
NORMAL HUMAN HAEMOGLOBIN AND HAEMOGLOBIN C 421 

16 H.  A. ITANO, Arch. Biochem. Biophys., 47 (1953) t48.  
17 T. H.  J.  HUISMAN, P. C. VAN DER SCHAAF AND A. VAN DER SAAR, Blood, IO (I955) 1o79. 
18 S. BENZER, V. M. INGRAM AND H.  LEHMANN, Nature, 182 (1958) 852. 
19 S. M. PARTRIDGE, Biochem. J., 42 (1948) 238. 
20 F. SANGER AND E .  O. t °. THOMPSON, Biocheln. J., 53 (19531 353. 
21 A. L. LEVY, Nature, 174 (1954) 126. 
22 S. BLACKBURN AND a .  G. I.OWTHER, Biochcm. J., 48 (1951) I26.  
23 j .  Sj6QUIST, Arkiv Kemi, 11 (I957) 129. 
24 H.  FRAENKEL-CONRAT AND J.  1. tC~,RRIS, J. Am. Chem. Sot:., 76 (19541 6058. 
25 G. SCHRAMM, G. ]~RAUNITZER AND J.  \V. SCHNEIDER, NaturG 76 (I955) 456. 
28 D. E. ELLIOT AND \V. S. PEART, Biocheuz. J., 65 (I0.571 246. 
'.,7 R. R.  REDVlELD, Biochim. Biophys. Acta, lO (19.53) 344. 
2s V. M. INGRAM ANt) M. J.  R.  SALTON, Biochim. Biophys. Acta, 24 (1956) 9. 
'2,0 R. E .  I{AY, l) .  C. HARRIS AND C. ENTENMAN, Arch. Biochen~. Biophks., 63 (19561 14. 
a0 I. S~IITH, Nature, 171 (19.5I) 43. 
al G. TOENNIES AND J. J. I(OLIL Anal. Chem., 23 (19.51) 823. 
12 j .  A. HUNT AND V. M. INGRAM, Nature, 184 (19591 640. 
aa R. J.  HILL AND H.  C. SCHWARTZ, Nature, 184 (19591 64 t .  
a~ A. C. ALLISON, Biochem. 1., 65 (19.571 212. 
15 A. E .  MOURANT, The Dislribution ot Human Blood Groups, t31ackwel l  Oxfo rd ,  1954, p. 184. 

Biochim. Biophys. At/a, 42 (196o) 4 0 9 - 4 2 I  

D E O X Y P E N T O S E  N U C L E I C  ACIDS 

XI. THE DENATURATION OF D E O X Y R I B O N U C L E I C  ACID IN AQUEOUS 

SOLUTION: CONDUCTIVITY AND MOBILITY MEASUREMENTS 

R. B. 1 N M A N *  a.xn D. (). J O R D A N  

Department o/ Physical and I~or~,,qnie Chemistry, The ,Johnson Laboratories, 
Unii'ersity o/ Adelaide, South A uslralia (Australia) 

(Received Janu,~-ry 1 i t h ,  1960) 

S U M M A R Y  

Various electrical properties have been derived from conductivity and electrical 
transport experiments for aqueous solutions of DNA. The specific conductivity 
shows a discontinuity when plotted against DNA concentration. Below this critical 
concentration the material transport number falls rapidly with decreasing con- 
centration. The critical concentration corresponds to a similar discontinuity observed 
in the variation of O.D. with DNA concentration, measured at 259 ° A. A possible 
explanation of this phenomenon involves the denaturation of DNA at concentrations 
below the critical concentration. Above. this concentration zone native DNA pre- 
dominates with a charge fraction of o.4 while below this concentration denatured 
DNA exists with a very high charge, but lowered mobility. 

Abbreviat ion:  D N A ,  deoxyr ibonuc le ic  acid. 
* Present  address:  D e p a r t m e n t  of Biochemistry ,  Stanford Univers i ty ,  Calif . ,  (U.S.A.) .  
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INTRODUCTION 

Although it has now been well established that DNA in solution behaves as a 
relatively stiff coil and does not undergo the morphological changes with ionisation 
observed with synthetic polyelectrolytes, variations of the charge of the DNA ion 
must produce some significant changes in flexibility. It  is therefore desirable to know 
the charge on the nucleate ion under various conditions of ionic strength and pH. 

The charge on the DNA ion has previously been determined from either membrane 
potential measurements or from the electrophoretic mobility. Both these methods are 
subject to criticism, the first because of the high DNA concentrations required to 
obtain measurable potentials and the lack of reproducibility of the results, the second 
in that the calculation of charge from electrophoretic mobility measurements requires 
assumptions concerning the size and shape of the kinetic unit. Values of the charge 
fraction (net charge per phosphorus atom) obtained from membrane potential 
measurements1, 2 vary from 0.4 to 0. 5 at high ionic strength (o.I or 0.2) to 0.2 at ionic 
strength approactfing zero. The electrophoretic measurements a indicate a value of o.2 
which appears to be almost independent of the ionic strength. These values of the 
charge show that the net negative charge is less than the theoretical value of one 
electronic charge on every phosphorus atom, a result which has been explained by 
the association of sodium ions into the DNA kinetic unit. Similar behaviour has 
been observed with solutions of synthetic polyelectrolytes 4 : and also for bovine 
serum albumen s . 

