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INTRODUCTION 

The sedimentation of proteins and viruses in solvent systems of different densities 
has been used for many  years 1 in at tempts  to measure the density or hydration of these 
macromolecules. These experiments consist of the determination of the sedimentation 
velocities of the macromolecules in buffered solutions to which increasing amounts of 
some additional solute, such as glycerol, sucrose or serum albumin, have been added in 
order to increase the density of the medium. From the dependence of the sedimentation 
coefficient on the density of the medium a particular density, ~o, eau be found, often by 
extrapolation of the experimental data, at which the sedimentation rate of the particles 
would be equal to zero. This density is then taken to be the density of the particles. 

Many different solutes have been used to increase the density of the medium and 
it is implicit in the method that  there should be no interaction between the sedimenting 
macromolecule and the solute which is nsed to increase the density. Even for those 
systems in which it is likely that  there is only weak Van der Waals attraction between 
the macromolecule and the added solute it is found that different values of ~P obtain 
depending on the solute which is used to increase the density. Thus bushy stunt virus 
appears to be less dense in sucrose solutions than in glycerol solutions". In more com- 
plicated systems, tobacco mosaic virus (TMV) a and southern bean mosaic virus '  appear 
to be less dense in serum albumin solutions than in sucrose solutions. 

Several years ago, K A U Z M A N N  a suggested a simple explanation for these results. 
He pointed out, in effect, that  in these multicomponent systems the solvent containing 
sucrose or serum albumin molecules could not be considered a continuum with regard, 
to the sedimenting particles as is customarily assumed for a two component system. 
According to his physical picture, there will be steric exclusion of sucrose or serum 
albumin molecules from a region immediately surrounding the sedimenting particles, 
and the extent of this region will be a function of the size of the molecules added to 
increase the density of the medium. In this way, these seemingly anomalous results 
could be explained. 

In this communication we are reporting the results of experiments on the sedi- 
mentat ion of deoxyribonucleic acid (DNA) in buffered solutions containing varying 

* T h e s e  s t u d i e s  h a v e  b e e n  a i d e d  b y  a c o n t r a c t  b e t w e e n  t h e  Office of N a v a l  R e s e a r c h ,  D e p a r t m e n t  
of t h e  N a v y ,  a n d  t h e  U n i v e r s i t y  of C a l i f o r n i a  N R  i 2 i - i  75, a n d  a l so  b y  g r a n t s  f rom L e d e r l e  L a b o r a -  
t o r i e s  a n d  t h e  R o c k e f e l l e r  F o u n d a t i o n .  
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amounts of D20 in one series of runs and differing concentrations of sucrose in another 
series of runs. Because of its size, shape and sedimentation behavioP, 6, DNA offers 
special advantages as a model for further investigations of sedimentation in three 
component systems. The results have been interpreted with the ideas proposed by 
I{AUZMANN and the theory of GOLDBERG 7 for sedimentation in multicomponent systems. 
The equations resulting from this thermodynamic t reatment  are similar in many  re- 
spects to some derived earlier by another methodS, °, and they show clearly that  these 
sedimentation experiments measure only the preferential binding of the macromolecule 
for one of the components of the solvent. 

THEORY 

The theory of the sedimentation velocity of macromolecu]es in multicomponent 
systems has been independently discussed by several authorsT,S,L and the t reatment  
which follows is an explicit application of GOLDBERG'S general formulation 7 for three 
component systems. 

In each of the systems DNA-H20-D20-buf fe r  and DNA-H~O-sucrose-buffer, the 
concentrations of DNA and buffer were maintained constant from experiment to 
experiment while the D~O and sucrose concentrations were varied in order to produce 
solutions of different density. Throughout the discussion the subscript I refers to H20, 
2 corresponds to dry DNA and 3 refers either to sucrose or to D~O as the context 
indicates. 

For such systems, at great dilution of DNA we may write ~ 

l '~s = M (~ - -17e)  ( i )  

where ~ and 0 are the viscosity and density of the med ium, / '  is a function of the shape 
and size of the sedimenting unit, and s, M, and V are, respectively, the sedimentation 
coefficient, molecular weight and partial specific volume of the sedimenting unit. 

