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The action of hydrogen atoms — generated in an electrodeless high frequency gas discharge —
on calf thymus DNA in aqueous solution was investigated. The loss of priming activity was com-
pared with the appearance of single strand breaks in native and denatured DNA, double strand
breaks, denatured zones, base damage and rupture of hydrogen bonds. The primary lesions after
exposure to H atoms and gamma radiation, respectively, are single strand breaks and base damage.
Double strand breaks originating from accumulation of single breaks, and rupture of hydrogen
bonds caused by single breaks and base damage, were identified as secondary lesions. In relation to
strand breaks arising from radical attack on the sugar-phosphate backbone of the DNA molecule,
base damage is about 12.5 times more frequent after H-exposure than after y-irradiation. It is con-
cluded from this observation, that single strand breaks are the predominant critical lesions respon-

sible for the loss of the functional activity of DNA,

Radiation damage to cells and, consequently,
also to higher organisms is mainly caused by alter-
ations in their genetic material, Thus, one of the
principal tasks of molecular radiation biology con-
sists in investigating the effects which occur in
irradiated nucleic acids. Since cellular radiation
damage is caused at approximately equal parts
by “direct” and “indirect” effects?, it is neces-
sary to include both types of radiation effects
in the investigations. Both the direct and the indirect
effects are initiated by a number of different pri-
mary processes: In dry systems excitations, ioniza-
tions, elastic nuclear collisions, and thermal hydro-
gen atoms are of importance, whilst the changes
observed in irradiated aqueous solutions of bio-
molecules are caused by attack of H and OH radi-
cals and hydrated elecirons. Having examined the
biological effectiveness of the various primary proc-
esses of energy absorption in highly purified prepa-
rations of lyophilized DNA in a series of earlier
experiments 2~%, the present paper deals with the
action of hydrogen atoms on diluted aqueous solu-
tions of DNA describing both the change of various
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biological functions of DNA and the changes in its
physico-chemical properties. To eliminate the con-
tribution of OH radicals and hydrated electrons
also present in irradiated solutions we adopted the
technique of externally generating atomic hydrogen
in a high frequency gas discharge used by STEIN
and collaborators®~7 in a number of radiation
chemical investigations.

Experimental Procedure

Generation of Hydrogen Atoms

To expose diluted aqueous solutions of DNA to
hydrogen atoms we used a setup of which the main
parts are given in Fig.1. In a glass tube of 8 mm
inside diameter a gas discharge is maintained in
hydrogen gas at a pressure of 50 Torr by applying a
high voltage of high frequency (20 kV, 16 kc/sec).
Since no internal electrodes were used, the deposition
of metal vapors in the discharge tube is avoided which
would affect the recombination of H atoms and, hence,
impair reproducibility 8, The reproducibility of our
method was beiter than +15% and is quite comparable
with the accuracy achieved in earlier experiments, The
hydrogen gas, which contains a constant amount of H

5 G. Czarskr and G. STEIN, Nature [London] 182, 598
[1958].

8 G. Czapsk1, J. JORTNER, and G. STEIN, J. physic. Chem.
65, 956 [1961].
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213, 1087 [1967].
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Fig. 1. Experimental setup for exposing aqueous solutions to
atomic hydrogen generated in a high frequency gas discharge.

atoms, enters the reaction vessel cooled to 12 °C
through a capillary and bubbles through the DNA solu-
tion to be treated. Before the discharge voltage was
applied oxygen had been removed from the DNA solu-
tion by hydrogen gas flowing through the vessel.
Though it is possible to determine the number of H
atoms entering the solution by means of Ky[Fe(CN) 4]
(Czarskr and STEINY) we used infectious DNA of
bacteriophage @X174 for this purpose, for it cannot
be excluded that part of the reactions between H atoms
and biomolecules takes place already at the surface
of the gas bubbles flowing through the reaction solu-
tion. In this case, in K3[Fe(CN)4] and DNA solutions,
respectively, different fractions of the H atoms will
react with the dissolved molecules before entering the
solution. Thus the yield of molecules affected will be-
come dependent on concentration and, possibly, on
other parameters. Moreover, ferricyanide dosimeiry
only measures the number of H atoms entering the
solution ® but not the fraction which reacted with the
biomolecules. In highly diluted solutions generally
used for work on bacteriophages or infectious DNA
only a negligible fraction of the H atoms introduced
into the solution reacts with the dissolved macromole-
cules (e.g., 1073 to 1078; DEWEY and STEIN19),
whilst the majority of H atoms recombine. For this
reason, we preferred a “biological” dosimetry system
using infectious PX-DNA rather than conventional

