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Fig. 4.—Packing diagram of the molecule. The hydrogen-
bonded molecules form spirals parallel to the b axis; the spirals 
are held together by van der Waals' attractions. 

sufficiently, we h a v e l i s ted in T a b l e V all t h e oxygen 
a t o m s n e a r e n o u g h to o n e a n o t h e r t o p e r m i t i n t e r n a l 
h y d r o g e n b o n d s . 

Introduction 

T h e i m p o r t a n c e of m a g n e s i u m in m a n y biological 
processes is well k n o w n . T o c i te severa l wel l -docu­
m e n t e d examples , t h e r e is a m a g n e s i u m r e q u i r e m e n t 
b o t h in t h e e n z y m a t i c syn thes i s of deoxyr ibonuc le ic 
ac id ( D N A ) 2 a n d in t h e func t ion of A T P - a s e . 3 I t h a s 
also been sugges ted t h a t m a g n e s i u m p l ays a s ignif icant 
role in ho ld ing r ibosomal nuc l eop ro t e in t oge the r . 4 

Howeve r , t h e n a t u r e of t h e i n t e r a c t i o n of m a g n e s i u m 
w i t h nucleic ac ids h a s been unc lea r w i t h r ega rd t o 
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CLOSE OXYGEN-OXYGEN DISTANCES AND PERTINENT ANGLES 
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Uni t s , A. 
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2.60 
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110.4 
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molecu la r i n t e r p r e t a t i o n a n d , indeed , w i t h r ega rd to 
phenomeno log ica l desc r ip t ion of t h e i n t e r ac t i on . S h a c k 
a n d co -worker s h a v e r e p o r t e d t h a t n a t i v e D N A b i n d s 
m a g n e s i u m m o r e s t rong ly t h a n does d e n a t u r e d D N A 
on t h e bas i s of c o n d u c t i v i t y d a t a 5 a n d t i t r a t i o n wi th 
e r ioch rome b lack T. 6 Z u b a y a n d D o t y h a v e con­
c luded prec ise ly t h e oppos i t e b a s e d on c o n d u c t i v i t y 
d a t a . 7 T h e l a t t e r a t t r i b u t e d t h e s t r o n g e r b i n d i n g b y 
d e n a t u r e d D N A to t h e ava i l ab i l i t y of p u r i n e a n d py -
r imid ine bases as possible b i n d i n g si tes. Howeve r , re ­
cen t m a g n e t i c r e s o n a n c e s tud i e s of 0 .1-0 .2 M a d e n o ­
sine t r i p h o s p h a t e 8 * a n d d e o x y a d e n o s i n e a n d cy t id ine 8 b 

h a v e shown t h a t t h e r e is no d e t e c t a b l e i n t e r ac t i on be-
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Counterion activity coefficients of the pure sodium and magnesium salts of DNA (NaDNA and MgDNA, 
respectively) were measured by means of ion-exchange membrane electrodes. Viscosity measurements and 
determination of the molar extinction coefficients at 258 ran were carried out on the same material. The 
following conclusions have been reached: (1) The magnesium activity coefficient of thermally denatured Mg-
DNA is slightly lower than that of the native salt, whereas the sodium activity coefficient of thermally de­
natured NaDNA is substantially higher than that of the corresponding native salt. (2) A correlation is made 
between the magnitude and the concentration dependence of the activity coefficient and the thermal stability 
of the native structure. (3) Evidence is provided which suggests that the modes of binding of sodium and 
magnesium ions by DNA are quite similar, being diffuse electrostatic attractions typical of similar salts of a wide 
variety of synthetic polyelectrolytes. Evidence for some site binding is discussed in relation to the behavior 
of MgDNA when heated in solutions of simple magnesium salts. 



Sept. 20, 1964 INTERACTION OF MAGNESIUM WITH DEOXYRIBONUCLEIC ACID 3635 

tween Mg ion and the adenine portion of these molecules 
at neutral pH and at 1:1 mole ratio of Mg to nucleo­
tide, or indeed, even up to 8:1 mole ratio in deoxyadeno-
sine and cytidine.8b 

The most recent study of the conductance of poly­
nucleotides and "denatured" DNA9 has shown that 
there is a definite interaction up to an equivalent M g / P 
ratio of 1.0 and thus clarifies some of the earlier work.5-7 

Careful dialysis studies have shown there is no signifi­
cant difference between the affinities of native or de­
natured DNA for magnesium.10 Clearly, the results 
of some of the magnesium binding studies referred to 
above are mutually incompatible. 

That magnesium interacts quite dramatically with 
DNA has been demonstrated by the interesting experi­
ments of Dove and Davidson11 in which the effect of 
magnesium on the melting temperature, Tm, was 
studied. They showed that , at a concentration of 
DNA phosphorus of K) - 4 M and an equivalent ratio of 
magnesium to phosphorus of 1.0, Tm first decreases and 
then rises with decreasing sodium concentration. I t is 
clear from this work tha t the interaction of magnesium 
with DNA, under the above conditions, is such as to 
eliminate the usual ionic strength effects on Tm. An­
other indication of the stabilization of the native struc­
ture of DNA by magnesium was reported by Eich-
horn.12 

Since all of the experiments on magnesium binding 
by DNA have been done in the presence of usually 
large amounts of sodium, it seemed to us that the study 
of the pure magnesium salt of DNA and solutions of 
the latter containing only magnesium cations would 
lead to a great simplification of the interpretation of 
any experiments concerning magnesium binding. In­
deed, we will show that such studies shed considerable 
light on the ostensibly incompatible earlier work al­
luded to above. 