The composition of the sedimenting unit will, in general, be unknown since the 
macromolecule may  have associated with it water, sucrose and buffer, or water, D~O and 
buffer. In the t reatment  which follows we will ignore the contribution of the buffer and 
consider the sedimenting unit as a particle consisting of DNA plus whatever other 
components of the solution are associated with it as a kinetic un i t ' .  

We can write that  (kn 1 + w) molecules of water and kna molecules of sucrose 
(or D~O) are bound to a single molecule of DNA without specifying the nature of the 
forces involved. Here nl is the total  number of molecules of water in the centrifuge 
cell, n s is the total  number of sucrose (or D~O) molecules, k is a proportionality constant 
and w we shall designate the preferential adsorption coefficient for water. If we permit 
k to have any value, k > o, and w to be positive, negative or zero then the above 
description of the amounts of water and sucrose (or D20 ) bound by  DNA covers all 
possibilities. In particular, if w --~ o and k = o, the sedimenting unit contains no com- 
ponents of the solvent; if w = o and k > o, the associated solvent has the same com- 
position as the bulk-mixed solvent; and finally if k > o and w 4= o there will be prefer- 
ential binding of either water (w > o) or sucrose (w < o). 

* The  words  "a s soc i a t ed"  or " b o u n d "  m u s t  no t  be t aken  to imp ly  rigid b ind ing  of so lvent .  
A l t h o u g h  such  b ind ing  m a y  exist ,  t h e  expe r i men t s  descr ibed here  are incapable  of d i s t ingu i sh ing  
be tween  th i s  k ind  of b ind ing  and  m u c h  looser k inds  of associat ion.  
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If we consider that a molecule of DNA reacts with water and sucrose (,r 1)._,O) as 
indicated above, then from thermodynamics we can write for the' chc'mical l~ote,nti~l. 
/x, of tin' sedimenting unit 

11 := p,., : (/,'~t I ! u ' ) / I  1 ! kl~al~a. ( : )  

Differentiation of this equation with respect to pressure, assuming that coefficients 
of the/xl are independent of pressure, leads directly to tile partial specific w)lumc of the 
sedimenting unit. 

~. .1:12i;;2 ! (/~>~tl t W)i~ll~;l-I  1*'~3"113~'1 " (3) 
,112 } (k~t I ! ~/).11 l .! /¢~la,Al:l 

Combinations of equations (3) and (I) leads to 

/ '~IS--JAI2( I --['2~2) i 72?* 'A11( I  V1LI) k~ziMt(J |7tLJ) [ k~za'51a(I VaL)). ( i )  

The last two terms on the right hand side of equation 4 are equal to Nh(g~  
+ g.~) - -  N t e e ( g l V  1 + gaV3) where gi is the to ta l  number  of grams of i in the centrifuge 
cell and N is Avogadro's  number. At infinite dilution of DNA the sum of these two terms 
is zero and equation 4 reduces to 

l'~ls = ~,~l~(I ~a~ ) : zv:~ll(~ ~7 ~) (Sa) 

and 
l) 0 - - 0  IJ = 1,'~ ) (51,) ~0 0 J / 2 ( l  V2~J )/~11 l(1 . 

where the superscript, zero, denotes the values at s --  o. 
This derivation shows tha t  kn, and h,~ a, no mat ter  how large, can have no effect at 

all on the product/'~Ts. I t  is true tha t  the friction factor, I', is dependent on the amount 
of liquid associated with a DNA molecule lint the sedimentation coefficient is affected 
also and in such a way that  /'.~]s remains constant. Only water  (or sucrose) hound in 
excess of the ratio in which they exist in tile bulk solution affects the product f'~js and 
only this water (or sucrose) can be determined in unambiguous fashion by  the type of 
experiments reported here. 

In consideration of the experiments in which D=O is used to increase the density 
of the solution, we can make the additional assumption that  there will be no difference 
in binding of either H20 or D20 to tile macromolecule, i.e. ~c~ - -  o for the experiments 
with I)20. Equation 5 a then reduces to 

Equation 6 provides the theoretical justification for the determination of partial 
specific volumes by sedimentation experiments in H20-D 20 mixtures =, ~o, ~1, ~2. 