9 G, Czarski and G. STEIN, J. physic. Chem. 64, 219 [1960].
10 D, 1. Dewvey and G. StTEIN, Nature [London] 217, 351
[1968].
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methods. In all experiments 15 ml of solution were ex-
posed containing 200 ug/ml of thymus DNA in 0.01M
NaCl at pH 7.

Gamma Irradiation

The irradiation of DNA also was carried out at con-
centrations of 200 pg/ml in 0.01 M NaCl, pH 7,0, in a
60Co-y source (Gammacell 220, Atomic Energy of
Canada, Ltd.), the dose rate being 1.2 Mrad/h. Prior
to irradiation nitrogen was passed through the solu-
tion for 10 minutes to expel the oxygen of the air.

Infectious PX-DNA

One of the objects investigated was infectious DNA
of bacteriophage ®X174, as this single stranded and
circular molecule can be used to test the integrity of
the genetic information with respect to the formation
of complete bacteriophages. Phage @X174 was pre-
pared and purified by the method of SINSHEIMER 1!,
The infectious DNA was isolated by three successive
extractions with hot phenol saturated with buffer ac-
cording to GUTHRIE and SINSHEIMER 12 and, finally,
after removal of phenol, it was dialyzed against NCE
bufler. For determination of the infectivity of PX-DNA
we used a modification of the method of GUTHRIE and
SINSHEIMER 12 the details of which have already been
communicated 2, The number of ®X-phages liberated
from spheroplasts of E. coli K12 is proportional to the
quantity of DNA used over several orders of magnitude

(cf. 1.c.2).

Isolation of Thymus DN A

It is difficult and expensive to prepare @X-DNA
in such quantities as to permit detailed investigations
of its physico-chemical properties. Therefore, most of
our experiments were performed using calf thymus
DNA, since this nucleic acid, too, allows the measure-
ment of structural and functional damage. DNA was
isolated from calf thymus either by the use of Duponol
according to KAy et al.'® or phenol according to
COLTER et al.!%, depending on the problems to be
solved. For investigations of strand breaks and base
damage DNA was degraded to a molecular weight of
1—2 millions by ulirasonics (Branson Sonifier),
so that thymus DNA and @X-DNA attained comparable
hydrodynamic properties.

Priming Activity of Thymus DNA

When testing the biological function of thymus DNA
we used its property of acting as a primer in enzymatic
RNA synthesis with RNA nucleotidyl transferase
(E.C.2.7.7.6). The enzyme was isolated from E. coli
by the method of CHAMBERLIN and BERG 1%, The bio-
logical activity of DNA was determined by the amount
of AMP incorporated from the offered [8-14C]-ATP

11 R, L. SINSHEIMER, J. molecular Biol. 1, 37 [1959].
12 G. D. GuTHRIE and R. L. SINSHEIMER, Biochim. biophysica
Acta [Amsterdam] 72, 290 [1963].
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(Schwarz Bioresearch Inc.) into the RNA. Details on
the procedure are given by ZIMMERMANN et al. 16,

Single and Double Strand Breaks

The number of breaks caused in the double helix
or in the single strand by H-exposure or y-irradiation
was assessed through determination of the molecular
weights of native and denatured DNA samples, respec-
tively. An analysis of the distribution of DNA concen-
tration within the cell of an analytical ultracentrifuge
yields the distribution of molecular weights within a
DNA preparation. Knowing the distribution of mole-
cular weights, one can compute the number average of
the molecular weigth and, hence, the average chain
length of the molecules exposed. The latter is com-
pared to the chain length of an untreated sample, re-
sulting in the number of breaks per molecule. In order
to be independent of the molecular weight of the con-
trol samples we give the frequency of breaks, i.e. the
number of single strand breaks per nucleotide (4;)
and the number of double strand breaks per nucleotide
pair (d,), respectively. Further details of our experi-
mental and mathematical procedures were described in
detail by HAGEN 17 and COQUERELLE et al. 18, Applying
the method described to native DNA one obtains the
frequency of double strand breaks. In order to deter-
mine the number of single breaks, DNA was de-
natured before centrifugation with alkali and formalde-
hyde according to DAVISON et al. 1%, The DNA samples
irradiated or hydrogen-treated in the single stranded
state, were denatured by thermal treatment, since the
presence of formaldehyde would change the experi-
mental conditions. In this procedure the DNA solution
is heated to 90 °C for 10 minutes and then quickly
cooled to 0 °C in an ice bath.