I t should be pointed out that the term ion binding 
has been used to describe binding phenomena including 
physical or chemical adsorption, specific ion pairing, 
chemical complex formation, and diffuse electrostatic 
interaction between counterion and polyion.13 As is 
usually the case in measuring the extent of ion binding, 
the experimental manifestation of the binding is in­
sufficient in itself to elucidate the nature of the binding 
in molecular terms. In what follows, we refer to the 
extent of binding as it is manifested in the magnitude 
of the thermodynamic activity coefficient of counterions 
( N a + or Mg 2 + ) in the sense that the lower the magni­
tude of the activity coefficient, the greater is the extent 
of binding. This operational definition of ion binding is 
made for reasons of clarity; clearly, the definition in no 
way distinguishes the microscopic details of the phe­
nomenon . However, it will be shown that activity coeffi­
cient data when combined with viscosity and denatura-
tion data lead to a description of the binding phe­
nomenon in molecular terms. 

(9) G. Felsenfeld and S. Huang , Biochim. Biophys. Acta, J l , 19 (1961). 
(10) K. C. Banerjee and D. J. Perkins , ibid., 6 1 , 1 (1962). 
(11) W. F . Dove and N. Davidson . / . JIoI. Biol., 5, 467 (1962). 
(12) G Fichhorn , Nature, 194, 474 (1962). 
(13) For a discussion of var ious in te rp re ta t ions of t he te rm inn binding see 

ref. 14 and 15. 
(14) S. A. Rice and M, Nagasawa , "Polye lec t ro ly te Solut ions ," Aca­

demic Press, New York, N. Y., 1961. 
(15) L. Kot in and M. Nagasawa , J. Am. Chem. Soc , 8S, 1026 (1961); 

J. Chem. Phys., S6, 873 (1962). 

Experimental 

Materials.—The sodium salt of DNA (NaDNA) was isolated 
from calf thymus tissue by the method of Kay, et o/.1* The 
magnesium salt (MgDNA) was prepared by exhaustive dialysis 
using 0.1 M MgCl2 and sufficient Mg (OAc)2 to maintain a pH of 
from 7 to 8. The ratio of outer-to-inner solution volumes was 
ca. 40 :1 . Four changes were sufficient to remove all sodium ion 
from the inner solution as determined by flame photometry; 
however, six changes of solution were used routinely. With 
shaking and stirring the outer solution was changed every 3 hr.; 
without agitation the solution was changed after holding over­
night. When going from the magnesium torm back to the sodium 
form, ten changes of the outer solution were made. Trace 
analysis for magnesium was done with a Jarrell-Ash emission 
spectrograph. All solutions were stored at 0-4°. Manipulations 
of DNA at low ionic strength were carried out at 0-4° also. 
MgDNA was isolated by alcohol precipitation followed by ex­
haustive washing with 3:1 alcohol-water. Analysis for Mg and 
P was done by EDTA titration" and colorimetric analysis,18 

respectively, on the residue from wet-ashing in H2SO4-HNO3. 
The equivalent ratio was consistently found to be 1.0 ± 0.02. 
The molecular weight of the NaDNA was estimated from the 
intrinsic viscosity correlation of Eigner." The DNA samples 
labeled II were carefully prepared in the same manner and in the 
same environment so as to give MgDNA and NaDNA of the 
same molecular weight; e.g., while dialyzing half the material to 
the Mg form, the other half was dialized against sodium buffer in 
exactly the same manner. 

All other chemicals were at least ACS reagent grade. The 
standard saline-citrate buffer (SSC) was 0.14 M NaCl, 0.014 
M sodium citrate, ionic strength 0.2. The standard magnesium 
buffer was 0.062 M MgCl2, 0.005 M Mg (OAc)2, ionic strength 
0.2. NaCl and MgCl2 used in the ion-exchange membrane e.m.f. 
cell were recrystallized from solutions of reagent grade materials. 

Denaturation.—Both Na- and MgDNA were denatured by 
heating, at 10"2 M in P, to 95° and holding for 10 min. This 
was followed by rapid quenching to room temperature. The 
presence or absence of buffer salts depended on the specific ex­
periment . 

Spectroscopy.—A Cary Model 14 spectrophotometer was used 
for all ultraviolet measurements. The 10-mm. cell required 
dilution of the DNA solutions to ca. 1O-4 M in P. To obtain a 
melting curve, the sample was placed in a standard Cary heating 
chamber to which water of a given temperature was pumped via 
a Haake Model F thermostat. For the cooling section of the 
curve, a coil immersed in ice was inserted into the Haake pump­
ing circuit. The temperature of the solution was recorded di­
rectly by a thermocouple in contact with the solution in the neck 
of the Cary cell. The cell was closed tightly enough so that sev­
eral cycles of heating and cooling could be made without notice­
able evaporation. 

