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Veloc i ty  u l t r a c e n t r i f u g e  has  been  one of the  m o s t  power fu l  agen t s  in cha rac t e r i z ing  

s o d i u m  d e o x y p e n t o s e n u c l e a t e  (DNA) in so lu t ion  1-8. P r ev ious  s e d i m e n t a t i o n  measu re -  

m e n t s  h a v e  been  c o n c e r n e d  m a i n l y  w i t h  calf  t h y m u s  D N A .  In  this  l abo ra to ry ,  

s tudies  on p r e p a r a t i o n  a n d  p roper t i e s  of he r r ing  spe rm D N A  h a v e  been  car r ied  ou t  9, 

and  the  resul t s  of t he  s e d i m e n t a t i o n  m e a s u r e m e n t s  of some of the  p r e p a r a t i o n s  wh ich  

h a v e  been  k n o w n  to h a v e  d i f ferent  degrees  of p o l y m e r i z a t i o n  are  p r e s e n t e d  in t he  

p re sen t  repor t .  D a t a  on a p r e p a r a t i o n  f rom calf  t h y m u s  are  also inc luded .  Viscos i ty  

of these  p r e p a r a t i o n s  was  also m e a s u r e d  us ing  cap i l l a ry  v i s come te r s  of r e l a t i ve ly  low 

v e l o c i t y  g rad ien t .  F r o m  the  resul t s  of these  m e a s u r e m e n t s  t he  conf igura t ion  of D N A  
molecu le  in so lu t ion  is discussed.  

Most  r e p o r t e d  va lues  of the  s e d i m e n t a t i o n  coefficient  a t  zero c o n c e n t r a t i o n  (So) lie 

b e t w e e n  12-15 S (Svedbe rg  unit)  a n d  the  mo lecu l a r  we igh t  ca l cu la t ed  b y  c o m b i n i n g  

i t  w i th  diffusion d a t a  is de f in i t e ly  lower  t h a n  t h a t  r e c e n t l y  o b t a i n e d  f rom l ight -  

s c a t t e r i n g  e x p e r i m e n t s  1°-14. I n  th is  s tudy ,  however ,  one of t he  he r r ing  D N A  samples  

a n d  the  calf  t h y m u s  p r e p a r a t i o n  were  found  to h a v e  s o va lue  of 2o S or more ,  a n d  i t  

seems h igh ly  p robab le  t h a t  t he  p rev ious  s e d i m e n t a t i o n  s tudies  were  car r ied  ou t  on 

p r e p a r a t i o n s  which  h a d  suffered some  degree  of deg rada t ion .  A f t e r  t he  comple t i on  

of t he  e x p e r i m e n t s  desc r ibed  here,  a p a p e r  b y  PEACOCKE AND SCHACHMAN 8 a p p e a r e d ;  

t h e y  also found  h igh  s o v a l u e  for cal f  t h y m u s  D N A ,  in a g r e e m e n t  w i th  our  resul ts .  

MATERIALS AND METHODS 

DNA. (i) Herring sperm DNA. Soft roes of herring (Clupea pallasii) were extracted with 2 M 
sodium chloride* and DNA was precipitated from the clarified extract by adding ethanol. The 
precipitate was purified by treatment with chloroform-octanol and reprecipitation by ethanol. 
Details of preparation have been reported previously 9. In this study five batches of DNA, H-ib,  
-6a, -7a, -8a, and -9a were measured. H-Ib, -6a, and -9a were prepared from soft roes stored 
frozen for not less than several weeks. H-7a was obtained from salted herrings on sale at a fish 
store. H-8a was obtained from the same batch of soft roes as H-9a but the preparation was ini- 
tiated about a week after the harvest. These preparations were stored in a desiccator over calcium- 
chloride. Electrophoretic homogeneity has been found to be good, in almost every case TM. 

(ii) Calf thymus DNA. The sample, T-2a, was prepared by a method essentially similar to 
that of SIGNER AND SCIIWANDER 17. Thymus glands were frozen with solid carbon dioxide soon 

* H-Ib was prepared by extraction of soft roes with i J]/I NaC1. Nucleoclupein was found to be 
incompletely extractable with i i~I NaC1. 2 h i  NaC1 was used in later experiments since it was 
found to be more suitable 15. 
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after they  were excised, and preparat ion was initiated the next day. The purified DNA sample 
was stored over sa tura ted sodium chloride solution in a cold room. 

(iii) Analysis. H-8a, -ga and T-2a were analyzed for nitrogen by micro-Kjeldahl method 
and for phosphorus  by KING'S method TM after prolonged dialysis against distilled water  followed 
by lyophilization. The results agreed well with each other, giving Nt5 .6%,  P 9.1%, N/P  1.71. 

Methods. Sedimentat ion velocity was measured by a Spinco model E ultracentrifuge, equipped 
with a Phi lpot-Svensson schlieren cylindrical lens system. Speed of the rotor  was set always at 
59,78o r.p.m. Observed sedimentat ion coefficient was corrected to tha t  in water  at 2o~C (s20, ~,.) 
in a conventional  manner  TM. The reported lowering of the rotor tempera ture  at high speed 2° was 
not  taken into account. 