Denatured Zones

The appearance in double stranded thymus DNA
of small regions with unpaired nucleotide chains can
be determined by chromatography on a column of
methylated albumin on kieselgur (MAK). Native DNA
molecules are eluted from the column at concentrations
of 0.6 —0.8 M NaCl, whilst the molecules containing a
denatured zone are firmly bound to the column. Sub-
sequent elution with 1.5M NaCl in 0.1 M Tris buffer
(pH 8) and then with 1.5M NaCl in 2~ NH,OH per-
mits complete recovery of the bound DNA fraction 20,
Details of our procedure were published by ULLrRicH
and HAGEN 21,

13 E. R. M. KAy, N, S. Stmmons, and A, L. DouNce, J. Amer.
chem, Soc. 74, 1724 [1952].

14 7.8, CoLTER, R. A. BrowN, and K. A. O. ELLEM, Biochim,
biophysica Acta [Amsterdam] 55, 31 [1962].

15 M. CHaMBERLIN and P, BerG, Proc. nat. Acad. Sci. USA
48, 81 [1962].

16 B, ZmmmerMANN, H. KrOcer, U. Hacen, and K. Keck,
Biochim. biophysica Acta [Amsterdam] 87, 160 [1964].

17 U, HAGEN, Biochim. biophysica Acta [Amsterdam] 134,
45 [1967].
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Base Damage

The number of DNA bases destroyed can be deter-
mined by the decrease in their optical absorption at
2,600 A. During exposure to H atoms or y-radiation
double stranded DNA is denatured which results in an
increase in extinction. As this increase is superimposed
to the decrease due to base destruction our experi-
ments were conducted with DNA denatured by thermal
treatment. As the secondary products formed in the
destruction of bases do not show any remarkable ab-
sorption at 2,600 A (Wriss22), the extinction of
denatured DNA at 2,600 A may be taken as a direct
measure of the number of bases unchanged.

Rupture of Hydrogen Bonds

To determine the extent of DNA denaturation caused
by exposure to H atoms or y-rays the so-called “hypo-
chromicity” may be used. It is due to the fact that the
optical absorption of native double stranded DNA is
smaller than would be expected from the number of
bases present. During denaturation of undamaged DNA
the extinction therefore increases by about 30% at
2,600 A. With increasing time of exposure the increase
in extinction observed during thermal denaturation of
DNA (10 min. at 90 °C in 0.01 M NaCl) approaches
zero as a consequence of the growing number of hydro-
gen bonds already ruptured during exposure. From the
change in extinction the amount of bases no longer
paired by hydrogen bonds is calculated using a semi-
empirical formula given by APPLEQUIST 23,

Results and Discussion

Infectious ®X174-DNA

When treating a solution of thymus DNA (200
pg/ml in 0.01 M NaCl) to which about 1078 grams
of ®X-DNA per milliliter had been added the num-
ber of infectious PX-DNA molecules decreases
exponentially with increasing exposure time. A 37%
exposure time (D§7) of 11 seconds is determined
from the dose-effect curve represented in Fig. 2. An
experiment conducted with y-radiation under identi-
cal conditions also yielded an exponential dose-
effect curve with D§7=225rad. To compare the
relative effectiveness of hydrogen atoms to that of

18 T, CoQUERELLE, L. Boung, U. HAGEN, and J. MERKWITZ,
Z. Naturforschg, 24 b, 885 [1969].

19 P, F, Davison, D. FrRerreLDER, and B. W. HoLrowvaAy, J.
molecular Biol. 8, 1 [1964].

20 M. G. SmrrH and K, BurTon, Biochem, J. 98, 229 [1966].

2t M. UrrtricH and U. Hacen, Z. Naturforschg., 23b, 1176
[1968].