Equations 5 and 6 are adequate for the interpretation of previous experiments and 
those described in this communication. If it is permissible to ignore the buffer, then 
equation 5 is, moreover, exact while equation 6 is limited only by the postulated equiva- 
lence of H=O and D=O. Of course, there may  be some exchange of deuterium for hydrogen 
in the macromolecule la but  this should effect only a very slight change in M= or g~. It 
should be noted that  these equations are very similar to those derived by entirely 
different methods 8,9 

The development of the theory as presented here, however, gives no indication 
of the forces responsible for the origin of w. Ka~JZMANN has pointed out one of the factors 
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which  wi l l  l ead  t o  a v a l u e  of w g r ea t e r  t h a n  zero  and  i t  is of i n t e re s t  to  see w h e t h e r  t h e  

effect  wh ich  he  desc r ibed  can  accoun t  for t h e  e x p e r i m e n t a l  resu l t s  or  w h e t h e r  we m u s t  

i n v o k e  o t h e r  fac tors .  

I n  th is  v i e w  sucrose  is t a k e n  to  be  an  incompress ib le  sphere  of r ad ius  a. The  cen t e r  

of t h e  sucrose  mo lecu l e  can,  accord ing ly ,  a p p r o a c h  t h e  " s u r f a c e "  of a D N A  molecu le  

no closer  t h a n  t h e  d i s t ance  a. Th i s  resu l t s  in a r eg ion  of t h i cknes s  2a su r round ing  t h e  

m a c r o m o l e c u l e  in wh ich  t h e  d e n s i t y  var ies  f rom t h a t  of w a t e r  to  t h a t  of t h e  sucrose 

so lu t ion .  A c c o r d i n g  to  KAUZMANN th i s  reg ion  of v a r y i n g  d e n s i t y  can  be  a p p r o x i m a t e d  

by  ass ign ing  a w a t e r  l aye r  of t h i ckness  a to  t h e  m a c r o m o l e c u l e  and  a s suming  t h a t  t he  

l i qu id  m o r e  d i s t an t  t h a n  a f rom t h e  sur face  of t h e  m a c r o m o l e c u l e  has  t h e  dens i t y  of t h e  

b u l k  m i x e d  so lven t .  I f  th i s  shel l  of w a t e r  has  a vo lume ,  Av, t h e n  we can  wr i t e  

ws = Ne l  LIv/M1 (7) 

where  ws is t h e  p re fe ren t i a l  a d s o r p t i o n  coeff icient  due  to  s ter ic  exc lus ion  a t  t h e  surface  

and  t h e  o t h e r  t e r m s  h a v e  t h e  m e a n i n g  ass igned  ear l ier .  I f  we a s sume  t h a t  t h e  D N A  

molecu le  m a y  be  r e p r e s e n t e d  b y  a long  solid c y l i n d e r , / I v  w o u l d  e q u a l  :r h ( R  2 -  r ~) where  

R is t h e  r ad ius  of t h e  s e d i m e n t i n g  uni t ,  i.e. c o n t a i n i n g  t h e  shel l  of w a t e r  wh ich  is p refer -  

en t i a l ly  associa ted ,  r is t h e  r ad ius  of t h e  d r y  D N A  molecu le  and  i t s  n o n - p r e f e r e n t i a l l y  

adso rbed  so lva t e  (if any) ,  and  h is t h e  c o n t o u r  l e n g t h  of t he  cyl inder .  E q u a t i o n  7 can  

n o w  be w r i t t e n  

Ws = N~I 7r h(R 2 - -  r2)/M 1. (7b) 

I t  shou ld  be  e m p h a s i z e d  t h a t  t he re  m a y  be  w a t e r  or sucrose  or  b o t h  w i t h i n  t h e  

D N A  molecu le  and  t h a t  e q u a t i o n  7 b can  y ie ld  no i n f o r m a t i o n  r e g a r d i n g  p re fe ren t i a l  

a d s o r p t i o n  of w a t e r  w i t h i n  t h e  m a c r o m o l e c u l e  or e v e n  a t  t h e  surface  of t h e  mac ro -  

molecu le ,  excep t  for t h a t  w a t e r  p re fe ren t i a l l y  a s soc ia ted  w i t h  t h e  m a c r o m o l e c u l e  due  

to  s ter ic  exc lus ion  of t h e  o t h e r  c o m p o n e n t  of t h e  m i x e d  so lvent .  