\ : iscosity was measured at  2o 'C with two capillary viscoineters with coiled capillaries of 
about  o. 5 Into in diameter  and i2o cm in length 21. The average velocity gradients are fairly low, 
namely  8o and 95 sec 1 for water at 2o)C. 

Concentrat ion of DNA in a solution was determined by its m a x i m u m  ultraviolet absorpt ion 
measured with a Beckman model DU spectrophotometer ,  after appropriate  dilution with the 
solvent. The ratio of ultraviolet  extinction coefficient at 259 m/t to nitrogen content  of the solu- 
tion (mg/ml) was found to be 125 on the average, which is ill good agreement  with the value by 
FRICK 22. 

RESULTS 

Sedimentation velocity 

Sedimentation coefficients were measured in a concentration range between about 
0.5 % and 0.02 %, in sodium phos ................................................... 
phate buffer of ionic strength o.2 
at pH 7.7 (herring sperm DNA) 
or in o.2 M sodium chloride (calf 
thymus DNA). Primary charge 
effect on sedimentation rate will 
be absent in these solvents 7. 
Typical sedimentation patterns 
are shown in Fig. I. No peak 

a b 
other than that of DNA was found 
in all cases and the "insoluble 
fraction ''2a was not detectable in 
any appreciable amount. 

At higher concentrations, the 
sedimentation boundary was very 
sharp, but the degree of sharpness 
varied from preparation to prepa- 

d ration (see Fig. I). H-Sa and T-2a c ~'~"~-~'~ ..... . .  !' 
showed hypersharp peaks, H-ib 
and -6a slight broadening with 
the progress of sedimentation, and 
H-9a was intermediate between 
them. Boundary of H-7a at high 
concentration was markedly ab- e 
n o r m a l  in  s h a p e ,  b e i n g  s t e e p e r  in  Fig. t. Typical sedimentat ion pat terns.  (a) T-2a, 0.33 %, 

bar  angle 5o°; (b) H-Sa, o.o28%, 6o°; (c) H-6a, o.38 %, 
t h e  advancing side (Fig. Ie); t h e  70°; (d) H-6a, o.o74 %, 6o°; (e) H-7a, o.3 o%,  7 o°. The 
s a m e  k i n d  of a n o m a l y  w a s  s e e n  pa t te rns  of T-2a and H-8a, and of H-6a and H- ib ,  are 
also with H-Ib and-6a at higher very similar with each other. 

concentrations though far less clearly. At low concentrations boundary spreading was 
evident, especially for low molecular weight samples, and this limited the lowest 
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concent ra t ion  which could be measured with any  accuracy. Boundary  spreading of 
H-Ta at a low concentra t ion was much more rapid than  other preparat ions and high 
accuracy of sedimentat ion coefficient was not obta ined for this sample. 

In  Fig. 2 are shown the sedimentat ion coefficients (S2o, ~,) of the six preparat ions 
plotted against  concentrat ion.  Sedimentat ion coefficient was found to differ markedly 
from preparat ion to preparation.  I t  also changed greatly with concentrat ion,  especially 

13 (b) (a) 13 

H-So ,~ r-2o 
, 9 

- . C  ' °  

d, & 03 o; o o.~ a2 03 o., as 
c (g/lOOml) c (g/100 ml) 

Fig. 2. Variation of Seo. ~, with concentration. Concentration is corrected for the dilution due to 
the sector shape of the cell and to the changing field. 

in the dilute region. Table I shows values of s20, ~. of two preparat ions at low concen- 
t rat ions for which concentrat ion dependence was most pronounced. The higher the 
sedimenta t ion coefficient at infinite dilution (So),  the steeper was the init ial  slope of 
the S2o .... v s .  c curve, and the curves crossed with each other at some medium concen- 
trat ion.  At a high concentrat ion the sedimentat ion coefficient of a high molecular 
weight sample (high So) was slightly smaller than  that  of a low molecular weight 

sample. 

TABLE I 

SEDIMENTATION COEFFICIENTS OF H-8& AND T - 2 a  AT CONCENTRATIONS BELOW O I o/ • , o  

Concn. s~, w 
S~mple (g: ioo ml) (S) 

H - 8 a  0.059 7.6 
(in p h o s p h a t e  buffer ,  0.055 7.9 
pH 7.7, // 0.2) 0.028 IO. 4 

o.o14 12.9 

T - 2 a  o.o7~ 7.6 
(in o.2 3 I  NaCI)  o.055 8. 4 

o.o34 IO.3 
0 .018 13. 7 
0 .009 (t7) 

Most of the data  were collected at temperatures  between 20 and  30°C but  a few 
measurements  were made at IO-I5°C.  They fall on a smooth curve and the tempera-  
ture var ia t ion  of s20 .... reported by  KOENIG AND PERRINGS 5 was not  significant. 
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V i s c o s i t y  

Results of viscosity measurements are shown in Fig. 3 in which viscosity number  
t3 
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Fig. 3- Viscosity number Olsp/C) 
plotted against concentration. In 
(b), the points with a short line up- 
ward are obtained by the higher 
velocity gradient viscometer, and 
those with a short line downward 
by the lower gradient viscometer. 

