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Long wavelength UV irradiation (302/313 nm) of hybrid and bifilarly labeled BrU-DNA of B.
subtilis results in a degradation of the molecular weight of BrU and of parental thymine con-
taining DNA strands. Hydrogen donors present during UV irradiation are able to prevent these
“primary” and “secondary” strand breaks. The protection factors are especially large for secondary
breaks in parental normal DNA. Through the action of protective agents the biological activity
could not be restored. The generation of these primary and secondary strand breaks due to BrU
incorporation and the action of hydrogen donors on these breaks and on transforming activity are

discussed.

Introduction

In normal DNA pyrimidine dimers, especially

thymine dimers, are the main photochemical
damage! and responsible for the inactivation of
various biological functions?7%. Single strand

breaks, however, represent the major alterations of
biological importance in 5-bromouracil substituted
DNA after UV irradiation> 8. The reactions
leading to the single strand breaks in BrU-DNA
even after irradiation with long wavelength UV are
starting with a debromination and the formation of
a vinyl type radical which abstracts the proton from
the C," of the neighbouring nucleotide on the 5’
side ®. The reactions of the free radical on the de-
oxyribose result in a decomposition of the sugar
and finally in a single strand break 71!, These
breaks will be called primary strand breaks. Besides
these lesions in the BrU containing strands formed
by the reactions mentioned above, it was found that
302/313 nm irradiation resulted in a significant
amount of breakage in thymine containing parental
DNA strands 2714, Furthermore double strand
breaks in hybrid and bifilarly labeled BrU-DNA
with a linear dose dependency have been detected 7.
These breaks are due to secondary reactions and
consequently are named secondary strand breaks.
Experimental evidence has been presented that these
secondary breaks do not result from insertions of
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BrU containing regions into parental DNA strands
during replication in the presence of BrU either by
resynthesis or genetic recombination 6 1213, They
are rather due to reactions between the thymine
containing DNA strand and the UV induced lesions
on the opposite BrU substituted strand. Several pos-
sible models have been proposed to explain the
secondary damage by assuming an intramolecular
transfer of excitation energy 1% 16

UV induced radicals 3.

It is the purpose of this paper to contribute to
the understanding of the nature and generation of
these secondary radiation effects by investigating the
influence of hydrogen donors. Furthermore the bio-
logical implications of hydrogen donors on strand
breaks were tested by using transforming principal
DNA. It is the essential finding of this paper that
hydrogen donors do prevent the formation of pri-
mary as well as secondary strand breaks which is in
accord with results obtained in other systems 131718,
However, no protection was found for transforming
principal DNA by hydrogen donors.

The obtained results are discussed and a model is
proposed which might explain the experimental
finding.

or diffusion of

Materials and Methods

Materials and methods have been described
earlier 119, For clarity, however, the main points
are summarized below.
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Preparation of BrU-DN A

BrU-DNA was isolated from a thymine auxo-
troph mutant of B. subtilis (19-8 thy~, try”, met”)
grown in a defined medium containing BU. Normal
(TT), hybrid (TB), and bifilarly labeled BrU-DNA
(BB) were separated by preparative CsCl density
gradient centrifugation.

Irradiation with 302/314 nm radiation

For irradiation with long wavelength UV radia-
tion the output of a high pressure mercury arc was
filtered with interference reflection type filters (UV
R 280; Schott & Gen., Mainz) in combination with
UV absorption filters (WG 5 and WG 6; Schott &
Gen., Mainz) and passed through a thin plastic
film to eliminate scattered light of wavelength
shorter than 300 nm. All DNA samples were at a
concentration of 20 x«g/ml in 1/10 SSC (pH 7.5:
20 °C). As hydrogen donor either cysteamine or
mercaptoethanol was used at a final concentration
of 0.01 M. The changes of the pH in the DNA solu-
tions were corrected by adding the appropriate
amount of 0.1 M NaOH. Fresh solutions of cystea-
mine were prepared for each experiment.