METHODS 

DNA was prepared from calf thymus by the method of SIGNER AND SCHWANDER 14 with only 
slight modifications in manipulation. I t  has the fibrous appearance typical of high molecular weight 
preparations of DNA precipitated from ethanol. A stock solution of known concentration of DNA 
in distilled water was prepared from a partially dried sample whose water content had been previously 
obtained by drying a portion of the sample to constant weight in a vacuum oven, initially at 85 ° C 
and finally at lO6 ° C ill vacuum. No significant differences were observed between the dry weights 
obtained at the two temperatures. 

To prepare the DNA-HzO-sucrose-buffer systems, aliquots of the DNA stock solution, identical 
in weight to within o.I %, were weighed into a series of volumetric flasks, followed by the addition 
and weighing of increasing amounts of dry sucrose. A concentrated citrate buffer solution and then 
distilled water were added so that the final solutions were o.6 ionic strength at pH 6.9 and the concen- 
tration of DNA was 0.03 %. The care taken in reproducing the concentration of DNA from sample 
to sample was necessitated by the fact that  the sedimentation coefficient of DNA is markedly 
dependent on concentration6,15. At the concentration used in this study, however, there is only 
a slight increase in sedimentation coefficient during a single ultracentrifuge run as the concentration 
of the sedimenting material is decreased owing to the shape of the ultracentrifuge cell and the radial 
inhomogeneity of the centrifugal field le. 

The solutions containing D20 were prepared in a similar manner except that  the D20 was 
delivered volumetrically. 

For each ultracentrifuge experiment the viscosity and density of another sample, identical in 
composition except for the absence of DNA, were measured at 25 ° C in an Ostwald type viscometer 
and a pyknometer of 2 ml volume. 

A Spinco Model E ultracentrifuge equipped with a schlieren optical system was used for the 
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centl-ifugation s tudies . . \11  runs  wcrc made  at 59,7,~o r .p.m, m the c(m\eni i [ , ,ml  r~,t,~r ;rod ;~li t,nl 
t\\r() were in the  12 m m  ~'ells suppl ied with the  inMrument .  The  tw(, excet~ti~,ns wcrv tim Hills ;t[ 
tilt' tx~o h ighes t  sucrose c~mcentra t ions  which were made  in a syn the t i c  1),Hil/([;irv ullr:wcntI-ifuR~' 
cell. : \ t  these  high ¢'~)ll('clltl;tlit~llS t,l stlCl(I-~c lhc  (H,ser\'cd sudilnentati~m ~,f lilt' i ) N . \  i~ st, slnall 
(1)ecause (ff the  high xisc~Mtv and  dens i ty  ()f the  s~duti(ms} tha t  al)precial,h" rcdistI-il)ulicm ()l the  
sucrose t~ccurs Imfore the  l ) N \  ln)undary has  migra ted  a sttl]ici0nt iI.ist;mct, f>ml the  nte]liscus t~, 
alh)w precise n l e a s u r e m e n t s  <d the  l n m n d a r v  t)c)siti(ms tc, 1)e made.  Ittll'th(pl'll?lWC, tilt' \'Hli;lti(m (H 
viscosi ty  of sucr~)sc solut ions  with C(lllC(?lltl'~lti(}ll is \ c r y  grea t  in this  CtlII('UIIIFHIiOll regi,,n, so thal  
t he  \'is((~sity of the  solut ion in the  bounda ry  regi,,n in a c~,nventi(mal cell w()uhl be much  less than  
the  lll~lt'ros;ctlpi(.: \isc~)sitv l/l(~HsIII'(?{[ behn-e the  trill l)0I.U|ll. This  elf c0t (';ill I)o ax'(,ided by I~rlning 
the  b o u n d a r y  near  the  center  ,)1' the  u l t racen t r i fuge  cell where the  cCmcentration (~1 tl;e ~;tlcroso 
solut ions  is t/hIIoslL i ndependen t  ~1" the  t ime (d centr i fugat i (m.  The  II/e~INUI-OII \ i scos i ty  {tlld dens i ty  
of the  s(dvent  can then  he c(msidered equal  t(~ tile viscosity ~lIltl dens i ty  t)rt 'xailing (Itlri l /g the  ultr~t 
cenlrifutdc m e a s u r e m e n t s .  \ t  the  h)wcr ( (mccni ra t i (ms  of sucrose, the  \'isc(~sit\' is l~,ss dependen t  
on the  c(mcentra t i (m of suci-{,se and the  u l t racen t r i fuge  I),~umlarv m~)\es sullicienth" rapidly tha t  
the  effect ~*1 redistri lmti~m (~1 the StlCll)so 111{1\' |)(" neglected.  

