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X-irradiation of aqueous solutions of calf thymus DNA leads to the
produetion of chain breaks, the liberation of inorganic phosphate, the
formation of phosphomonoester groups, and the production of a malonic
aldehyde-like product due to damage to deoxyribose residues.

For each single-chain break produced in DNA by x-irradiation in 0.15 M
NaCl, 0.60 molecules of malonic aldehyde-like product were formed; 0.33
molecules of inorganic phosphate were liberated and 1.35 molecules of
phosphomonoester groups were produced. Of the phosphomonoester
groups liberated, 29% were 5'-phosphoryl groups. The ratio of newly
formed 5’-phosphoryl termini to 5-hydroxyl termini was 32:1. The pres-
ence of 0.001 M l-histidine reduced the number of single-chain breaks by a
factor of 0.39, the yield of inorganic phosphate by 0.24, the formation of
phosphomonoester groups by 0.42, and deoxyribose damage by 0.41.

INTRODUCTION

Internucleotide chain breaks in DNA induced by x-irradiation have been im-
plicated as the primary lethal events in x-irradiated bacteria (Z, 2). Studies on the
irradiation of DNA in aqueous media have shown that inorganic phosphate is
liberated (3) and that phosphomonoester groups are formed (4). Such studies sug-
gest that chain breakage occurs at the phosphodiester bond when DNA is irradiated
in aqueous media. However, significant damage to the deoxyribose moiety has also
been reported (5) suggesting that another site of chain breakage is at the C3'-C4’
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bonds. This is in accord with carlier suggestions that the radiation-induced lability
of nucleotides is due to the formation of carbonyl groups at the carbon atom C3’ (6)
and that a similar labilization of phosphate groups by the oxidation of the sugar
moiety in DNA may oceur causing fragmentation of polynueleotide chains (7). In
addition, the failure of the polynucleotide joining enzyme to repair (in one step) the
single-strand chain breaks produced in DNA by x-irradiation in aqueous media
implies that chain breakage involves a more complicated mechanism than a simple
rupture of the phosphodiester bond to produce polynuecleotide chains with 3'-
hydroxyl and 5 phosphoryl groups in juxtaposition (8).

It was the purpose of this investigation to clucidate the locations and end products
of polynucleotide chain breakage produced by the x-irradiation of aqueous solutions
of calf thymus DNA. We have attempted to determine quantitative relationships
between chain breakage, inorganie phosphate yields, phosphomonoester group
formation, and deoxyribose damage. The cffect of [-histidine (10~ M) on the above
parameters of x-ray damage was also determined.

MATERIALS AND METHODS

Materials. Calf thymus DNA and alkaline phosphatase were purchased from
Worthington Biochemical Corporation. [-Histidine dihydrochloride was obtained
from Mann Rescarch Labs, Ine. DNA solutions of 2.5 mg/ml were prepared either
in0.15 N NaCl orin 0.15 N NaCl containing 0.001 A/ [-histidine. The solutions were
then dialyzed for 24-48 hours against the same solvent. The final solutions con-
tained 176 ug 1/ml.

The polynucleotide kinase and v-2P-ATP were kindly supplied by Drs. Olivera
and Lehman (Stanford University). The malonic aldehyde diacetal was purchased
from K & K Laboratorics. The 2-thiobarbituric acid (TBA) was obtained from Kast-
man Organic Chemicals and was recrystallized three times from hot water. The
ascorbic acid and ammonium molybdate were from J. T. Baker Chemical Co.
and the ATP was purchased from Pabst Laboratories.

Irradiation of DNA. DNA solutions (176 ug PP/ml) in 0.15 M NaCl (£0.001 M
[-histidine), exposed to air, were irradiated with x-rays (50 kV; 50 mA; 48 mA; 0.3-
mm Al filters) employing the twin-tube 50 kVp beryllium window x-ray unit
developed by Loevinger and Huisman (9). For each sct of experimental conditions,
the radiation dose rate was determined by the use of ferrous sulfate dosimetry (10)
using a G value of 14.8 (9). The dose rate was 11.1 krads/minute in the chain-break
experiments, 8.66 krads/minute in the phosphate studies, 7.92 krads/minute in the
deoxyribose destruction studies, and 9.40 krads/minute for the polynucleotide
kinase experiments. The different dose rates employed resulted from differences in
sample volumes (9).

