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If sedimentation equilibrium and sedimrrxttion velocity experiments are performed on a self-associating solule under the 
same solution conditions, it is possible to evaluate the sedimentation coefficients (5,) of the self-associating species and :he 
usual concentration dependence parameter (g or g,). We have tested some of these methods with simulated examples. A more 
critical test is to use real data. Sedimentation equilibrium experiments with P-lactoglobulin A at 20°C in 0.2 M glycinr buffer 
(pH 2.46) indicated that a nonideal monomer-dimer association was present. Sedimentation velocity experiments were 
performed on /3-lactoglobulin A under rhe same conditions. Using data from both sets of experiments we were able to evaluate 
s,. s2, g and g, using two different models for s,~, the apparent weight average sedimentation coefficient. The empirical model 
fors,, developed by Weirich et al. [!I gave better variance than did the model fors,, developed by Gilbert and his co-workers 
12-51. Usin,: a simulated monomer-dimer association mimicking a system having higher sedimentation coefficients than 
/J-lactoglobulin A did, we were able to show that one could not obtain sz from tangents to the plot of I/s,. vs. c in the high 
concentration region. The methods developed here for sedimentation coefficients can lx applied to other experiments in which 
a weight average property (or its apparent value) of a self-associating solute is measured, provided the appropriate 
thermodynamic experiments are done under the same solution conditions. 

1. Introduction 

In an earlier publication [l] we have shown how 
one can evaluate sedimentation coefficients of 
self-associating solutes, provided that sedimenta- 
tion velocity experiments and appropriate thermo- 
dynamic experiments (elastic light scattering, sedi- 
mentation equilibrium, osmotic pressure) are per- 
formed under identical solution conditions_ If it is 
assumed that interacting (coupled) flows are ab- 
sent, then one can obtain the sedimentation coeffi- 
cient of the self-associating species and also the 
usual sedimentation concentration dependence 

parameter from a combination of these experi- 
ments. Furthermore, or , can also estimate the 
translational diffusion coefficients of the self-asso- 
ciating species from these, experiments. 

Here we will show some results obtained with a 
simulated example, which simulates the situation 
one might encounter with relatively fast sediment- 
ing solutes. We will also show some results ob- 
tained with real experiments on a slower sediment- 
ing molecu!e, /?-lactoglobulin A. 

2. Tests with a simulated exainple 

= To whom correspondence should be addressed. 
** Present address: Michael Reese Research Foundation. 

Chicago. IL 60616, U.S.A. 

Before beginning the experimental tests. we used 
a simulated monomer-dimer association as an ex- 
ample. We wanted to see how well and how sensi- 
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ti\c the prc~ioa~iy developed methods for obtain- 
i 21;’ the ~c~JiI~~cIl[~~ti~~Il co&Cents and the con- 
ccntraticw tlrpcndence parameter (,s or -7,) wouId 
he. TL\G* empirical models have been developed to 
&DC I ihc \ ., for ;L self-associating system. Model I. 
;~rc~pcrwct by W&rich et al. [ 1:. is described by 

5’ ‘u. --&,9,‘<‘ (r=I.I! . ...) (2) 

ia rhc tvcight average sedit~lent~~tion coefficient and 
s, the concentration dependence parameter of s,,,. 
Xl~~icl II. proposed by Gilbert and his associates 
[:! 5). is defined by 

; ‘\_., i I ‘\,_ r(.c,, \,,)C. (J) 

Iictrc s, c is defined by t’q_ 2 2nd x is the concentra- 
ti,w deprndznce pammeter of s,,,$. If sufficient 
data are available in the low solute concentration 
region. then c)iltZ catI obtain s, from rxtrapolation 
:rf 3 plot of l/.s ,,., ~3. L’ or of s,,, vs. c’, since 

(6) 