The  phot(~graldHC plates  were read with a microc~m~parat(,r and tim sedimm~tat ion c(,el]icivnts 
at the  averaRe t e m p e r a t u r e  ~)f the  FUll WeFt' ~H)tained from the  initial shq~es ~H ph*ts ,~1 h~g .r ;,x ! 
where v is the  d i s tance  elf the  l~oun(lary frcm~ the  axis of r~tat ion and  / is the  t ime  in seconds.  ;\ s l ight  
upward  c u r v a t u r e  (,1 these  ph~ts was ev ident  in some runs  charac ter i s t ic  of the  dilut ion (,f the  I)NA 
dur ing  the  run,  bu t  m e a s u r e m e n t  ,ff the  sh)t)(~s at  ×cr{~ tJll]t' viehled the  sed imenta t i (m c(~el]}cient 
at the  initial c (mcentra t i (m ,)t I)N.\  which was the  same in ;ill 1"1111:4. 

RE SUI . T S  AND I ) IS ( 'USSI ( )N  

Fig .  I s h o w s  t h e  r e s u l t s  o f  t i l e  s e d i m e n t a t i o n  s t u d i e s  of  I ) N A ,  in  I ) 2 0  a n d  s u c r o s e  

s o l u t i o n s .  T h e  s t r a i g h t  l i n e s  w e r e  c a l c u l a t e d  1)y t h e  m e t h o d  of  l e a s t  s q u a r e s  and t h e  

v a h l e s  o f  go w e r e  o b t a i n e d  f r o m  t h e  e q u a t i o n s  o f  t h e s e  l i nes .  F o r  t h e  e x p e r i m e n t s  in  

D 2 0  s o l u t i o n s ,  9 °, b y  e x t r a p o l a t i o n ,  w a s  r .6S  g / m l  a n d  for  t h e  e x p e r i m e n t s  in s u c r o s e  

s o l u t i o n  i t  w a s  1 . 4 z  g / m l .  T h e  r e c i p r o c a l  o f  t h e s e  v a l u e s ,  0 .59  m l / g  a n d  a n d  0 .7o  m l / g ,  

a r e  e q u a l  in  t h e  f i r s t  i n s t a n c e  t o  t h e  p a r t i a l  spec i f i c  v o l u m e  of  d r y  I ) N A  in  a I)aO-HaO 
s o l u t i o n  of  d e n s i t y  1 .68  g / m l  a n d  in  t h e  s e c o n d  i n s t a n c e  to  t h e  p a r t i a l  spec i f i c  v o l u m e  

of  t h e  sedimenting unit in a s u c r o s e  s o l u t i o n  of  d e n s i t y  *.4z g/nil. 
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M e a s u r e m e n t s  o f  t h e  apparent specific vo lume of D N A  have yielded v a l u e s  r a n g i n g  

f r o m  0 .47  t o  0 . 66  m l / g  iv. T h e  c u r r e n t l y  a c c e t ) t e d  v a h l e  fo r  t h e  p a r t i a l  spec i f i c  v o l u m e  
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is 0.55 ml/g 16. In  view of the long extrapolation required because of the low partial 
specific volume of DNA, our value of about  o.59 ml/g, obtained from sedimentation 
experiments in D 2 0 - H 2 0  mixtures is in sat isfactory agreement with the best data  in 
the literature. 

