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ents for polystyrene, and both gave results charac­
teristic of non-solvents.18 With acetic acid, the 
intrinsic viscosities of the polymers increased with 
the concentration of solvent. In polymerization 
at 60° at acetic acid: styrene ratios of 0, 0.5, 1.0 and 
5.0, the polystyrenes obtained had intrinsic viscosi­
ties of 3.4, 4.2, 4.5 and 5.3. Analogous results were 
obtained at 100 and 132°. The polymers were not 
always reproducible and the rates were erratic with 
a tendency to be low. Separation of polystyrene 
from solution apparently permits some molecules 
to grow to unusual size. Carbon analyses of one 
purified polymer made at an acetic acid: styrene ra­
tio of 1.01 showed only 91.8% carbon (theoretical, 
92.28%) indicating incorporation of solvent in the 
polymers. Ethanol at low concentrations leads to 
a polymer of lower intrinsic viscosity, but above an 
ethanol-styrene ratio of about 5, further addition of 
ethanol gives polymers of higher intrinsic viscosity. 
Dichloroacetic acid combines a non-solvent effect 

(18) J. Abere, G. Goldfinger, H. Naidus and H. Mark, J. Phys. 
Client., 49, 211 (1945); R. N. Haward, J. Polymer Sd., S, 10 (1948). 

Introduction 
In the course of a study in this Laboratory on the 

degradation of tobacco mosaic virus using the ul-
tracentrifuge to follow the appearance and disap­
pearance of decomposition products, it became clear 
that errors, not heretofore realized, can be made by 
analyzing the ultracentrifuge patterns in terms of 
concentrations in the conventional manner. I t 
has been known for some time that, in contrast to 
the study of a single monodisperse protein, the de­
termination of the concentrations of components of 
a mixture from ultracentrifugal patterns often 
yields erroneous values.3-6 Specifically, the con­
centration of the slower component of a mixture, as 
obtained from analysis of the ultracentrifuge pat­
terns, is too high, and the concentration of the faster 
component is too low. Since there has been some 
discussion7-9 as to the explanation for this anomaly 

(1) Presented in part at the Gordon Research Conference on Nucleic 
Acids and Proteins, New Kampton, N. H., August 26-31, 1951. 

(2) Presented in partial fulfillment for the Ph.D. degree in Biochem­
istry at the University of California, 1952. 

(3) A. S. McFarlane, Biochem. J., 29, 407, 660 (1935). 
(4) K. O. Pedersen, Nature, 138, 363 (1936). 
(5) K. O. Pedersen, Compt. rend. Lab. Carlsberg, 22, 427 (1938). 
(8) J. P. Johnston and A. G. Ogston, Trans. Faraday Soc, 42, 789 

(1946). 
(7) B. Enoksson, Nature, 161, 934 (1948). 
(8) K. O. Pedersen, Ann. Rev. Biochem., 17, 187 (1948). 
(9) R. Cecil, J. P. Johnston and A. G. Ogston, Nature, 163, 919 

(1949). 

with high transfer activity. As the acid-monomer 
ratio increases, the intrinsic viscosity of the poly­
mer continues to decrease, but not as much as ex­
pected. Malonic, phenoxyacetic and benzoic acids 
also gave abnormal polymers, but experiments were 
too limited for further comment. 

The behavior of paraformaldehyde was unique 
and unaccounted for. At concentrations of 0, 
0.05 and 0.3% by weight, polystyrenes of intrinsic 
viscosities 3.4, 4.3 and 5.4 were obtained. The 
paraformaldehyde appeared to be insoluble in the 
monomer, and was recovered from the partially 
polymerized styrene. The high intrinsic viscosity 
of the polymer was unchanged by shaking a benzene 
solution with either water or mineral acid but was 
reduced from 6 to 2.8 by extracting a carbon tetra­
chloride solution of the polystyrene with water at 
approximately 40 ° for one week. Mixing or heating 
solutions of normal polystyrene with paraformalde­
hyde produced no increase in viscosity. 

PASSAIC, N. J. 

and because of the unprecedented magnitude of the 
effect observed in mixtures containing tobacco 
mosaic virus, detailed ultracentrifugal analyses 
were conducted with known mixtures. This com­
munication presents the results of such studies and 
a theoretical interpretation of the results along the 
lines originally suggested by Johnston and Ogston.6 

Materials and Methods 
Several preparations of tobacco mosaic virus (TMV) and 

tomato bushy stunt virus (BSV) purified by a series of cycles 
of alternate high and low-speed centrifugation according to 
the method of Stanley10 were used in this study. Bovine 
plasma albumin (ALB) and 0-lactoglobulin (/3-lact) ob­
tained from Armour and Company were used in mixture 
studies with bovine plasma fibrinogen (FIB), also obtained 
from Armour and Company (fraction I ) . Some experi­
ments were conducted with a degradation product (DP) of 
tobacco mosaic virus obtained by treating the virus with 
sodium dodecyl sulfate.11 Electron micrographs showed 
the D P particles to be the same diameter as TMV with 
lengths about 3A those of the virus particles. Ultracentri­
fuge patterns of this preparation showed a single sharp 
boundary. 