Frw thr birnulatrd sx:imptc we used an esamplc 
h:~scd tit1 .n~&l I and having the following char- 
acwri5tics: s, = 7.2 S (1 S = 1 Svedbrrg unit = 
I 0 Ii 5). .sl = IO.18 S. s,=O.OOS 1 g-’ s-’ and 
X-, = 0.65 I/g. With model I there are three meth- 
~~3s f<w obtaining .sZ and g,; these methods are 
cirscrihrd in a preceding publication II]. Fig. 1 
.shO~\..\ plots of l/s,,*, vs. c’ for three choices of g,. 
including the one used in table 1. Note that as g, 
incrcahrs from 0 to 0.0 1. the shape of the curve 
changes considerably. With positive values of g 
there is ul\vayb a minimum in the plots of I/s,,, 
vs. C. This bt-hs\ior is similar to that encountered 
tvith piols of &f,/‘&I,., vs. c’ (or of Af,/nl,,, vs. c.) 
ftw nanidea monomer-dimer self-associations. The 

I 
! 

03k 

! 

OoLJ_---_~--.-I_ - _&_-_-I- __*_.--“__ 

similarity of these plots was really the basis for 
advocating model I. 

Table 1 shows the ability of each of the three 
methods of model I to analyze for the proper value 
of s2 for th- hypothetical monomer-dimer associa- 
tion+ Synthetic I/s%, values were generated from 

(7) 

for a monomer-dimer association. The appropriate 
value of fjr the monomer concentration in g/I. at 
each concentration was determined from 

c, = ( - I -I- ( I 7-4k2C)“2)/‘k2 (8) 

stnce c = ct c X-,cf. The I/s,, quantity was 
ntanipulated according to the various methods to 

give the value given as ‘So,,,.’ The quantity ‘x,.,,~’ 
is a function only of c,, k,. s, and s2_ If kz, c, and 
s, are known then s, may be found using succes- 
sive approximation techniques until .x,,~~ equals 
s true_ Convergence to the ‘true’ value of .s2 (lo.18 
S‘ at severaf values for c eq~~;i to 4 and 12 g/l is 
also shown in table 1. It is seen that there is good 
agreement for the value of s1 obtained by all three 
methods. 



Tabie I 

Evaluation of 5, by various methods 

~~=I0.18S~.s,=7.2S~.g,=0.005Ig~‘s~’,Cc~=0.65I/g,mo,rlelI. 

8 

9 

10.18 
II 

8 -0.1268 

9 -0.1268 
10.18 -0.1268 
II -0.1268 

0.1332 

0.1195 0.1266 
0.1 I95 0.1 I96 
0.1 I95 0.1151 

0.1334 0.1375 0.1677 0.1483 

0. I334 0.1355 0.1677 0.1578 
0.1334 0.1330 0.1677 0.1664 
0.1334 0.131 1 0.1677 0.1710 

-0.1354 -0.1 IX8 -0.1329 

-0.1312 -0.1 1X8 -0.1260 
-0.1266 -0.1188 -0.1188 
-0.1235 -0.1188 -0.1143 

0.1213 
&I I!9 
0.1062 

3 Svedbrrg unit (S) = IO-I3 s. 
h Methods I and IV of ref. I are identical. 
c c = C* at the minimum of the I/s,, vs. c plot. 

3. Sedimentation velocity of &lactog!obulin A at 

pH 2.46 

In 0.2 M glycine buffer (0.2 M glycine, 0.1 M 
HCI, Z = 0.1, pH 2.46) at ZO”C, /3-lactoglobulin A 
undergoes a reversible, monomer-dimer self-as- 
sociation_ This temperature-dependent self-associ- 
ation has been studied by Tang and Adams [6] 
using sedimentation equilibrium experiments. At 
20°C the values of the association constant (X-,) 
and the nonideal term IBM,) were k, = 0.350 l/g 
and BM, = 0.013 1 I/g. The protein solutions used 
in the sedimentation velocity experiments were 
prepared as described previously. ConcentraGons 
were determined by differential refractometry at a 
wavelength of 546 nm for concentrations from 
3.88 to 11.9 g/l; the refractive index increment 
was assumed to be 1.82 X IO-' l/g [6,7]. For 
concentrations below 3.88 g/l the absorbance at 