In this investigation the charge on the nucleate ion has been determined from 
conductivity and electrical transport measurements, using the methods described 
by HUIZENGA, GRIEGER AND WALL ~ for a study of the polyacrylate ion. The electrical 
properties of DNA solutions were studied as a function of DNA concentration in the 
absence of added electrolyte and, as was to have been expected from the observed 
denaturation of DNA at low ionic strengths "-n, the results of this investigation 
are complicated by the presence of a denaturation phenomenon. 

EXPERIMENTAL 

The DNA used in this investigation was prepared from calf thymus glands by the 
detergent method 12. The preparations were the salt free samples 2, 3, 4 and 7 which 
have been described in an earlier investigation la. The atomic extinction coefficients 
of these samples, measured in o.I M NaC1 at 2590 ~, were found to be 6650 , 665% 
671o and 661o respectively. The absence of sodium chloride in preparation 2, which 
was the preparation mainly used in this investigation, was confirmed by anal- 
ysis. Solutions of DNA were prepared by dissolving the solid DNA in water at 4 ° 
to give a final concentration of 3" Io-a M with respect to phosphorus. The various 
dilutions were made by the addition of water to the stock solutions. All concentrations 
were determined by phosphorus analysis on each stock solution. 

A conductivity bridge, without a Wagner earthing system, was used. The oscillator 
was isolated from the bridge by an astatically wound shielded transformer and, since 
the supply was not resistively connected to ground, one side of both the cell and the 
bridge could be earthed. Measurements were made at I kc/sec. The water used through- 
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out has a specific conductivity of i .  io -6 ohm -1 cm -~. All measurements were made at 

25.00 ± 0.05 °. 
Transport measurements and the calculation of the derived electrical properties 

were made using the method described by HUIZlNGA, GRIEGER AND WALL 4. Endos- 
motic flow was eliminated by an opposing pressure and the changes in DNA concen- 
tration in the electrode compartments were determined by phosphorus analysis. 
Transport measurements were made on sample 2 only. All electrical properties refer 
to the Grund molecular unit. 

RESULTS AND DISCUSSION 

The variation of the specific conductivity and material transport number (the ratio 
of increase of DNA phosphorus in anode compartment to the total equivalents 
of electricity passed) with DNA concentration are shown in Fig. I. The specific 

l I I I I 

12 T --1.2 

u 

g r r I I 
1!0 2 .0  

MDN A x 10 3 

Fig. I. The specific conduct ivi ty  and mater ia l  
t r anspor t  numbers  of aqueous DNA solutions at 

various concentrat ions.  
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Fig. 2. The total  equivalent  conduct ivi ty  and 
the nucleate ion equivalent  conduct ivi ty  in 

aqueous solution. 

conductivity, as a function of DNA concentration, shows a definite discontinuity 
over a short range of concentration at 2-3"IO-* M DNA. The material transport 
number rises rapidly at concentrations above the discontinuity and finally levels off 
at a value greater than unity. Material transport numbers greater than one infer 
that a proportion of the sodium ions are associated so strongly with the polyion 
kinetic unit that they move with it in an electric field thus producing a negative sodium 
ion material transport number. This result is in agreement with the earlier deductions 
concerning gegenion association with DNA z 3 and with partially neutralized poly- 
acrylic acid 4. It  can be seen that the gegenion association process only becomes ap- 
parent at concentrations above the discontinuity (in future designated as the critical 
concentration). 

These results were combined, using smoothed electrical transport values and 
average values of the specific conductivity from preparations 2,3, 4 and 7, to derive 
the more fundamental electrical properties. In Fig. 2 the variation of the total and 
polyion equivalent conductivities with concentration are compared. Although the 
total equivalent conductivity decreases with increase of concentration above the 
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critical concentration, the contribution from the polyion unit increases. This result 
may also be attributed to the association of sodium ions with the polyion. The con- 
tribution of the sodium ions to the conductivity of the solution is thus decreased and 
there is therefore a net reduction in the total equivalent conductivity. The changes 
that occur in the charge fraction with changing DNA concentration are shown in 
Fig. 3. A large increase in charge occurs on decreasing the DNA concentration below 
the critical value and there is a simultaneous decrease in the mobility in this concen- 
tration range. The mobility, however, in this case, is not dependent on the charge 
carried by the kinetic unit (mobility e polyion equivalent conductivity/charge 
fraction), but is a true indication of the frictional forces opposing the movement of 
the polyion unit in solution. 
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Fig. 3. The charge fraction and mobil i ty of aqueous DN. \  solutions at various concentrat ions.  