Determination of weight average molecular weights

After each UV fluence an aliquot of the sample
was removed part of which was diluted for trans-
formation assays and the remainder was taken for
molecular weight determination. The weight average
molecular weights (M) of native and alkali de-
natured DNA were determined in an analytical
ultracentrifuge (AUZ 9100 Heraeus Christ) employ-
ing CsCl density gradient centrifugation at 44700
rpm. Since the band width of the DNA band in a
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CsCl density gradient is inversely proportional to
the square of the molecular weights 2° changes in the
molecular weight can be determined. Single and
double strand breakage rates were calculated ac-
cording to the theory of Charlesby?! for random
degradation of linear polymers.

Transformation assays

For testing the biological activity of the UV ir-
radiated DNA a polyauxotroph mutant of B. subtilis
(M 172, ade™, try~, his™, met”, leu”) was employed
as acceptor. The transformation experiments were
carried out following the method of Bott and
Wilson 22,

Results

The effect of hydrogen donors on the breakage rate
of BrU substituted DNA strands (primary strand
breaks)

Hybrid and bifilarly BrU labeled DNA of B. sub-
tilis with a thymine replacement of 50 and 100%,
respectively, as measured by buoyant density deter-
mination were exposed to various fluences of 302/
313 nm radiation in the presence and absence of
0.01 M cysteamine at room temperature and pH 7.5.
The weight average molecular weight (M) of
single stranded alkali denatuerd DNA was then
determined as described in Materials and Methods.

In Fig.1 the ratio M,/M, is plotted versus UV
fluence for the BrU containing strands of denatured
TB and BB DNA. The B strand of hybrid (B from
T «— B) and bifilarly labeled DNA (B from

Table I. Weight average molecular weights, breakage rates, and protection factor. Weight average molecular weights (M, in
108 dalton) for unirradiated BrU-DNA of B. subtilis in the native and denatured state are compiled with the corresponding
breakage rates for ssb and dsb. These single strand and double strand breakage rates for primary as well as secondary dam-
age were obtained after UV irradiation in the absence and presence of hydrogen donors (0.01 M cysteamine). The dimensions
of the breakage rates per erg/mm? for ssb and dsb are (10— breaks/10° dalton) and (10—* breaks/2-108 dalton), respectively.
The subscript cy indicates that the breakage rates were obtained from samples irradiated in the presence of hydrogen donors.
The protection factors (P) are calculated as the ratio ssb/ssbey or dsb/dsbey . The weight average molecular weight (M) of
the B-strand from TB or BB DNA is considerably smaller than expected from My, of the native DNA, thus indicating that
already in the unirradiated BrU-DNA single strand breaks or alkali labile lesions are present (see text). For the determina-
tion of the single strand breakage rate of the T-strand in TB DNA a different DNA preparation was used. Here My, of native
DNA was 12-10° dalton. Thus no single strand breaks or alkali labile lesions are present in the T-strand of unirradiated

TB DNA.
DNA Mwo-10—8  ssb ssbey dsb dsbey P
Primary damage B from BB 0.75 10 L — — ~5— 7
B from TB 0.75 10.8 0.9 - — 10—12
Secondary damage T from TB 5.5 0.5 0.02 — — 20—25
TB 3.6 — — 0.005 <0.0008 >10
BB 4.9 - - 0.07 ~0.01 5— 7
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A plot of the reciprocal of the single strand weight
molecular weight (My—') of hybrid and bifilarly

labeled BrU-DNA wversus UV irradiation (302, 313 nm) nor-
malized for zero dose. The samples were alkali denatured
after irradiation, neutralized, and centrifuged in an analytical
ultracentrifuge at 44700 rpm in a CsCl density gradient for
24 hours. From the band-width of the DNA bands the weight
average molecular weights were determined as indicated in
Materials and Methods. /\ = BrU containing strand or de-
natured BB DNA (B from B <— B); O = BrU containing
strand of denatured TB DNA (B from T < B). A and @
the same after irradiation in the presence of 0.01 M cystea-
mine. The protection factors (P) are also given and were ob-
tained from the breakage rates and My, (see also legend of
Table I). The protection factors are given with upper and
lower limits.

