole), ICN (13); Omnifluor,
New England Nuclear (14); rose bengal, BDH (15).

Deoxyguanosine was dissolved in 0.05 M phosphate buffer (pH
7.0) at a concentration of 1 mg/ml. The photosensitizers, either
riboflavin or rose bengal, were added to the deoxyguanosine
solution to a final concentration of 1.33 X 10™* M (8), and the
resulting solution was protected from light. Sodium azide was
used at a concentration of 5 mM in some experiments as described
in “Results.” For other experiments, D;O replaced H-O in the
phosphate buffer.

Five ml samples were placed in screw-capped, plastic flasks (16)
before illumination. Samples which were illuminated in an aner-
obic environment were bubbled with argon for 2 min before
sealing the flask. The samples were placed under a standard
phototherapy unit equipped with a broad-spectrum light source
(Dura Test Vita Lite). The phototherapy unit was protected from
direct sunlight and air-cooled to maintain the sample at room
temperature (approximately 23°C). The distance from the light
source to the flask was adjusted to achieve a fluence rate (at 450
nm) of 141 uW/cm®, Photometric measurements were made with
an IL600A photometer coupled to the IL600 photodensitometer
(International Light, Inc.).

After illumination, a portion of the sample was diluted 1:40

‘with phosphate buffer (final deoxyguanosine concentration was

25 pg/ml). Reference solutions, identical in composition to the
samples except for the lack of deoxyguanosine, were illuminated
and diluted in a similar manner. The ultraviolet absorption spectra
of the samples were recorded on a Cary 210 dual-beam spectro-
photometer.

Ascending chromatography was performed on Whatman No. 1
chromatography paper in the following solvent systems: butanol:
water (86:14 v/v), butanol:water:concentrated ammonium hydrox-
ide (86:14:1.3 v/v), or butanol:water:acetic acid (4:5:1 v/v). Sam-
ples consisted of deoxyguanosine (1 mg/ml) containing [8-*H]-
deoxyguanosine (0.066 mCi/ml) plus either riboflavin or rose
bengal at 1.33 x 107 M. After illumination, aliquots (approxi-
mately 20 pl) were spotted on the paper and chromatographed for
4 hr. The paper was dried and cut into 0.5 cm lengths, which were
placed in 10 ml of a toluene-based scintillant (Omnifluor). Radio-
activity was determined in a Nuclear Chicago liquid scintillation
counter.

RESULTS

Illumination of 2’-deoxyguanosine in the presence of 1.33 X
107* M riboflavin resulted in a progressive change in the ultraviolet
absorption spectrum of this nucleoside (Fig. 1). The predominate
spectral changes are loss of the 256 and 270 nm chromophores.
Neither deoxyguanosine illumination alone nor riboflavin and
deoxyguanosine incubated in the dark demonstrated any spectral
change (Fig. 1). Illumination of riboflavin alone followed by
incubation with deoxyguanosine in the dark was without effect on
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Fig. 1. Effect of illumination in the presence of riboflavin on the
absorption spectrum of deoxyguanosine. /, untreated deoxyguanosine; 2,
deoxyguanosine illuminated for 2 hr in phosphate buffer; 3, deoxyguano-
sine plus riboflavin in the dark; 4, deoxyguanosine plus riboflavin illumi-
nated for 30 min; 5, same as 4 illuminated for 60 min; 6, same as 4
illuminated for 120 min.
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Fig. 2. Comparison of the rates of riboflavin-induced photodecompo-
sition of deoxyguanosine in the presence and absence of oxygen. @,
deoxyguanosine plus riboflavin illuminated in aerobic environment; O,
deoxyguanosine plus riboflavin illuminated in anerobic environment (ar-
gon). Relative Asy is the ratio of the absorbance at 270 nm of the sample
to the initial (before illumination) absorbance. The data are plotted on a
semilogarithmic scale. The lines are least-squares fit to the data, excluding
the 120-min data point for aerobic illumination.

the spectrum of the deoxynucleoside (results not shown). Illumi-
nation of deoxyadenosine, deoxycytosine, or thymidine in the
presence of riboflavin (1.33 x 107" M) had no effect on the
ultraviolet absorption spectra of these nucleosides (results not
shown).