Sedimentation analyses were performed in a Spinco Model 
E ultracentrifuge equipped with a Philpot-Svensson optical 
system.12-14 Centrifuge runs were made at room tempera­
ture and sedimentation constants were corrected to a stand-

(10) W. M. Stanley, T H I S JOURNAL, 64, 1804 (1942). 
(11) H. K. Schachman, ibid., 78, 4808 (1951). 
(12) J. Thovert, An«. Phys., 2, 369 (1914). 
(13) J. St. L. Philpot, Nature, 141, 283 (1938). 
(14) H. Svensson, Kolloid Z., 87, 181 (1939). 
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Dilute solutions of two macromolecular components have been studied in the ultracentrifuge. The boundary area of the 
slow component of the mixture is found to increase as much as 300% over that of a comparable concentration of that same 
component alone. Further, the area due to the slow component, corrected for the geometry of the cell and the centrifugal 
field, decreased as much as 30% as the boundary moved through the cell. By comparison of the experimental results with a 
theoretical treatment based on the ideas of Johnston and Ogston, it is shown that the magnitude of these anomalies depends 
on the proximity of the sedimentation constants of the individual components. I t is shown that a reasonable prediction of 
the magnitude of the anomaly can be made from knowledge of the physical properties of the fast component. The existence 
of convection during the ultracentrifugation of mixtures is discussed. 
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ard state corresponding to water at 20" by the method of 
Svedberg and Pedersen.16 Since the temperature rise in 
most ultracentrifuge runs was less than 1 °, the sedimentation 
constants were calculated from plots of logio x vs. I, where * 
is the distance in cm. from the axis of rotation to the boun­
dary and t is the time in seconds. 

To obtain the concentration of a given material from the 
ultracentrifuge pattern, the photographs were enlarged 
from four to six times by projection upon white paper and 
the curves were traced according to the method of Cecil and 
Ogston.16 Owing to diffraction at the edges of the bar in 
the plane of the image of the light source slit, the curves as 
photographed are somewhat indistinct and errors could 
occur if only the upper or lower outlines are used. Accord­
ingly, areas from the upper and lower outlines were aver­
aged in each case to correct for exposure errors. In many 
patterns the areas obtained from the upper and lower edges 
agreed to within a few per cent., although in some runs the 
area of the upper curve was about 3 5 % greater than that of 
the lower. Even in the latter cases the average area was 
within 5 % of the expected area for runs on one sample of 
TMV and one preparation of 0-lactoglobulin kindly supplied 
by Dr. T . L. McMeekin. In all but a few analyses the 
boundaries were completely separated so that graphical 
resolution of the patterns was unnecessary. 

True protein concentrations were assumed to be those 
calculated from Kjeldahl nitrogen determinations. The 
Markham17 distillation apparatus was employed in conjunc­
tion with a Scholander18 micro-buret for all nitrogen analy­
ses. 

Viscosity measurements were made in an Ostwald type 
viscometer specially designed to produce a low average shear 
gradient of about 300 sec . - 1 . 

Theory 
Consider a cell with sector angle, 4> (in degrees), 

and thickness, b (distance perpendicular to direc­
tion of sedimentation), filled with a solution of two 
sedimentable components. Let the initial con­
centration of slow component be Cg. The total 
mass of slow component between the meniscus in 
the cell, Xi), and some arbitrary level, XF, before sedi­
mentation starts, is 

ml = cl g | (*} - xl) (1) 

and the amount of slow component passing through 
the plane at XF in time, At, is 

Am = 4 ggp 2«Fu2XFSs,mi« dt (2) 

where w is the angular velocity in radians per sec, 
c | is the concentration of slow component at time, 
t, at the plane x-p, x values are measured from the 
axis of rotation and ss.mixt is the sedimentation 
constant of the slow component in the presence of 
the fast. During the time, t, the fast boundary 
moves up to Xy, the slow boundary to rs, and the 
total amount of slow component passing across the 
Xp level is 

M= CMdm = 2 T T X | ^ W
2 J4ss,mixidt (3) 

If, for the present, we assume 5s,mi*t is constant we 
can substitute 

4 = 4 e-2"!ss.™«t 

a n d i n t e g r a t e e q u a t i o n 3 t o g ive 

M = clxl ~ ^ [ 1 - e-2»'s*.»*J] (4) 

(15) T . S v e d b e r g and K. O1 Pede r sen , " T h e U l t r a c e n t r i f u g e , " Ox­
ford Unive r s i ty Press , N e w York , N . Y. , 1940. 

(16) R. Cecil a n d A. G. Ogs ton , Biockem. J., 4 3 , 392 (1948). 
(17) R. M i i r k h a m , ibid., 36 , 790 (1942). 
(18) P . F . Scho lander , Science. 9 5 , 177 (1942). 