280 nm was used. Sedimentation velocity experi- 
ments were performed on Beckman Model E Ana- 
lytical Ultracentrifuges at 60000 ‘pm. Both ultra- 
centrifuges were equipped with electronic speed 
controls and a resistance-temperature indicator 
control, so that temperature could be controlled to 
better than _t O.I”C. The experiments on solutions 
having lower concentrations (3.26 g/l or lower) 
were performed on an ultracentrifuge equipped 
with a photoelectric scanner and multiplexer; the 
wavelength used was 280 nm. For greater con- 
centrations an ultracentrifuge equipped with 
Rayleigh and schlieren optics was used. The 
schlieren patterns were obtained at various times 
at a wavelength of 546 nm. 

For the experiments performed with a photo- 
electric scanner the initial concentrations were de- 
termined as follows: First a stock solution was 
prepared and dialyzed against the g!ycine buffer; 



its concentration was determined by differential 
refractometry at )t = 546 nm. Careful dilutions 
were prepared from the stock sotution, so that the 
concentrations of these working solutions could be 
related to the stock solution. The initial concentra- 
tions of these working solutions were also de- 
termined by measuring the pen defIections on the 
chart recorder of the photoefectric scanner; these 
measurements were done at 280 nm. This way the 
pen deflections could be related to the concentra- 
tions in fringes at 546 nm. 

Fig. 2 shows a plot of the apparent weight 
average sedimentation coefficients Is,,) vs. the 
average total protein concentration (c,,). Because 
/3-lactoglobulin A is a slowly sedimenting mole- 
cule. the moving boundary does not break away 
readily from the radial position of the air/solution 
meniscus. rm_ and it was necessary to use the 
second moment method. as modified by Baldwin 
[S] and by Webber [9], for the evaluation of s,, 
from the schlieren data. Here one notes that 

(9) 

and (r’) is obtained from [lo] 

These quantities have their usual meanings: o is 
the angular velocity of the rotor (w = 
2rr(rpm)/60): (~-a) is the square of the boundary 
position which moves with the same velocity as do 
particles in the plateau region - region where 
@c/Lb-), = 0; CP is the concentration of /3-Iacto- 
globulin A in the pIateau region: c,, is the con- 
centration of &Iactoglobulin A at r,, the radial 
position from the center of rotation of the 
air/solution meniscus; + is any radial position 
between ‘;, and rt,. the radial position at which the 
plateau begins; and t is the time. The meniscus 
concentration, c,, is evaluated from the well known 
equation [IO] 

Cm = =,, - ( l/r~)/‘“r’(ac/ar),dr. (11) rr” 

Here cc, is the original concentration of ,Macto- 
globulin A. The plateau concentration is obtained 
from 

The value of s,, obtained from a plot based on eq. 
9 reflects the value of s,., for the average con- 
centration (c,,) of P-lactogiobulin A during the 
sedimentation velocity experiment. This value of 
cay is estimated from [I 1 J 

~~.. = (c,,$] <r”)r ;<r2>n (13) 

where (r’), and (r’), refer to the values of (t’) 
for the first and last photographs. respectively. 

In the lower concentration range. the values of 
s,, in fig_ 2 were determined from experiments 
using a photoelectric scanner at a wavelength of 
250 nm. Here s,., was determined from the change 
in the logarithm of the plateau concentration with 
time according to [ I.1 l] 

d In c , -,---z = --2w-s,,. dr (14) 

The plot of s,~, vs. c was analyzed by the three 
methods of model X. The results of this anaIysis are 
shown in table 2 and refer to the values in 0.2 M 
glycinc buffer at pH 2.46. 