22 J. J. Werss, Progr. Nucleic Acid Res. 3, 103 [1964].

28 J, AreLEQuisT, J. Amer. chem. Soc. 83, 3158 [1961].
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y-radiation, the H-exposure times and y-doses, re-
spectively, are subsequently related to the 37%-
values for the inactivation of infectious @X-DNA
(11 sec or 225 rad) and, therefore, all doses are
given in the form of D/Dg7.
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Fig. 2. Inactivation of 108 g infectious $X174-DNA in a

solution of 200 pg/ml calf thymus DNA (in 0.01 M NaCl, pH

7.0) by hydrogen atoms and gamma radiation respectively.
D :%X : 11 seconds and 225 rads, respectively).

Priming Activity

Fig. 3 shows the decrease of the amount of AMP
incorporated into RNA following exposure or irra-
diation of thymus DNA acting as primer in the
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Fig. 3. Priming activity of calf thymus DNA after exposure
to hydrogen atoms and gamma radiation, respectively,

RNA-polymerase system. Upon treatment with H
atoms the priming aclivity decreases exponentially
with exposure time. The 37% exposure amounts to
9.4-D$X; i.e., in relation to the same molecular
weight, the priming activity of thymus DNA is 9.4
times less sensitive than the infectivity of $X-DNA.
This result is not unexpected, considering that the

H.JUNG, U. HAGEN, M. ULLRICH, AND E, E. PETERSEN

synthesis of mRNA takes place probably along
small sections on the DNA molecule delimited by
defined binding and stopping points. These sections
represent smaller targets as in the case of infectivity
of PX-DNA, where the entire DNA molecule is to
be regarded as radiosensitive target!. After treat-
ment of thymus DNA with y-radiation the slope of
the inactivation curve in a semi-logarithmic plot
decreases steadily with increasing dose. The under-
lying reasons were discussed in detail by HAGEN
and collaborators 2¢, However, it is still uncertain
why the action of hydrogen atoms and y-radiation
follow different kinetics, It is an interesting finding
that in spite of the obviously different inactivation
kinetics H atoms initially show approximately the
same effectiveness in destroying the priming activity
of thymus DNA as do the radiolytic products of
water. While, under the influence of atomic hydro-
gen, the ratio of sensitivities determined for either
DNA function is 9.4, the priming activity in the case
of p-irradiation is 8 to 13 times more resistant than

the infectivity of @X-DNA, depending on dose,

Single Strand Breaks

According to Fig. 4, the number of single strand
breaks determined in native DNA by ultracentrifuga-
tion increases linearly with dose, the experimental
points obtained after exposure to H atoms and
y-rays, respectively, falling on a common straight
line, This means that atomic hydrogen and the
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Fig. 4. Number of single strand breaks in native calf thymus
DNA after exposure to hydrogen atoms and gamma radiation,
respectively.

24 [, HAGEN, M. ULrricH, E. E. PETERSEN, E, WERNER, and
H. KrOGER, Biochim. biophysica Acta [Amsterdam], in
press.
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radiolytic products of water are equally efficient in
producing breaks in one of the two polynucleotide
chains of double stranded calf thymus DNA. The
number of single strand breaks per nucleotide (4,)
can be represented by

A=k D 1)

which permiis to compute the probability of
breaks & to be 1.26:107% per nucleotide and per
D$X. For yp-radiation using D§7*= 225 rads a pro-
bability for breaks of £=5.6:10"7 is found per
nucleotide and rad. This figure is in approximate
agreement with the value of £=4.15-10"7 per
nucleotide and rad found by HAGEN 7 in solutions
of the same concentration. It can be deduced from
the above probability of breaks that in a DNA
molecule with a molecular weight of 1.7+10% Dalton
(corresponding to 5,500 nucleotides) after a dose of
D$X 0.7 single strand breaks occur both after treat-
ment with H atoms and with y-radiation.

If thymus DNA is denatured prior to treatment
with atomic hydrogen or to irradiation, respectively,
the number of single strand breaks increases linearly
with dose and, moreover, an identical effectiveness
for H atoms and ‘“water radicals” is found, too
(Fig. 5). Since the probability for breaks is k=
1.74-107* per nucleotide and DI 0.95 single
strand breaks will occur per DNA molecule (mol.wt.