Subtracting equation 4 from equation 1 and rear­
ranging gives m\, the mass of slow component be­
hind the XF level after the time, t.w 

m's = cl g | [x| r " " * * * ! - xt] (5) 

Since all of m\ is confined to the volume, v% = 
(irb4>/360) {x% — x|), between the two boundaries, 
we can write for the concentration, Csobs, of slow 
component observed at time, t 

Ca ~Cs W=* (6) 

This equation can be rewritten in the following 
forms making use of the definition of the sedimenta­
tion constant, xt = xnefHi, to give 

CJ^ _ e2tt ' f(?F - SB.mixt) - 1 

IY ~ e2oi>Ji?!.— e2u%s< " ' 

where SF and 5s are the sedimentation constants of 
the fast and slow components, respectively.20 

ct' „ , . fe^'srt - e2a'ss.mi*it-\ 

cg L e2u'jFf - e2»*sst J w < i ; 

If a>2st < < 1, we can substitute ex = 1 + x to give 

J-' = (i - 2»«*.mteo I"*" *;-"*l (7b) 
Cs L SF — Sa J 

At the beginning of the run when / -*• 0, equation 
7b reduces still further to equation 8 which is the 
result of Johnston and Ogston.21 

Z - sF - ss
 ( 8 ) 

It is important to note that the term in equations 7a 
and 7b which accounts for the dilution of the slow 
component during the run depends on ss.mixt which 
is less than s$] i.e.., the slow component decreases 
with time less rapidly than would be expected on 
the basis of the treatment of Svedberg and Peder­
sen.15 The time dependent term in equation 7a 
can be rewritten alternatively as 

{(e-2o>*s%i)(e2<**{s$ -Js .mixt ) / ) ] 

Therefore, if we correct the concentration of the 
slow component according to the square law of 
Svedberg and Pedersen, by e2<aH&t, the corrected 
concentrations should increase with time according 
toe2w'(jB~Js,mixt^. This increase, it should be noted, 
will be smaller than the usual dilution term 

(19) T h i s t r e a t m e n t is d i rec t ly ana logous t o t h a t of Svedberg and 
Pedersen 1 5 a n d o u r e q u a t i o n 5 is s imilar t o the i r e q u a t i o n 192. We 1 

however , a r e cons ider ing a p lane defined b y t h e pos i t ion of t h e fast 
b o u n d a r y whereas t h e y considered a fixed p l ane such as t h e b a r r i e r in a 
sepa ra t ion cell. 

(20) J F is d i rec t ly measu rab l e f rom t h e opt ica l p a t t e r n since sedi­
m e n t a t i o n of t h e fast c o m p o n e n t p r o d u c e s a b o u n d a r y . I t should be 
no ted t h a t s$ real ly cor responds t o t h e s e d i m e n t a t i o n c o n s t a n t of t h e 
fast c o m p o n e n t in t he presence of t h e slow c o m p o n e n t and will general ly 
be different f rom the s e d i m e n t a t i o n c o n s t a n t of t h e fast c o m p o n e n t 
when s tudied a lone . Since t h e c o n s t a n t is d i rec t ly m e a s u r a b l e in t h e 
mix tu res , we use t h e n o m e n c l a t u r e sp f ° r t h e sake of s impl ic i ty r a t h e r 
t h a n t h e p e r h a p s more logical SF.mixt. 

$S.mixt w iH be less t h a n SQ since s e d i m e n t a t i o n c o n s t a n t s genera l ly 
decrease wi th increas ing concen t r a t i on . W h e r e a s ss can be m e a s u r e d 
d i rec t ly from t h e opt ica l p a t t e r n s , 58 , m Ut c a n n o t be so m e a s u r e d s ince 
no b o u n d a r y resu l t s from s e d i m e n t a t i o n of t h e slow c o m p o n e n t in t h e 
presence of t h e fast. 

(21) T h i s l im i t a t i on a m o u n t s t o cons ider ing Cg =» c | which is 
equ iva l en t to s u b s t i t u t i n g a r e c t a n g u l a r cell in a homogeneous field 
for a sec tor shaped cell in a centr i fugal field. F o r th i s special case, 
e q u a t i o n 8 can be der ived in a va r i e ty of ways. 
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0.3-0.0 0.3-0.8 0.3-0.3 0.3-0.6 
Effect of TMV on area of BSV boundary in ultracentrifuge. 

Fig. 1.—Representative ultracentrifuge diagrams for mixtures of BSV and TMV. Concentrations above are in g./lOO cc. 
and all pictures were taken with the same magnification but at different times after reaching speed. 

due to the sector shape of the cell and the inhomo-
geneity of the field since (.?s — ss.mixt) < < Ss- As 
will be seen later (Fig. 4) the concentration cor­
rected in the conventional way does not increase 
during the run, but rather it decreases because of 
another effect (the change in the Johnston-Ogston 
term) which will be discussed later. 

It must be emphasized that the treatment de­
veloped above does not take into account any 
change in the sedimentation constants of the com­
ponents as they undergo radial dilution. For many 
macromolecules the dependence of sedimentation 
constant on concentration is sufficiently small so 
as to warrant integration of equation 3 with 

5S.mixt 
taken as a constant. In solutions containing asym­
metric particles such as TMV we would expect a 
progressive increase in sedimentation rate as the 
particles move through the cell. Indeed, Lauffer22 

has shown for TMV that the sedimentation con­
stant of a 1.3% solution of virus increased about 
18% as the boundary moved from a position 5.83 
to 7.11 cm. from the axis of rotation. For solutions 
containing such particles equation 4 would not ob­
tain, since ss.mixt = r( cs, cp) = V(/). In view of 
the lack of an adequate theory for this function, no 
attempt at integrating equation 3 with 

•^S.mixt a s a 
variable will be made. 