The photodynamic reaction between riboflavin and deoxygu-
anosine was examined under anaerobic conditions (Fig. 2). These
results clearly demonstrated that this photochemical reaction is
oxygen dependent. In view of the fact that riboflavin is a known
generator of singlet oxygen and that this reactive molecule can
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photooxidize deoxyguanosine, we examined the role of singlet
oxygen in the photodynamic reaction between riboflavin and
deoxyguanosine. We initially investigated the reaction between
rose bengal, a potent generator of singlet oxygen, and deoxygu-
anosine (Fig. 3). This reaction demonstrated the characteristics of
a singlet oxygen-mediated reaction. More specifically, deuterium
oxide, a promoter of singlet oxygen, accelerated the photodecom-
position of deoxyguanosine whereas sodium azide, a singlet oxy-
gen scavenger, inhibited the photodecomposition of deoxyguano-
sine by rose bengal. These properties were not observed with
riboflavin and deoxyguanosine (Fig. 4). Although sodium azide
inhibited this photochemical reaction, deuterium oxide had no
effect on the kinetics of deoxyguanosine photodecomposition.
Additional evidence against a role for singlet oxygen in the
photodynamic reaction of riboflavin and deoxyguanosine was
obtained by comparing chromatographically the photoproducts of
this interaction with those obtained when rose bengal photode-
composes deoxyguanosine (Fig. 5). In addition to the data pre-
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Fig. 3. Effect of a singlet oxygen promoter (D»O) and a singlet oxygen
scavenger (NaNj3) on the rose bengal-induced photodecomposition of
deoxyguanosine. All samples consisted of deoxyguanosine (1 mg/ml) plus
1.33 x 107 M rose bengal which were illuminated and diluted as described
in “Materials and Methods.” @, samples in phosphate buffer; A, samples
in phosphate buffer plus 5 mm sodium azide; O, samples in phosphate
buffer made with D;0. Data presented as in Figure 2. The 90- and 120-
min data points for samples in D20 were not used in calculations of the
least-squares best fit line.
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Fig. 4. Effect of D,O and NaNj on the riboflavin-induced photodecom-
position of deoxyguanosine. All samples consisted of deoxyguanosine (1
mg/ml) plus 1.33 X 107* M riboflavin which were illuminated and diluted
as described in “Materials and Methods.* @, samples in phosphate buffer;
X, samples in phosphate buffer plus 5 mm sodium azide; O, samples in
phosphate buffer made with D;O. Data presented as in Figure 2. The 120-
min data points were not used in calculations the least-squares fits to the
data in phosphate buffer and in D,O.
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Fig. 5. Chromatographic patterns of photoproducts of deoxyguanosine
produced by illumination in presence of either riboflavin or rose bengal.
O, control, deoxyguanosine alone in the dark (total counts = 50,024); ],
deoxyguanosine plus rose bengal (1.33 X 107* M) illuminated for 60 min
(total counts = 12,811); +, deoxyguanosine plus riboflavin (1.33 x 107*
M) illuminated for 60 min (total counts = 25,166). Chromatography was
for 4 hr in butanol:water (86:14 v/v). See “Materials and Methods™ for
further experimental details.

sented in Figure 5, samples illuminated for both shorter and
longer periods of time clearly showed different patterns for sam-
ples in rose bengal and samples in riboflavin. Chromatographic
patterns were also different when butanol:water:concentrated am-
monium hydroxide was used as the solvent system. The demon-
stration of different photoproducts in these two reactions provides
additional support for different mechanisms of deoxyguanosine
photodecomposition and suggests that the photodynamic reaction

between riboflavin and deoxyguanosine is not mediated by singlet
oxygen.

DISCUSSION

The interaction between visible light and riboflavin generates a
highly reactive species of molecular oxygen, e.g., singlet oxygen.
This molecule is capable of interacting with a number of sub-
strates. Among the four deoxyribonucleosides in DNA, singlet
oxygen specifically reacts with deoxyguanosine (4). Thus, it has
been assumed that the photodynamic reaction of riboflavin and
deoxyguanosine was dependent upon singlet oxygen (9).

The present study demonstrates that singlet oxygen does not
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participate in the riboflavin-induced photodecomposition of deox-
yguanosine. Evidence for this is obtained from two observations:
(1) the lack of an effect of the singlet oxygen promoter, deuterium
oxide, on the kinetics of the photochemical reaction; and (2) a
comparison of the photoproducts of the riboflavin photodynamic
reaction with photoproducts derived from a known singlet oxygen-
mediated (rose bengal) decomposition of deoxyguanosine.

The exact nature of the photodynamic reaction between ribo-
flavin and deoxyguanosine has not been determined. However,
our observation that this reaction is efficiently quenched by so-
dium azide and not inhibited by catalase (7) suggests that an
excited riboflavin molecule, possibly a riboflavin triplet, is in-
volved in this reaction. Sodium azide has been shown to quench
the triplet (excited) state of various dyes, including flavins (3). It
is noteworthy that the primary reaction in the lumiflavin-sensitized
oxidation of guanosine monophosphate is between the triplet state
of lumiflavin and the nucleotide, which is followed by a later
reaction involving ground-state oxygen (3). Further work to better
define the photodynamic reaction of riboflavin and deoxyguano-

sine is necessary to prove a role for the riboflavin triplet in this
photochemical reaction.
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