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SUMMARY 

An investigation of salt free DNA solutions has yielded further information on the 
critical concentration phenomenon reported earlier. This phenomenon appears to 
arise from denaturation by dilution below a certain critical concentration. The critical 
concentration can be arbitrarily set at 21 ± 2.1o -5 M DNA for several salt free 
DNA preparations. Conductivity measurements show, however, that the structural 
transition actually occurs over a concentration zone extending from 50 to 4" Io-5 M 
DNA. The process is at least in part irreversible. 

The effects, on the phenomenon, of ionic strength, gegenion radius, dielectric 
constant, EDTA and thermal denaturation were investigated. The results reported 
on the effect of thermal denaturation in particular support the premise that the 
critical concentration originates from a denaturation process. These findings are in 
agreement with the changes observed by CAVALIERI e~ al. 4, who find a large decrease 
in mean end-to-end distance on dilution of salt free DNA solutions to low concen- 
trations. This change was not accompanied by a light scattering molecular weight 
change. 

INTRODUCTION 

In a previous paper changes of the charge, mobility and transport number of the 
DNA kinetic unit were reported as a function of the polyion concentration in salt 
free solution 1. The rapid changes of these properties over a small concentration zone 
could be explained by two alternative mechanisms; one involving aggregation of two 
or more DNA polyions and the other involving the dissociation of the DNA double 
helix yielding, most probably, two entangled polynucleotide chains. The latter process 
is usually referred to as denaturation. Denaturation must be the more likely expla- 
nation in view of the reported denaturation at low ionic strength2, a and in dilute 
aqueous solution 4. Experiments are described in this investigation which were 
designed to test the effect of various environmental factors on the critical concen- 
tration phenomenon. 

Abbreviat ions used : DNA, deoxyribonucleic acid ; EDTA, ethylene diamine tetra-acetic acid. 
Present  address:  Depa r tmen t  of Biochemistry,  Stanford University,  Calif. (U.S.A.). 
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EXPERIMENTAl. 

The samples  of calf t h y m u s  DNA used in this  invest igat ion have a l ready  been de- 
scr ibed 5. All  D N A  concentra t ions  were de te rmined  by  phosphorus  analysis  on s tock 
solut ions (3"~°-3 M D N A  in water) .  The s tock solutions were first centr i fuged to 
remove dus t  part icles .  

Conduc t iv i ty  measurements  were made  with the br idge a l ready  described 1. 
In  the  s t u d y  of the  conduc t iv i ty  at  var ious  D N A  concentra t ions ,  increases in con- 
cen t ra t ion  were effected in the conduc t iv i ty  cell in the following wax,. Successive 
addi t ions  of a concen t ra ted  s tock solut ion (3" IO 3 M DNA) were made to a known 
volume of wate r  or D N A  solution by  first wi thdrawing  an equal  volume of l iquid from 
the cell. The contents  were then mixed  b y  a s t ream of purified ni t rogen (free from 
carbon dioxide).  Di lut ion of a concen t ra t ed  solut ion was made  in a similar  way, t)y 
remova l  of solut ion and the addi t ion  of an equal  volume of water .  The former me thod  
of p repar ing  solut ions (i.e., by  increasing the concentrat ion)  was in general  preferred,  
since this  procedure  enabled  the large water  corrections,  which were necessari ly 
incurred  in the inves t igat ion,  to be known more precisely at  the lower concentrat ions .  
This is so because such solut ions will still  conta in  a large propor t ion  of the  water  of 
known conduc t iv i ty  which was present  in the  cell at  the beginning of the  exper iment .  

The me thod  used to calcula te  the resul t ing D N A  concentra t ion  af ter  wi thdrawal  
and  addi t ion  of known volumes of D N A  solut ion assumed tha t  no volume change 
occurred on mixing.  No large errors came abou t  through this assumpt ion.  In  the  two 
exper iments  where a check was made  on the final concent ra t ion  after,  in one case IS 
and  in the  o ther  2o, successive increases in concentra t ion ,  the final ca lcula ted  con- 
cen t ra t ions  were in error  b y  1.5 % and 2.o % respect ive ly  as, judged  by  phosphorus  
analysis  on the  final solutions. An error  of this  magni tude  does not  a l ter  the con- 
clusions reached in this  invest igat ion.  

The de te rmina t ion  of the  cri t ical  concent ra t ion  was found by  measurements  of 
the  specific conduc t iv i ty  at  var ious  increasing D N A  concentra t ions ,  15 to 2o successive 
increases in concent ra t ion  were needed to define the cri t ical  concent ra t ion  for the 
compar isons  made  in this  and  la te r  invest igat ions .  