Determination of single-chain breakage. Irradiated DNA solutions (0.15 ml) were
denatured by the addition of an equal volume of 0.2 N NaOH. After a 10-minute
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delay to permit denaturation of the DNA, 0.2 ml of each sample was layered on top
of a 4.6-ml alkaline sucrose gradient (5-20% sucrose in 0.1 N NaOH and 0.01 M
IWDTA). The gradients were centrifuged at 37,000 rpm for 10.5 hours at room tem-
perature in the SW-39 swinging bucket rotor of a Spinco Model-L ultracentrifuge.
After centrifugation, 5-drop fraetions were collected and diluted to about 0.3 ml by
the addition of 0.18 ml of double-distilled water. The diluted fractions were then
transferred to microcuvetics and the absorbance at 260 nm was read in a Gilford
spectrophotometer. Data are plotted as absorbance at 260 nm (Asg) against fraction
number. The first moment of cach curve was used as a convenient index of sedimen-
tation behavior (1) and the ratios of the first moments were employed in the calcu-
lation of the number of single-chain breaks produced.

Phosphate determinalions. Inorganic phosphate was measured using a modification
of the ascorbic acid method of Chen et al. (11). The modification consists of the
initialuseof 6 N H,SO, both to precipitate the DNA and to provide the proper pH for
the final development of color. This climinates the necessity of TCA preeipitation
of the DNA and the further dilution of the sample.

The total phosphorus content of the DNA solutions was determined by the miero-
phosphate method of Mcun and Smith (72).

Liberation of inorganic phosphate and formation of phosphomonoester groups by
x-trradiation. The amount of inorganic phosphate liberated by x-irradiation was
determined after the irradiated DNA solutions (2 ml) were incubated for 30 min-
utes at 65°C in a water bath after the addition of 0.15 ml of 1 M Tris—-HCI (pH 8.0).

The formation of phosphomonoester groups after irradiation was measured by
treatment of the irradiated DNA with alkaline phosphatase [under conditions
similar to those employed by Richardson and Weiss (13)], followed by determination
of inorganic phosphate. To 2 ml of the irradiated DNA solutions was added 0.15 ml
of 1 M Tris-HCI (pH 8.0) and the mixture was incubated for 30 minutes at 65°C
with 5 ul of alkaline phosphatase [23 units/mg, 1 mg/ml; assayed as described by
Giaren and Levinthal (/4)]. Another 5 ul of alkaline phosphatase was added after 15
minutes. Under these conditions internal as well as external phosphomonoesters can
be removed (18). Inorganic phosphate was then assayed for as deseribed in the pre-
ceding section.

Determination of the nalure of end groups after chain cleavage by r-irradiation.
Polynucleotide kinase (75, 76) was employed to elucidate the nature of the end
groups formed by DNA chain breakage. Since polynucleotide kinase specifically
catalyzes the transfer of one phosphate group from ATI to the 5'-hydroxyl termini
of polynucleotides, it provides a sensitive method for the identification of 5'-end
groups. By employing polynucleotide kinase before and after alkaline phosphatase
treatment of irradiated DNA the number of 5'-termini produced by x-irradiation
was quantitatively determined. By a comparison of the results of the alkaline phos-
phatase studies with those of the polynucleotide kinase studies, the relative number
of the 5’-phosphomonoester groups formed were estimated.
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Alkaline phosphatase treatment was performed as described earlier. The alkaline
phosphatase was then removed by the use of detergent and IKCl precipitation as
follows: an equal volume of 4% sodium lauryl sulfate (SLS) was added to the en-
zvme-DNA mixture and shaken gently. The mixture was heated at 65°C for 30
minutes and allowed to cool at room temperature for 30 minutes. An cqual volume
of 1 M IKCI was then added to precipitate the protein and the SLS (/7). The mix-
tures were shaken for 30 minutes and centrifuged at 2000 rpm for 30 minutes. The
supernatant liquid was filtered through Whatman No. 42 filter paper. The filtrate
was dialyzed overnight against 0.15 N NaCl.