(specific viscosity divided by concentration,  ~]sp/C) is 
plotted against concentration. The concentrat ion 
range covered was varied with preparat ion so tha t  
the values of viscosity ratio (ratio of solution visco- 
sity to solvent viscosity) of the solutions fall 
between 1.o5 and 2.5. Limiting viscosity numbers,  
~]!, obtained by extrapolat ion of the lines of Fig. 3 
are listed in Table II .  

In  cases of the most  viscous samples H-8a and 
T-2a, dependence of viscosity upon velocity gradient 
was evident since the two viscometers used gave 
slightly different values ; the specific viscosity deter- 
mined with the lower gradient viscometer was consi- 
stently higher by  3-4 % than  that  with the higher 
gradient one. I t  was found that  the viscosity values 
reported by  REICHMANN et al. 14 at a similar velocity 
gradient are very near to the values for H-8a and 
T-2a. If the relation of viscosity iat io vs. velocity 
gradient reported by REICHlgANN et al. is assumed 
to apply also to these preparations, the limiting 
viscosity number  at zero gradient will be about  20% 
higher than that  of Table n .  Values obtained for the 
other preparations will be equal, without  serious 
error, to the ones at zero gradient. 

E x t r a p o l a t i o n  o~ s e d i m e n t a t i o n  c o e ~ c i e n t  to zero c o n c e n t r a t i o n  

Since the sedimentation coefficient varies markedly in the dilute concentration range, 
a suitable method of extrapolation 
was necessary. The plot of I/S2o .... o.2e 

against concentrat ion (Fig. 4) gives 
curves concave downward when 0.24 

taken over the whole concent ration 
0.20 

range measured. At low concentra- ~. 
tions, the curves become nearly ~ o.,e 
straight, but  they  do not seem ade- 
quate for extrapolation in cases of 

0.12 
T-2a, H-8a and -9 a. When S~o,,, is 
multiplied by  the solution visco- aoo 

sity 24, resulting curves are strongly 
concave upward just as was des- o.04 
cribed by  JULLANDER 25 for nitro- 
cellulose samples, though this plot 
has the advantage  of giving an 
upper limit to the sedimentation 

, ~ "  T-20 

o ' o:, & 05 ' o:.; 
c (9/100ml) 

Fig. 4- I/s2o,~, vs. c for H-1b, H-8a and T-2a. 
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coeff icient  a t  zero  concen t r a t i on .  H o w e v e r ,  w h e n  s,20, ~, is mu l t i p l i ed  by  ~]' I + )]i c, 

where  E~I is the  l imi t ing  v i scos i ty  n u m b e r  and  c t he  concen t r a t i on ,  t he  p lo t  of 7°I/°" 
6 0  

~. 50 

20 

I0 

I i 

o o:~ & ' & ' 
c (g/lO0 ml) 

Fig. 5. Extrapolation of the sedi- 
mentation coefficients of H-8a 
and T-2a by plotting S~o,,. x ~]' 

= S 2 0 , ~ , ( I  @ [ ) / ? £ )  against c .  

*l' X S2o .... vs .  c gives  fa i r ly  s t r a igh t  lines* as can  be  

seen in Fig.  5. S e d i m e n t a t i o n  coefficients  at  zero con-  
cen t r a t i on ,  so, were  d e t e r m i n e d  p r inc ipa l ly  in this  

m a n n e r ,  t a k i n g  also the  I/S2o, ~,, p lot  in to  cons idera t ion .  
T h e y  are  l i s ted in Tab le  I I .  

I n  Tab le  I I  are  also l i s ted the  va lues  of K~ in the  
e q u a t i o n  

s o 
I + A ' s c +  A c  ~ ~ . . .  

S20 ,  i~' 

which  were  e s t i m a t e d  f rom the  in i t ia l  s lope of t he  

I/S2o,, , .  vs .  c plot  (Fig. 4). The  ra t io  K , / I r ] !  shown in 
the  las t  c o l u m n  of t he  Tab le  I I  was found  to be fa i r ly  

cons t an t ,  a v e r a g i n g  to a b o u t  o.8. 

R e c e n t l y  a few m e a s u r e m e n t s  h a v e  been  m a d e  

to c o m p a r e  t he  s e d i m e n t a t i o n  coefficient  of a g iven  
p r e p a r a t i o n  in o.2 M NaC1 and  in t he  p h o s p h a t e  buffer,  and  an u n e x p e c t e d  difference 

of a b o u t  10% was  found.  Since the  viscosi t ies  of H - 8 a  as well  as T-2a  coinc ide  e x a c t l y  

in these  two  so lvents ,  this  d i s c repancy  seems to  be p r i m a r i l y  due  to the  s e c o n d a r y  

charge  effect ~9 which  acts  as a r e t a r d i n g  force in sod ium p h o s p h a t e  buffer.  This  po in t  
is now be ing  e x a m i n e d  in some  detai l .  