If we were to assume that s|.mixt = 5s,mixt (1 + 
At) we would have an additional term in equation 4; 
this modification shows that the mass of slow com­
ponent crossing the plane at XP increases with time 
even faster than is calculated from equation 4. Pur­
suing this reasoning we find that c£b9 would de­
crease with time. Equation 8 is valid for conditions 
at the beginning of the run when the boundaries are 
still very close to the meniscus. Under such cir­
cumstances there has been so little dilution of the 
components in the cell that we can integrate equa­
tion 3 assuming ss.mixt xs a constant. Alterna­
tively, the perturbing term needed to modify equa­
tion 3 for the lack of constancy of ss.mixt throughout 
the cell vanishes as time approaches zero. Thus a 
quantitative test of the above theory involves 
measurements of cgbs a t different positions in the 
cell and extrapolation back to the meniscus to ob­
tain the hypothetical value of the enhanced concen­
tration at zero time. 

Results and Discussion 
Analysis of Known Mixtures.—Figure 1 shows 

representative ultracentrifuge patterns from four 
(22) M. A. Lauffer, T H I S JOURNAL. 66, U9.r> (1941). 

different analyses of BSV-TMV mixtures. In all 
runs the initial concentration of BSV (slow com­
ponent) was 0.3% whereas the TMV (fast com­
ponent) concentration was varied from 0 to 1%. 
Optical factors are identical for each pattern so 
that areas of the BSV boundary would have been 
the same had the anomaly discussed above not oc­
curred. It is readily seen from Fig. 1 that the area 
of the BSV boundary in the mixtures containing 
TMV increases markedly as the TMV concentra­
tion is increased. Quantitative measurements of 
these patterns show that the area of the BSV 
boundary is increased more than 200% when the 
TMV concentration in the mixture is only 1%. 
This enhancement of concentration of the slow 
component is much greater than any reported by 
Johnston and Ogston, presumably due to the asym­
metric nature of the fast component in our mixtures, 
as contrasted to the more symmetrical components 
employed by these workers. 

No attempt was made to measure the area of the 
TMV boundary in the above experiments since the 
sharpness of the boundary precluded accurate area 
measurements. In mixtures of DP and TMV, how­
ever, the sharpness of the TMV boundary was much 
less than that for the TMV boundary alone23 and 
area measurements could be made. Johnston and 
Ogston found that the total area of the patterns of 
mixtures was about equal to the expected area as 
judged by the patterns of the components when 
studied alone. This has been confirmed in studies 
of D P and TMV. Since the DP particles are 
highly asymmetric, an enhancement of their con­
centration behind the TMV boundary can be dem­
onstrated in another way. Figure 2 shows how the 
sedimentation constant of DP decreases with con­
centration. Some of the points on this graph are 
from studies of DP alone, but included in the figure 
are data from mixtures in which the sedimentation 
constant was determined directly and the concen­
tration was either the initial concentration or the 
concentration calculated from the boundary area. 
When the initial concentration is used, the points, 

(23) For a single highly asymmetric material the particles at t he 
trailing edge of the boundary are travelling in a medium of relatively 
low viscosity compared to the leading edge of the boundary where the 
concentration is much higher. Thus the trailing edge will be continu­
ally tending to overtake the leading edge, resulting in a boundary 
which ia sharper than one would expect as a result of diffusion. In a 
mixture, however, the trailing edge will be in a region of higher con­
centration of slow component than will the leading edge. This will 
tend to reduce the viscosity change across the fast boundary, and the 
fast boundary will consequently be broader in mixtures. 
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D.P. ALONE 

DR IN MIXTURES, CONC. O.R FROM AREA 
D.P. IN MIXTURES, CONC. D.P. 

IN SOLUTION 

O 0.2 0.4 0.6 0.8 1.0 1.2 1.4 I.S 

CONC. OF DP. IN g/IOOcc. 
Fig. 2.—Sedimentation of D P alone and in mixtures with 

TMV: • , DP alone; X , DP in mixtures where DPconcn. 
is obtained from area; O, D P in mixtures where D P concn. 
is initial concn. in solution. 

as shown for only a few mixtures, fall to the left of 
the curve. However, if the data are plotted ac­
cording to calculated concentration, all of them, as 
shown in the figure, fall on the curve. Since the 
sedimentation rate is a function of concentration, 
these results suggest that the concentration of the 
slow component is indeed that calculated from the 
area. It must be emphasized that this conclusion 
can be drawn for only the slow component since, in 
the region of its boundary, no other components are 
present and the sedimentation constant is, there­
fore, a function of its true concentration in that 
region. The results on mixtures of BSV and TMV, 
as summarized in Table II, also show the same ef­
fect since the sedimentation constant of the slow 
component was found to decrease from 133 to 126 S 
by the addition of fast component. The decrease in 
these experiments is much less than that shown in 
Fig. 2 presumably due to the spherical shape of BSV 
as compared to the rod-like shape of DP. Lauffer24 

found a much smaller decrease in sedimentation 
constant with concentration for BSV than that re­
ported here. These results are not in conflict with 
one another, however, since the work reported here 
was at a much lower ionic strength where the pri­
mary charge effect16 would cause an appreciable 
decrease in sedimentation rate at high concentra­
tions of virus. 