The dialyzed DNA solutions were then treated with polynucleotide kinase in the
following manner: an enzyme cocktail was prepared containing 0.5 ml of 1 3 Tris
(pbH 7.5);0.75 ml of 0.1 M MgCl,; 0.125 ml 1 M 8-mercaptoethanol; 0.05 ml 11 mM
ATD, 0.025 ml ¥2P-ATP (1.08 mM, 1.9 X 10% epm/umole), and 1.05 ml H,0.
DNA samples (30 ul) were added to 25 ul of the enzyme cocktail followed by the
addition of 20 ul of HyO. To this reaction mixture 0.2 to 0.4 units (/6) of polynu-
cleotide kinase were added. Incubation was carried out in a 37°C water bath for 30
minutes. After incubation 0.2 ml of 0.1 M Na,P:07, 0.05 ml 10 mM ATP, and 0.1
ml of 0.1 M Na.HPO, were added and the tubes were mixed. Carrier DNA (0.2 ml
of 2.5 mg/ml) was added, the tubes were again mixed thoroughly, and 2.0 ml
HCIO, was added to precipitate the DNA. The tubes were shaken again and put in
an ice bath for 10 minutes.

The samples were filtered, washed, and counted in the following manner: the
solutions were washed out of the test tubes with 1 4/ HCl onto glass filters (What-
man GEF/A glass paper, 2.4-cm diameter) placed on a stainless-steel vacuum filter
assembly. The tubes containing the samples were then washed an additional seven
times with 1 M/ HCI and the washes were filtered. The filters were washed with 10
ml of 0.1 M Na,HPO4in 1.0 M HCI; 5 ml of 0.1 M NagP,07in 1.0 // HCI, 5 ml of
1.0 M HC], and 7 m] 95 % EtOH; mounted on pins; and dried under heat lamps. The
dry filters were then placed in glass counting vials with 5 ml of toluene seintillation
mixture (18) and the amount of #P present was determined in a liquid seintillation
counter.

Detection of damage to deoxyribose by reaction with 2-thiobarbituric acid. It has been
reported (19) that the x-irradiation of aqueous solutions of DNA produces a com-
pound which forms a pink pigment in its reaction with 2-thiobarbituric acid (TBA).
It has been postulated that this compound is malonic aldehyde and that it is formed
as the result of a break in the C3’-~C4’ bond in deoxyribose (5).

The concentration of this substance was determined by the use of the TBA reac-
tion [20]. The DNA solutions (176 ug /ml) were irradiated, and aliquots (0.4 ml)
were transferred to 12-ml graduated centrifuge tubes and 0.6 ml of double-distilled
water was added. Then 2.0 ml of TBA reagent (0.6 %, pH 2.0) was added to the
diluted samples and the contents of the tubes were mixed. The tubes with marbles
placed over their mouths were heated in a boiling water bath for 20 minutes. The
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tubes were cooled for 2 minutes in a water bath at room temperature. The absorb-
ance of the samples was read at 457 nm, 496 nm, and 532 nm in a Gilford spectro-
photometer. In addition, the absorption spectra of the samples between 420 and
600 nm were determined on a Beckman DB recording spectrophotometer. An
aqueous solution of malonic aldehyde diacetal was employed as a standard. It was
assumed that the malonic aldehyde diacetal was converted quantitatively to ma-
lonic aldehyde under the acid conditions of the reaction.

Effect of histidine. Irradiation of DNA in 0.001 M solutions of {-histidine helps
to counteract the indirect effects of radiation (21). The effect of 0.001 A/ {-histidine
on chain breakage, inorganic phosphate yields, phosphomonoester formation, and
deoxyribose damage was studied employing the techniques deseribed in the above
seetions,

Curee fitting. The data in Figs. 2--5 and 7 were fitted with straight lines passing
through the origin by the method of least squares.

