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Ultracentrifugal Study of Polydisperse and Paucidisperse 
Biological Systems Using Capillary Microcellst 

Julio C. Pita* and Francisco J. Muller 

ABSTRACT: An ultracentrifugal technique based in the trans- 
port method to study polydisperse and/or paucidisperse bio- 
logical systems is reported. The sedimentation cells used were 
either capillary tubes holding about 4 pl of dilute solutions or 
small cellulose tubes of 0.8-ml capacity. The methodology 
was used in connection with a Model L Beckman Spinco 
ultracentrifuge and an SW 50.1 swinging bucket rotor. Some 
of the concepts and procedures applied were presented in a 
previous publication (Pita, J. C., and Muller, F. J. (1972), 
Anal. Biochem. 47, 395). Three modes of approach were 
studied : (a) successive aliquot extractions along the tube 
length; (b) analysis of integral concentrations in the centrip- 
etal segment of the cell; and (c) centrifugations at different 
speed settings. The distribution function, g(s), is obtained as a 

T he study of physical properties related to centrifugal 
heterogeneity shown by systems composed of a monomer in 
the presence of one or more polymers (paucidisperse systems) 
or those constituted by a polydisperse or continuous distri- 
bution of molecular weights is important for the correct 
understanding of biological mechanisms. 

A previous publication (Pita and Muller, 1972) described a 
technique, based in the transport method, that permits the 
evaluation of sedimentation coefficients using only a few 
nanograms of biological principles. Purity of the sample was 
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second derivative curve of the experimental concentrations 
found across the boundary gradient region. The plateau 
region was also studied and recognized to yield, when the 
experimental data are adequately plotted, straight line plots, 
with slope close to unity. The theory is easily extended to the 
case of paucidisperse systems. Boundary spreading due to 
diffusion is distinguished from polydispersity spreading. 
Several biological specimens, human serum albumin, prepara- 
tions of a proteoglycan complex and its subunit, as well as a 
hypothetical trigonometric example, were used to analyze the 
possibilities of the technique. Results are found in good agree- 
ment with those obtained with conventional ultracentrifugal 
methods as reported in the literature. 

not required as long as the contaminants did not interfere with 
the analytical assay used. However, only single, monocom- 
ponent, solutions were considered in detail. It is the purpose 
of the current report to describe a methodology which, ap- 
plying some of the concepts and experimental procedures in- 
cluded in the above-mentioned publication, allows the ultra- 
centrifugal study of paucidisperse and polydisperse biological 
systems as well. 

The exact shape and extent of the sedimenting boundary 
were, advantageously, of no relevance in the determination of 
sedimentation coefficients by the transport method (Pita and 
Muller, 1972). All measurements to that purpose were con- 
ducted in the plateau region, the boundary itself being consid- 
ered as an ideal sharp demarcation without loss of mathe- 
matical rigor. In the present work, however, it is precisely the 
size, shape, and extent of the boundary that has to be studied, 
since according to Baldwin (1954) “the boundary gradient 
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curve is itself a distribution curve” (of sedimentation coeffi- 
cients). 

The simplest approach to the study of the boundary region 
by a nonoptical method would be to analyze successive ali- 
quots along the tube length after centrifugation is completed. 
If these concentration values are then plotted against their 
corresponding radial coordinates a curve is obtained similar 
to those found with conventional optical techniques. Diffi- 
culties arise, however, when thin capillary tubes are intro- 
duced as centrifugation cells. In this case the smallness of the 
volumes hinders the use of successive aliquot extractions, 
which produce significant boundary distortion. An alterna- 
tive procedure, consistent with ultramicro sample volumes, is 
to analyze the concentration of solution contained within a 
tube length H a s  measured from the meniscus, xm, to a par- 
tition plane at x (Figure 1A). With a group of these “integral” 
concentrations, obtained by centrifuging simultaneously sev- 
eral capillary cells having different H lengths, a plot is con- 
structed from which a schlieren-type curve can be derived. 

The technique of centrifuging several microcells might still 
be insufficient in cases where the distribution range of sedi- 
mentation coefficients is too widely spread about a given peak 
value. The available lengths of capillary cells could be too 
small to cover the range of H values needed. This infrequent 
situation can be solved by introducing the product w 2 t  (quad- 
ratic angular speed by centrifugation time) as another variable 
in the centrifugal study. Watanabe et al. (1954) have given an 
approximate solution to this approach by using a fixed parti- 
tion macrocell ( H  = constant) and translating the various 
supernatant concentrations, coming from different w *t runs, 
into a distribution curve of sedimentation coefficients. The 
mathematical treatment presented in the current publication 
provides a rigorous solution to a more general approach in 
which both parameters, H and w2t products, can be varied. 