TABLE II 

S E D I M E N T A T I O N  C O E F F I C I E N T  A T  Z E R O  C O N C E N T R A T I O N  (So)  , L I M I T I N G  V I S C O S I T Y  N U M B E R  ( L t / ] ) ,  

M O L E C U L A R  \ V E I G H T  (*~t r A N D  .'llc}, I f s  , A N D  tC,,/[~]] 

Sample s~) [ri] 3 I t  M c K s  K s  '[~l] 
(S) (dl/g) ( io  ~ ) ( l O  6 ) (dig)  

H-ib  8.o 4 .o o.39 o.57 3.4 o.85 
H-6a 8.4 5.6 o.47 o.73 4. i o. 73 
H-7a 8.6 4.5 0-45 0.68 3.7 0.82 
H-ga IO.O 8.9 0.75 1.19 8.4 0.94 
H-8a i9 41 3.7 6.7 34 0.83 
T-2a 23 46 5.2 9.4 42 o.92 

Note: Values of s o for herring sperm samples are probably about IO °/ snaaller than true ones / o  
because of the secondary charge effect. Limiting viscosity numbers for H-Sa and T-2a will 
probably be about 20 °. o higher at zero velocity gradient than the values listed above. Molecular 
weights and Ks/[,~] were calculated without correcting for these factors. 

E s t i m a t i o n  o~ m o l e c u l a r  w e i g h t  

T h o u g h  mo lecu l a r  we igh t  c a n n o t  def in i te ly  be d e t e r m i n e d  b y  s e d i m e n t a t i o n  c o n s t a n t  
s o a n d  l imi t ing  v i scos i ty  n u m b e r  E~/I, i t  will  be p e r t i n e n t  to e s t i m a t e  it  us ing  some 
mode l  for D N A  molecule .  Ca lcu la t ion  was  p e r f o r m e d  by  the  fo l lowing two  me thods .  

(i) An  u n h y d r a t e d ,  r ig id  p ro l a t e  e l l ipsoid molecu le  was a s s u m e d  and  i ts  ax ia l  

* This finding is coincident with the mode of expression adopted by KOEXlG A N D  P E R R I N G S  5 

s o + B c  
$20 ,  w - -  + Dc 

provided the constant D equals to [~l~. 
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ratio was computed from the limiting viscosity number by SIMHA'S equation 26. 
Frictional ratio ///0 was then obtained by PERRIN'S equation 27 and the molecular 
weight was calculated by the following equation 

~1 r = ~v / i62~N[  so(//fo) lT~o~_V~o ]3 3' 2 (i) 

where N is the Avogadro's number, V the partial specific volume, and 9o and ~o are 
the viscosity and density of the solvent, respectively. 

(2) A random coil model was assumed and MANDELKERN-FLoRY equation ~s 
was applied. 

:1"1¢ = 2 .  5 " I O  6 ( I  - -  V e 0  ) ( 2 )  

The results are shown in Table II. Partial specific volume was assumed to be 0.55 ~. 

DISCUSSION 

Large differences exist between the sedimentation constants as well a~ the viscosity 
numbers of different preparations, in sharp contrast to the electrophoretic mobility 
which varies little from sample to sample 8,16. As was described in the section "MATE- 
RIALS", preparations H-Ib, -6a, -7 a and -9 a were obtained from soft roes which were 
not very fresh, while H-Sa and T-2a were purified from materials as fresh as possible. 
Since the method of preparation of these samples was essentially the same, the differ- 
ences in s o and E~] are probably due primarily to the difference in molecular weight 
of DNA in the starting material. The low s o values obtained from the samples prepared 
from stored soft herring roes are therefore indicative of some degradation of DNA 
during preservation of soft roes'. 

On the other hand, the sedimentation constants (So) of H-8a and T-2a exceed 
all values hitherto reported (12-15 S)** except that of PEACOCKE AND SCHACHMAN s. 
Since H-8a and T-2a were obtained from fresh sources, they are apparently in the 
least degraded state among the preparations studied here. Our recent measurements 
on DNA obtained from fresh sperm of rainbow trout showed sedimentation coeffi- 
cients and viscosity numbers very similar to T-2a. Thus it is highly probable that most 
of the preparations studied by previous investigators had suffered some degradation. 
Although the possibility that the preparations with high s o are products of unnatural 
aggregation may not be definitely excluded at present, it can be concluded that the 
preparations with a sedimentation constant of 20 S or higher are nearer to the native 
state than the one with s o of 12-15 S. 

It  must be noted here that a fairly long period of time had elapsed after the pre- 
paration of herring DNA samples when the measurements reported here were done, 
and some change of their properties by aging was possible. H-Ib, the oldest sample, 
was prepared about four years before the first measurements in this study and H-ga, 

* This conclusion does not  exc lude  the  poss ib i l i ty  of any  degrada t ion  of DNA dur ing  purifica- 
t ion. I t  is shown by  ZAMENHOF et al. 29 t h a t  in jured DNA is more sens i t ive  to phys ica l  and  chemical  
agents  t h a n  unin jured .  Also our unpub l i shed  expe r imen t s  showed t h a t  viscosi t ies  of low molecular  
we igh t  samples  H - i b  and H-9a were more  sensi t ive to change  of p H  t h a n  H-8a  or T-2a. Thus, 
i t  is possible t h a t  degraded  DNA would  more  read i ly  suffer fu r ther  de te r io ra t ion  du r ing  purifica- 
t ion.  