Activity Coefficient Measurements.—The basic e.m.f. cell 
design was that of Scatchard and Helfferich.20 Stirring at the 
membrane surfaces was done by miniature d.c. motors. The 
lucite cell was not thermostated, since the laboratory temperature 
was essentially constant at 22°. The cation-exchange membrane 
was kindly supplied byAmerican Machine and Foundry, Spring-
dale, Conn.—designated AMF C103C. It was converted 
to the Na or Mg form by exhaustive dialysis and washing. Con­
tact with the cell solutions was made through agar-agar bridges 
saturated with KCl. The tips of these bridges were curved up­
ward to minimize diffusion of the KCl. Several pairs of bridges 
were used so that duplicate readings could be taken and so that 
the tips could be regenerated in saturated KCl solution between 
readings. The bridges were connected to saturated calomel 
electrodes which were specially prepared and equilibrated .21 The 
e.m.f. was detected by a Leeds and Northrup K-3 potentiometer 
and 2430 galvanometer. Calibration of the cell was carried out 
with chloride solutions of known Na or Mg concentration. The 

(16) E. R. M, K a y , N. S. S immons , and A. L. Dounce, J. Am. Chem. Soc, 
74, 1724 (1952). 

(17) K, L. Cheng, T. Kur tz , and R. H. Bray , Anal. Chem., 34, 1640 
(1952). 

(18) A A S G P Commi t t ee Repor t , / Am. Water Works Assoc, 50, 1563 
(1958). 

(19) J. Eigner, Doctoral Thesis, H a r v a r d Univers i ty , 1960. 
(20) G. Scatchard and F . HelfFerich, Discussions Faraday .Soc, 11, 70 

(1956). 
(21) D. J. G. Ives and G. J. Janz , "Reference Elec t rodes ," Academic 

Press, New York, N. Y., 1961, p. 135 ff. 
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cation activity, a+, of the reference soilutons was calculated as 
follows: 

(1) Using reported values of the mean molal activity coeffi­
cients, TJ . , of KCl, NaCl, and MgCl1, the ionic size parameters, 
&, appearing in the Debye-Hiickel theory" were calculated. 
Utilizing the value of A for each of the salts, the theory then allows 
one to compute the mean molal activity coefficient for any con­
centration or ionic s t rength." 

2. To calculate cation activity coefficients, y+, we make use 
ot the assumption that the activity coefficient of the chloride ion 
is a function of ionic strength only and independent of the cationic 
species present, and also that the ionic activity coefficients of K + 

and C l - are equal to each other and equal also to the mean molal 
activity coefficient of KCl in solutions containing only KCl.1* 

3 . On the basis of these assumptions, we have the simple 
relationships for the molal activity coefficients, y+, that 

TNa* = 
( 7 , 

(7 ± KCl 
and 7 

(7 
M g " — 

± MgClt> 

( 7 ± KCl)2 

where it is understood that the mean molal quantities in each 
equation correspond to the same ionic strength. The ionic 
activity is thus obtained from a+ = y+m+. 

Plots oi e.m.f. vs. a+ gave essentially straight lines with slopes 
of 0.058 and 0.030 for Na and Mg, respectively (c/. 0.0588 and 
0.0294 from theory at 22°). To obtain a more nearly perfect 
fit, a quadratic in the e.m.f. was fitted by an IBM 704, and the 
resulting predicting equations were used to convert e.m.f. 
values on unknowns to cation activities. Experiments with the 
Mg electrodes showed that the e.m.f. was essentially independent 
of the anion; e.g., Cl~, NO," , or S ( V - . 

Viscosity.—A multibulb capillary viscometer was constructed 
using 454 cm. of polyethylene tubing (radius 7.5 X 10 - 4 cm.) 
wound on an aluminum drum and connected to an efflux chamber 
similar to that of a Ubbelohde viscometer. This device yields 
Newtonian shear rates, an, for water at the capillary wall of 195, 
122, and 48 sec. - 1 . Correction for non-Newtonian behavior was 
not made, since it was found to be negligible at the concentrations 
of DNA studied; i.e., d In o-fj/d In 5W » 1.0 in the Rabinowitsch 
equation for generalized capillary flow, where 5» is the unit shear 
stress at the wall.23 The reciprocal of the reduced viscosity, 
Tj,p/C, was plotted against <JN to obtain the reduced viscosity at 
zero gradient. In general, as has been observed,19 this method of 
extrapolation proved best. The resulting reduced viscosities, 
obtained at several concentrations, were extrapolated for native 
samples in the usual way to yield the intrinsic viscosity. For the 
denatured samples in pure water the reciprocal reduced viscosity 
was plotted against \ZC to make the extrapolation (Fuoss-type 
plot) ." The molecular weight of the DNA used in the viscosity 
work (DNA II) was found from the value of the intrinsic viscosity 
of the native NaDNA in SSC18 to be 7 X 10«. 