The method of preparat ion of the DNA is essentially identical with tha t  used 
previously by one of us is, and we may  therefore take 5.8.1o 6 as the molecular weight 
of DNA 18,19. Assuming tha t  the partial specific volume of DNA in the sucrose solutions 
is also o.59 mug  we calculate w ° to be 1 .2 . Io  6 from Equat ion 5b. I t  is much more 
difficult to obtain a reliable value of w, for comparison with w ° because of the theoretical 
and experimental difficulties involved in determining h and r. From data  obtained from 
electron microscopy2°, ~1, sedimentation 6, light scattering 19 and X- ray  diffraction a, 22, 23 
measurements  we take r IO A and h = 2o,ooo A as the most  probable values. With  
the assumed value, 5 A, for the "radius" of a sucrose molecule we calculate the value, 
2 .6 - Io  ~, for ws. 

For  comparison we can make similar calculations from the sedimentation data  of 
tobacco mosaic virus in sucrose solutions s, and we find w ° = 6.0. lO 6 and w~ = 2.3" lO 6. 
In  the case of tobacco mosaic virus where w ° > Ws, it was previously suggested on the 
basis of a slightly different calculation, tha t  the virus particles possess a real hydrat ion 
layer. No such explanation avails for the DNA experiments, however, since here w ° < ws. 
A reasonable explanation for this result arises from a reconsideration of the model used 
for DNA in the calculation of Ws. We have assumed the DNA molecule to be a solid 
cylinder of about  20 A diameter, but  examination of the two strand, helical model of 
WATSON AND CRICK 5 suggests tha t  there are regions between the successive turns of the 
helix which are accessible to sucrose. Such a partial permeation of the DNA molecule 
by  sucrose would result in a smaller effective thickness of the DNA molecule which would 
lead to a smaller calculated value for w,. 

The data  on DNA and also those obtained earlier on tobacco mosaic virus can not 
be used as a rigorous test of the validi ty of the KAUZMaNN suggestion despite the fact 
tha t  this idea provides a reasonable explanation for the behavior observed for these 
two materials. Until we have a model for which the steric effect is reasonably large and 
for which we know tha t  w arises solely from steric exclusion at the surface, we will not  
be able to eliminate the uncertainties arising either from internal selective absorption 
of water o r  partial permeation of the macromolecule by a third component.  

Since these experiments measure only the water preferentially associated with the 
macromolecule and not the total  amount  of water, they  can be conside redas a means 
for determining the minimum amount  of water associated with a macromolecule. For  
the purpose of describing the experiments in sucrose, we could equally well have assumed 
tha t  there was preferential adsorption of sucrose to the macromolecule. In  such a case 
the term wM~ (I - -  Vie ) in equation 5 would be replaced by  a term sMa (I - -  V30 ) where 
s is the preferential adsorption coefficient for sucrose. We would have found s < o, 
however, which indicates tha t  w > o,and hence we preferred the method used. The 
importance of s lies in the fact tha t  WALES AND WILLIAMS 9 have explicitly identified it 
with (~m3/~m2)T,p,f, 3 used by  STOCK1VfAYER 24 in his formulation of the theory  of light 
scattering in mult icomponent  systems. I t  has also been shown tha t  this quant i ty  is the 
number  of moles of component  3 bound preferentially by  one mole of the macromolecule 
and it can be determined, in principle, by  equilibrium dialysis measurements  26. I t  should 
be noted tha t  in addition to the electrostatic and Van der Waals forces commonly  used 
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to  i n t e r p r e t  t he  r e su l t s  of cqu i l i l ) r ium d ia lys i s  e x p e r i m e n t s  consid~,rat ion m u s t  bc g iven 

to  s te r ic  ef fec ts  such  as t h o s e  c o n s i d e r e d  for u l t r a c e n t r i f u g a t i o n .  T h u s  the re  can I,e 

apparent binding between a macromolecule a n d  (Hie ()f the  eomponm~ts  of lhe  so lven t  

e v e n  t h o u g h  t h e r e  is no a t t r a c t i v e  p o t e n t i a l  b e t w e e n  t h a t  c o m p o n e n t  and  the  macro> 

molecule .  S imi la r  c o n s i d e r a t i o n s  also a p p l y  to  l ight  s c a t t e r i n g  s t u d i e s  of t h r e e  c o m p o n e n t  

s y s t e m s .  