All the  conduct iv i t ies  repor ted  for D N A  were ob ta ined  by  sub t rac t ion  of the  con- 
duc t i v i t y  cont r ibu t ions  of the  water  and  of any  addi t ive .  The conduc t iv i ty  of the water  
was a lways  less than  o. 5. IO 6 ohms ~ cm t and  had  an average value  of o.35" IO 6 
ohms 1 cm 1. 

Sed imenta t ion  exper iments  were made  on a Spinco Model E Ul t racent r i fuge  
equ ipped  wi th  an u.v. absorp t ion  opt ica l  system.  The pho tograph ic  records were con- 
ve r t ed  into plots  of pho tograph ic  dens i ty  versus dis tance from the  centre of the  rotor  
using an Ana ly t ro l  photodens i tometer .  

RESULTS AND DISCUSSION 

Detailed iuvestigation of the conductivi@ at various D N A  concentrations 

The var ia t ion  of specific conduc t iv i ty  with D N A  concent ra t ion  has been found 
to exhibi t  a d i scon t inu i ty  at  a cr i t ical  concent ra t ion  of 2-3" I0 ~ M D N A  1. Eig. I 
shows the results  of a de ta i led  s tudy  of this  phenomenon.  The difference be tween the 
conduct iv i t ies  ob ta ined  by  increasing and decreasing the  D N A  concent ra t ion  will 
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be discussed later. The inset plot of Fig. I represents the lower concentration range. 
I t  can be seen that the critical concentration is more accurately represented by a 
zone of concentration; above and below this zone a linear relation appears to exist. 
According to an earlier investigation 1 the linear relation above the critical zone is 

O INCREASING CONCENTRATION 

6 4  A DECREASING CONCENTRATION 

~'~ DNA PREPARATION 4 
s 

u , A 4 A, ° 

1 2 3 5 6 7 8 9 
MDN A x 10 4 

Fig. ~. Specific conduct iv i ty  of salt free D X A  solutions at var ious concentrations. D N A  prepara~ 
tion 4. Ca) Obtained by progressive increase ill concentrat ion (addition of concentrated stock 
solution). (b) Obtained by progressive dihltion of DNA solution with water.  Inser t  graph shows 

the linear relation tha t  exists below the critical concentrat ion zone. 

preserved up to at least 2.5" lO -3 M DNA. The average critical concentration (the 
point at which the two linear portions intersect) for the salt free preparations 2, 3, 4 
and 7 (see ref. 5) was found to be 21 ± 2" IO 5 M while the actual zone extended from 
4-50" lO -5 M. All these preparations gave values of 80 :~ IO for the equivalent con- 
du.-tivity at zero concentration. Another preparation, number I, gave higher con- 
ductivities and a lower critical concentration. The higher conductivity is almost 
certainly due to the salt impurity in this preparation 5 and the lower critical concen- 
tration is also to be expected in view of the dependence of the critical zone on ionic 
strength, to be discussed later. 

To show that any possible frequency dependent errors were not responsible for 
the critical concentration phenomenon, conductivities were measured at I, 2.5, IO, 
and 20 kc/sec and the values obtained extrapolated to infinite frequency and com- 
pared with the results obtained at I kc/sec. From this comparison it was evident that 
change in frequency had little effect on the critical concentration phenomenon. 

A test for the reversibility of the phenomenon was carried out by making con- 
ductivity measurements on DNA solutions prepared by both increasing and decreas- 
ing the DNA concentration (Fig. I). The small but significant increased conductivity 
of the plot obtained when increasing the DNA concentration (curve Ca), Fig. I) 
over that obtained on decreasing the concentration (curve (b), Fig. I) is consistent 
with irreversibility. A small amount of reversibility cannot, however, be excluded, 
because the method used to increase the DNA concentration (addition of concentrated 
DNA solution) tends to mask any irreversible changes that occur at the critical 
concentration. Calculations show that increasing the concentration from below the 
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cri t ical  concent ra t ion  zone to I • 1o :~ 3 /  (by addi t ion  of concen t ra ted  D N A  solution) 
results  in a solut ion conta in ing only 3.8 % of the original  D N A  present  a t  concentra-  
t ions below the cri t ical  zone. Using an equiva lent  conduc t iv i ty  of 8o for the  D N A  
present  t ha t  had  been below tile cri t ical  concentra t ion  and 43.5 for the remainder  
(obtained from the conduc t iv i ty  of D N A  never  d i lu ted  below the cri t ical  zone, Fig. I,  
curve (b)), results  in a specific conduc t iv i ty  for the mix tu re  (Fig. I, curve (a)) at  I .  Io  a 
M of o.45"1o ~ ohm -1 cm 1 as compared  with  the  exper imenta l  value of o.46. IO -~ 
ohm ~ cm 1. Due to the small  magni tude  of the  observed i r revers ib i l i ty  and due to 
the  unce r t a in ty  in D N A  concent ra t ion  af ter  m a n y  concent ra t ion  changes i t  m a y  only 
be concluded tha t  the  process mus t  be, a t  least  in par t ,  irreversible,  bu t  not  neces- 
sar i ly  to t a l ly  irreversible.  The quest ion of to ta l  i r revers ib i l i ty  mus t  awai t  a more 
sensi t ive test .  