R e s u l t s 

T h e c h a r a c t e r i s t i c s of t he ' v a r i o u s D N A s a m p l e s a r e 
s h o w n in T a b l e s I a n d I I a n d F ig . 1. N o t e t h a t t h e ex­
p e r i m e n t s on M g D N A were d o n e in t h e a b s e n c e of a n y 
o t h e r k i n d of c a t i o n — a n i m p o r t a n t d i s t i nc t i on w h e n 
c o m p a r i n g t h e d a t a w i t h o t h e r p u b l i s h e d resu l t s . 
T a b l e I s h o w s t h a t M g D N A h a s a m o l a r ex t inc t i on co­
efficient, e ( P ) , n o t u n l i k e t h a t for N a D N A . T h e in­
c rease in e (P ) on h e a t i n g N a D N A in S S C is in ag ree ­
m e n t w i t h r e su l t s r e p o r t e d b y m a n y o t h e r w o r k e r s — i n 
t h e r a n g e of 30—40%, d e p e n d i n g on t h e ionic env i ron ­
m e n t a n d D N A c o n c e n t r a t i o n . M g D N A in p u r e 
w a t e r exh ib i t s , r e p r o d u c i b l y , on ly a b o u t a 1 0 % in­
c rease in e (P) a f te r h e a t i n g a n d cool ing. T h e r a t e of 
cool ing h a s l i t t l e effect on t h i s resu l t , a s s h o w n in F ig . 
1. At e l eva t ed t e m p e r a t u r e t h e increase in e ( P ) is t h e 
s a m e a s for N a D N A , 1 1 1 2 b u t a b o u t 3 A of t h e h y p o -

(22) K. A. Robinson and R. H. Stokes, "Electrolyte Solutions." 2nd Ed., 
Butterworths. London, 195», pp. 492, 494, 497. 

(23) B. Rabinowitsch. 7.. fihysik. Chem. (Leipzig), A145, 1 (1929). 
(24) R. M. Fuoss and U. P. Straus, J. Polymer Set.. S, 246, 602 (1948); 

R. M. Fuoss. Discussions Faraday Soc, 11, 125 (1951). 

« (P) 

6253 
90711 

6552 
6570 
8630* 
6958 

A. (P) / , (P) 

0.10 

0.08,0.11 
Ppt." 

0.33 

-Intrinsic ' 
NaDNA 

54 
(530 f 

W 
204 

viscosity (dl./g.)— 
MgDNA 

32 
165 
Ppt. 
69 

TABLE I 

EXTINCTION COEFFICIENTS AT 258 m> OF MAGNESIUM AND 

SODIUM DNA 

Sample 

MgDNA (I) in H1O 
N a D N A ( I ) U i H 1 O 
MgDNA (II) in H1O 
MgDNA (II) in buffer" 
NaDNA (II) in H1O 
NaDNA (II) in buffer' 

• Relative increase in e (P) after heating 10 min. at 95° and 
quenching rapidly to room temperature. * Partially denatured 
by dilution. c Buffers are at 0.2 ionic strength (see Experimen­
tal). * See the text for details of this phenomenon. 

TABLE II 

INTRINSIC VISCOSITIES OF DNA AT ZERO GRADIENT 

Solution 

Native in buffer" 
Native in pure water 
Denatured in buffer" 
Denatured in pure water 

• Buffered at pH 7-8; ionic strength 0.2. * Estimated from 
the data of T. Kurucsev, Arch. Biochem. Biophys., 102, 120 
(1963). c Estimated from the data of S. A. Rice and P. Doty, 
J. Am. Chem. Soc, 79, 3937 (1957). 

c h r o m i c i t y is r ecove red on s low coo l ing—jus t a s w a s 
t h e ca se for t h e q u e n c h e d s a m p l e s in T a b l e I . T h i s 
h e a t - t r e a t e d a n d cooled M g D N A t h e n shows revers ib le 
b e h a v i o r on success ive h e a t i n g a n d cool ing cycles a s is 
c lear ly s h o w n in F ig . 1. T h e m e l t i n g t e m p e r a t u r e , 
Tm, of M g D N A in p u r e w a t e r is 8 2 ° , a b o u t t h e s a m e as 
for N a D N A in 0 .1 -0 .2 M NaCl . 1 1 ' 2 5 W h e n M g D N A 
is h e a t e d a t a c o n c e n t r a t i o n of D N A p h o s p h o r u s of 
1 O - 2 M in a buffer of M g C l 2 - M g ( O A c ) 2 a t a n ionic 
s t r e n g t h of 0.2, t h e m i x t u r e p r e c i p i t a t e s a t a t e m p e r a ­
t u r e lower t h a n 8 2 ° . A brief s t u d y of t h i s p h e n o m e n o n 
s h o w e d t h a t a t t h e low D N A c o n c e n t r a t i o n s used in 
t h e C a r y i n s t r u m e n t (ca. 10~ 4 M in P ) , t h e r e is no 
lower ing of Tm ove r a r a n g e of c o n c e n t r a t i o n s of t h e 
buffer. H o w e v e r , a t t h e h i g h e s t buffer c o n c e n t r a t i o n 
(ionic s t r e n g t h 0.2) , t h e m e l t i n g c u r v e b e c a m e e r r a t i c 
a t a b o u t t h e inflection po in t , a n d a p r e c i p i t a t e w a s o b ­
se rved in t h e cell a f ter t h e e x p e r i m e n t w a s c o m p l e t e d . 
I n a series of v i sua l o b s e r v a t i o n s a t c o n s t a n t ionic 
s t r e n g t h of 0.2 (in t h e s imple M g sa l t s ) , t h e t e m p e r a ­
t u r e a t wh ich t u r b i d i t y a p p e a r e d w a s n o t e d vs. D N A 
c o n c e n t r a t i o n . T h e r e su l t is t h a t p r ec ip i t a t i on occurs 
a t success ively lower t e m p e r a t u r e s as t h e D N A con­
c e n t r a t i o n is inc reased . T h a t t h e p r e c i p i t a t e so fo rmed 
was d e n a t u r e d M g D N A is s t r o n g l y sugges ted b y t h e 
fac t t h a t a d d i t i o n of M g C l 2 - M g ( O A c ) 2 buffer t o s a m ­
ples of n a t i v e a n d h e a t - d e n a t u r e d M g D N A a t 5 X 
10 ~3 M in P t o a final ionic s t r e n g t h of s i m p l e s a l t of 
0.2 p r e c i p i t a t e d on ly t h e d e n a t u r e d M g D N A . I t 
shou ld b e p o i n t e d o u t t h a t t h i s resul t , t h o u g h ind ica t ive , 
does n o t c o n s t i t u t e a c o m p l e t e proof of t h e fact t h a t 
t h e p r e c i p i t a t e fo rmed a t e l eva t ed t e m p e r a t u r e s is de ­
n a t u r e d . 