Viscosity Studies on the Mixtures.—According 
to Einstein26 the viscosity of a dilute solution of 
spherical macromolecules is a function of the volume 
fraction of the solute so that in a dilute solution 
containing two different macromolecules, each 
component should contribute to the viscosity of the 
solution depending on its concentration and its 
viscosity increment. Treffers26 and Bingham and 
Roepke27 have provided experimental confirmation 
of the additivity of viscosity contributions in their 
studies of the fluidity of solutions of several macro-
molecular components. 

Since the fast component in our studies possesses 
a high intrinsic viscosity, it seems likely that viscos­
ity measurements on the mixtures should provide 
evidence of any dissociation of the fast component 

(24) M. A. Lauffer, J. Phys. Chem., 44, 1137 (1940). 
(25) A. Einstein, Ann. Physik, 19, 289 (1906); 34, 591 (1911). 
(26) H. P. Treffers, THIS JOURNAL, 62, 1405 (1940). 

(27) E. C. Bingham and R. R. Roepke, ibid., 64, 1204 (1942). 

in the presence of slow component as originally 
suggested by Pedersen.6 In view of this possibil­
ity, a large number of viscosity measurements were 
made on mixtures of TMV and BSV and TMV and 
DP as well as on the individual components of the 
mixtures at their appropriate concentrations. In 
all cases the specific viscosities of the mixtures 
were equal to the sum of the specific viscosities of 
the individual components at corresponding con­
centrations. That the viscosities did prove to be 
additive confirms the results of Johnston and Ogs-
ton with other materials that there is no justifica­
tion in invoking dissociation as an explanation for 
the mixture anomaly obtained in the ultracentri-
fuge.28 

Determination of the Sedimentation Constant of 
the Slow Component in the Presence of the Fast.— 
In order to predict the concentration of the slow 
component in a mixture according to equation 8, 
it is evident that ss.mixt must be known. Johnston 
and Ogston6 approximated this value by assuming 
that the effect of the fast component on the rate of 
sedimentation of the slow "is the same as would be 
produced by the same concentration of (slow) 
alone.'' For the systems examined by these workers, 
this assumption seems reasonable since the compo­
nents have similar 5 vs. c dependencies. Further, 
Cecil, Johnston and Ogston9 claimed that the faster 
component sediments in a mixture at the same rate 
as it would travel through the same total concentra­
tion of itself alone, and they presented data to sub­
stantiate this claim. If, however, the mixture is com­
posed of components of differing 5 vs. c dependence, 
the properties and concentration of each component 
must be considered. The results summarized in 
Table I, showing the variation in the sedimenta­
tion constant of the faster sedimenting component 
in different pairs of experiments, demonstrate the 
importance of considering the environment in which 
individual particles are sedimenting rather than just 
the total protein concentration. 

TABLE I 

SEDIMENTATION CONSTANT OF TMV IN TMV-BSV M I X ­

TURES 

TMV, concn., BSV, concn., Total concn., 
g./lOO cc. g./lOO cc. g./lOO Ce. SW20 

0.3 1.0 1.3 162 
1.3 0 .0 1.3 124 
0.1 .9 1.0 177 
1.0 .0 1.0 137 

Many workers22'29-S5 have suggested on both 
theoretical and experimental grounds that the 
sedimentation constant, s, in dilute solutions can be 

(28) That some dissociating systems may occur which would lead to 
this type of anomaly is, of course, not excluded by our work. 

(29) W. O. Kermack, A. G. M'Eendrick and E. Ponder, Proo. Roy. 
Soc. Edinburgh, 49, Part II, No. 15, 170 (1929). 

(30) J. M. Burgers, Proc. Acad. Set. Amsterdam, 44, 1045, 1177 
(1941); 45, 9, 126 (1942). 

(31) I. Jullander, Arkiv Kemi, Mineral, Geo!., A21, No. 8 (1945). 
(32) G. Kegeles and F. J. Gutter, THIS JOURNAL, 78, 3770 (1951). 
(33) J. H. Fessler and A. G. Ogston, Trans. Faraday Soc, 47, 667 

(1951). 
(34) N. Gralen, "Sedimentation and Diffusion Measurements on 

Cellulose and Cellulose Derivatives," Inaugural Dissertation, Uppsala 
(1944). 

C35) H. K. Schachman and W. J. Kauzmann, J. Phys. Colloid Chem., 
S3, 150 (1949). 
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expressed in terms of the sedimentation constant, 
so, at infinite dilution by an equation of the form 

5 = So/(l + kc) (9) 

where c is the concentration of the macromolecules 
and k is a constant which is related in a complicated 
way to the viscosity of the solution and the back­
ward flow of solvent caused by the transport of 
material toward the bottom of the cell. In view of 
the results shown in Table I and other results 
which show that the k values are different for dif­
ferent macromolecules, it would seem that an ex­
pression for the sedimentation constant of the slow 
component in the presence of the fast must include 
k terms for each component. We may then write 
as an approximation 

•SS.mixt = SS,o/(l + ksCs.mixt + kt'Cp) (10) 

Thus the availability of data relating sedimenta­
tion constant to concentration for the two compo­
nents permits the approximate calculation, by 
means of equations 10 and 8, of the buildup of the 
slow component in a mixture. I t will be shown 
later how such calculated results compare with the 
observed concentration of the slow component. 

