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The effect of heat on the physical properties of DNA solutions has been studied by 
several workers 1, who have found tha t  after heating dilute solutions at temperatures 
of about 80 ° C or above the viscosity is greatly reduced. Different findings have been 
reported as to the effects of this t reatment  on the sedimentation behaviour. DEKKER 
AND SCHACHMAN 2 found that  after heating a 0.005% solution of DNA for z5 rain 
at IOO ° the sedimentation coefficient was reduced from S -~ 2o to S = 6, which they 
interpreted as indicating a decrease of molecular weight. They therefore proposed 
a model of DNA in which the twin helices of WATSON AND CRICK S were in ter rupted 
by  breaks at  different points as a result of which the whole structure breaks on heating 
into fragments of low molecular weight. On the other h a n d  DOTY AND RICE 4 report 
tha t  a similar t reatment  increased the sedimentation constant extrapolated to infinite 
dilution from S ---- 2o to S = 3o and that  the molecular weight determined by-tight 
scattering remained unchanged, although the radius of gyration was greatly reduced. 

In an a t tempt  to resolve these discrepancies, we have determined the effect of 
heat on the sedimentation coefficients and viscosities of DNA which has been treated 
in various ways.  The measurements were made at  very low concentrations at  which 
it has been shown that  heterogeneity with r~spect to sedimentation coefficient is 
observed s. The observations therefore give not only a measure of the effect of heating 
on the mean sedimentation coefficient but also a measure of its effect on the distri- 

bu t ion  of sedimentation coefficients. 

EXPERIMENTAL 

Viscosity 
The reduced specific viscosities were determined at  25 ° in t h e  Couette viscometer  a t  such low 
concentrat ions t ha t  fur ther  dilution in o.2 M sodium chloride has  no effect. The measurements  
also refer to zero shear  rate. The figures given are therefore identical with the  intrinsic viscosity 
of the material  at  zero shear  ra te  under  the  conditions stated. Different samples of TNA 23 differed 
appreciably in their  intrinsic viscosities, b u t  heat ing produced similar effects. 

Sedimentation 
The sedimentat ion curves were obtained using the Spinco ul tra-centr ifuge 5. The experimental  
details and validity of these curves will be discussed elsewhere. The curves shown in the figures 
are the integral dis tr ibut ion curves e.g. a t  a sedimentat ion coefficient of S = 2o the  height  of the  
curve gives the total  fraction of the  DNA which has  sedimentat ion coefficients of 2o or less. 
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RESULTS 
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Some typical sedimentation coefficient distribution curves obtained before and after 
heating 0.005% solutions of DNA in o.2M NaC1 are shown in Fig. I. Table I gives 

TNA aa the average values of the sedimenta- 
. . . . .  TNA 23 alter 15 rain at I00°C 
- - -  TNA 7 
........... TNA 7 a l t e r  15rain at 100°C 
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Fig. I .  Ef fect  of heat on sedimentat ion coefficient 
d i s t r i b u t i o n  o f  t w o  s a m p l e s  of  D N A .  0 .005  % D N A  

in 0.2 M NaC1. 
extent. In two cases I I I  and IV the 

average sedimentation coefficients are unaffected by heating, but the spread of 
sedimentation coefficients is changed, there being an increase of material with both 
high and low sedimentation coefficients. In two other cases I and I I  the whole dis- 
tribution curve is moved to lower values of sedimentation coefficient. I t  may be 
significant that the two latter preparations were prepared by an enzyme method sa 
involving incubation with chymotrypsin and the former pair were prepared by 
detergent methods eb. I t  is clear from V however t ha t  the effect of heat depends to 
some extent on the concentration at which the DNA solution is heated. If the sus- 
ceptibility to heat is due to breaks in the nucleotide chains as suggested by DEKKER 
AND SCHACHMAN, it should be possible to produce an increased susceptibility to 

tion coefficients and the intrinsic 
viscosities, and also the result ob- 
tained after heating a solution of 
DNA in o.2M NaC1 at a concentra- 
tion of o.o5% and then diluting to 
o.oo5 %. 

It  can be seen that in all cases 
the effect of heating is to reduce 
the intrinsic viscosity but the effect 
on sedimentation behaviour of the 
various samples differs to some 

T A B L E  I 

EFFECT OF HEATING (IOO ° f o r  15 m i n s )  ON DILUTE D N A  SOLUTXONS 

Preparation Concentration 
% 

IVt. average sed. coeOivient (S . zo ~*) Specific reduv, ed ulscosity in o Jr N NaCl 

Be~ore heating Alter keating Be]ore keating Alter keating 
(in salt) 

I o . o I  2 0  I 4 .  4 - -  - -  
I .  T N A  7 

o . o o 5  23.4  15.8 27 1.7 

I I .  T N A  15 o . o i  I 9 . 6  I5 .2  52 3 

O,OI 20,O 
I I I .  T N A  23 0 .005  24.0  24 .0  5 ° I 

T N A  23*  o .oz  - -  - -  273***  7 * * *  

IV .  D N A - S B - I  I o . o i  20.8  20 .0  72 4 .3  

V.  T N A  23** 0 .005  27 36  80  5 

* H e a t e d  in  w a t e r  o n l y ,  n o t  in  0.2 N NaC1. 
** H e a t e d  in  0 .05  ~o s o l u t i o n .  