The value of s, (1.68 S) was obtained by ex- 
trapolation of the s,, vs. c data to c = 0. For 
methods employing derivatives a value of s2 was 



Modri Method -% G) 3, (I g-’ s-t )orsii g-‘1 VXiZUlCe 
(XI04) 

I I 2.78 + 0.09 0.002 I i_ 0.005 5.46 
I 2 3.11 f0.06 0.0064 + 0.003 2.54 

i 3” 3.15rt:O.O8 0.0068 & 0.003 2.38 

II I 3.17~0.03 0.0179~0.008 2.57 
II 2 2.47 _C 0.03 -0.005 ,O.Ol 10.6 

II 3 2.37 f 0.07 - 0.009 -r_ 0.02 12.9 

* Gave the best fit. 

determined at increments of 0.02 g/l from the 
smoothed experimental curve over the entire con- 
centration range_ For models I and II, method 3, 
which required that an integral be evaluated, s2 
was determined only for integrals which covered at 
least one-third of the concentration range. Accept- 
able solutions for s2 by al1 methods were restricted 
to be between si and 2,. A best value of s2 for 
each method was obtained through linear regres- 
sion analysis of the s2 values found at each con- 
centration. This value was then used to regenerate 
the ideal weight average sedimentation coefficient 
(see eq. 7). The concentration dependence parame- 
ter was calculated from 

5= 
\ $-f-l /c 
1 

far model II. (16) 

This parameter value from regression analysis was 
combined with the calculated I/s, quantities to 
give a regenerated I/su, vs. c curve. The variance 
between the experimental and regenerated curves 
was used as the criterion for determining which 
model gave the best fit. Method 3 might be ex- 
pected to give a slightIy better fit than the other 
methods, since numerical integration is usually a 
more precise procedure than is differentiation. This 
is indeed the case as is seen in table 2. Regener- 
ated values of s,, vs. c from method 3 of model I 
are shown by the solid line in fig. 2. In addition a 

plot of s,, vs. c is also shown in fig. 2; here [ 1,121. 

%a = d( cs_)/dc. (17) 

The smooth curve was drawn from values of s,, 
regenerated from the results of method 3 of model 
I and the relation 

The experimentally derived quantities for -rza were 
calculted by a five-point derivative procedure from 
the smoothed s,, data. 

The value of st corresponds to SF, the value of 
s,, at infinite dilution, and the value of s2, since 
the usual concentration dependence of s,, vs. c 
has been corrected, would correspond to sz- Thus, 
these values of s, and s2 can be inserted into the 
appropriate form of the Svedberg equation 1131, 

=I - 
iM,(l-Gap) siM~(l-i%)ZJ, 

Nf. RI- 
(i=1.2) (19) 

to give the translational diffusion coefficient Di of 
the self-associating species i. Here, as in the sedi- 
mentation equilibrium experiments, it has been 
assumed that all partial specific volumes are equal 
(5, = Ua = i?)_ One can also obtain the translational 
frictional coefficient, f,, since 1131 

RT 
D,=N/,. 

The values for& and D, are listed in table 3. 
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"Fable 3 

Translational frit.tional and diffusion coefficients at 20°C in glycine buffer 

f ,  ~ , .  = 6.-mr, (Stokes" law). f, = M, ( I -- ff.O ) / N s , .  r, = (0.75~d, 6 / N , ' z  ) n / 3 N = 6.023 X 10 z3 (Avogrado's number). D, = R T / N f , .  

Species s, (s) ( × 1013) D, (cm2/s) ( x 107) f, (g/s)  ( x 10 g) f , / f ,~ ,n  

blonomer (1.68-I-0.05) (9.0±0.3) (4.5+0.1) 1.34 ±_0.04 
Dimer (3.15±0.08) (8.4±0.2) (4.8±0.1) 1.144-0.03 