** One of the  p repa ra t ions  measured  by TENNENT AND VILBRANDT (STN-I) 1 has  s imi la r ly  high 
s ed imen ta t i on  coefficient bu t  no e x t r a po l a t e d  va lue  was reported.  
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the newest among the herring DNA samples, about a year and a half before. However, 
the effect of aging of DNA on the physical properties studied here seems to be neglig- 
ible, since the sedimentation coefficients and viscosity numbers of T-2a soon after 
preparation and after about a year and, furthermore, of the solution before the final 
ethanol precipitation of T-2a, were found to fall on identical curves. With herring 
preparations no detectable variation of sedimentation coefficient was observed during 
the period of the experiments covering more than a year. In addition, results of the 
previous measurements of viscosity and diffusion on " H - I "  and "H-VI" which were 
done not so long after their preparation 9 are consistent in general with the present 
results (H-Ib and H-6a are derived from H-I and H-VI, respectively). Thus the fact 
that the measurements have been made with preparations of different degrees of 
aging does not affect the conclusion mentioned in the preceding paragraphs. 

DOTY and others 1°-1~ reported that light-scattering measurements on DNA pre- 
pared very carefully from fresh materials yield molecular weight value (about 6" IO 6) 
which is definitely higher than the values determined by sedimentation and diffusion 
(of the order of i .  io6). It  must be remembered that the latter values were based on 
definitely lower s o values than those obtained by PEACOCKE AND SCHACHMAN 8 who 
measured a sample offered by DorY, and also than those for H-8a and T-2a. The close 
similarity between the latter two preparations and those studied by REICHMANN et al  ~4 

is evident from the similarity of their viscosities as noted previously. Thus one of the 
most important reasons of the discrepancy between the value of molecular weight from 
sedimentation-diffusion and that from light-scattering lies probably in that the pre- 
vious sedimentation values refer to less polymerized samples than those used in the 
light-scattering experiments. Several arguments invoked in an attempt to explain the 
discrepancy, such as the effect of impurity contributing much scattering, heavily 

weighted nature of the light-scattering 

/ H-Sa 

Koen/g & / 
Perrings / 

H-lb H 9 o J  [5£ern & Atlas;) 

10 

8 ~ H-6o 

i i i i I i I 

:, ~ 8 1o /5 2'0 ~o 2 o '  '5o6o do 
[,]1 (dr~9) 

Fig .  6. R e l a t i o n  b e t w e e n  log  s o a n d  log  [77]. 
(s o of h e r r i n g  D N A  w a s  c o r r e c t e d  fo r  t h e  s e c o n d -  
a r y  c h a r g e  e f fec t  ( i . i o  t i m e s  t h e  o b s e r v e d  
va lue . )  ; ['U] of H 8 a  a n d  T - 2 a  w e r e  a s s u m e d  t o  
b e  2o % h i g h e r  t h a n  t h o s e  l i s t ed  in  T a b l e  II) .  
D a t a  b y  STERN AND ATLAS 7 a n d  POUYET 4° o n  
" S T N  V "  a n d  b y  KOENIG A N D  PERRINGS 5 a r e  

a l so  i n c l u d e d .  

2O 
18 

,.~ 14 

12 

molecular weight, or the failure of elimi- 
nation of intermolecular interactions in 
the determination of s o , must therefore 
be critically reexamined. 

The two sets of values of molecular 
weight listed in Table II  are only of 
relative significance since the molecular 
configuration of DNA in solution has not 
yet been elucidated. The thin, rigid rod 
model has been widely accepted without 
fully convincing evidence for it. DEKKER 
AND SCHACHMAN 3° have presented some 
evidence in favor of considerable stiffness 
of the DNA molecule, and suggested that 
s o will change little on change of (r]]. To 
test this point, log s o was plotted against 
log E~] in Fig. 6. The data by KOENIG AND 
PERRINGS 5 is included as well as that on 
"STN V" studied by STERN AND ATLAS 7 

and by POUYET 3°. The points fall on a nearly straight line, and the tendency for 
the curve to become horizontal cannot be seen. The slope of this line (0.38) is 
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definitely larger than the theoretical value (o.123) for prolate ellipsoids of very large 
axial ratio with constant  minor axis ' .  Thus such a model cannot be adequate for these 
preparations. In  addition, if the length of the minor axis is calculated for our prepara- 
tions by the Perrin and the Simha relationships, it shows variation well beyond the 
experimental error s from 25 A for the high s o sample to 17 A for the low s o sample, 
though these figures are in broad agreement with the diameter of the two-stranded 
model of DNA 31. Since the ultraviolet absorption of all our preparations was found to 
show normal increase in an alkaline medium, the characteristic internal structure of 
DNA is possibly well reserved. The results of calculation of the diameter are then con- 
t rary  to the expectation that  the polynucleotide chain should have constant  diameter 
irrespective of molecular weight. Thus the rough agreement of the diameter calculated 
on the stiff rod model with tha t  expected from the chemical structure of polynucleo- 
tide chain is only fortuitous. 