B <—> B) are degraded by 302/313 nm at roughly
the same rate. The breakage rates for single strand
breaks are compiled in Table I. They are derived
from the data given in Fig. 1 and the single stranded
molecular weight (M) of the unirradiated DNA.

As can be seen from Fig. 1 the number of strand
breaks is considerably reduced when cysteamine is
present during irradiation. In a further set of ex-
periments it was found that mercaptoethanol at a
concentration of 0.01 M causes the same reduction
of strand breaks as cysteamine. From the data given
in Fig. 1 and M, a protection factor P defined as
ratio — breakage rate without hydrogen donor/
breakage rate with hydrogen donor — can be cal-
culated. Due to the uncertainty of the molecular
weight determinations and to the scattering of the
experimental points in the dose effect curves, the
protection factors are given with upper and lower
limit. The reduction of single strand breaks is dif-
ferent in hybrid and bifilarly labeled DNA. Up to
80% of the primary lesions can be suppressed in
BBDNA (P 5-7). In hybrid DNA the protection
factor is even largre (P 10— 12). These results are
not unexpected from the known reactions leading

to the primary damage and confirm the data ob-

tained with other systems * 18,

The effect of hydrogen donors on the breakage rate
of parental thymine containing DNA (secondary
strand breaks)

Since the process by which single strand breaks
are formed in unsubstituted DNA base
paired with BrU containing strands is not yet
known — though several possible mechanisms have
been proposed 12 1315

strands

— the influence of hydrogen
donors on these secondary breaks was investigated
by irradiating hybrid DNA in the presence and ab-
sence of hydrogen donors. The molecular weight of
the thymine containing strand was then determined.
The results of these experiments are given in Fig. 2.
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Fig. 2. The same plot as in Fig. 1 for My —!) of the thymine
containing strand of hybrid DNA, [[] = in the absence;
M in the presence of 0.01 M cysteamine.

Here the ratio M.,,/M is plotted versus UV fluence
for the parental thymine containing DNA strand of
hybrid DNA. The generation of strand breaks in
the T strand is strongly reduced by the presence of
0.01 M cysteamine during irradiation. The protec-
tion factor is about 20 to 25 as obtained from the
slope of the dose effect curve and the single stranded
molecular weight (M) of the unirradiated sample.
For these experiments a DNA preparation was used
with a native molecular weight of 12-106dalton.
Thus a value of 5.5-10% dalton for M, for the thy-
mine containing strand indicates that there are no
single strand breaks or alkali labile lesions in the
unirradiated T strand of hybrid DNA (see also
legend to Table I).

The effect of hydrogen donors on the breakage rate
of double strand breaks with linear dose dependency
(secondary strand breaks)

In Fig.3 the reciprocal of the weight average
molecular weight normalized for zero dose is plotted
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Fig. 3. A plot of the reciprocal double stranded weight average
molecular weight (My—1!) for hybrid and bifilarly labeled
BrU-DNA. O; @ = native bifilarly labeled DNA in the ab-
sence and presence of 0.01 M cysteamine. /\; A = native
hybrid BrU-DNA in the absence and presence of 0.01 M
cysteamine. The protection factor for BB DNA is again given
with upper and lower limits; for TB DNA only a lower limit
can be given. Since we cannot exclude completely double
strand breaks in hybrid DNA in the presence of 0.01 M
cysteamine.

versus UV fluence for native hybrid and bifilarly
labeled BrU-DNA. The DNA samples used in these
experiments had rather small double stranded mole-
cular weight. The same DNA samples were also
used for the experiments presented in Fig. 1. The
results indicate that the double strand breakage rate
can be reduced substantially by 0.01 M cysteamine.
The protection factor for double strand breaks in
bifilarly labeled BrU-DNA is about 5—7. For hy-
brid DNA a small decrease of M, with increasing
UV fluence in the presence of 0.01 M cysteamine
cannot be excluded from our experiments. Thus a
lower limit for the protection factor is given only.
In native hybrid DNA the protection against second-
ary breaks is certainly larger than 10.