i t  s h o u l d  be n o t e d  t h a t  e q u a t i o n  5 p r o v i d e s  a bas i s  for the  e x t e n s i o n  of t he  t h e o r y  

of SCHERAGA AND MANDELKERN 26 to  t h r e e  c o m p o n e n t  s v s t e m s .  As the  a u t h o r s  p o i n t e d  

out ,  t h e i r  e q u a t i o n  6 is on ly  a p p r o x i m a t e l y  t r u e  for  t h r e e  c o m p o n e n t  s y s t e m s .  Us ing  

our  e q u a t i o n  5 we can wr i t e  for  ~, de f i ned  b y  t h e m  

fi = Ns3lelta /1~ ~ 'r:~ flt (S)  

"112(! f'20) } w ' l / l ( t  V1t~) 

F o r  e x p e r i m e n t s  such as t h o s e  d e s c r i b e d  a h o v e  w h e r e  a, > o a n d  (I I ' t 0  ) ~-( o 

neg lec t  of t h e  s e c o n d  t e r m  in t h e  d e n o m i n a t o r  of e q u a t i o n  8 y ie lds  a va lue  of fl w h i c h  

is t oo  smal l .  Th i s  wilt l ead  to  an  e r r o n e o u s  va lue  for t h e  ax ia l  r a t i o  of t h e  e q u i v a l e n t  

h y d r o d y n a m i c  e l l ipsoid .  F o r  t h o s e  s y s t e m s  in  w h i c h  on ly  w e a k  V a n  de r  W a a l s  forces  

ex i s t  b e t w e e n  c o m p o n e n t  t h r e e  a n d  t h e  m a c r o m o l e c u l e ,  KaUZMANN'S t h e o r y  s h o u l d  

se rve  as a use fu l  gu ide  in e s t i m a t i n g  w h e t h e r  w m a y  be  neg lec t ed .  

SI~MMARY 

The sedimentation of deoxyribonucleic acid (DNA) was studied in three component systems 
containing DNA, D20 and buffer in one series of experiments and DNA, sucrose and buffer in another 
series. By varying the concentration of D20 and sucrose in these experiments it was possible to 
measure the dependence of sedimentation coefficient of DNA on the density of the medium. Extra- 
polation of the data gave the values, L68 g/ml and 1.42 g/ml, for the density of D20 and sucrose 
solutions, respectively, in which DNA has zero sedimentation rate. 

\ theoretical t reatment  based on GOLDBERG'S general thermodynamic formulation of sedi- 
mentation in multicomponent systems is presented. Though the formulation is different from that  
of other authors, the final equations bear a marked similarity to those derived earlier. It is shown 
that  the experiments in 1)20 yield the partial specific volume of DNA and the value, o.59 ml/g, 
obtained in this way is in satisfactory agreement with the presently accepted value. The experiments 
in sucrose solutions give the preferential adsorption of water by D N \  and the value obtained is 
discussed with reference to KAUZMANN'S proposal of steric exclusion of solute molecules from the 
surface of a inacromolecule. The value calculated from KAUZMANN'S proposal is larger than that  
observed experimentally, and the discrepancy is interpreted in terms of the WATSON-CRmK model 
for DN.\ as indicating that  the macromolecule has an open structure which allows penetration not 
only of water but also of sucrose to a smaller extent. 

Finally the interrelationship between this type of experiment in multicomponent systems to 
light scattering and equilibrium dialysis measurements is discussed. 

RI;'S I JM I ;2 

La s6dimentation de l'acide ddsoxyribonucl6ique (DNA) a 6t6 6tudi6e dans des syst4,mes h trois 
constituants renfermant DNA, D20 et tampon dans une premi6re s6rie d'exp6riences et DNA, 
sucrose et tampon dans une deuxi6me. En faisant w~rier les concentrations en D20 et en sucrose 
au cours de ces exp6riences, les auteurs ont pu mesurer l'influence de la densit6 du milieu sur le 
coefficient de s6dimentation du DNA. L'extrapolation des r6sultats fournit, pour les densit6s des 
solutions de D~O et de sucrose, dans lesquelles le DNA a une vitesse de sddimentation nulle, les 
valeurs de t.68 g/ml et t.42 g/ml, respectivement. 

