
[1950] The Action of Ionizing Radintiosas, etc. Part I I I .  3421 

671. The Action of Ionizing Radiations and of Radiomimetic Substances 
on Deoxyribonucleic Acid. Part I I I .  The Molecular Weights of 
Deoxyribonucleic Acid degraded by X-Rays and by Treatment with a 
(‘ Nitrogen Mustard.” 

By B. E. CONWAY, L. GILBERT, and J. A. V. BUTLER. 
SloIecular weights of deoxyribonucleic acid in aqueous solutions, untreated and degraded 

by treatment by X-rays and di-(Zchloroethyl)methylamine, have been determined by 
sedimentation and diffusion-constant determinations. The degraded materials have molecular 
weights which are markedly less than those of the original nucleic acid and exhibit a considerable 
degree of polydispersity. 

IT was shown in Part I ( J .  , 1950, 341 1) that the “ nitrogen mustard,” di-(2-chlorethy1)methyl- 
amine, and analogous compounds , when added to deoxyribonucleic acid (calf thymus) solutions , 
cause a loss of its characteristic viscous behaviour. The effect is similar to that produced by 
X-radiation (Part 11, J., 1950, 3418; Taylor, Hollaender, and Greenstein, Avch. Biochem., 1948, 
16, 19). The change of viscosity could be caused by a change in the asymmetry of the molecule 
or by a disaggregation involving the splitting of the molecule into fragemnts of lower 
molecular weight. We have therefore determined the sedimentation velocities in the ultra- 
centrifuge at cu. 60,000 r.p.m. (ca. 250,000 g . )  and the diffusion constants of (1) nucleic acid in 
the original state, (2) the product of the treatment with di-(2-chloroethy1)methylamine (see 
Part I, Zoc. cit.), and (3) that of irradiation with X-rays (7000 and 40,000 r.). 

Fig. 1 shows typical examples of the Schlieren pictures obtained during sedimentation and 
diffusion. The untreated nucleic acid (Fig. le) sediments with the characteristic sharp boundary 
observed by previous workers (Cecil and Ogston, J. ,  1948, 1382; Kahler, J .  Phys.  CoZZ. Chem., 
1948, 52, 676). The diffusion diagrams (Fig. la)  are somewhat asymmetric. The molecular 
weight, as determined by the methods described below, is of the order of 1.5 x 106. The 
material treated with the amine shows in the ultra-centrifuge a greater degree of spreading than 
corresponds to the diffusion picture after the same period of time, indicating heterogeneity with 
regard to the sedimentation constant (Fig. 1). The diffusion picture itself shows very marked 
heterogeneity (Fig. l b ) ,  which is analysed below. Examples of the sedimentation Schlieren 
pictures of the X-ray-treated material are shown in Figs. l g  and h, and of the corresponding 
diffusion pictures in Figs. l c  and d respectively. 

Sedimentation measurements were made in 0- lwsodium hydrogen carbonate a t  



FIG. 1.  

Schlieren pictures  of boundary during diflusion atid sedinierifafion of fhynioriz~cleic acid. 
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D i fj-u s i o n ph otogvnp h s : 

l a .  UtitYeated ( - 4 ,  0.2%) aftev 17.2 h o u ~ s .  
hour. 2b. Same after -76 hours.  
45.7 houvs. 
25.3 hours.  

?a.  Same  after 50 Izours. l b .  Aiiiirie-treated (0.”) after 1.0 
2c. 2 a m e  after 
?(I. S a m e  after 

l c .  S - I r rad ia ted  (iO00 r . )  (0.2%) after 22 hours.  
I d .  S-li,i,adiated (40000 r .  in presence oj-oxy,yeiz) (0.2%) a f t e r4 -2  I zou~s .  

e.  .f* g. 11. 

Sediiiientatioit phofogvophs : 

e. Uiifreated as  i i z  ( a ) .  f. Treated as  in  ( b ) .  g. Treated  a s  in ( c ) .  h .  Tveated as  i)z (d ) .  
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concentrations of 0.2, 0.1, 0.05, and 0-025 wt.yo, and diffusion determinations at  0.2, 0-1, and 
0*05y0. Extrapolation from these results to infinite dilution, which presents considerable 
diEculties, is discussed below. The mean diffusion and sedimentation constants, corrected to  
20°, so obtained are given in the Table, with the extrapolated values for zero concentration and 
the molecular weights calculated from them. It can be seen that these measurements indicate 
clearly a significant lowering of the molecular weight in both the amine- and the X-ray-treated 
materia 1. 

Thymonucleic 
acid, 

Untreated, 
batch A 

Untreated, 
batch C 

X-Irradiated 
(7000 r.) 