* * *  M e a s u r e d  in  w a t e r .  
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T A B L E  I I  

EFFECT OF X-RAYS ON HEAT STABILITY OF D N A  PREPARATION ( D N A  23} 

499 

Mean sedimentation coeO~cien~ 
X I O  llm 

Mean sedim~ation ~ 
a l ~  x5 rain zoo ° × ZO 1| 

o.o, % o.ooS % o.o, % o.0o5 % 

O r i g i n a l  so lu t i on  
i r r a d i a t e d  9 ,000 r 20 24 - -  24 

4 h a f t e r  X - r a y s  16.8 20 
2 4 - 2 6  h a f t e r  X - r a y s  i3 .8  20 
14 d a y s  a f t e r  X-ra_ys 16 19 IO 12 
Solid i r r a d i a t e d  

1o 6 r - -  23 - -  20 
lO 6 r - -  28 - -  z 7 

heat e 4. by  the action of X-rays, which have been shown among other effects to 
cause breaks in the nucleotide chainL That  this is the case is shown by Table I I  
which gives the mean sedimentation coefficients of DNA 23 after t reatment in solu- 
tion with X-rays (9ooor). The solutions were given a considerable time for the 
completion of "after-effects" of the irradiation and were then heated. I t  can be 
seen that  the effect of heat is markedly increased by  this treatment.  

Experiments were also made to determine whether similar damage was caused 
by the irradiation of DNA in the solid 
volt electrons from the Van de Graaff 
apparatus.  The DNA (TNA 23) was 
not specially dried a n d  contained 
about 2o % of moisture. Nevertheless 
its sensitivity to irradiation is much 
less than in solution. Doses of be- 
tween IoSr and IOeT cause only a 
small change of viscosity, as deter- 
mined in Frampton viscometers. At 
doses to 5" IoSr the mean sedimenta- 
tion coefficient is not much affected, 
but  there is a marked increase in 
the spread of the distribution curves 
resulting from an increase both of 

state. The irradiation was effected by 1.2 million 

. . . .  ~ r o ~ a , , a  o ~  

- - . - - 5 "  r 
. . . . .  ~ 0 ~  
. . . .  *OS r a l t e r15  tMo at lO0oC 

~ . . - " ~  . . . . . .  . ..... 

~oas / "  ~" ~ .............. 

tO 20 Sge, w 30 40 ~0 

Fig .  2. E f f e c t  of  i r r a d i a t i o n  of  sol id D N A  on  s e d i m e n -  
t a t i o n  coeff ic ient  d i s t r i b u t i o n .  0.005 % D N A  in o.2 M 

NaCI .  

material with low and high sedimentation constants i.e. a combination of degradation 
and "aggregation" occurs. At IO6r aggregation predominates. In all these cases heating 
lowers the mean sedimentation coefficient to a greater extent than in the original 
material and the effect is greater the greater the dose of radiation (see Fig. 2 and 
Table II). 

I t  is possible that  the dodecyl sulphate used in the preparation of TNA 23 and 
probably still present in small amounts has a stabilizing effect. To test this we have 
added dodecyl sulphate (weight equal to that  of DNA) to a solution of a DNA prepared 
by the enzyme method (TNA I5) and we have found that  the stability to heating 
was not appreciably affedted. Any detergent that  is present does not therefore appear 
to mask weak points in the DNA structure. 

R e l e r e n c e s  p .  5 0 2 .  
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Another possibility is that  the behaviour is influenced by the residual amounts of 

§ 

~0.~ 

- - -  DNA 
.......... DNA + histone 
- - D N A  t a / t e r  15 rain of 100°C - . -  DNA ÷histone 

"i 
.// 

! I 
fO 20 S2o, w 30 e,O ~0 

Fig. 3, Effect  of add i t ion  of h i s tone  on s ed i men t a t i on  
coefficient d i s t r ibu t ion  of DNA.  o.oo 5 % D N A  in 

o.2 M NaC1. 

of DNA) but no change of the sedimentation 
heating were observed (Fig. 3). 

protein remaining in the DNA pre- 
parations. I t  has in fact been shown 
that  the effect of heat on nucleo- 
protein preparations is to a great 
extent determined by the protein 
content of the materiaP, and that  
when more than 17% of protein is 
present the viscosity is increased by 
heating. In order to test whether 
any affects of this kind occur when 
small amounts of protein are present, 
we added histone to a solution of 
TNA 23 (approx. 1% of the weight 
constants or viscosity before or after 

DISCUSSION 

An estimate of the molecular weight is obtained from the equation of MANDELKERN 
et al. 9 