4.  D i s c u s s i o n  

W e  h a v e  s h o w n  w i t h  a s i m u l a t e d  e x a m p l e  b a s e d  
o n  m o d e l  I t h a t  t he  m e t h o d s  w e  d e v e l o p e d  fo r  
o b t a i n i n g  s e d i m e n t a t i o n  c o e f f i c i e n t s  a n d  t h e  u s u a l  
c o n c e n t r a t i o n  d e p e n d e n c e  p a r a m e t e r  f o r  s e d i m e n -  
t a t i o n  w o r k  w i t h  t h e  t h r e e  m o d e l s  t e s t e d .  M e t h o d  
3. s i n c e  it is b a s e d  o n  i n t e g r a t i o n  w h i c h  is a 
s m o o t h i n g  p r o c e s s ,  m a y  b e  t h e  m e t h o d  o f  c h o i c e  
in real  e x p e r i m e n t s .  S i n c e  m o d e l  II is d i f f e r e n t  
f r o m  m o d e l  I. o n e  w o u l d  e x p e c t  to  ge t  d i f f e r e n t  
v a l u e s  o f  ~2 a n d  g ( o r  g~) w i t h  e a c h  m o d e l .  B o t h  
m o d e l s  a r e  e m p i r i c a l  m o d e l s ,  a n d  o n e  c a n n o t  n e c -  
e s s a r i l y  s ay  w h i c h  is t h e  m o r e  f a v o r e d  o n e .  B o t h  
m o d e l s  u se  o n l y  o n e  s e d i m e n t a t i o n  c o e f f i c i e n t  
c o n c e n t r a t i o n  d e p e n d e n c e  p a r a m e t e r  ( g  o r  g.,). 
S o d a  et  ai.  [14] d i d  a vecy e l e g a n t  s t u d y  o f  t he  
J o h n s t o n - O g s t o n  e f f e c t  w i t h  p o l y ( ~ x - m e t h y l -  
s t y r e n e )  s a m p l e s  in  a g o o d  s o l v e n t  ( t o l u e n e )  a n d  in 
a p o o r  s o l v e n t  ( c y c l o h e x a n e )  a t  3 5 ° C .  U s i n g  a 
b l e n d  o f  t w o  s h a r p  f r a c t i o n s  t h e y  f o u n d  t h a t  t h e  
s e d i m e n t a t i o n  coef f i c i en=  c o n c e n t r a t i o n  d e p e n -  
d e n c e  p a r a m e t e r  o f  t h e  w e i g h t  a v e r a g e  s e d i m e n -  
t a t i o n  c o e f f i c i e n t  w a s  s i m p l y  t h e  w e i g h t  a v e r a g e  o f  
t he  t w o  i n d i v i d u a l  
p a r a m e t e r s ,  i.e.. 

x = ( m , c ' ~ "  + , ' ¢ z : ' -~ ' ) /" '"  

w h e r e  

, "  = , ' i '  + c'." 

c o n c e n t r a t i o n  d e p e n d e n c e  

(2]) 

( 2 2  ) 

is t he  t o t a l  c o n c e n t r a t i o n  o f  p o l y m e r .  T h e r e  w e r e  
n o  c r o s s - t e r m s ,  i . e .  g~2 o r  g2[ w e r e  e s s e n t i a l l y  
n e g l i g i b l e  w i t h i n  m e  p r e c i s i o n  o f  t h e i r  e x p e r i -  
m e n t s .  F o r  a s e l f - a s s o c i a t i n g  s o l u t e  it w o u l d  b e  
v i r t ua l l y  i m p o s s i b l e  to  m e a s u r e  gl l  a n d  gz2- so  if  
o n e  a s s u m e s  g n  = g 2 2 -  t h e n  o n l y  o n e  s e d i m e n -  

t a t i o n  c o e f f i c i e n t  c o n c e n t r a t i o n  d e p e n d e n c e  
p a r a m e t e r  is n e e d e d .  S o d a  e t  al.  u s e d  an  a n a l o g  o f  
m o d e l  II.  