Because the  cr i t ical  concent ra t ion  does show some i r revers ibi l i ty ,  i t  would appear  
tha t  the  phenomenon  is, a t  least  in par t ,  a mani fes ta t ion  of dena tura t ion  which occurs 
on di lut ion th rough  a cr i t ical  zone of concentra t ion.  

Influence of ionic strength 

The re la t ionship  between the cri t ical  concentra t ion ,  as de te rmined  by  conduc t iv i ty  
measurements ,  and the concent ra t ion  of added  sodium chloride is shown in Fig. 2. 
The phenomenon is ex t r eme ly  sensit ive to low salt  concentra t ions ,  the addi t ion  of 
2 . I 0  -s M NaC1 being sufficient to lower ti le cr i t ical  concentra t ion  by  one-third.  
The fact t ha t  sal t  lowers the  cri t ical  concent ra t ion  is compat ib le  wi th  bo th  processes 
t ha t  have  been proposed  to expla in  the phenomenon.  If  the  cri t ical  zone resul ted from 
dena tu ra t ion ,  then the addi t ion  of salt  should lower the cri t ical  zone, because the  
presence of shielding ions is known to 

MNoCt × 105 
Fig. 2. 

Fig. 2. Dependence of critical concentration 

pro tec t  the polyion in this  respect  2 ~-, b y  
~t 
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Fig. 3. 
on added sodium chloride. I)NA preparation 2. 

Fig. 3. Dependence of critical concentration on crystallographic radii of added monovalent 
gegenions. I)NA preparation 2. 

decreasing the e lec t ros ta t ic  repulsion between the charged sites on the molecule. The 
a l te rna t ive ,  less l ikely, exp lana t ion  of the  phenomenon involving aggregat ion of two 
or more DNA molecules a t  concent ra t ions  higher  than  the cri t ical  zone also receives 
suppor t  from the findings conceining the effect of salt .  A shielding act ion would t end  
to lower the repuls ive  forces t ha t  mus t  be present  between the charged polyions and  
would therefore increase the  poss ibi l i ty  of aggregation.  The results  given in Fig.  2 
indicate  tha t  ma rked  changes in this  cr i t ical  concent ra t ion  can be p roduced  b y  the 
add i t ion  of small  amounts  of sa l t ;  it  is therefore ev ident  t ha t  inves t iga t ions  of 
aqueous DNA solut ions are l iable to be i r reproducible  unless salt  i m p u r i t y  is r igorously  
excluded.  
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Further investigations were made on the effect of variations in size of the cation 
and the results are given in Fig. 3 for monovalent ions. Although the effect of cation 
radius is not large, it appears that the sodium ion lowers the critical concentration 
to the greatest extent. If it is assumed that the action of the added salt is one of 
shielding, then the minimum in the curve shown in Fig. 3 is not unexpected. It  is 
known that a critical radius exists for ions in solution such that ions smaller than a 
certain size acquire an hydrated sheath which increases the aqueous radius of the ion% 
If the lithium ion has such an increased radius, then the minimum in the curve can 
be understood. 

To determine whether the decreased critical concentration, which follows the 
addition of salt, originated from a shielding action, the effects of much larger ions 
were studied. The salts used were rosaniline hydrochloride and 5-aminoacridine 
hydrochloride. Unfortunately the effect of these ions can only be studied over a 
limited concentration range due to precipitation of a DNA complex at relatively low 
ionic strengths. However, within this limit the effect of the large cations, in lowering 
the critical concentration, was much less than that shown by the small gegenions. 
Such a result is to be expected if a shielding action is involved. 