A rod model has become much less convincing also from the results of light- 
scattering experiments and random coil (or stiff coil) model is reported to be more 
consistent. If, then, a relation of the type of MANDELKERN AND FLORY holds between 
the molecular weight :1I, s o and jr/I, namely, 

~ ~ (S0[~]~]13) ~/~ (7) 

and if the modified Staudinger rule, familiar in the linear polymer field, 

[,~1 ~ M ~' (8) 

is assumed to hold, the following relation is readily derived. 

' ( :  ) log s o = 3  - I log [~1] + cons t .  (9) 

The exponent a of eqn. (8) can thus be determined from the slope of log s o and logir/l 
plot, without  knowledge of molecular weights. From the plot in Fig. 6, a is found to 
be o.93. This figure is slightly higher than that  found for randomly coiled polymers 
(between o.5o and o.8o) aa, and in notable agreement with tha t  found for cellulose 
derivatives 34. Thus, if one accepts the coil model as well as the validi ty of eqns. (7) 
and (8), it is concluded that  the coil is fairly stiff, in agreement with the deduction 
from the light-scattering experiments 14. 

Besides the experimental difficulty in accurate determination of s o , the above dis- 
cussions suffer some uncertainly since the values of s o and [r/l refer to unfract ionated 
samples. However, the possible polydispersity of them (see below) will not so seriously 
affect the relation between s o and [r/l tha t  it is necessary to revise the qualitative con- 
clusions mentioned above. 

The presence of a wide variety of molecular species in a DNA preparat ion has 
recently been shown by  chromatographic separation and other techniques 35-37 but  

" T h i s  c an  be  d e r i v e d  as  fo l lows:  F o r  p r o l a t e  e l l ip so ids  of v e r y  l a rge  a x i a l  r a t i o  (a/b), SIMHA'S 
a n d  PERRIN'S e q u a t i o n s  c a n  be  a p p r o x i m a t e d  b y  a2 

[~j] oC (a/b) 1.7a2 (3) 

1//o oC (a/b) °.~s~ (4) 

I f  t h e  m i n o r  a x i s  is c o n s t a n t ,  t h e  m o l e c u l a r  w e i g h t  is p r o p o r t i o n a l  to  a/b, 

3I  ac (a/b) (5) 

C o m b i n i n g  eqns.  (i) ,  (3), (4) a n d  (5), we  f ind 

log s o --  o. I23 log [~/1 + cons t .  (6) 
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little is known about  the heterogeneity with respect to molecular weight. Sedimenta-  
tion pa t te rn  is, as a guide of the heterogeneity, not  so useful for DNA as for protein 
solutions because, as was pointed out by PEACOCKE AND SCHACHMAN s, sedimenta t ion 
rate is relatively insensit ive to changes in molecular weight and  boundary  sharpening 
effect predominates.  However, it should be pointed out that  the sedimentat ion pat terns  
for H-7a and, to a much lesser extent,  H - I b  and  -6a, have some resemblance to those 
reported by PEACOCKE AND SCHACHMAN for a mixture  of sonic degraded and  unde-  
graded DNA. This, together with the marked boundary  spreading at low concentra-  
tions s trongly suggests tha t  these lower molecular weight samples are considerably 
heterogeneous. On the other hand,  for the highest molecular weight samples, boundary  
spreading which may serve as a measure of heterogeneity occurs only when the con- 
centrat ion is too low for a quan t i t a t ive  t r ea tment  to be justified, and much effort will 
be necessary to gain information about  the degree of homogeneity of such preparations.  

The problem of heterogeneity of a DNA preparat ion has another  aspect ; it is the 
presence or absence of rapidly sedimenting component  such as reported by CECIL 
AND OGSTON 2 and by BENDICH et al  2a. If such components  were present in our prepara- 
tions, the concentrat ion scale of the S2o, ~, vs. c relation as well as the value of K~/:r]~ 

had to be changed, as the solutions used for measurements  had not been subjected 
to pre l iminary centr i fugat ion;  the actual  concentrat ion at which sedimentat ion is 
being measured would be lower than  the concentrat ion of the original solution, and 
the viscosity number  of the solution the sedimentat ion of which was measured might 
be less t han  the value described here. However, rapidly sedimenting components  
have not  been observed in our sedimentat ion measurements.  Furthermore,  in a pre- 
l iminary  experiment  in which solutions of T-2a and  H - I b  were spun in an angle rotor 
at about  2o,ooo times gravi ty  for one hour, it was found that  the viscosity numbers  
of the superna tan t s  did not  change, and  the amoun t  of sedimented mater ial  was not 
greater than  was expected from the optically observed sedimenta t ion rate. Thus the 
presence of a rapidly sedimenting component  is excluded in our case. 

The values of K~/[ri~ in Table I I  can therefore be considered as true, and their 
constancy suggests a close relationship between the concentrat ion dependence of 
sedimenta t ion coefficient and  the l imit ing viscosity number  as was also found for 
many  linear polymers as, a9 

The authors wish to express their grat i tude to Profs. S. SASAKI and O. TANIGUCHI of 
Tokyo Ins t i tu te  of Technology for their kind permission of use of the Spinco ul tra-  
centrifuge. 