T h e v iscos i ty d a t a show t h a t M g D N A is h y d r o -
d y n a m i c a l l y sma l l e r t h a n N a D N A u n d e r t h e s a m e con-

(25) P. Doty. H. Boedtker, J. R. Fresco, R. Haselkorn, and M. I.itt, 
Proc. Natl. Acad. Sci. U. S., 45, 482 (1959). 
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Fig. 1.—Dependence on temperature of the optical density at 258 mn of MgDNA in pure water: heating rate, ca. 2Vj0ZmIn.; 
cooling rate, ca. 3°/min. 

ditions. The plot of J J S P /C vs. C for native DNA in 
pure water or in buffer is a straight line of positive slope 
a t DNA concentrations of 5 X 10~~3 g./dl. and lower. 
The plots for denatured DNA samples in pure water 
show upward curvature with decreasing concentration 
necessitating the use of the Fuoss-type plot to obtain 
the intrinsic viscosities. This upward curvature is 
characteristic of flexible polyelectrolytes in pure water, 
and the behavior was only observed on denatured sam­
ples in the absence of simple salt. Tha t the differences 
in viscosity between the Mg and Na systems are real 
was demonstrated by dialyzing some of the native 
MgDNA back to the Na form and remeasuring the 
viscosity in SSC. Despite some 3 months elapsed time 
during which degradation might have occurred, the re­
duced viscosity, measured at a single concentration, 
returned to approximately the original value. This 

experiment also proved, by the absence of Mg in the 
final NaDNA solution as determined by emission spec­
troscopy, that the interaction between DNA and Mg 
is a reversible one with respect to replacement by Na. 

Figure 2 shows tha t the activity coefficient for Mg 
ion in pure aqueous solutions of MgDNA is very low 
indeed. Denaturing causes a slight but definite fur­
ther lowering of the value. Over the range studied, 
the activity coefficients decrease with decreasing poly­
mer concentration. In the NaDNA system, the ac­
tivity coefficient of native DNA is very much larger 
than for Mg in MgDNA, and the value increases 
markedly on denaturation in agreement with the re­
sults of Ascoli and co-workers.2 6" As the native 

(26! P . Ascoli, C. Botre , V. Crescenzi, and A. MeIe, Nature, 184, 1481 
(1959). 

(37) F . Ascoli, C. Botre , and A. M . Liquori, J. MoI. Bid . 3 , 202 (19fil). 
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Fig. 2.—Counterion activity coefficients of salt-free DNA solu­
tions at 22° and neutral pH. 

NaDNA is diluted, the activity coefficient of the Na 
ion rises until it essentially coincides with the value for 
denatured NaDNA. The value for the denatured 
NaDNA begins to show an upturn at approximately 
5 X 10-" w i n P. 

Discussion 

The physical properties of polymeric systems are 
intimately correlated with macromolecular configura­
tion. In particular, one expects tha t the magnitude 
and concentration dependence of the counterion ac­
tivity coefficient in DNA solutions ought to reflect 
significant alterations in the structure of the molecule. 
In the following section we consider the relationship of 
counterion activity to the thermal stability of the native 
DNA structure and, in the next section, the most prob­
able mode of interaction of the counterions with the 
DNA. 