Spreading of the boundary can be the consequence of poly- 
dispersity or it can be due to diffusion of solute molecules 
under the influence of the concentration gradient originated 
during centrifugation. Discrimination between these two 
effects in the current methodology follows the same line of 
approach used in conventional centrifugation techniques. 
Attempts to estimate the diffusion coefficient would be, how- 
ever, more laborious, though not impossible. 

Theoretical 

Successive Aliquot Extractions. When ordinary centrifuge 
tubes are used as sedimentation cells, provided that their in- 
side diameter does not exceed 5 mm to avoid excessive per- 
turbation against the walls as demonstrated in Pita and Muller 
(1972), it is possible to collect several fractions along the tube 
length after centrifugation is completed. When analyzed for 
solute concentration these fractions provide knowledge of a 
concentration us. radial coordinate curve (Figure 1B). The 
concentrations found are mean concentration values at in- 
tervals Ax, approaching the point values C, when Ax becomes 
very small. This curve can be used in the same way as a con- 
centration diagram provided by standard analytical ultra- 
centrifuges. By differentiation a schlieren curve, dcldx, is 
found and, from it, the distribution functions g(s) and G(s) 
can be calculated. The transformation of dc/dx into the g(s) 
function should be done according to the following equation 

1 

X m  Ax 
x 

FIGURE 1 : Sedimentation capillary cell and representative concentra- 
tion diagram. (A) OL = oil layer to prevent evaporation; xm = 
meniscus radial coordinate from rotor center; x = radial coordinate 
of variable partition plane; H = length of “supernatant” solution 
partitioned or extracted from the tube; FC = fluorocarbon layer. 
(B) The experimental concentrations found by the method of succes- 
sive aliquot extractions are a mean concentration value at the 
interval 4x, approaching the point value, cz, if 4x is very small. 

where xm is the meniscus radial coordinate, w is the angular 
speed, t is the time, CO is the initial concentration, and x is the 
point coordinate. This expression contains the term (x2/xm) 
instead of the usual (xa/xm2). This is due to the fact that a 
linear and not a quadratic dilution law has been adopted, in 
practice, for a cell of constant cross section (Pita and Muller, 
1972). 

Integral Supernatant Concentrations. When working with 
capillary microcells, several of which are simultaneously 
centrifuged and where successive extractions along the tube 
length are not possible, the method of cutting a whole section 
of solution of length H from the meniscus to a given plane at 
x has to be used (Figure 1A). Obviously, after centrifugation 
and homogenization of this centripetal fraction, a final con- 
centration (CF) is obtained, corresponding to the integral 

Since x - xm = H a n d  dx = dH, the above expression can be 
written as 

Differentiation with respect to H leads to 

d 
d H  
-[cFm (3) 

Equation 3 indicates that if a plot of CFH us. H is con- 
structed with the experimental CF values obtained for each H ,  
the derivative of this plot gives the point concentration value 
c as a function of H. Figure 2A shows the appearance of such 
a plot for a hypothetical gaussian distribution of coefficients 
and the solid line in Figure 2B indicates the corresponding 
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FIGURE 2: Ideal concentration plots for a gaussian distribution of 
coefficients. (A) Integral concentration curve plotted as CF H 
product cs. H. The straight line above the arrow corresponds to the 
plateau region. (B) (-) point concentration curve obtained as the 
derivative of the upper curve. Since x and Hare easily interchange- 
able the horizontal scale has been adjusted in terms of x so that x = 
xm for H = 0; (- - -)point concentration gradient, dclcx, obtained by 
differentiating the previous curve with respect to x. 

derivative curve. From the latter curve the boundary gradient 
curve dcldx can be obtained through a second process of 
differentiation (dashed line in Figure 2B). This schlieren-type 
curve is used in connection with eq 1 and the distribution 
function is obtained. This mathematical procedure can be 
summarized by combining eq 1 and 3 into a single expression 

(4) 

where the subscript ( w 2 t )  indicates that the data have to be 
obtained by selecting a constant value for this parameter. 

It should be noted that the point marked with an  arrow 
in Figure 2A denotes a discontinuity in the plot since it 
separates the boundary gradient region (left) from the plateau 
region (right), the latter being, in fact, a straight line and not a 
curve. Correspondingly, the first and second derivatives are, 
respectively, constant and zero as evidenced by the curves in 
Figure 2B for the plateau region. 