So [7] '/ ' K (~ --v¢ e) 
M '/, 7o N 

where S o is the sedimentation constant at infinite dilution, [~7] the intrinsic viscosity, 
and M the molecular weight. K is a constant which is 2.5" IO* for a flexible coil and 
varies between 2.2 and 3.6" IO e for ellipsoids of increasing axial ratios. We have used 
the value 2.5" IOs in the calculations. The values of S o for the normal solutions have 
been determined by extrapolation of the mean values of S obtained at concentrations 
in the range 0.02-0.o05%. The extrapolation to zero concentration gives S O with an 
accuracy of :k lO%. With the exception of TNA 7 for which we have results at o.oi % 
and o.oo5 % the sedimentation experiments with the heated solutions were confined 
to one concentration. For the purpose of calculation, we have assumed that  the 
change in S O is proportional to the change of S observed at the concentration used, 
i.e. that  S o for TNA 15 is reduced on heating by 23%, while S O for TNA 23 and 
DNA-SB-I I  is unaffected. Even in those cases where there is little change of the mean 
sedimentation constant the apparent molecular weight is reduced. I t  must be re- 
membered however that  the intrinsic viscosity is not necessarily a weight average 
propertyof the solute and since changes in the size and shape distribution are produced 
on heating the molecular weights before and after heating (Table III)  may not refer 
to the same weighted average. For this reason a precise comparison of the effects of 
heating the various samples cannot be made. 

The general picture of the effect of heating DNA which is consistent with these 
observations is shown in Fig. 4. Initially the individual strands of the twin helix of 
DNA are presumed to be broken at different points along their length. On heating 
some of the hydrogen bonds holding the two nucleotide chains together are broken 
allowing the single strands to fray out from the main structure as in Fig. 4a. The 

References p. 502. 
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T A B L E  I I I  

Samp~ 
Be/ore heain~ A/t~v z5 rain* ~ xoo* C 

S. M S. In] M 
× xo ~' [~] × zo- '  × zo t. X zo- '  

T N A  7 22 4- 2 27 6 .6  4- 0 .9  17 1. 7 I . I  
15 24  4- 2 52 lO. 5 4- 1.3 19 3 1.8 
23 26  4- 2 5 ° 11.6  4- 1. 4 2 6  I 1.6 
23 (9000  r) 16.5 24  4 9 2 0 .5  

D N A - S B - I  I 2o  72 9 .4  20  4 .3  2 .3  

structure collapses about the more flexible parts of the molecule joined by single 
strands of nucleotide chain as in Fig. 4b. This reduction in the asymmetry of the 
molecule i,; accompanied by a decrease in fric- 
tional resistance which will reduce the viscosity 
but will also lead to a rise in the rate of sedi- 
mentation. If, however, some of the breaks in 
neighboluring nucleotide chains are sufficiently 
close together then the molecule will break up 
into sm~,ller units as shown in Fig. 4c.The change 
observed in the sedimentation coefficient distri- 
bution of TNA 23 on heating can be accounted 
for in terms of a combination of effects b and c 
above. It  may be observed however tha, t if the 
heating is done in more concentrated solutions 
it is quite possible that other effects will occur, 
e.g. aggregation may occur by the formation of 
hydrogen bonds between "frayed out" segments 
of different particles. Under these circum- 

Damaged DNA 
" [ ~ ' rTTP lT l~ , l l l l l l l l j j j , l l l l l l l ,P l ' T l rP r I  

Ellect o! heating 
(a) ~ I T I T r ~ ,  i i i i I i i i ~ ,  11 h ~o'~,, F'I'I'TTTTT 

F i g .  4- S u g g e s t e d  e f f ec t s  o f  h e a t i n g  o n  
D N A .  

stances the increase of molecular weight due to aggregation might well balance the 
decrease arising from the degradation process illustrated in Fig. 4c. This latter effect 
is i[lustrated in Table I, V. The varied findings of different investigators may well 
be due to effects of this kind, if heating is carried out at different concentration,;. 

The results given suggest that  in all cases the samples of DNA are degraded on 
heating but that the extent of the degradation and the distribution of size and shape 
of the fragments produced depends upon the way in which the DNA has been pre- 
pared. The study of the DNA damaged by X-rays suggests that  susceptibility to heat 
i,~ associated with the presence of breaks or weak points in the single polynucl,~otide 
strands. While it is possible that such weak points exist in native DNA the experi- 
ments do not preclude the possibility that  they are artefacts produced during prepa- 
ration. 
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SUMMARY 

The effect of heating solutions of deoxyribonucleic acid on the sedimentation coefficient distri- 
bution and viscosity has been observed. There is in general a decrease in molecular weight, but 
the mode of preparation of the samples influences to some extent the degree of degradation and 
the distribution of size and shape of the fragments produced. Since an increased susceptibility 
to heat can be induced by X-irradiation of the solutions, the findings are in accordance with 
the view that  degradation results from the presence of breaks in the polynucleotide strands. 

When DNA is irradiated in the solid state much higher doses are required to produce changes 
comparable with those obtained by irradiating dilute solutions, and a dose of io6r gives rise to 
marked aggregation. 
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