RESULTS

Stngle-chain breakage. By comparison of the position of the first moment of
the x-irradiated DNA samples (I'ig. 1B, C) with that of the control (Iig. 1A) it can
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Fr¢. 1. Sedimentation patterns for unirradiated and x-irradiated calf thymus DNA. Samples
of calf thymus DNA were layered on sucrose gradients (5-20%) containing 0.1 & NaOH and
0.01 M EDTA. Sedimentation was performed in a Spinco SW39 rotor for 10.5 hours at 37,000
rpm at room temperature. (A) unirradiated DNA; (B) DNA irradiated with 11.1 krads, and
(C) DNA irradiated with 33.3 krads. The short vertical bars under the peaks indicate the posi-
tion of the first moments of the distribution of Ay . The direction of sedimentation is from right
to left.
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be seen that irradiation has produced a decrease in molecular weight. To obtain a
quantitative estimate of the number of breaks per molecule (V) we have employed
the following relationship:

Mo

N=,

where My and M, are the number average molecular weights of the control and
irradiated DNA respectively. The ratio (Mo/M,) is approximated (22) by the rela-
tionship between sedimentation distance D and the molecular weight of the DNA

(M):
D, |M[ .
D" [M] 2)

The value of 0.40, determined by Studier (23) for alkaline-denatured DNA was
employed for the exponent a. The D values were approximated by the use of nor-
malized distance from the meniscus to the location of the first moment of cach
curve. Hence, by substituting the values obtained for Mo/M; from the sedimenta-
tion distances (Eq. 2) into Eq. (1) one can directly estimate the number of single-
strand breaks.

The number of single-chain breaks produced by irradiation in the presence and
absence of 0.001 M [-histidine is given in IFig. 2. The ratio of single-chain breaks
produced in the presence of histidine to the number produced by irradiation in the
absence of histidine was 0.39.

Liberation of inorganic phosphate and formation of phosphomonoester yroups. The
liberation of inorganic phosphate after various doses of irradiation in the presence
and absence of histidine is illustrated in Figs. 3 and 4. These figures also show the
yields of inorganic phosphate produced by x-irradiation and alkaline phosphatase
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Fre. 2. Production of single-chain breaks in x-irradiated calf thymus DNA (176 ug P/ml).
Irradiated in 0.15 M NaCl in the absence of [-histidine (——); irradiated in 0.15 M NaCl and
0.001 M l-histidine (- - -). The different symbols indicate separate experiments.
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Fia. 3. X-ray-induced liberation of inorganic phosphate and the formation of phosphomono-
ester groups in the absence of [-histidine. Inorganic phosphate yield after irradiation (——);
inorganic phosphate yield after irradiation and alkaline phosphatase treatment (- - ~); phos-
phate present in phosphomonoester groups (obtained from difference in the slopes of above two
curves) (——). Inorganic phosphate yields of 3.58 mumoles P;/ml DNA (176 ug P) and 1.22
mumoles P;/ml DNA (176 ug P) where obtained for the unirradiated control samples treated
and untreated with alkaline phosphatase, respectively. The inorganie phosphate liberated from
the unirradiated samples has been subtracted from all subsequent samples so that the values
plotted represent the amounts liberated due to the irradiation alone. The methods are described
in the text. The different symbols indicate separate experiments. The point (® ) was not em-
ployed in the calculation of the slope of the bottom eurve.

treatment. The amount of phosphomonoester groups produced by x-irradiation was
obtained by subtracting the yield of inorganic phosphate produced by irradiation
alone from that produced by irradiation plus alkaline phosphatase treatment. The
slopes of the various lines in I'igs. 3 and 4 are presented in Table 1. The ratios of
the yields of inorganic phosphate and phosphomonoester groups in the presence and
absence of histidine are also given.