This approach assumes that the spreading of the boundary 
can be encompassed within the limits of the capillary cell 
length. In practice there is always a minimum length, H,, 
that can be reliably processed with the analytical assay at 
hand and a maximum length, HAI, that can be partitioned off 
the tube without getting too close to its bottom. Let s, and 
sy denote, respectively, the minimum and maximum coefficient 
values in the distribution and let ( w V )  be so chosen that the 
boundary of sm traverses exactly the minimum length H,,. 
Then, since the coefficients are grossly proportional to their 
boundary locations we can write, approximately 

Now, when the ratio R is 5, or more, it is usually impossible 
to study the whole distribution within a single centrifugation 
setting. Then the method of changing the products w2r  has 
to be applied. 

Stepwise Procedure with Serjeral u2t Settings. The CFH plot 
needed to apply eq 4 cannot be constructed with data coming 
from experimental runs having different u2t settings in the 
centrifuge. If the distribution of coefficients cannot be com- 
pletely studied within a single u2t setting, as mentioned in the 
preceding section, then it is possible to break down the study 
into several ranges of coefficients. To analyze each range the 
H parameter can be varied while keeping constant the product 
W V  at a selected value. Then, the transformation factor w t r  
( x ~ , ! ~ , , )  included in eq 4 will allow the combination of the 
different portions of the g(s) curve found into a continuous 
and complete distribution. 

In some interesting but difficult cases the available bio- 
logical samples are extremely small and cannot be stored for 
pooling purposes but can be periodically and reproducibly 
collected. In these cases it might not be possible to change the 
H-length values as needed to cover even a limited portion of 
the distribution range. The situation is similar to that en- 
countered when studying polydisperse distributions with a 
fixed partition cell ( H  = constant), in which case, the only 
variable available is the parameter w 2 r .  To this effect, Wat- 
anabe et ul. (1954) have used the following approximate 
formula to predict the CF!C,~ ratios in a standard sectorial cell 

Here g(s) is the differential distribution function to be found, 
s is the sedimentation coefficient of a given species in the dis- 
tribution with s < Z, and Z is, in turn, the sedimentation co- 
efficient of that species (real or hypothetical) whose boundary 
should have just reached the partition plane at the end of the 
run. Obviously Z is related to ~ * t  and H (or x), by the clas- 
sical formula 

where x = xm + H a n d  the symbol T has been introduced for 
w ' f .  

As a basis to evaluate the approximation implied in eq 6, 
especially for cylindrical capillary cells, the following analysis 
has been considered necessary. A rigorous calculation of CF/CO 
as a function of Z,  H, xm, and T is as follows. If no diffusion is 
present any species with coefficient s will locate its boundary 
at 

The contribution ACF to the total final concentration, after 
the cell is partitioned and homogenized, due to this single 
species, will be, by eq 5 of Pita and Muller (1972) 

(9) 

where AC, is that fraction of the total initial concentration, 
Co, corresponding to this particular species, namely 
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(As being a small interval of coefficients whose midpoint is 
close to that of the species in question). Substituting eq 10 in 
eq 9 and adding for all the species in the supernatant, i .e . ,  
those with 0 6 s 6 2, we obtain 

Using eq 7B and 8, and recalling that x - xm = H, eq 11  can 
be rewritten as 

In order to obtain g(s) it is now necessary to differentiate 
eq 12 with respect to 2, but since H i s  functionally related to 
Z through eq 7A it is preferable to multiply the ratio CF/CO by 
the parameter H/x,  and to consider the new function 

9 CO X m  E = ezr ~2e” rg ( s )ds  - S’g(s)ds (13) 

where the integrals have been separated. Assuming now a con- 
stant r and differentiating’ 

Differentiating again 

d2 CFH = re21e-Z7g(Z) + -[-I dZ’ COX, 

r2eZr~’e-”p(s)ds = rg(Z) + r 

Solving for g(Z) 

indicating that an experimental plot of C F H / C ~ W ~  us. Z and 
its two derivatives can provide the function g(s) for each 2 
used. The result, however, is dependent upon a constant r (or 
w2t) and this precludes the use of eq 14 with experimental 
points in which the products w2t are not the same. Equation 
12, therefore, in spite of its rigorous character defeats the 
purpose it was intended for. If certain approximations are 
made, however, then variations in w2t can be ignored. For 
instance in eq 12 we can approximate e(2-s )r  - 1 = ( z  - s)r 
and from eq 7A z = H/w2txm or x,/H = l/Zwzt. Substituting 
these results in eq 12 we have 

which is exactly eq 6 as used by Watanabe et al. (1954) and 
which is independent of r. In this simplified form all the 
variables are contained within the single parameter Z and 
differentiation of the functional product Z(CF/CO) two times 
with respect to Zreadily yields g(2). Thus, multiplying b y 2  

Differentiating’ 

and 

Therefore, an experimental plot of Z(CF/C~) us. Z and its 
second derivative will give g(s) for any Zvalue used, regardless 
of the uzt, H, or xm values used. 