The data obtained from Figs 1 —3 are compiled
in Table I together with the M, values for the un-
irradiated DNA samples. The molecular weights of
the B strands of hybrid and bifilarly labeled DNA
are considerably smaller than expected from the
M., values of native TB and BB DNA. This indi-
cates that even in the unirradiated DNA single
strand breaks or alkali labile lesions are present in
the BrU containing strand. There is about one single
strand break per 10% dalton formed upon denatura-
tion in the BrU containing strand.

Influence of hydrogen donors on the transforming

activity of BrU-DNA in B. subtilis

Since a reduction of primary as well as secondary
strand breaks by hydrogen donors was observed it

was expected that biological activity of BrU-DNA
could also be protected against the effect of 302/
313 nm radiation by the presence of cysteamine.
Consequently normal, hybrid, and bifilarly BrU-
DNA of B. subtilis was UV irradiated in the absence
and presence of 0.01 M cysteamine and tested for
biological activity. The results of these experiments
are shown in Fig. 4. Each experimental point re-
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Fig. 4. Relative transforming activity of normal DNA [];
M : hybrid /\: A and bifilarly labeled BrU-DNA O; @:
UV irradiated (302, 313 nm) in the absence and presence
of cysteamine 0.01 M. The biological activity was tested for
histidine prototrophy. The error bars indicate the mean de-
viation of at least 4 different irradiation experiments. For
clarity they are given for the samples irradiated in the ab-
sence of cysteamine only. The mean deviations of the trans-
forming activity of samples irradiated in the presence of
cysteamine are of the same order.

presents the average of at least 4 different irradiation
experiments. No protective effect was found for
hybrid and bifilarly labeled DNA. Cysteamine does
not affect the transforming activity of normal DNA.
It was, however, observed, that the total number of
transformed cells was reduced by a factor of 3 —4
for unirradiated samples containing cysteamine.

Discussion

Hydrogen donors like cysteamine and mercapto-
ethanol reduce the production of primary strand
breaks in BrU substituted DNA when present during
UV irradiation at a concentration of 0.01 M. It was
found that the protection factor (P) is about twice
as large in the B strand of hybrid DNA than in the
B strand of bifilary labeled DNA. In the B strand
of hybrid DNA only primary damage can occur
whereas in the B strand of BBDNA energy ab-
sorbed by one strand can cause alterations in the
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complementary strand. Thus the observed protec-
tion factors are not unexpected.

Hydrogen donors also reduce the generation of
strand breaks in parental thymine containing DNA.
Here the protection factor is about 20 —25. If this
secondary damage is due to the transfer of excita-
tion energy one would expect that hydrogen donors
would not influence this reaction and a protection
factor of 1 should be found. The observed values of
P, however, indicate that transfer of excitation ener-
gy cannot be responsible for the generation of
secondary strand breaks. Alternatively, if primary
and secondary damage are due to the same mole-
cular reactions, the same protection factor should
be found. The experimental results indicate a higher
protection for secondary than for primary damage.
Thus either different reactions are responsible for
primary and secondary strand breaks or hydrogen
donors affect these reactions at different rates. This
reasoning is supported by the results obtained with
native DNA. It was found that double strand breaks
with a linear dose dependency occur in hybrid as
well as in bifilarly BrU labeled DNA after 302/313
nm irradiation, thus indicating that part of the sec-
ondary breaks due to energy or damage transfer
is just a few base pairs away from the primary
lesion in the complementary strand. Hydrogen do-
nors reduce these double strand breaks in hybrid
and bifilarly labeled BrU-DNA as well. The protec-
tion factors are of the same order for primary (B
from B<— B and B from T <— B, Fig.1) and
secondary lesions (double strand breaks in BB
DNA) in BrU containing DNA strands, whereas the
protection for the secondary damage in parental
thymine containing strands is considerably larger
(ssb in T from T <— B and dsb in TB, Table I).
An explanation for these results can be given by as-
suming that a diffusible reactive species probably
a brom radical can react with the complementary
DNA strand. This radical has apparently a higher
rate of reaction when the complementary strand con-
tains bromouracil. Thus hydrogen donors exert a
higher protection for secondary damage in the thy-
mine containing strand. As assumed earlier 12 16
transfer of excitation energy or exciton migra-
tion 23 24 may not be responsible for the observed
effects. These results are in general agreement with
the data of Beattie 13 who reports a strong reduction
of strand breaks in parental DNA of Haemophilus
influenzae by cysteamine after 313 nm irradiation.