The number of & -hydroxyl and & -phosphoryl termini formed by x-irradiation. The
nature of the 5'-termini after x-irradiation was determined in a manner similar to
that employed by Richardson (24) in his determination of the nature of the end
groups produced by the sonic irradiation of DNA. The moles of acid-insoluble 3P
added by the polynucleotide kinase treatment of alkaline phosphatase-treated
irradiated DNA represents the total number of 5'-termini present. The acid-in-
soluble 2P added by the polynucleotide kinase treatment of irradiated DNA (no
alkaline phosphatase treatment) represents the number of 5'-hydroxyl termini pro-
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duced. By subtracting the yield of 5’-hydroxyl termini from the yield of total 5'-
termini the yield of 5’-phosphoryl termini is determined (Iig. 5). By dividing the
slope of the curve for production of 5’-OH termini [6.01 X 10~ mumoles *I> added/
ml DNA (176 ug P)/krad] by that for the production of total 5-termini [1.71 X
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Fie. 4. X-ray-induced liberation of inorganic phosphate and the formation of phosphomono-
ester groups in the presence of 0.001 M I-histidine. Inorganic phosphate yield after irradiation
( ); inorganic phosphate yield after irradiation and alkaline phosphatase treatment (---);
phosphate present in phosphomonoester groups (obtained from difference in slopes of above two
curves) (——). Inorganic phosphate yields of 0.774 mumoles P;/ml DNA (176 pg P) and 1.24
mumoles P;/ml DNA (176 ug ) were obtained for the unirradiated control samples treated and
untreated with alkaline phosphatase, respectively. The inorganic phosphate liberated from the
unirradiated samples has been subtracted from all subsequent samples so that the values plotted
represent the amounts liberated due to irradiation alone. The methods are deseribed in the text.
The different symbols indicate different experiments.

TABLE I

X-Ray-Inpuckp LisuraTioN OF INoOrRGANIC Poospiari AND THE ForMaTiON OF PHosrio-
MONOESTER (GROUPS IN THE PRESENCE AND ABsiNCE OF 0.001 M [-HisripiNe

Slope (mumole P/ml DNA (176

ug P)/krad) with listidine
Treatments performed Slope ratio = =7
Absence of Presence of without listidine
listidine listidine
Inorganic phosphate yield after irra- 0.14 0.03 0.24
diation
Inorganic phosphate yield after irra- 0.70 0.27 0.38
diation and treatment with alkaline
phosphatase

Phosphomonoester group formation 0.56 0.24 0.42
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Fra. 5. The x-ray-induced formation of 5’ phosphoryl and 5’ hydroxyl termini as measured
by P uptake subsequent to polynucleotide kinase treatment. 5-OH termini produced by
irradiation (——); total number of 5’ termini formed by irradiation (5’-OH + 5’-P0,) (- —-);
5’-PO, termini produced by irradiation (obtained from the difference in the slopes of the above
two curves) (——). The above values have been corrected for the 2P-phosphorylation in un-
irradiated DNA controls. The methods are described in the text. The different symbols indicate
different experiments.

107" mpmoles #P added/ml DNA (176 ug P)/krad] the relative percentage of 5'-
termini that are 5-OH is found to be 3.5 %.

Distribution. of phosphomonoester groups formed in DNA by r-irradiation. The
relative percentage of 5-phosphomonoester groups formed can readily be deter-
mined from the results presented in the two preceding sections. From Iig. 5, the
slope of the curve for the production of 5'-phosphoryl termini is 0.165 mumole P
produced/ml DNA (176 ug P)/krad. By comparison of this value with the slope of
the curve for the production of phosphomonoester groups (0.563 mumole P liber-
ated/ml DNA (176 ug P)/krad; Fig. 3) it can be scen that approximately 29 % of
the total phosphomonoester groups formed during irradiation are 5’-phosphoryl
esters.