S UMMARY 

Sedimentation coefficients s20,~c of five preparations of sodium deoxypentosenucleate (DNA) 
purified from herring sperm and one from calf thymus were measured by a Spinco ultracentrifuge 
at concentrations below o.5 %. Limiting viscosity numbers E~II of these preparations were deter- 
mined using capillary viscometers of relatively low velocity gradient. 

Marked variation of S2o, ~ and viscosity from preparation to preparation was observed. 
Sedimentation coefficients at zero concentration, s o (in Svedbergs), were found to be 8.o, 8. 4, 8.6, 
io.o and 19 for herring sperm DNA in sodium phosphate buffer of ionic strength o.2 at pH 7.7, 
and 23 for calf thymus preparation in o.2 M sodium chloride (s o values of herring DNA prepara- 
tions are probably about IO ° o lower than true ones because of the secondary charge effect). 

Among the herring DNA samples, four were obtained from soft roes stored frozen for not less 
than several weeks, and one from fresh material. The calf thymus preparation was obtained from 
very fresh material. The latter two preparations, which will be in the least degraded state, possess 
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the highest s o values, which exceed all values hitherto reported for DNA (I2 15S ) except those of 
FEACOCKE AND SCIIACHMAN. 

Plot of log s o vs. log [~] gives a straight  line with a slope of o.38. This is definitely higher than  
the slope expected for unhydrated,  rigid, prolate ellipsoids of revolution with cons tant  minor axis, 
and therefore such a model is inadequate for DNA. If, instead, a coil model is assumed, it should 
be fairly stiff judging from the value of the exponent  of the modified Staudinger rule, es t imated 
to be o.9 from the slope of log s o vs.  log i~1] plot. 

The samples with lower s o and [~tl are probably considerably heterogeneous with respect to 
molecular weight, judging from the sedimentat ion pat terns.  Rapidly sedimenting "gel componen t "  
or "insoluble fract ion" was not detected in any case. 

When 1/s~o, ~,, is plotted against concentration, the resulting curve is concave toward the 
concentrat ion axis. The ratio of Ks,  a constant  characterizing the slope of this curve at infinite 
dilution, to [~1 was found to be fairly constant  with these preparations, averaging about  o.8. 

Rt:2SUM~ 

Les coefficients de s~dimentation S2o, ~, de cinq preparat ions de d~soxypentosenuclSate de sodium 
(DNA} purifi~s ~ par t i r  du sperme de harreng et d 'une prdparat ion purifi~e ~ par t i r  du t hymus  de 
veau ont  6t~ mesur~s dans une ultracentrifugeuse Spinco ~ des concentrat ions inf~rieures ~ 0..5 %. 
Les nombres  de viscosit6 limite [~1~i de ces preparat ions ont  ~td d6termin~s ~ l'aide de viscosim~tres 
capillaires de gradient de v61ocit~ relat ivement  bas. 

Des variations impor tantes  du s20, z~, et de la viscosit6 ont  ~t6 observdes d 'une preparat ion /t 
l 'autre. Les coefficients de sddimenta t ion/ t  la concentrat ion z6ro, s o (en unit6s Svedberg) sont  de 
8.o; 8.4; 8.6; io.o et 19 pour  le DNA du sperme de harreng en t ampon  phosphate  de sodium de 
force ionique o.2 et de p H  7.7,  et de 23 pour  la p r@ara t ion  du t hymus  de veau dans le chlorure de 
sodium o.2 M (les valeurs de s o pour  le DNA de harreng sont p robablement  d 'environ lO% trop 
faibles en raison de l'effet secondaire de charge). 

Parmi  les 6chantillons de DNA de harreng, quat re  ont 6t~ obtenus ~ part i r  de laitances con- 
serv~es ~ l 'dtat congel~ pendant  au moins plusieurs semaines, et une ~ par t i r  d 'un  materiel frais. 
La p r@ara t ion  de t h y m u s  de veau a ~t6 obtenue k par t i r  d 'un mat6riel tr~s frais. Les deux der- 
ni tres pr@arat ions,  qui doivent 6tre dans l 'dtat le moins ddgrad~, poss6dent les valeurs les plus 
61ev6es de s o, valeurs qui d@assent  toutes les valeurs publi6es jusqu'/~ prdsent pour le DNA 
(12 1 5 S ) ,  1t l 'exception de celles de PEACOCKE ET SCHACHMAN. 