Counterion Activity and Structural Stability.—A 
number of experiments have indicated a striking de­
pendence of the melting temperature, Tm, of DNA on 
ionic strength.11 '25 Tm, which is a direct measure of 
the thermal stability of the DNA helix, is quite generally 
found to rise with increasing ionic strength in cases 
where sodium chloride is employed as the supporting 
electrolyte. The interpretation of these observations 
is simply tha t the added electrolyte serves to screen 
the electrostatic repulsion of charged phosphate groups 
on opposite strands.28 We have, therefore, a rather 
simple criterion for relative stability of the helical struc­
ture; namely, systems in which the phosphate repulsion 
is somehow screened or reduced are more thermally 
stable. It must be emphasized that we are dealing 
with a question of relative stability in the sense that 
the forces tending to stabilize the DNA helix are cer-

(28) I,. Ko t in . / . MoI. Biol., T, 309 (1963). 
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tainly more complicated than the long-range electro­
static forces of the present discussion. We exclude 
from consideration those ions which are capable of af­
fecting the secondary structure through direct and 
specific interactions with nucleotide bases.12 

We turn now to the correlation between counterion 
binding and secondary structure. If one compares 
two DNA solutions in which the molecules have identi­
cal secondary structure and concentration and differ 
only in the nature of the counterion, it is a reasonable 
expectation that the magnitudes of the counterion ac­
tivity coefficients will provide a measure of the relative 
stability of the helix according to our criterion. 
Clearly, the solution in which counterions are bound to 
a greater extent is expected to be more thermally stable 
towards denaturation. However, the magnitude of the 
counterion activity coefficient is not, by itself, sufficient 
to give any information concerning the secondary struc­
ture or stability, a priori, since it is well established 
that the extent of binding may change significantly with 
structure of the polyion. For example, it is known 
experimentally that NaDNA undergoes dilution de­
naturation at ordinary room temperature.26 '29 Figure 
2 shows that the extent of binding for native NaDNA 
decreases rapidly with dilution. In this case the rapid 
increase of 7Na+ with dilution is a reflection of the 
breakdown of secondary structure. Hence some cau­
tion must be exercised in any a t tempt to draw infer­
ences concerning thermal stability from comparisons of 
the magnitudes of activity coefficients. Such com­
parisons are meaningful only when the secondary 
structures are reasonably identical. In the present 
instance, the values of the activity coefficients of Mg-
DNA and N a D N A obtained at the highest concentra­
tions possible are, in fact, indicators of relative thermal 
stability. 

From Fig. 2 one sees that not only is the magnitude 
of TMg'+ considerably smaller than 7Na+ for both 
native and denatured species, but, over the concentra­
tion range studied, the value of YMg*+ is slightly de­
creasing while an upturn is noted for both sodium salts 
The very low magnitude of YMg* + is clearly consistent 
with the observed effect of magnesium on the thermal 
stability of the DNA helix and the fact that YMg*+ is so 
insensitive to dilution indicates that the secondary 
structure is essentially undisturbed by the process. 
Comparison of the concentration dependences of the 
denatured and native sodium salts shows tha t the ex­
tent of binding by the latter decreases rapidly with 
dilution. The concentration at the point of intersec­
tion of the two curves, 2 X 10"4 m, might possibly cor­
respond to the concentration at which the native struc­
ture has broken down. Unfortunately, it was tech­
nically impossible to extend the measurements to lower 
concentrations in order to observe whether the two 
curves coalesce. 

On the other hand, it should be pointed out that the 
precipitation of MgDNA at high ionic strength at tem­
peratures lower than the Tm found for pure solutions of 
MgDNA may mean that the thermal stability of Mg-
DNA has been reduced by the addition of excess MgCl2. 
Although this observation is seemingly inconsistent 
with our discussion of the electrostatic criterion for 

(29) R. B. I a m a n and D. O. Jordon, Biochim. Biophys. Acta, 42, 427 

(1960); ibid., 43 , 206 (1960). 
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stability, it will be shown to be understandable in the 
subsequent discussion of the ion-binding mechanism.30 

Although we have no evidence concerning the nature 
of the precipitate obtained by heating MgDNA in Mg 
buffer a t high ionic strength, we re-emphasize tha t in­
creasing the DNA concentration at fixed (0.2) ionic 
strength lowers the temperature at which the precipitate 
first appears. This suggests tha t under these condi­
tions a destabilization of the helix may be occurring. 

The Nature of the Ionic Interaction.—If the binding 
of a counterion by a polyion is strictly of a diffuse 
electrostatic nature (no specific ion pairing) one expects 
tha t the extent of binding will depend primarily upon 
the density of charge of the polyion.14'15 The density 
of charge in the case of DNA must certainly be higher 
for" the polyion in the native state than in the de­
natured state.27 Hence, one anticipates that the 
native polyion should bind more strongly than the de­
natured if diffuse attraction is the binding mechanism. 
Figure 2 shows that this qualitative behavior is indeed 
followed by NaDNA. However, the reverse is true of 
MgDNA. 