Since eyelization of the phosphomonoester groups (25) and fragmentation of the
sugar residues might occur as a consequenee of irradiation, one can not be certain
that the other phosphomonoesters are all 3’-phosphomonoesters. Additional studies,
perhaps employing a specific 3’-phosphomonoesterase suech as exonuclease I1T, will
be necessary to identify the nature of the 3’-termini.

Detection of radiation damage to deoxyribose by reaction with TBA. Figure 6 illus-
trates the absorption spectrum of the product produced by the reaction of TBA
with (A) malonic aldehyde diacetal, (13) unirradiated calf thymus DNA, and (C)




CHEMISTRY OF X-RAY BREAKS IN DNA 43

0.5

0.4

0.3

0.2

ABSORBANCE

1

0
4

T O T B B [ W B S
0 440 460 480 500 520 540 560 580 600
WAVELENGTH (nm)

F1a. 6. Absorption spectra obtained for the reaction of DNA and malonic aldehyde diacetal
with 2-thiobarbiturie acid. (A) 2 ug of malonic aldehyde diacetal, (B) 1 ml of unirradiated calf
thymus DNA (176 ug P/ml); and (C) 0.4 ml of calf thymus DNA (176 pg P/ml) irradiated with
23.8 krad (absorbance multiplied by 2.5). The methods are described in the text.

irradiated calf thymus DNA. Our absorption spectrum for the malonic aldchyde
diacetal-TBA reaction product agrees with the spectra previously reported for the
malonie aldehyde-TBA complex (26, 27). The absorption spectrum of the irradiated
DNA showed the formation of the characteristic absorption peak at 532 nm as
reported by Krushinskaya and Shal’nov (§). The height of the peak at 532 nm
increased with increasing radiation dose and the peak was not present in the un-
irradiated sample. However, two additional absorption peaks were seen at 457 nm
and 496 nm for unirradiated DNA. The height of both of these peaks increased with
increasing radiation dose.

By comparison of the absorbance of the irradiated DNA samples at 532 nm with
that of the malonic aldehyde diacetal standards (both treated with TBA), one can
determine the amount of malonic aldehyde formed in irradiated DNA. Yields of
malonic aldehyde were determined assuming 1 pg of malonic aldehyde diacetal
(molecular weight taken to be 164.2) corresponds to 0.438 pg malonic aldehyde.
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However, the slope of the standard curve, reproducible within £2.5 %, was approxi-
mately 73 % of that reported in the literature (0.517 vs 0.709 Aje/pg) (10). We are
at present unable to explain this diserepancy. Figure 7 shows the malonic aldehyde
vields for DNA irradiated in the presence and absence of 0.001 M [-histidine. The
slope in the absence of histidine is 0.25 mpmole malonic aldehyde produced/ml
DNA (176 pg PP)/krad. The slope ratio of malonic aldechyde yield in the presence
of histidine to that in the absence of histidine is 0.41.

It should be noted that malonic aldehyde is not split free from the DNA as an
immediate consequence of the irradiation. If one irradiates the DNA sample and
alcohol precipitates it, malonic aldehyde can be quantitatively recovered by reacting
the washed and resuspended precipitate with the TBA reagent. Hence, some com-
bination of the acid reaction conditions, heating, and the presence of TBA is neces-
sary for the liberation of malonie aldehyde and the production of the color.

Estimation of number of chain breaks per mi DNA (176 pg P). To quantitatively
compare the yield of phosphomonoester groups, inorganic phosphate, and malonic
aldehyde with the production of single chain breaks, the values for chain breaks
determined from the alkaline sucrose gradient studies (chain break/strand DNA/
krad) must be converted to chain breaks/ml DNA (176 ug P)/krad. To be able to
make this conversion, the number of strands of DNA present per ml DNA must

mu MOLES MALONIC ALDEHYDE PRODUCED/mI DNA (i76ugP)
N
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Fia. 7. Liberation of malonic aldehyde from irradiated DNA as determined by its reaction
with 2-thiobarbituric acid. DNA irradiated in absence of [-histidine (——); DNA irradiated in

the presence of {-histidine (- - -). The methods are described in the text. The different symbols
indicate separate experiments.