The sedimentation constant of the slow compo­
nent in the presence of the fast can also be obtained 
directly in the ultracentrifuge by the use of a syn­
thetic boundary technique.36 If a solution of fast 
component is carefully layered over a solution of a 
mixture of fast component, at the same concen­
tration, and slow component, then a boundary due 
to the slow component (in the presence of the fast) 
is created in the middle of the cell. Measurement 
of the rate of movement of this boundary before the 
fast component overtakes it permits a determina­
tion of the sedimentation constant of the slow in the 
presence of the fast.37 Preliminary experiments in 
the ultracentrifuge cell, though qualitatively suc­
cessful, indicated that the boundary must be formed 
in a rotating cell, so as to exploit the stabilizing 
effect of the centrifugal field in layering the lighter 
solution over the heavier one and to eliminate the 
disturbances caused by handling the cell and the 
rotor after the boundary had been formed. In or­
der to achieve this purpose a new type ultracentri­
fuge cell was used.39'40 

(36) M. A. Lauffer and N. W. Taylor, Arch. Biochem. Biophys., 37, 
457 (1952), have created boundaries in an ultracentrifuge cell by means 
of layering one solution over another solution of slightly higher density. 

(37) Although it is not possible to obtain ss.mixt *n a n ultracentri­
fuge cell in the conventional manner, it should be possible, theoreti­
cally, to determine it through the use of the separation cell of Tiselius, 
Pedersen and Svedberg15'38 whereby the sedimentation constant of a 
material can be determined from a comparison of the amount of sub­
stance left above the barrier after time, t, with that originally present 
(see equation 5). If the sedimentation of a mixture were confined to 
periods of time such that the fast boundary did not reach the barrier, 
then all of the slow component disappearing from the upper com­
partment travels in the presence of the fast component with the sedi­
mentation constant, ss.mUt. Analyses of the contents of the upper 
compartment for slow component would then yield the desired sedi­
mentation constant. Preliminary experiments with this cell suggested 
that the barrier in the cell interferes with convection-free sedimenta­
tion, and in view of the development of the synthetic boundary cell, 
this approach was abandoned. 

(38) A. Tiselius, K. O. Pedersen and T. Svedberg, Nature, 140, 848 
(1937). 

(39) G. Kegeles, T H I S JOURNAL, 74, 5532 (1952). 
(40) E. G. Pickels, W. F. Harrington and H. K. Schachman, Proc. 

Nat. Acad. Set., 38, 943 (1952). 

Figure 3 shows a plot of the data obtained in the 
new synthetic boundary cell for the sedimenta­
tion constant of BSV in the presence of TMV as a 
function of total concentration of material.41 On 
the same graph are plotted the sedimentation con­
stant of BSV versus concentration in solutions of 
BSV alone. The differences between the two 
curves is evidence showing the importance of con­
sidering the nature of the components in a mixture 
as well as the concentrations in predicting the sedi­
mentation constant of either one of the compo­
nents. 

BSV ALONE 

BSV-0.3g/IOO 8 VARYING 
AMOUNTS OF TMV 

0.2 0.4 0.6 0.8 

(TOTAL CONC.-0.3) IN g/IOOcc. 

Fig. 3.—Sedimentation constant of different preparations 
of BSV as a function of concentration: • , BSV (A) alone; O, 
BSV (B) at 0.3 g./lOO cc. and varying amounts of TMV. 

Decrease in the Area of the Slow Boundary as it 
Moves Through the Cell.—In an earlier section it 
was pointed out that the radial dilution of the faster 
sedimenting component of a mixture would result 
in a progressive decrease in the slow component 
area during sedimentation if the sedimentation 
constant increases appreciably with dilution. That 
this effect is obtained can be seen from Fig. 4 
where the areas of the slow boundary corrected for 
different optical factors, the shape of the cell, and 
the effect of the field are plotted against the posi­
tion of the boundary in the cell. It should be noted 
that, in accord with theory and the work of others,16 

the corrected area for the BSV boundary in the run 
of that material alone is constant through the cell. 

Fig. 4. 

0 6.00 620 640 6.60 680 700 

DISTANCE FROM CENTER OF ROTATION (cm.), 

—Decrease in area (multiplied by e2"^'') of slow com­
ponent. Areas are in refractive index units. 

(41) The measurements of ss,mixt are complicated by the differential 
sedimentation of TMV caused by the difference in sedimentation rate 
of the TMV in the presence and absence of BSV. Since the BSV con­
centration is low, this effect is probably very small. 
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Figure 4 emphasizes the striking changes in the 
area of the BSV boundary in the mixture and shows 
that the effect is greater the larger the concentra­
tion of TMV in the mixture. 

In order to test equation 8 the areas plotted in 
Fig. 4 were extrapolated back to the meniscus to 
give hypothetical values for the area of the slow 
component in the various mixtures. These hypo­
thetical values represent the areas that would have 
been observed if the boundaries had been resolved 
at the meniscus and measurements made. It 
should be noted that the extrapolated values may 
be in error for the mixtures containing large 
amounts of TMV where the extrapolation is espe­
cially hazardous. In these mixtures the sedimenta­
tion constants of the two components were so close 
that resolution of the boundaries sufficient to per­
mit accurate area measurements did not occur until 
the boundaries had moved half the distance to the 
bottom of the cell. Table II presents the analysis 
of a series of mixtures of BSV and TMV. Column 
8 gives buildup in concentration of the slow compo­
nent as calculated from equation 8 using values for 
i's.mixt obtained directly in the synthetic boundary 
cell. Column 6 gives the same buildup calculated 
from equations 10 and 8, and column 9 gives the ob­
served value of the buildup at the meniscus as ob­
tained by extrapolation from the experimental data. 