Un traitement th6orique fond6 sur la formulation thermodynamique gdn6rale, due ~l (;OLDBFRG, 
de la s6dimentation dans les syst6mes & plusieurs constituants est pr6sent6. Quoique la formulation 
diff6re de celle fournie par d'autres auteurs, les 6quations finales ressemblent net tement  ~ celles 
6tablies pr6c6demment. Les auteurs montrent que les exp6riences dans D20 donnent le volume 
partiel sp6cifique du DNA et la valeur, o.50 ml/g, obtenue de cette fa~on est en ben accord avec 
la valeur admise actuellement. Les exp6riences dans les solutions de sucrose fournissent l 'adsorption 
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pr6f6rentielle de l 'eau par  le DNA et la valeur obtenue est discut6e par  rappor t  ~ l 'hypoth~se de 
KAUZMANN sur l 'exclusion st6rique des mol6cules de solut6 de la surface d 'une maeromol6cule. La 
valeur calcul6e ~ par t i r  de l 'hypoth~se de KAUZMANN est plus grande que celle observ~e expdrimentale- 
ment  et ce d6saccord est interpr6t6 ~ l'aide du module de DNA de WATSON-CRICK comme indiquant  
que la macromol6cule a une s t ruc ture  ouverte qui permet  la p6n6tration non seulement  de l 'ean 
mais aussi, dans une plus faible mesure, du sucrose. 

Enfin les relations entre ce type d'exp6riences dans des systbmes ~ plusieurs cons t i tuants  et 
les d6ternIinations fond6es sur la dispersion de la lumi~re et la dialyse ~ l'6quilibre sont  discutdes. 

ZUSAMMENFASSUNG 

Die Sedimentierung yon Desoxyribonukleins~iure (DNA) wurde bei aus drei Komponen ten  
bestehenden Sys temen untersucht ,  welche in der einen Versuchsserie DNA, DAO und Puffer, in der 
anderen jedoch DAO, Saccharose und Puffer enthielten. Durch Variation der DAO- und Saccharose- 
konzentra t ion im Laufe dieser Versuche, konnten die Abhiingigkeit des DNA-Sedimentierungs-  
koeffizienten yon der Dichte des Mediums gemessen werden. Ext rapola t ion  der Ergebnisse bis DNA- 
Sedimentierungsgeschwindigkeit  gleich Null ergab die ~Verte 1.68 g/ml und 1.42 g/nil ffir die Dichte 
der D20- bezw. Saccharosel6sungen. 

Auf Grund yon GOLDBERGS allgemeiner thermodynamischer  Formul ierung der Sedinlentierung 
in mul t ikomponenten  Systemen, werden die Ergebnisse theoretisch behandelt .  Obgleich sich die 
Formul ierung von denjenigen anderer Autoren unterscheidet,  weisen die Endgleichungen eine 
bedeutende Ahnlichkeit  mi t  den frfiher erhaltenen Gleichungen auf. Es wird bewiesen, dass die 
Versuche in D20 das partielle spezifische Volumen von DNA ergeben; der so erhaltene ~,Vert yon 
o.59 ml/g s t immt  zufriedenstellend mit dem gegenw~irtig angenommenen Werte fiberein. Die in 
Saccharosel6sungen durchgefi ihrten Versuche ergeben die preferentielle Adsorpt ion von Wasser  durch 
DNA ; der erhaltene \Vert wird auf Grund von KAUZMANNS Theorie des sterischen Ausschlusses der 
Molekiile der gel6sten Substanz yon der Oberfl~iche der Makromolekiile er6rtert.  Der laut KAUZMANNS 
Theorie berechnete Wer t  ist h6her als der experimentell  gefundene; der Unterschied wird auf Grund 
des DNA-Modells von WATSON-CRICK erkl~rt, indem man  ihn als Anzeichen daffir ansieht  dass, 
das Makromolekfil eine offene S t ruk tur  besitzt, welche nicht nur  das Eindringen von \Vasser, sondern, 
in geringerem Masse, auch yon Saccharose erm6glicht. 

Zuletzt wird die Beziehung zwischen diesem Versuchs typus  bei mul t ikomponenten  Systemen 
und Messungen der Lichtdispersion und der Gleichgewiehtsdialyse er6rtert.  
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