Similar changes to those described for DNA have been found for detergent so- 
lutionsl.l t~ which display a critical micelle concentration (CMC). The increased mo- 
bility above the CMC has, in this case, been explained in terms of aggregation such 
that the aggregate units (micelles), which form above the CMC, experience less 
frictional drag than do the same number of molecular components in the unaggregated 
state. Notwithstanding the improbable shape changes that native DNA would have 
to undergo to produce the changes in electrical properties described above, it would 
appear that some form of aggregation or disaggregation phenomenon is also in oper- 
ation in the case of aqueous DNA solutions. Two alternative explanations appear 
possible. 

i. The aggregation process may be similar to that found for detergent ions. 
Two or more DNA units would aggregate in such a way that the resulting kinetic 
unit offers less frictional resistance than that experienced by the constituent DNA 
units separately. Such a process should result in a reversible single molecule-aggregate 
system, because there is no reason to suspect that these molecules would be aggregated 
by a specific type of linkage. This process would also involve a molecular weight 
change at the critical concentration. 

2. The aggregation phenomenon might be of entirely different origin if the intact 
native DNA unit is classed as the aggregate. Passage through the critical concentration 
on decreasing the DNA concentration could then represent the disaggregation of the 
native DNA double helix by hydrogen bond cleavage between the paired nitrogen 
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bases. This would eliminate the force holding the two spirals in register, and the mole- 
cule would then be in what is known as the denatured state. As the hydrogen bonds 
between the base pairs are thought to be highly specific, such a disaggregation process 
described above should be quite distinct from the former process (I) in being irre- 
versible. Some ambiguity arises when tile molecular weight changes are considered. 
Once the specific hydrogen bonds have been broken, there is no direct linkage between 
the two spirals, but, due to the plectonemic nature of the interwound strands, no de- 
crease in molecular weight can immediately take place. In the case of denaturation 
b 3 acid iv, alkali 18, thermal t reatment  19 and low ionic strength n, no change in molecular 
weight has been found {when measured at high ionic strength), as compared with the 
native sample. On the other hand, once all the hydrogen bonds have been broken, 
unwinding of the two chains is apparently energetically feasible 2°. It  is possible that  
one of the more important factors which determine whether the spirals do unwind 
is the presence of a few remaining native hydrogen bonds or of some reformed hy- 
drogen bonds of a non-specific nature. However, by analogy with acid, alkali, thermal, 
and low ionic strength denaturation, it would be expected that  process (2) would 
proceed without molecular weight change,. 

I t  is thus evident that  the two possible explanations given above for the critical 
concentration phenomenon can be differentiated by the criteria of reversibility and 
possibly molecular weight change. 

Further, experimental evidence supports the finding that  some structural change 
occurs in the kinetic unit on diluting below the critical concentration zone. The varia- 
tion of O.D. (measured at 259 ° .£~) with DNA concentration shows a disconti- 
nuityn,  21, 22 similar to that  found for the conductivity of DNA solutions. This dis- 
continuous optical property has been confirmed in the present investigation and the 
value of the critical concentration agrees with that  found from the conductivity 
measurements. The discontinuity in the u.v. absorption is such that  below the critical 
concentration the extinction coefficient increases. 

In view of the fact that  denaturation has already been shown to occur on re- 
ducing the ionic strength 9,10 and by dissolution in water at low DNA concentrations n, 
it would appear that  the mechanism (2), involving hydrogen bond cleavage, is the 
more likely explanation o ~_ the critical concentration phenomenon. The increase in 
extinction coefficient on dilution below the critical concentration would also be 
compatible with a denaturation process. 

If the critical concentration phenomenon does arise from a denaturation process. 
then the electrical properties described above will refer to native DNA at high con- 
centrations only. Under such conditions the value of the charge fraction is 0.4o 
(Fig. 3) for the native material in the absence of added electrolyte. This is to be 
compared with the values previously reported of o.2 and 0. 4 at zero or low ionic 
strength ~ a. The denatured material (at concentrations below the critical zone) 
apparently has a much higher charge, which approaches the theoretical maximum 
value. The mobility of the denatured material has decreased as compared with the 
native DNA. Although the charge increases on passing from the native to the de- 
natured state, the equivalent polyion conductivity decreases; this arises from the 
large mobility decrease which accompanies this process. 

Although it would be expected that  denaturation would be accompanied by a 
general molecular collapse, as indeed has been shown for denatured DNA in electrolyte 
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solutions n at high ionic strength, this does not appear to be the case for denaturation 
caused by dilution in salt free solutions. It has been found that denaturation in aque- 
ous solution leads to a highly charged unit and it is thought that, in this instance, 
an intramolecular repulsion acts counter to the collapsing tendency brought about 
by the rupture of the hydrogen bonds. The large size of the kinetic unit could possibly 
explain the low mobility observed for denatured DNA. 

Further investigations will be necessary to determine whether denaturation by 
dilution of aqueous DNA solutions can completely explain all the electrical properties 
reported above. 
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