F o r  s o m e  m o n o m e r - n - m e t  a s s o c i a t i o n s ,  t h o s e  
w i t h  n > 3, t h e r e  m a y  b e  s o m e  s e p a r a t i o n  o f  t h e  
b o u n d a r i e s  d u e  to  m o n o m e r  a n d  to  n - m e t ,  i f  t h e  
m o l e c u l a r  w e i g h t  o f  t h e  n - m e t  is h i g h  e n o u g h :  
o t h e r w i s e ,  t h e  e f f e c t s  o f  d i f f u s i o n  will  m a s k  t h e  
s e p a r a t i o n  [15,16]. W h e n  s e p a r a t i o n  o f  t h e  m o v i n g  
b o u n d a r i e s  d o e s  o c c u r ,  o n e  m a y  b e  a b l e  to  e v a l u a t e  
s v a n d  s ,  f r o m  t h e  b o u n d a r i e s .  F o r  m o n o m e r - d i -  
m e r - t r i m e r  (1,2,3) ,  m o n o m e r - d i m e r - t e t r a m e r  (1.2,4)  
a n d  v a r i o u s  i n d e f i n i t e  s e l f - a s s o c i a t i o n s ,  s e p a r a t i o n  
o f  t h e  b o u n d a r i e s  d o e s  n o t  u s u a l l y  o c c u r  [ 15,17,18],  
s o  t h a t  o n e  w o u l d  h a v e  to  r e s o r t  to  p r o c e d u r e s  
d e s c r i b e d  in  t h e  e a r l i e r  p a p e r  [1] to  e v a l u a t e  t h e  
v a r i o u s  s e d i m e n t a t i o n  c o e f f i c i e n t s  a n d  t h e  c o n -  
c e n t r a t i o n  d e p e n d e n c e  p a r a m e t e r .  

T h e  p l o t  o f  s~.~ vs.  c f o r  f l - l a c t o g l o b u l i n  A in 
0 .2  M g l y c i n e  b u f f e r  a t  2 0 ° C  s h o w n  in  fig. 2 is 
c h a r a c t e r i s t i c  o f  s o m e  s e l f - a s s o c i a t i o n s  [19,20]. In  
o u r  e x p e r i m e n t s  w e  a n a l y z e d  t h e  d a t a  u s i n g  b o t h  
m o d e l s ,  s i n c e  t h e s e  a r e  a c t u a l  e x p e r i m e n t a l  d a t a .  
N o t e  t h a t  t h e r e  is s o m e  s c a t t e r  in  t h e  sw~ vs.  c d a t a  
w i t h  th i s  s l o w l y  s e d i m e n t i n g  s y s t e m ,  a n d  th i s  m a y  
b e  a c h a r a c t e r i s t i c  o f  s y s t e m s  h a v i n g  r e l a t i v e l y  l o w  
s e d i m e n t a t i o n  c o e f f i c i e n t s ,  s i n c e  th is  e f f e c t  h a s  
b e e n  o b s e r v e d  b y  o t h e r s  w i t h  f l - l a c t o g l o b u l i n  A a t  
l o w  p H  [22]. a n d  w i t h  c h y m o t r y p s i n o g e n  [19]. 
K a k i u c h i  a n d  W i l l i a m s  [20] s t u d i e d  t h e  m o n o m e r -  
d i m e r  a s s o c i a t i o n  o f  a p a p a i n - d i g e s t e d  f r a g m e n t  o f  
i m m u n o g l o b u l i n  Ig  in  8 M u r e a ;  t h e y  e n c o u n t e r e d  
m u c h  l a r g e r  s e d i m e n t a t i o n  c o e f f i c i e n t s  a n d  s e e m e d  
to  h a v e  b e t t e r  p r e c i s i o n .  O n  t h e  o t h e r  h a n d ,  t h e y  
h a d  to  o b t a i n  t h e i r  e s t i m a t e  o f  s I b y  p e r f o r m i n g  a 
s e p a r a t e  e x p e r i m e n t  u n d e r  c o n d i t i o n s  w h e r e  n o  
s e l f - a s s o c i a t i o n  o c c u r r e d .  T o w n e n d  e t  al.  [22] re-  
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ported that /?-lactoglobulin (sic) had an s value of 
approx. 1.9 S at zero concentration at pH 1.6. 
They used schlieren optics. It is not known from 
their paper whether they used the general form of 
the second moment method or if they used 
boundary-forming experiments for calculating s,, 
values. Because the monomer is such a slowly 
sedimenting molecule. the moving boundary may 
not go to the baseline near the air/solution 
meniscus (it did not in our experiments). Thus, the 
Fax&t solution to the continuity equation would 
not be approximated, and the s values can be 
erroneous - they can be larger than they should be 
[23,24]. 