20

o 1 ATOHS
o Co-GAINA

SINGLE STRAND BREAKS PER 10* NUGLECTIDES

0 I 1 1 ] 1

o 2z & 6 8 0 R
RELATIVE DOSE(D/D%)

Fig. 5. Number of single strand breaks in denatured calf thy-
mus DNA after exposure to hydrogen atoms and gamma radia-
tion, respectively.

=1.7-10% Daltons) upon application of the dose
D$*. Consequently, the generation of single strand
breaks is almost 40% more effective in denatured
DNA than in native DNA. This increased frequency
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of single strand breaks possibly depends on the fact
that in denatured DNA the number of molecules is
twice as high as in native DNA of the same concen-
tration and that the molecular configuration changes
in such a way that a more effective utilization of
radicals offered in either system is achieved. On the
other hand, it could be considered that in native
DNA part of the primary single strand breaks is
restituted by reunion of the broken ends, whilst this
process is less probable in the case of single stranded
DNA, since the broken ends move away from each
other by diffusion.

Double Strand Breaks

The finding that the number of double strand
breaks detected in thymus DNA increases with the
square of dose (Fig. 6) indicates that double strand
breaks are caused not by one single event but by
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Fig. 6. Number of double strand breaks in calf thymus DNA
after exposure to hydrogen atoms and gamma radiation, re-
spectively,

accumulation of single breaks. Since, according to
Eq. (1), single sirand breaks increase linearly with
dose, the probability of a DNA chain being broken
at two opposite nucleotides is calculated io be
(kD)% However, if the change in one of n nu-
cleotides opposite to a single break results in the
formation of a double strand break, the number of
double strand breaks per nucleotide pair equals

Ay—n- (kD)2 . @)
Actually, in addition to the single strand breaks
caused by exposure also those should be considered

which exist already at the beginning of the experi-
ment in untreated DNA. However, their number is
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so small in our preparations as to be negligible at
intermediate and higher doses!’. The curve drawn
in Fig. 6 was calculated from Eq. (2) for n="7 with
the value determined from Fig. 4, k=1.26-10"% per
nucleotide and D$7, being used. This means, a
double strand break is generated when a single
break exists on one of the polynucleotide chains and
the break of the other sirand occurs at the opposite
nucleotide or not farther away than 3 nucleotide
pairs. This value is identical for H atoms and
y-radiation; it is in good agreement with the results
obtained by HAGEN 17 who also determined n="7 in
an earlier investigation using X-rays.

Denatured Zones

The quantity of y-irradiated thymus DNA eluted
from the MAK-column decreases exponentially with
dose (Fig. 7). From the slope of the dose-effect
curve one determines Dy, =0.8° DX, For technical
reasons !, DNA with a molecular weight of 107 was
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TFig. 7. Fraction of DNA molecules containing denatured

zones after exposure to hydrogen atoms and gamma radiation,

respectively, as determined from the amount of DNA eluted
from a MAK-column,

used for this experiment, Conversion of the ex-
perimentally obtained 37 per cent dose to a mole-
cular weight of 1.7-10% will vesult in Dy, =
4.6:D3*. As was determined from Fig. 4, the
energy required in native DNA to generate a single
“strand break is 1.4-D$~ per molecule. Thus, single
strand breaks are 3.3 times more frequent than

25 D. R. SmrtH and W. H. SteEvens, Nature [London] 200,
66 [1963].
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denatured zones. This value is in good agreement
with the ratio of single strand breaks to denatured
zones of 4:1 determined by ULLrIcH and HAGEN 2!,
As is further shown by Fig. 7, hydrogen atoms are
much less effective in producing denatured zones
than y-radiation, The dose-effect curve determined
with hydrogen atoms initially shows a shoulder.
From the slope of the straight part of the dose-effect
curve obtained after prolonged exposure a Dj;=
26 D3 is read off, which corresponds to a value of
155-D3~ when related to a molecular weight of
1.7-108, Hence, denatured zones are 33 times less
frequent after exposure to H atoms than to y-radia-
tion.