BSV 
concn,, 
g./lOO 

CC. 

0.3 
.3 
.3 
.3 
.3 
.3 

TABLE II 

ANALYSIS OF M I X T U R E S 

TMV, 
concn., 
£./100 

CC. 

0 
0.2 

.4 

.0 

.8 
1.0 

S 

133 
132 
132 
129 
128 
120 

SF SS.miit. 

S S 

172 120 
162 111 
152 101 
144 93 
137 83 

OF B S V AND TMV 
cs As 

Calculated 
Eq. 10 Vise. + 

+ 8 eq. 8 Eq. 8 

1 .3 4 1 a 

1.7 
2 .1 
3.0 
4 .3 

1.2 
1.6 
2.0 
2.7 
3 .8 

1.2 
1.7 
2 .2 
3.2 
4.9 

Ob­
served 

1.3 
2 .1 
2 .8 
4.1 
5.6 

The agreement between the observed and calcu­
lated buildups shown in Table II must be consid­
ered satisfactory when we see that in equation 8 we 
are employing the small difference between large 
numbers. Any such calculation, to be reliable, 
requires extreme precision in the determination of 
each of the large numbers. In the systems which 
we have studied, errors of the order of 3 % in either 
.s's or Sp will produce large changes in the denomina­
tor of equation 8. On the other hand, the same 
error in sF or a corresponding error in 5s,mixt will 
result in only a minor change in the numerator of 
the equation. If, for example, in the mixture of 
0.3% BSV and 1.0% TMV the sedimentation con­
stant of TMV were 133 S instead of 137 5 the calcu­
lated buildup would be 7.1 instead of 4.9. 

Since the sedimentation constant of TMV in­
creases upon dilution, as determined from studies 
at different concentrations, we should expect an 
increase in the sedimentation constant of TMV dur­
ing any one run in the ultracentrifuge. Indeed, as 
mentioned earlier, Lauffer22 demonstrated that the 
sedimentation constant does increase and it seems 
reasonable to conclude that the sedimentation 

(41a) Values of &F in equation 10 were obtained from plots of l/s 
vs c for TMV alone. 

constants reported for TMV in Table II are average 
values for the sedimentation through the cell and 
correspond to lower concentrations than those origi­
nally present. Therefore, we should use a 
slightly lower value of Sp for calculations of the 
buildup at the meniscus. This would increase the 
calculated value of the buildup.42 

Discussion 
Enoksson7 and Pedersen8 have attributed the 

enhancement of concentration of slow component 
in mixtures to the sedimentation volume of the fast 
component. Removal of the fast component by 
sedimentation leads to a diminution of volume of 
solution and, hence, to an increase in concentration 
of slow component. Their equation 

Cs 
1 
Cf'*F 

( H ) 

where $ F is the specific sedimentation volume of the 
fast component in cc./g., takes no cognizance of 
the relative sedimentation constants of the compo­
nents in the mixture. To account for the buildup 
of slow component obtained in our experiments in 
terms of Enoksson's theory requires that we postu­
late a sedimentation volume of TMV as great as 90 
cc./g. This amount seems wholly unreasonable 
since it is difficult to imagine the type of forces 
which could hold that much solvent to the virus par­
ticles. 

In order to test equation 11, analyses were per­
formed on mixtures of the same fast component 
with each of two slow components which differ in 
sedimentation constant. Table III shows the re­
sults of two sets of experiments using TMV as the 
fast component in one set of mixtures and FIB in 
the other. Even though the concentration of the 
fast component, and presumably the sedimentation 
volume, is the same in each set of experiments the 
observed buildup of the slow component is very 
different. These results show that the buildup 
cannot be accounted for by consideration of the 
sedimentation volume alone. On the other hand, 
the results are in accord with equation 8 which 
stresses the importance of the relative sedimenta­
tion constants of the components in the mixture. 

EFFECT OF 

Mixture 

TMV-BSV 
TMV-FIB 

FIB-ALB 

TABLE II I 

FAST COMPONENT ON 

FIB-^-LACT 

PONENTS 
Fast 

concn., 
g./lOO 

CC. S F 

1.0 137 
1.0 117 

2.0 5.4 
2.0 5.3 

DIFFERENT SLOW COM-

Slow 
concn., 
g./100 

CC. 

0.5 
.5 

.5 

.5 

SS 

126 
8.1 

4 .1 
2.7 

ca /Cs 

2.7 
1.0 

2 .5 
1.5 

As Cecil, Johnston and Ogston9 have pointed 
out, their theoretical explanation for the concen-