X-Irradiated 
(40,000 r.) (0, 
present) 

Amine-treated, 
batch C 

Amine-treated, 
batch A 

w-t . S*W 
yo.* x 1018. 
0.2 5.7 
0.1 6.4 
0.05 8.9 
0-025 10.3 

0.2 4-8 
0.1 6.0 
0-05 8.2 
0.025 10.4 

0.2 6.0 
0.1 7.7 
0.05 8.8 
0.025 10.6 

0.2 5.0 
0.1 6.4 
0.05 6.9 
0-025 8-3 

0.2 5.2 
0-1 6-9 
0.05 8.8 
0-025 9.6 

0-2 5-8 
0.1 8.1 
0.05 8.8 

Dao* S%, GO, (S/D)", 
x 108. x 1013. x 108. x 106. 

Et } 12.0 5.2 2.65 
4-65 

i:;: } 13.5 5.5 2-74 
4-22 

- 

- 1 12.0 

- 1  
- 
i:: } 10-5 15 0.96 

g5 } 10.5 18 0.82 

12.1 

12-75 

(0-25) 16.5 
50.0 } l o &  2 175 - 

104.0 

Mol. wt. Mol. wt. 
fromS& from 

and Dg. (SID)". 

1.3 x 106 1.4 x 10' 

1.35 x 106 1.5 x 106 

( 8  x 105 - 

3-9 x 105 5.3 x 106 

3.2 x 105 4.5 x 105 

3.2 x 104 - 

* The concn. in the diffusion experiments is taken as one-half of that in the lower solution. 

EXPERIMENTAL. 
repared as described in Part I. The amine-treated material was 

prepared by adding 10 mg. of di-&hloroethyl)methylamine to 25 mg. of the nucleic acid. The reaction 
was allowed to  proceed for 5 days, and the product dialysed for 170 hours against frequently changed 
water. It was then freeze-dried and dissolved as required in 0-1N-sodium hydrogen carbonate. 

X-Ray-treated material was prepared as described in Part 11, by dissolving the nucleic acid in oxygen- 
free water in an atmosphere of nitrogen. The solution was irradiated by a 400-kv. X-ray machine at 
the rate of 206 r. per minute to  give total dosage of 7000 r. Solid sodium hydrogen carbonate was then 
added to give a concentration of 0 - l ~ . ,  to  prepare the solutions for the diffusion and ultra-centrifugal 
determinations. Another series of measurements was carried out on the nucleic acid irradiated with 
40,000 r. in the presence of air. 

Sedimentation velocities were determined in the Spinco ultra-centrifuge at about 250,000 g. (cu. 
60,000 r.p.m.), The velocity in the case of the degraded samples measured was that of the peak of the 
refrac tive-index-gradient curve. 

Diffusion constants were determined in the Perkin-Elmer electrophoresis apparatus (Moore and White, 
Rev. Sci. Inst., 1948, 19, 700), by Longsworth's scanning method (Ann. New York Acad. Sci., 1941, 41, 
269). The boundary was originally made by sliding two sections of an electrophoresis cell into alignment. 
Correction of the zero or starting time for disturbance of the boundary while bringing it into view was 
made by Longsworth's method (Zoc. rit.) ; see also Stem, Singer, and Davis ( J .  BZoZ. Chem., 1947, 167, 
326). 

Corrected values (to 20") of the sedimentation and diffusion constants of the various concentrations 
are given in the Table. The extrapolation to zero concentration involves much difficulty owing to the 
marked (and theoretically uncertain) variation with concentration a t  low values of the latter. The 
extrapolation of So agrees with Cecil and Ogston's value although our values of S are somewhat smaller, 
as the concentration dependence is more marked. There is some indication that in dilute solutions the 
dependence of S and D on the concentration may be roughly parallel. Singer (J. Chem. Physics, 1947, 
15, 341) has discussed the theoretical factors involved in the concentration dependence of S and D and 
concluded that the same frictional forces are likely to  be operative. The ratio S/D, although it may be 
open to objection on theoretical grounds, is certainly easier to extrapolate (see Fig. 2) and in fact shows 
little variation with concentration in the degraded samples. Its use is perhaps the best practical 

The thymonucleic acid was 
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compromise at the present time. 
by separate extrapolations of S and D are given in the Table. 

The extrapolated values obtained from this ratio and those obtained 
The molecular weights are calculated by 

RT So M = -  (1  - vp) . D”, where p ,  the density of the solution, is taken as 1.05, and V the partial specific 
volume, is taken as 0.55 (Cecil and Ogston, loc. ci t . ) .  

FIG. 2. 
Extrapolation of S,,/D,, to zero cuncentration (thymonuckic acid). 

I I 

005 0-i 05; 

Wt. o f  substance, %. 
-0- Batch A .  -m- Batch C .  
- x - X-Irradiated (40,000 r . ) .  --A- Amine-treated. 