En por tan t  log s o en fonction de log !~ , on obtient  une droite de pente o.38. Cette pente est 
sensiblement plus ~levde que celle qu 'on  a t tendrai t  pour  des ellipsoides allong6es de rdvolution 
peti t  axe constant ,  non-hydrat6es,  rigides, et, par  consequent, un tel module ne rend pas compte 
des propri6t~s du DNA. Si, au contraire, on suppose un module enrouK,, il faudrait  qu'il  soit tr~s 
rigide ~tant donn~e la valeur de l 'exposant  dans la formule de Staudinger modifiSe, valeur estim~e 

0.9 ~ part i r  de la pente de la droite reliant log s o ~ log [~/i- 
Les dchantillons qui poss~dent l e s s  0 et les [~/] les plus faibles sont probablement  tr~s hdtdro- 

g~nes du point  de r u e  poids mol~culaire, si l 'on en juge par  les d iagrammes de s~dimentation. 
Dans aucun cas les auteurs  n 'on t  ddceld de "cons t i tuan t  gSliforme" ou de "fract ion insoluble" 

sddimentation rapide. 
Quand on porte i /seo,  a. en fonction de la concentration, la courbe r~sultante est concave 

vers l 'axe des concentrations. Le rappor t  entre K s, une constante  caract6risant la pente de cette 
courbe/ t  dilution infinie, et i ~]n~ est p ra t iquement  constant  pour  ces preparations,  sa valeur moyenne 
~tant de o.8. 

i 

ZUSAMMENFASSUNG 

Die Sedimentierungskoeffizienten s20,~, von Natr iumdesoxypentosenukleat-(DNS)-pr~iparaten 
wurden mit  HiKe einer Spinco-Ultrazentrifuge in Konzentra t ionen unter  o. 5 % gemessen; eines 
dieser gereinigten Pr/iparate s t ammte  aus Kalb thymus ,  fiinf andere aus Heringsperma.  Die 
limitierenden ViskositAtszahlen ~t]] dieser Pr/iparate wurden an Hand  yon kapillaren Viskosi- 
metern  mit  verhiiltnismlissig geringem Geschwindigkeitsgradienten bes t immt.  

Die Priiparate zeigten sehr verschiedene Sedimentierungskoeffizienten und Viskosit~ten. 
l m  Falle von Her ingsperma-DNS in Natr iumphosphat-Puffer ,  Ionenstiirke o.2 bei pH 7.7,  wurden 
die folgenden Sedimentierungskoeffizienten bei Konzentrat ion gleich Null, s o (in Svedbergein- 
heiten) gefunden: 8.o, 8.4, 8.6, io.o, 19. I m  Falle des Kalbthymuspr~tparates in Natr iumchloride 
0.2 2!f war  der s0-Wert 23. (V~'egen des sekund~tren Ladungseffektes sind die gefundenen s0-\Verte 
fiir die Hering-DNS-Pr/ iparate  wahrscheinlich um ungefiihr IO % zu niedrig.) 

Vier der Hering-DNS-Muster  wurden aus wiihrend mindestens einige Wochen lang in  ge- 
f rorenem Zustande aufgehobener Fischmilch gewonnen. Ein Muster s t ammte  aus frischem 
Material. Das Ka lb thymuspr / ipa ra t  wurde aus sehr frischem Material hergestellt. Die letzteren 
beiden Priiparate, welche sich im besten Zustande befinden, weisen die h6chsten s0-'~Verte auf, 
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welche alle bis j e t z t  ftir DNS e rha l t enen  Wer t e  (t 2 15 S), a u sgenommen  die jenigen yon PEACOCKE 
UND SCHACHMAN, tibertreffen. 

\Venn man  log s o im Verh~iltnis zu log [/i ' auftrfigt,  erhfilt man  eine Gerade mi t  einer Neigung 
yon 0.38. Dieser \Vert  is t  bedeu tend  h6her  als die fflr anhydr ische ,  starre,  lgmgliche Revo lu t ions -  
el l ipsoide mi t  k o n s t a n t e r  Kurzachse  zu e rwar t ende  Neigung, und  daher  ist  solch ein Modell fflr 
DNS ungeeignet .  Fal ls  m a n  s t a t t  dessen ein Spulenmodel l  a n n i m m t ,  so soll te dieses z iemlieh steif 
seth, wenn man  sictl nach dem E x p o n e n t w e r t  der ge/ inder ten S tau l t ingerschen  Regel r ichter ,  
welcher, der Neigung der log s o gegent iber  log ~ll]-Kurve gem~tss, auf 0.9 gesch/i tzt  wird. 

Niedr igere  s 0- und [~]]-Werte aufweisende Muster  sind wahrschein l ich  h ins icht l ich  des Mole- 
ku la rgewich tes  viel  heterogener ,  wenn man  sich nach dem S e d i m e n t i e r u n g s - " p a t t e r n "  r ichter .  
In  ke inem Fal le  wurde  eine schnell  sed iment ie rende  " G e l k o m p o n e n t e "  oder "unl6s l iche  F r a k t i o n "  
en tdeck t .  

Fal ls  man  I/S2o, ~c im Verh/ i l tnis  zu cter Konzen t r a t ion  auftr~igt, erh/i l t  man  eine, zur Konzen-  
t r a t i onsachse  hin, k o n k a v e  Kurve.  Der Quot ien t  yon K~ (eine bet unendl icher  Verd i innung  ftir 
die Neigung  dieser Kurve  cha rak te r i s t i s che  Kons tan te )  und [11] war  bet diesen Pr / ipa ra ten  ziem- 
lich bestftndig, und be t rug  durchschn i t t l i ch  ungef/ ihr  o.8. 
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