Under experimental conditions very similar to those
used in this work, Monkehaus!® found an even
higher reduction of secondary breaks in BrU-DNA
of phage PBSH by cysteamine (protection factors
of up to 100).

Bacterial transformation provides the opportuni-
ty for testing the effect of cysteamine and other
hydrogen donors on the biological activity of BrU
substituted DNA after UV irradiation. In a dif-
ferent biological system protection was reported for
plaque forming ability of BrU substituted phage T,
and Ty * 2% and BrU T, phage ¢ after irradiation in
vivo with 254 nm and 265 nm radiation, respective-
ly. In the system used in this investigation no pro-
tective effect was found or hybrid and bifilarly
labeled BrU-DNA irradiated with 302/313 nm radia-
tion in the presence of 0.01 M cysteamine (Fig. 4).
The observed reduction of the total number of trans-
formed cells in the unirradiated sample might indi-
cate that cysteamine is interfering with the uptake
of donor DNA. For this reason the transformation
experiments were repeated with another hydrogen
donor (mercaptoethanol 0.01 M). No such inter-
ference was here observed. There was, however, no
indication for a protection either. Similar experi-
ments were then performed with normal and bi-
filarly labeled DNA and 254 nm radiation. Again
no protection was observed. These results are quite
unexpected since it has been shown by Thorsett et
al.?" that single strand breaks produced either by
deoxyribonuclease I or y-rays are responsible for
the loss of transforming activity. Thus restoration
of the physico-chemical integrity of the DNA should
be accompanied by regaining biological activity.
Certainly the strand breaks produced by 302/313
nm radiation are different from those by y-rays or
enzyme treatment. Furthermore only part of the
strand breaks observed after alkali denaturation
may actually exist in the DNA directly after the
photochemical lesion is formed (Hewitt, Hutchin-
son 28) Therefore it could very well be that hy-
drogen donors, besides delivering a hydrogen atom
to the urazilyl radical, are also able to react with the
alkali labile lesion by forming a DNA-cysteamine
complex; thus preventing the formation of a strand
break upon denaturation and yet preventing the
restoration of biological activity. This model is sup-
ported by the following result: Upon mixing cystea-
mine and urazil in solution a new compound is
found by paper chromatography (Lion, personal
communication).
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So far protection of biological activity against
UV light by cysteamine has been observed when
BrU-DNA was irradiated in vivo* % 25. A protec-
tion by cysteamine has also been found with infec-
tious BrU-DNA of phage T;?° and with transform-
ing BrU-DNA of Haemophilus influenzae3® after
irradiation with 255 nm radiation in vitro.

In those experiments the BrU substitution was
about 60% and approximately 20%, respectively. In
our experiments the BrU-DNA was irradiated in
vitro in diluted solution. Certainly the DNA con-
figuration and spatial arrangement inside a phage
head or within a bacterial cell is different from
DNA in solution. Furthermore the replacement of
thymine by BrU is considerably higher in the ex-
periments reported here than in Haemophilus in-
fluenzae3® and infectious T; DNA?2. It is quite
feasible that the high BrU content renders the DNA
very susceptible to alterations beyond restoration.
The comparatively small protection factors found
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