In/Tuence of dielectric constant 

In view of the well known relationship between dielectric constant and asso- 
ciation in simple electrolytes, experiments were made to determine the effect of changes 
in association between gegenion and polyion on the critical concentration phenome- 
non. The changes in dielectric constant were effected by various methanol-water and 
ethanol-water solvents. It  was found that the critical concentration was lowered 
on decreasing the dielectric constant. Again this result is consistent with a gegenion 
shielding action. That association of the gegenions by the polyion increases on lowering 
the dielectric constant was inferred from the observed lowering of the equivalent 
conductivity of DNA with decreasing dielectric constant. Complete association could 
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Fig. 4- Dependence  of c r i t i ca l  c o n c e n t r a t i o n  on 
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Fig. 5. Compar i son  of the  c r i t i ca l  concen t ra t ion  
p h e n o m e n a  d i sp l ayed  by  an i n i t i a l l y  n a t i v e  
sample ,  t h e r m a l l y  d e n a t u r e d  DNA and DNA 
in 0. 5 M glycine.  I n se r t  g raph  shows the  lower 

concen t r a t i on  region.  DNA p repa ra t i on  2. 
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be expected in pure ethanol solvent as judged by the decreasing equivalent con- 
duct ivi ty  of DNA in increasing e thanol-water  solvent ratios. This was confirmed 
by direct measurement  of the conduct ivi ty  of DNA in 9 8 % ethanol prepared by dial- 
ysis of an aqueous solution against increasingly stronger alcohol solut ionJ.  The 
conduct iv i ty  of DNA in such a solution was about  o.oI times that  of an aqueous 
DNA solution. No sudden change was found in the variation of the conduct ivi ty  
with alcohol concentrat ion as would be expected from the observed rapid change 
in sedimentat ion constant  at ()5 '~'o ethanolT. 

The effect of a small increase in dielectric constant  was investigated by conduc- 
t ivi ty measurements  on DNA in the presence of o.5 M glycinc. The expected small in- 
crease in critical concentrat ion was observed. At concentrat ions below the critical 
zone both aqueous DNA solutions and solutions in o. 5 M glycine appeared to have 
similar conductivities, howew~r, at higher DNA concentrat ions the specific conduc- 
t ivi ty of DNA in o.5 M glycine was found to be nmch greater (see Fig. 5). The possible 
reason for this behaviour will bc discussed later. 

The egect of added EDTA 

As aggregation of the nucleate ion could possibly occur through divalent ion 
bridges, the effect of the addition of EDTA was studied. The presence of E D T A  should 
remove from solution all divalent ions which might be present as trace impurities. 
E D T A  at I .  Io  -a M (disodium salt) had no effect on either the critical concentration 
or tile specific conduct iv i ty  of DNA. Divalent  ion bridges therefore would not appear  
responsible for the critical concentrat ion phenomenon.  

The eUect of th~rmal denaturation 

I t  is now well established tha t  denaturat ion of DNA can result from thermal 
agitation s,9. As tile most  likely explanation of the critical concentrat ion phenomenon 
rests on a similar process, it is of interest to determine what  effect previous denatu- 
ration has on the critical concentrat ion zone. Thermal  denaturat ion was achieved by 
heating an aqueous DNA solution (3"~o 3 M DNA) for 30 rain at 75 ~. Previous 
experiments had shown that  the above conditions were just maximal in yielding 
a constant  increase of the atonfic extinction coefficient (as measured in o.I M NaC1 
at room temperature).  The increase in extinction coefficient from 6660 (measured at 
259 ° A) to 73oo-74oo was found to be essentially constant  for periods of heating up 
to 200 rain. No after effects, such as a slow increase in viscosity, were ever noticed in 
the thermally denatured salt free DNA solutions. 

Fig. 5 shows the comparison between the critical concentrat ion phenomena 
shown by initially native and thermally denatured DNA solutions. I t  is to be noted 
that,  abow~ the critical concentrat ion zone, tile thermaUy denatured material has 
increased conduct ivi ty  compared to the initially native material;  below this zone, 
however, the two solutions have similar conductivities. The overall result is a decrease 
in the magni tude of the critical concentrat ion phenomenon for the thermally denatured 
solution. The observation that  the two solutions have similar conductivities below 
the critical zone only is strong evidence tha t  this zone itself also originates from a 
denaturat ion process. The small discontinuity tha t  still exists in the variat ion of 
conduct ivi ty  with concentrat ion for the thermally denatured material  (Fig. 5), 
may  mean tha t  thermal  denaturat ion,  under the conditions described earlier, was not 
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complete and that further denaturation takes place on dilution below the critical 
zone. However, this appears to be an unlikely explanation in view of the constancy of 
the extinction coefficient and also from the similarity of this property with that ob- 
tained from thermal denaturation in salt solutions. A more likely explanation for this 
remaining discontinuity may arise from the possible reformation of non-specific hydrogen 
bonds above the critical concentration. In Fig. 5 there is also shown, for comparison, 
the results of measurements made on a DNA solution subjected to drastic thermal 
treatment (9 o°, for 12 h). The conductivity of this solution does not show a dis- 
continuity but rather, the conductivity has increased over the entire concentration 
range. It  is evident that some degradation in addition to denaturation has taken 
place in this solution. 