A comparison of the intrinsic viscosities of native 
and denatured MgDNA in pure water indicates the 
axial ratio of the latter is considerably lower than the 
former, and the observed upward curvature of the re­
duced viscosity of the denatured salt implies extensive 
coiling. The secondary structure of heat-denatured 
DNA is of paramount importance in interpreting the 
ion-binding results of the two denatured materials in 
pure water. Denatured N a D N A in dilute salt-free 
solutions has virtually no helical content as measured 
by the hypochromic effect and can be assumed to be in 
the form of single-stranded random coils. The viscos­
ity data coupled with the ionic activity coefficients show 
tha t these coils are extended by charge repulsion. In 
contrast, denatured MgDNA is largely in a multi-
stranded helical structure as shown by the recovery of 
three-fourths of the original hypochromicity. The 
viscosity results show that, despite its large amount of 
helical content, denatured MgDNA is more compact 
than the N a D N A coils. This is due to the low degree 
of charge repulsion (most of the phosphates are screened 
by magnesium ions) and to the flexibility arising from 
the disordered regions within the helices. The helical 
regions would be expected to bind magnesium to the 
same degree as in the native MgDNA. The nonhelical 
regions are therefore responsible for the slightly in­
creased binding observed in the denatured MgDNA. 
We believe the nonhelical regions contain a higher 
charge density than the helical regions because (1) 
many of these regions contain two strands intertwined 
randomly and (2) the phosphates in the denatured 
structure can, if screened electrically, actually be closer 
together than in the native structure. Thus the mag­
nesium ions would be held more tightly due simply to 
the higher charge density. The effect would be ex­
pected to be small because there is not much difference 
in the separation between phosphates in the two states 
and there is not much nonhelical content. 

(30) The fact that magnesium salts precipitate only denatured DNA at 
room temperature under the specified conditions is probably intimately re­
lated to similar effects of magnesium salts on soluble ribonucleic acid and 
synthetic polynucleotides; see, for example, W. E. Razzell, J. Biol. Chem., 
138, 3053 (1963); J. Eisinger, F. Fawaz-Estrup, and R. G. Shulman, 
Biockim. Biophys. Ada, It, 120 (1963). 

We now present arguments for assuming the mode of 
binding for MgDNA is essentially all of a diffuse elec­
trostatic nature at the concentrations studied in this work. 
If there were extensive site binding (complexes, specific 
ion pairs), one would expect the binding equilibrium to 
be such that the activity coefficient would rise with in­
creasing dilution. Such behavior is illustrated by the 
silver salt of carboxymethylcellulose,31 a case where one 
expects site binding of a covalent character. On the 
other hand, a decrease of the activity coefficient with 
dilution is characteristic of polyelectrolyte solutions in 
which little site binding is expected to occur.14 Figure 
2 shows this latter type behavior for MgDNA and this 
is not surprising in view of the paucity of known stable 
complexes of magnesium with monodentate ligands in 
dilute aqueous solution. (Note tha t the spacing of 
nearest neighbor phosphate groups in DNA is about 
7 A.) Moreover, the relative magnitudes of 7Mg> + 

and 7Na+ may be satisfactorily accounted for in terms 
of a theoretical model which does not involve site bind­
ing of any sort.18 We therefore conclude that the 
interaction between magnesium and DNA in pure water 
is largely of a diffuse electrostatic nature with site bind­
ing assuming a very secondary role. In the case of 
MgDNA with added MgC^, however, there is some 
evidence for site binding which evidence we shall pre­
sent in a forthcoming paper along with discussion of the 
magnitudes of the activity coefficients. 

We now offer some speculation about the precipita­
tion of MgDNA at higher simple salt concentration. 
If we assume that the precipitate formed by heating 
native MgDNA in salt solution is denatured, then the 
explanation for the precipitation may be simply that 
the denatured DNA, having some exposed bases, is 
intrinsically less soluble than the native material and is 
therefore salted out. The observation tha t precipita­
tion occurs a t successively lower temperatures as the 
DNA concentration is increased at constant MgCU 
strength implies that the helix is destabilized under 
these conditions. There are several possible explana­
tions. A mass action effect, wherein one magnesium 
atom binds to one phosphorus atom thereby reversing 
the charge at tha t site, could occur despite the small 
stability constant for site binding. This would explain 
why the destabilizing effect is detectable only a t high 
salt concentrations. If this mechanism is operative, 
the result is a positively charged polyelectrolyte which 
would behave like NaDNA at low levels of added salt. 
There is at this time no direct evidence to support this 
proposed mechanism. However, the magnetic reso­
nance studies argue strongly against the concept of 
specific interaction with the bases as a destabilizing 
effect of the type demonstrated by Eichhorn.12 The 
effect of large quantities of some simple salts can cause 
destabilization through an indirect influence on the 
structure of the water around and within the helix re­
ducing the hydrophobic bonding between base pairs.32 

A clear explanation of the precipitation phenomenon 
cannot be advanced on the basis of the available data. 
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Diffusion Studies of Bovine Plasma Albumin at 25° with the Help of 
Jamin Interference Optics 
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Diffusion coefficients of bovine plasma albumin in acetate buffer (pH 4.55, ionic strength 0.2) were measured 
at 25° for different values of mean protein concentration C with the help of Jamin interference optics and using 
a microdiffusion cell. D(C) was found to be linearly dependent on C with a small negative slope of 0.0837 X 
10 ~7, C being in g./lOO ml. The extrapolated value of the diffusion coefficient was obtained as Z)45

0." = 6.728 X 
10~7 cm.'/sec. The nature of the concentration dependence of the diffusion coefficient was in conformity 
with the theoretical deduction made by Creeth from a single diffusion experiment carried out a t 25°. The 
probable theoretical basis of the present observations has been discussed. 