As is shown by the different shapes of the dose-
effect curves obtained with H atoms and y-radiation,
respectively, the formation of denatured zones in
either system is due probably to different mecha-
nisms the nature of which, however, has not yet
been fully elucidated. One reason for the increased
effectiveness of y-radiation in local denaturation of
double stranded DNA might be that the H;O® ions
formed in a relatively high concentration within the
track of secondary electrons result in a major
decrease of the pH of the solution in small volume
elements *5 with a local acid denaturation of DNA
occuring. Another mechanism capable of ex-
plaining the change in a number of hydrogen bonds
without break of a polynucleotide strand is the
effect of a “polarization wave” discussed by PLaTZ-
MAN and FraNcCk 26, According to this model, the
sudden appearance of an electrostatic charge within
a macromolecule causes a rearrangement of polar
groups in the resulting inhomogeneous electric field
with several hydrogen bonds possibly being rup-
tured. Since these regions of single stranded DNA
form “false” hydrogen bonds afterwards, the origi-
nal structure on the double helix is changed at this
point. Either mechanism discussed is more probable
to occur in systems irradiated with y-rays than after
exposure to hydrogen atoms.

Base Damage

Fig. 8 shows that the action of H atoms on native
thymus DNA will damage the nucleic acid bases
with higher efficiency than irradiation in aqueous

20 R, L. PLaTZMAN and J. FRANCK, in: Symposium on Infor-
mation Theory in Biology (H. P. Yockey, R. L. Prarz-
MaN, and H. QUASTLER, eds.) p. 262. Pergamon Press,
London—New York 1958,
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solution, Linear extrapolation of the initial part of
the curves on a semilogarithmic scale results in a
Dy; =~ 400D for hydrogen atoms and a Dy; ~
5000 D$X for y-radiation. Hence, atomic hydrogen
is about 12.5 times more effective in destroying the
chromophore groups of DNA bases than the radio-
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Fig. 8. Base damage in denatured calf thymus DNA after
exposure to hydrogen atoms and gamma radiation, respecti-
vely, as determined from the decrease in relative extinction
at 2600 A, The small increase in optical absorption at small
gamma doses originates from incomplete denaturation.

lytic products of water. From the Dy, values it is
possible to calculate the number of bases ruptured
after the dose D&X in a DNA molecule consisting
of 5,500 nucleotides (mol.wt.==1,7-10); this re-
sults in 14 bases damaged per molecule after ex-
posure to the H atoms and 1.1 bases changed after
y-irradiation.

Rupture of Hydrogen Bonds

If one determines the number of bases no longer
paired by hydrogen bonds after different exposure
times, the shapes of the dose-effect curves obtained
with H atoms and p-radiation, respectively, are
equal, but hydrogen atoms are 1.7 times more effec-
tive than the radiolytic products of water (Fig. 9).
From the initial slope of the dose-effect curves
0.244% unpaired bases are determined per D§7~
after exposure to H atoms and 0.143% after ex-
posure to y-radiation. In the case of linear extra-
polation rupture of all hydrogen bonds present in

27 E., CHARGAFF and R. LipsHiTz, J. Amer. chem, Soc. 75, 3658
[1953].
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TFig. 9. Fraction of bases unpaired after exposure of native

calf thymus DNA to hydrogen atoms and gamma radiation,

respectively, as calculated from the hypochromicity in denatu-
ration.

the DNA molecule requires the following doses:
with H atoms Dy =410 D$X, with y-radiation D, =
710-D$X. At a base ratio of (adenine + thymine) :
(cytosine + guanine) of 60:40 (CHARGAFF and Lip-
sHITZ 7) thymus DNA on the average contains 2.4
hydrogen bonds per base pair. A DNA molecule with
a mol.wt. of 1.7-10% thus contains a total of 6,600
hydrogen bonds. Thus, after the dose D7~ per DNA
molecule 16.1 hydrogen bonds are ruptured by
H atoms and 9.4 hydrogen bonds are opened by
y-radiation. From these values it is possible to
calculate the energy expenditure necessary to break
one hydrogen bond. However, such procedure would
have a purely formal meaning, since it is known
that hydrogen bonds are not broken individually.
After ScHOLES et al. 28, about 15 hydrogen bonds
are opened per single strand break. From the fre-
quency of 0.7 single strand break per D7~ (cf. Fig.
4) 10.5 hydrogen bonds ruptured per D§7 should
therefore be anticipated. This value is in rather
good agreement with the result of the experiment
using y-radiation while the effect of the H atoms
yielding 16.1 hydrogen bonds broken per molecule
and D$¥ is somewhat higher,