DISCUSSION. 
Notwithstanding uncertainties arising from the extrapolations and also from the 

heterogeneity of the substances, there appears to be no doubt that the molecular weight of the 
nucleic acids is appreciably lowered by treatment with either X-rays or the amines. The 
decrease produced by the chemical treatment is appreciably the greater. One of the samples of 
amine-treated nucleic acid was apparently appreciably more degraded than the other. This 
could be due to the formation of a larger quantity of material of comparatively low molecular 
weight. 

Interpretation of these results will necessarily be uncertain until more is known about the 
nature of the sedimenting unit of mol. wt. 1-5 x lo6 of the untreated nucleic acid. There is 
little evidence to show whether this is a true chemically united molecule or a fairly loose aggregate 
or micelle made by the association of a number of smaller units. It may perhaps be significant 
that an entirely different method, i.e., the dielectric dispersion method used by G. and I. Jungner 
and G. Allgkn (Acta PhysioZ. Scand. , 1950,20, Suppl. 69 ; Nature, 1949, 163,849) gave much lower 
molecular weights for similar preparations of thymonucleic acid. It must be remembered 
also that the viscous undegraded acid is inherently unstable since a trace of the enzyme 
deoxyribonuclease (Kunitz, J .  Gen. PhysioZ., 1950,33, 349, 363) causes a rapid loss of the viscous 
behaviour and a degradation to units which can readily diffuse through cellophane (Carter and 
Greenstein, J .  Nat. Cancer Insf.. 1946, 7, 29) and approach the size of tetranucleotides (Kunitz, 

The changes brought about by the amine and by X-rays are much less extensive than this 
and for that reason more difficult to interpret. It does not follow from the results that the 
changes produced by these agents are necessarily primarily the breakage of the chemical bonds 
which hold the large molecule together. It is possible that the chemical modification of some 
of the smaller units may cause a large aggregate to dissociate. These results do not exclude the 
Occurrence of some degree of cross-linking in the treated substances, but they do render it 
improbable since the overall result is a diminution of molecular weight. The only certain 
conclusion which is justified at  present is that the amine and X-rays bring about changes in the 
physical state of nucleic acid which are on the whole degradative and are empirically similar. 

zoc. cit.). 

10 K 
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PoZydisfievsity.-Some measure of the inhomogeneity of the untreated and degraded nucleic 

acids may be obtained from the photographs of the refractive gradient in the diffusing boundary 
by the method of GralCn (KoZZ.-Z., 1941, 95, [ii], 188) which has been applied by GralZn and also 
by Passynsky and Gatovskaja (Nature, 1946, 157, 518) to the polydispersity of rubber. 

The method consists in the evaluation of an inhomogeneity coefficient from the difference 
between the values of D for a given curve calculated by the first and the second moment methods. 
This coefficient is a measure of the polydispersity and is zero for a homogeneous material. 

For polydisperse systems showing one maximum (see Kraemer and Lansing, J .  Amev. Chem. 
SOC., 1935, 57, 1369) on the size-distribution curve, the distribution of diffusion coefficients may 
be represented by a general logarthmic distribution function of the form 

1 
dD where 2 = - In (D,iD,) 

3 
p is the inhomogeneity coefficient referred to above, Do is the value of the diffusion constant 
corresponding to the maximum of the distribution curve, k is a constant, and dw is the fraction 
of the material having a diffusion constant between D and (D + a). Insertion of the 
parameters Do and p, calculated from the first and second moments of the diffusion curve, into 
the general distribution function, gives the distribution characteristic of the mixture 
investigated. 

FIG. 3. 
Polydispeusity of original and degraded thymonucleic acid preparations : distributions of diflusion 

constants. 

0 5 10 75 20 25 3b 35 4b 
0 ~ 7 0 ~ .  

-4. Untreated, ZPL O-~N-N~HCO,. 
B. X-lvradiated, in O-~N-N~HCO, (7000 r.). 
C. ,4mine-tveated, in O.lN-NaHCO,. 

For a polydisperse system of long-chain molecules non-ideality of the diffusion curve results 
from the concentration dependence of D in the concentration gradient at the boundary, as well 
as from polydispersity. However, by computing the polydispersity-distribution function for 
one boundary a t  various times, i.e., for various concentration gradients, the extent to which 
the non-ideality is due to polydispersity and hence the validity of any polydispersity calculation 
may be estimated. 

Calculations of the polydispersity of the untreated thymonucleic acid (the most non-ideal of 
the solutions investigated) for three different times of diffusion gave good agreement between 
the three corresponding polydispersity distribution functions. 

In Fig. 3 are compared the distributions of diffusion constants for the untreated, the amine- 
treated, and the X-irradiated nucleic acid samples. It is readily seen that relatively little 
degradation is brought about by X-irradiation (in absence of oxygen), whereas there is extensive 
degradation by di-( 2-ch1oroethyl)methylamine to particles having high diffusion constants. 
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