(42) The progressive decrease in area through the cell for mixtures 
of TMV and BSV follows from equation 8 since s-p and JS.mixt would 
increase about the same amount as the boundaries move through the 
cell whereas SQ would hardly increase. Thus the numerator of equa­
tion 8 would be relatively constant and the denominator would increase. 
Further a slight increase in sp as it moves through the cell will have a 
greater effect on the absolute value of ($Y — SQ) the smaller the value of 
(SF — ss)- For this reason we should expect the decrease in area of the 
slow boundary with distance traveled to be greater at higher concentra­
tions of TMV as shown in Fig. 4. 
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tration anomaly is not dependent on any particular 
assumption as to the cause of the sedimentation 
constant-concentration dependence. Though there 
seems to be no adequate theoretical explanation for 
the marked dependence observed for asymmetric 
particles like TMV, the viscosity contribution of 
the virus particles themselves is an important fac­
tor.22'37 The results of the present investigations 
showing much larger effects with asymmetric mole­
cules as the fast component as compared to the 
results obtained by earlier workers with more 
globular proteins suggests that the increase in vis­
cosity caused by the fast component is a major 
factor in causing the buildup. If, as a first approxi­
mation, we were to assume that ss.mixt is l e s s than 
5s because of the viscosity contribution of the fast 
component in the mixture, we can calculate 5s,mixt 
by dividing 5s by the relative viscosity derived from 
the fast component. Column 7 in Table II shows 
the buildup of the slow component calculated from 
equation 8 where 5s,mixt was in turn calculated 
from the measured viscosities of the fast compo­
nent.43 Comparison of columns 7 and 9 show that 

(43) Theoretical considerations81'12 indicate that 5 varies with C 
partly because of the backward flow of solvent caused by the sedi-
menting particles. We should, therefore, expect that the buildup of 
slow component should be due in part to backward flow. Preliminary 
measurements of backward flow caused by the sedimentation of TMV 
indicate that the viscosity effect is a more important factor in the mix­
tures reported on in this paper. 

The mean activity coefficient of a diffusible elec­
trolyte in the resin phase is an important parame­
ter in ion-exchange reactions.1 A previous paper 
in this series2 described phase equilibria for the 
system: sulfonated polystyrene-divinylbenzene 
cation-exchange resin-aqueous electrolytic solu­
tion containing a single uni-univalent electrolyte. 
The resin composition varied from 2 to 17% di-
vinylbenzene (DVB) and non-exchange electro­
lyte was determined for various concentrations of 
ammonium chloride. The mean activity coeffi­
cient of ammonium chloride in the resin phase was 
calculated from Gibbs-Donnan considerations, 
neglecting the pressure—volume term. This paper 
describes phase equilibria of hydrochloric acid, 
lithium chloride, potassium chloride, potassium 
acetate, potassium sulfate and ammonium chloride 
solutions with resins having a DVB content rang­
ing from 0.4 to 26%. Activity coefficients for 
these salts in the resin phase are calculated. 

(1) H. P. Gregor, Tms JOURNAL, 73, 642 (1951). 
(2) H. P. Gregor, F. Gutoff and J. I. Bregman, J. Coll. Set., 6, 245 

(1951). 

a reasonable prediction of the buildup can be made 
in this way. 

It should be noted that the decrease in area of 
the slow boundary through the cell, beyond that at­
tributable to the geometry of the cell and the effect 
of the centrifugal field, implies the existence of con­
vection in the region between the slow and fast 
boundaries. Since the buildup of slow component 
decreases throughout the run we should expect a 
negative density gradient due to the changing con­
centration of slow component immediately behind 
the fast boundary. This negative density gradient 
apparently would be greater than the positive 
gradient resulting from compression of the fluid in 
the cell. Such a negative density gradient would 
be unstable under the high centrifugal field and we 
would expect convection to occur. Since the opti­
cal patterns show two separate boundaries sepa­
rated by a base line region (corresponding to a pla­
teau of constant concentration) it would appear that 
convection does occur to eliminate the negative 
density gradient. Other examples of convective 
systems are being investigated in the synthetic 
boundary cell to study the effect of convection on 
the shape and movement of boundaries in the ultra-
centrifuge.44 

(44) H. K. Schachman and W. F. Harrington (unpublished). 

BERKELEY, CALIFORNIA 

Experimental 
A series of sulfonated polystyrene-divinylbenzene cation-

exchange resins were used; the manner of their preparation 
and conditioning is described in a previous paper.2 Unless 
specified, the resins are not identical with those previously 
described. Wet weights were determined by centrifuga-
tion, non-exchange electrolyte by elution. 

All of the solutions used and calculations made are on a 
molal (m) basis. The temperature is 24-26°. Data are 
expressed in the following terms: We, specific wet weight 
of the centrifuged resin; N . E . , specific quantity in milli-
moles of non-exchange or diffusible electrolyte in the resin 
phase; m+ and m-, molalities of cations and movable an­
ions in the resin phase; 7L, mean activity coefficient of the 
electrolyte in the resin phase, where 

L «;+ m"jr J 

the superscripts i and 0 refer to resin and solution phases, 
respectively; v+ and v- are the number of cations and an­
ions, respectively, formed on dissociation of a molecule of 
the neutral salt (v+ + v- => v). AU data thus refer to a 
standard resin sample, namely, one gram of dry hydrogen 
resin. 

A tabulation of the experimental values of the external 
molality {m). We and N .E . for resins DVB 0.4, 2, 10 and 
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Mean ionic activity coefficients of several electrolytes in divinylbenzene-polystyrenesulfonic acid resins of different de­
grees of cross-linking and in equilibrium with various concentrations of electrolytic solutions were determined. With con­
centrated external equilibrating solutions, activity coefficients in the resin phase approached those for the solution phase 
Activity coefficients for all electrolytes decrease sharply with increasing dilution. 