This difference could be due to the fact that
hydrogen bonds are opened not only in the vicinity
of single strand breaks but also at the sites of
damaged or eliminated DNA bases. Since H atoms,
as is shown in Fig. 8, are much more effective than

28 G. ScHorEs, J. F. WARD, and J. J. WEiss, J. molecular
Biol, 2, 379 [1960].
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y-radiation producing base damage, this finding
might explain the greater capability of H atoms in
rupturing hydrogen bonds. Moreover, it is known
from irradiation of aqueous solutions of DNA that
bases are liberated from the polynucleotide chain,
the ratio between destroyed and liberated bases
being 1.01: 0.23 under anaerobic experimental con-
ditions 29, If it is assumed that this ratio applies also
to H atoms (which still requires experimental veri-
fication), it is possible to calculate from the fre-
quency of single strand breaks (0.7) and base
damage (14 and 1.1, respectively) the number of
opened hydrogen bonds to be anticipated. For H
atoms the result is 0.7:15 4+ 14-0.23+2.4 =18.2, for
y-radiation it is 0.7-15+41.1:0.23:2.4=11.1, The
calculated numbers of 18.2 and 11.1 hydrogen
bonds ruptured per D$* and per DNA molecule
correspond to the experimentally measured values
of 16.1 and 9.4, respectively.

Concluding Remarks

The results of our experiments are summarized in
Table 1. The second and third columns indicate the
doses required (in units of D$X) in an aqueous
DNA solution of 200 ug/ml to reduce the vari-
ous properties tested to 37% in the case of exponen-
tial kinetics (Dj3;) and to zero in the case of linear
kinetics (D). It is shown that the properties deter-
mined by the entire DNA molecule or major frac-
tions of it, such as infectivity, priming activity and
denatured zones, have smaller Dy, values than the
other changes restricted to DNA components. More-

H.JUNG, U.HAGEN, M. ULLRICH, AND E.E. PETERSEN

over, Table 1 lists the respective number of various
changes per DNA molecule and per Dg~. After ex-
posure to hydrogen atoms at a dose reducing the
infectivity of @X-DNA (mol.wt.=1.7-10°%) to 37%
of its original value, the following changes are
encountered in double stranded thymus DNA of the
same molecular weight: 0.7 single strand breaks
when exposed in the native state; 0.95 single strand
breaks when DNA is denatured before exposure to
H atoms; 3:107¢ double strand breaks the number
of which increases with the square of dose; more-
over, 0.007 denatured zones, 14 damaged bases,
and 16 ruptured hydrogen bonds. After exposure
to p-radiation one obtains partly the same values,
while some of them are different. This may be seen
from the last column of Table 1 showing that H
atoms and y-radiation have the same effectiveness
with respect to the change in the two functional
properties of DNA tested, i.e. infectivity of @X-DNA
and priming activity of thymus DNA, as well as
with respect to the induction of single and double
strand breaks. For the generation of denatured zones
H atoms are much less efficient than y-radiation,
while the destruction of DNA bases occurs much
more frequently after exposure to H atoms than by
the action of the radiolytic products of water.
Finally, H atoms are about 70 per cent more effec-
tive in rupturing the hydrogen bonds in double
stranded DNA than y-radiation, probably because
of their higher effectiveness in causing base damage.

If one leaves aside the denatured zones, whose
mechanism of generation is still unknown anyway,
the structural changes observed in DNA can be

Relative doses related
to the inactivation of
infectious ®X 174-DNA

Effects investigated

Ratio of the
efficiency of
H atoms to that

Number of changes
per DNA molecule®
after a dose D = DE*

Day/DE* or Do/DE* ~ of y-rays
H atoms  Co-gamma  Hatoms  Co-gamma

Inactivation of infectious @X 174-DNA 1 1 1 1 1
Priming-activity of thymus DNA 9,4 8—13 — b — b ~1
Single strand breaks in native thymus DNA 7900 7900 0,7 0,7 1
Single strand breaks in denatured thymus DNA 5700 5700 0,95 0,95 1
Double strand breaks in thymus DNA — b —b 0,0003 ¢ 0,0003 ¢ 1
Denatured zones in thymus DNA 155 4,7 0,007 0,21 0,08
Base damage in thymus DNA 400 5000 14 1,1 12,5
Rupture of hydrogen bonds in thymus DNA 410 700 16 9,5 1,7

Table I. Efficiency of hydrogen atoms and %0Co-gamma radiation for the generation of various functional and structural chan-
ges in calf thymus DNA. Exposure in aqueous solution at a concentration of 200 xg/ml. @ Related to a molecular weight of
1.7:10% Dalton, b Not to be given in this form. ¢ Increasing with D?.