The diffusion coefficient of bovine plasma albumin 
has been measured at a finite concentration by a num­
ber of workers 1 - 3 using either Gouy or Rayleigh inter­
ference optics. Unfortunately, experimental data on 
the nature of the concentration dependence of bovine 
plasma albumin have been lacking. Wagner and 
Scheraga4 happen to be the only authors who carried 
out such studies a t 1 ° and obtained a linear dependence 
with a small positive slope. On the other hand, Creeth5 

developed a theory with the help of which the nature of 
the concentration dependence could be deduced from a 
single diffusion experiment. From such an experi­
ment at 25°, Creeth6 observed tha t the straight line 
describing the concentration dependence of the diffu­
sion coefficient of bovine plasma albumin (BPA) 
should have a negative slope, i.e., just opposite in the 
sense to what was obtained by Wagner and Scheraga a t 
1° 

The need for having experimental data on this aspect 
in the temperature region where many of the physico-
chemical studies on BPA are usually carried out is 
thus naturally felt. Accordingly, in the present in­
vestigation the diffusion coefficients of bovine plasma 
albumin have been measured at 25° over a range of 
concentrations.7 The measurements have,been carried 
out with the help of the Jamin interference optics and 
using a microdiffusion cell. 

Experimental 

Materials and Methods.—Crystalline bovine plasma albumin, 
fraction V, was obtained from L. Light & Co., Colnbrook, 

(1) R. I.. Baldwin, I.. J. Gosting, J. W. Williams, and R. A. Alberty, 
Discussions Faraday Soc. 20, 13 (1955). 

(2) P. A. Charlwood, J. Phys. Chem., 87, 125 (1953). 
(3) H. Hoch, Arch. Biochem. Biophys., 53, 387 (1954). 
(4) M. L, Wagner and H. A. Scheraga, / . Phys. Chem., 60, 1066 (1956). 
(5) J. M. Creeth, J. Am. Chem Soc, 77, 6428 (1955). 
(6) J. M. Creeth, J. Phys. Chtm., SJ, 66 (1958). 
(7) In a previous publication [Nature, 194, 1053 (1962)], preliminary 

data on the measurement of the diffusion coefficient of BPA at different 
protein concentrations were reported by the author. Unfortunately, at 
that time no serious attention could be given to some important experimental 
steps, e.g., (ij the sample war not dialyzed . (ii) the diffusion runs were carried 
out for insufficient periods nf . ime (maximum 5 hr.), etc. The data reported 
were thus very inaccurate and hence should no longer be relied upon, al­
though the concentration dependence found in the present article has the 
same sign as that reporter"! previously. 

England. The sample was dissolved in acetate buffer (0.18 M 
NaCl + 0.02 M sodium acetate + 0.02 Maceticacid)of pH 4.55 
and ionic strength 0.2. The solution was dialyzed against the 
said buffer for a total period of about 28 hr. In the course of 
dialysis, the solution outside the bag was constantly stirred with 
the help of a magnetic stirrer, changed twice (after 4 and 16 hr.) 
and then allowed to equilibrate for about 12 hr. The outer 
solution from the final equilibration was used, whenever neces­
sary, for the dilution of the dialyzed protein solution. In all 
cases, the concentration of the final protein solution was measured 
by noting the absorbancy at 278 m/i (E\*m. = 6.67)8 with the help 
of a Zeiss PMQ II spectrophotometer. In all the experiments, 
the difference in concentration between the diffusing and the 
diffusate protein solution was kept small and of the order of 
2 X 10-3 g./ml. 

Diffusion experiments were carried out at 25 ± 0.01° with the 
help of Jamin interference optics and a microdiffusion cell pro­
vided by the Antweiler microelectrophoresis diffusion equipment.9 

The instrument was standardized with the help of Merck re­
agent grade sucrose and the details of the theory and methods 
used in the present technique have already been described.10 

In short, for an average protein concentration C, a number of 
symmetrical curves were obtained, describing the solute concen­
tration distribution within the cell at different times after the 
layering had taken place. From each of such curves, an average 
value D', corresponding to the particular time t, was obtained. 
The zero time correction was performed^ as usual. This gave 
the value of the diffusion coefficient D(C) corresponding to the 
mean protein concentration C. The heterogeneity of the sample 
was checked from a number of ultracentrifugal runs carried out 
with the help of Spinco Model E ultracentrifuge. 

Results and Discussion 

Ultracentrifugal analysis of the sample revealed the 
presence of 4 - 6 % of material of higher molecular weight. 
Fig. 1 gives an illustration of the nature of the solute 
distribution in the cell occurring in the course of the 
diffusion process. As stated beforehand, each of the 
curves gave an average value, D', corresponding to the 
particular time t at which the curve was obtained. In 
these averaging procedures the maximum standard 
deviation in any value of D' was found as ± 0 . 5 % . 
The zero time correction plot corresponding to the 
curves of Fig. 1 is shown in Fig. 2. The values of the 
diffusion coefficients, C\C), thus obtained corresponding 
to different values of the average solute concentration 

;8) M. D. Sterrnan and J. E. Foster, S. Am. Chem. Soc, 78, 50 (19.56). 
(9) H. J Antweiler. Chem. /n*. lech.. 284 (1952). 
(10) \. Chatterjee. ./. Am. Chem. Soc, 86, 793 (1964). 