The large increase in conductivity of DNA in o.5 M glycine (discussed earlier and 
shown in Fig. 5) also occurred only above the critical concentration. Furthermore, 
th(: variation of conductivity with concentration for the thermally denatured material 
and for DNA in 0.5 M glycine are similar. I t  may thus be inferred that denaturation 
has taken place in glycine solutions at concentrations above the critical zone, and 
o.5 M glycine is to be considered a denaturing agent for DNA at zero ionic strength. 

It  has been reported that a discontinuity exists in the variation of O.D. (at 
25qo ,~-) with concentration of DNA in the absence of added electrolyte 1,4,1°,1t 
As it is probable that this phenomenon arises from the same process that is responsible 
for the discontinuity in the conductivity measurements, the effect of thermal de- 
naturation of the O.D. of DNA was also investigated. It  was found that the thermal 
treatment described above completely removed the discontinuity observed in the 
dependence of the u.v. absorption on concentration. At all concentrations up to 
8. zo 4 M DNA the extinction coefficient of the thermally denatured solutions was 
constant at 85oo (measured in the absence of salt at room temperature) and identical 
wilh that of an initially native solution below the critical concentration zone. Again 
this would indicate that denaturation bv dilution is responsible for the critical con- 
centration phenomenon. 

Light scattering investigations ~ have shown that aqueous DNA solutions at low 
concentration are denatured and display a decreased root-mean-square end-to-end 
distance at constant molecular weight. In view of this finding, and that presented 
in the present investigation, it appears that denaturation by dilution can explain 
satisfactorily the critical concentration phenomenon. 

Sedimentation studies 

Since it would appear that the critical concentration is produced by denaturation 
of the DNA, it would be expected that two boundaries would be observed in sedi- 
mentation velocity experiments at DNA concentrations within the critical zone where 
bo*:h native and denatured DNA coexist. The presence of both native and denatured 
DNA together would be expected from the known heterogeneity of calf thymus DNA. 
Differences in sedimentation velocity would be expected, as the native species is 
relatively rigid, while denatured DNA, although it has the same molecular weight, 
would not necessarily be restrained to the dimensions imposed on the native structure. 

An investigation of the sedimentation of DNA solutions at concentrations within 
the critical concentration zone has shown that the formation of two boundaries is 
very dependent upon the salt concentration of the solution being studied ~2. With so- 
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lutions from which salt had been rigorously excluded and which have a DNA concen- 
trat ion of 2'  IO -~ M, sedimentation analysis shows (Fig. 6a) that,  whilst no resolution 
into two distinct boundaries occurs, a diffuse leading edge is obtained in addition to 
a hypersharp trailing edge. This observation suggests the presence of more than one 
component.  In  o.2 M sodium chloride, with the same DNA concentration, no further 
resolution was obtained, al though the denatured material  would still be present. 
At a sodium chloride concentrat ion of 2.5" IO ~ M, however, resolution into two bound- 
aries was observed 12 (Fig. 6b). Although the reason why this resolution only occurs 

(a )  

lqg.  (7. Trac ings  of s e d i m e n t a t i o n  ve loc i ty  boui1- 
dar ies  of DNA sohl t ions.  Trac ings  to be conside- 
red as inve r t ed  p lo t s  of DNA concen t ra t ion .  
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over a limited salt concentrat ion is, at present, not  known, the observation neverthe- 
less confirms the theoretical prediction of more than one boundary.  A s tudy of the 
sedimentation velocity of fully denatured DNA suggests tha t  the slower moving 
component  corresponds to denatured DNA. 

In the absence of salt, it was observed that  no rapid change of the sedimen- 
tat ion coefficient occurred on dilution through the critical concentrat ion zone. 
The values of S2o,w (Fig. 7) show a linear relationship with concentrat ion with no 
change in slope at the critical concentration. The values given in Fig. 7 were estimated 
from the half concentrat ion point of the total asymmetric  boundary.  
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