29 G, Hems, Nature [London] 186, 7106 [1960].



CHANGES IN DNA AFTER EXPOSURE TO HYDROGEN ATOMS

subdivided into primary and secondary lesions. The
primary lesions caused in diluted aqueous solution
are single strand breaks, and base damage, while
double strand breaks are caused by the accumula-
tion of single breaks and rupture of hydrogen bonds
is a consequence of single strand breaks and base
damage. As has already been discussed in detail,
the frequency of primary lesions, i.e. the relation-
ship between single strand breaks and base damage,
determines the exlent of the secondary reactions.
From the values listed in Table 1 the ratio of single
strand breaks to base damage can be calculated
considering that the extent of base destruction is
identical for native and denatured DNA when
y-irradiated in aqueous solution (Keck 39). In native
DNA this ratio amounts to 1:1.6 for y-radiation
and to 1:20 for H atoms; for denatured DNA the
corresponding values are 1:1.15 and 1:14.5, re-
spectively. OH radicals produced in irradiated
aqueous solution thus react with about equal fre-
quencies with bases and with the sugar residues
of DNA, while the H atoms have a particular
affinity to the bases3! with which they probably
undergo addition reactions in most cases hydrating
the 5 — 6 double bond.

It is surprising that the priming activity of thy-
mus DNA has the same relative sensitivity after ex-
posure to H atoms as after y-irradiation (in both
cases in relation to the infectivity of @X-DNA). This
finding could be interpreted by stating that the mole-
cular lesions decisive for the destruction of the two
DNA functions are to a large exient identical after
exposure to H atoms and y-radiation. Since single
strand breaks occur with the same frequency in both
systems, our experiments support the conclusions
drawn by HAGEN et al.?* on the basis of other
measurements, i.e., that single strand breaks indu-
ced by radical attack should be regarded as criti-

30 K, Keck, Untersuchungen zur Strahlenchemie der Nuclein-
sduren, Dissertation, Freiburg 1966.

31 G.ScHores and M. Simic, Biochim. hiophysica Acta [Am-
sterdam] 166, 255 [1968].
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cal lesions with respect to the destruction of
priming activity. Whether the decrease in the
priming activity observed in thymus DNA is due
exclusively to single strand breaks or whether other
types of lesion play a minor part in addition cannot
yet be decided with certainty. However, in view of
the different kinetics of inactivation in both ex-
perimental systems the second possibility must not
be excluded.

It is known that a DNase induced break in single
stranded and circular @X-DNA will always result
in inactivation 3%, Assuming the probability for
breaks to be the same in ®X-DNA as in thymus
DNA, one arrives at the conclusion that 70 to
95% of the inactivation observed is due to breaks,
depending on whether ®X-DNA is compared
with native or denatured thymus DNA. These
values are slightly higher than the results communi-
cated by BLOK 3 according to which 50—65% of
the @X-DNA molecules inactivated in solution con-
tain a break in the polynucleotide chain. Both find-
ings indicate that breaks have a greater significance
than base damage in inactivating the infectivity of
PX-DNA. Exposure to y-radiation produces 0.7 to
0.95 single breaks and 1.1 base changes per in-
activated DNA molecule, while exposure to atomic
hydrogen will bring about the same number of
single strand breaks but 14 base changes, which
clearly shows that base damage has only a small
relevance for destructing the genetic information of
phage-DNA. The question this result raises, i.e.,
whether the bases damaged do not affect DNA repli-
cation at all or whether they result in the inclusion
of false complementary bases which, however, do
not prevent the formation of functioning phages,
will be investigated in another series of experiments.
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33 J, BLOK, in: Radiation Research (G. Siuini, ed.) p. 423.
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