The results given by the two models for s,, (see 
eqs. 1 and 3) are shown in table 2. It is evident 
that. in general, consistently better variances are 
obtained with model I. The values of sI? from both 
models are close to each other. From the values of 
s, and s, one can calculate the translational diffu- 
sion coefficients D, and D2 (see eq. 19) and also 
the frictional coefficients f, and f, (see eq. 20). 
These values are listed in table 3. For the mono- 
mer one can calculatef,/fi,i,, wheref,,i, = 65i77r, 
is the Stoke’s law frictional coefficient for a sphere. 

Sincef,/_f,,i,= 1.34, the monomer is not spheri- 
cal. Using the best value for s, one can show that 
fZ/fZmin = 1.14 and that sJ.s, = 1.88; this last ratio 
would be 2’13 or 1.59, if both particles were 
spheres. The frictional ratio (f,/f,,;,) for the 
monomer clearly indicates that it is not a sphere, 
and the the frictional ratio for the dimer f2/fzmin 
= 1.14 indicates less deviation from a sphere. This 
may suggest that the dimer forms a side-to-side 
compact molecule rather than an elongated (per- 
haps end-to-end) one. 

We have calculated the value of s,,~~_ A plot of 

S,ZIPP vs. c ftir fl-lactoglobulin A is shown in fig. 2; 
this may well be the first attempt to evaluate s,,rp 
experimentally. Differentation is a noisy process 
and can produce scatter, so the regenerated fit to 
s,,aP is fair. One might have had better results if 

the s,,PP value could have been more precise. It 
can be shown for model I that methods 1 and 4 of 
the previous paper [I] are identical; furthermore, 
method 1 involves s,,. This may account for the 
higher variance and lower value for s2 (see table 2) 
with this metiiod. It should be noted that methods 

2 and 3 give good agreement with each other. 
Method 3 is based on integration which is a 
smoothing process, and method 2 takes advantage 
of the fact that d( l/.s,,)/dc = 0 at the minimum 
in the plot cf l/s,, vs. c. 

At high concentrations eq. 7 becomes 

Thus, attempts have been made to extrapo!ate a 
tangent line to the l/s,,ar vs. c plot taken at high 
concentrations, and estimates of sz were made 
from the intercept at zero concentration. We tried 

this procedure with the perfect data shown in 
fig. 1. Tangents were taken at various parts of the 
high concentration region, and in no case did we 
recover the value of sz_ The value of s2 ranged 
from 8.84 to 8.98 S. The best value we got was 
88% of the true s, value. Thus. this method at best 
can only give a ball-park estimate of sz. The 
tediousness associated with the evaluation of 
schlieren or Rayleigh data needed for the second 
moment calculation might be overcome by using 
an automated plate reader [25-271. 

A referee has pointed out that if strong pressure 
effects were present, then there would no longer be 
a plateau region of constant composition. and in 
the case of dissociation. the total concentration 
would rise above the original [28]. In this case 
neither the Gilbert theory nor the second moment 
method would apply. Indeed. it would be difficult 
to apply this analysis to an associating protein. 
such as myosin [28-301, which shows a pro- 
nounced pressure effect. In our experiments, the 
plateau and the solvent (buffer solution) baseline 
coincided. which would indicate no pressure ef- 
fects. Our experiments were terminated before the 
plateau disappeared. 

We have shown that one can use sedimentation 
equilibrium and sedimentation velocity experi- 
ments performed under identical solution condi- 
tions to evaluate the sedimentation coefficient of 
the dimer (sz) as well as the usual concentration 
dependence of the sedimentation coefficient (g or 
g,). The procedures used here can be applied to 
other experiments that give a weight (x,,) or 
apparent weight average property (x,,,,). such as 



elution volume, to evaluate the individual proper- 
ties _yr and the usual concentration dependence of 
x. provided that the appropriate thermodynamic 
experiments have been performed so that c, and X-, 
are known. It should also be noted that x,, or 
s,,,,~ is also available [ 11. since 

-rzzPP = d(c-r,,,,)/dc. (24) 
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