Plateau Region. In the case of successive aliquot extrac- 
tions the plateau region will evidently be noticed by the con- 
stancy of the concentrations found in that region. For the 
other methods of studying polydispersity it should be noticed, 
however, that eq 6 and 12 predict the CF/CO values only when 
the Z corresponds to a partition plane lying in the boundary 
gradient region. The function g(s) is zero throughout the 
plateau region and both equations become meaningless there. 
However, in the actual laboratory measurement of an un- 
known g(s) distribution it is likely that some of the partition 
marks used will fall in the plateau region and corresponding 
CF/CO values will be obtained. These values can be theoret- 
ically accounted for by a linear combination of the homog- 
enized final concentration coming from the complete bound- 
ary region plus that portion of the plateau being included. 
The former concentration is given by eq 12 using for Z the 
maximum sedimentation value in the distribution, whereas the 
plateau (point) concentration, C,, is given by an equation 
similar to eq 12 but considering only the linear dilution law 
(e - -sw21)  as affecting the concentration of every species in the 
plateau. Adding this effect for all species 

where the integration should cover the whole distribution 
range. Combining this concentration with that of the homog- 
enized total boundary region, (CF/CO)B, extended from the 
meniscus to the location of the fastest component, say, at 
H ~ I ,  the ratio CF/CO for a total column of length H reaching 
the plateau region ( H  > H M )  is 

The term between brackets is a constant, K, for a given w2t and 
xm setting, so, after multiplication by H ,  the above equation 
becomes 

Throughout this derivation the mathematical relationship (d/dy)* 
[J’lf(x)dx] = f(y) has been used. 
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FIGURE 3 : Theoretical concentration plots for a three-component 
system. (A) Point concentration curve showing the plateau concen- 
tration levels Cl, CZ, and C3 (still uncorrected for radial dilution). 
xi, xZ,  and x8 are the corresponding boundary locations. (B) Integral 
concentration plot. The product CFH has been divided by CO so the 
slope of the upper right-hand segment is almost unity (same scale 
unit in both axis). HI,  HZ and Ha show the boundary locations cor- 
responding to xl, xZ, and x3 in the upper_curve. The horizontal scale 
was adjusted so that x = xm for H = 0. H indicates the ideal bound- 
ary location of the “centrifugal” average sedimentation coefficient m. 

demonstrating that the (CF/CO)H group or, for that matter, 
the CFH product, is a linear function of H throughout the 
plateau region, confuming what was said above in connection 
with Figure 2A. 

The advantage of plotting (CF/Cn)H us.  H instead of CFH 
is that the slope of the plot in the former case, and not the 
latter, is C,/Co. This ratio is usually very close to  unity and 
makes it possible to  recognize the plateau region by its 45” 
inclination even with only two experimental points on it. Of 
course when the radial dilution effect becomes prominent 
C,/C, is decreased and the slope of the graph is significantly 
flattened. 

Paucidisperse Systems. The preceding theory for the plateau 
region leads smoothly into the study of paucidisperse systems. 
These could be considered as consisting, essentially, of several 
plateau regions, each one containing one more species than 
the other till a common plateau region is reached in which all 
species are present. Since the plot of a plateau region is a 
straight line it is easy to deduce that a paucidisperse system 
will also yield a plot consisting of several straight segments 
meeting a t  sharp angles. The number of such segments is 
equal to the number of components present in the mixture. 

For simplicity, a three-component system will be con- 
sidered with coefficients sl, s2, and sj in increasing order of 
magnitude and with respective initial concentrations CO~,  
Ca, and CO, (so that Col + CO, + Co, = CO). 

If the system is studied by the method of successive aliquot 
extractions then a concentration GS. x diagram, like the one 
shown in Figure 3A, will be obtained. The sedimentation co- 
efficients can be calculated by substituting the boundary 
locations xl, xq, and x 3  in the classical formula 

For calculating the initial compositions the differences be- 
tween C3,  C,, and CI (shown in the ordinate axis) can be 
used, provided they are corrected fo the radial dilution effect. 
In other words: 

Co, = Cleslwzl 

CO, = (C2 - Cl)es2w21 

COO = (C3 - Cz)es3w2f 

On the other hand, if integral supernatant concentrations 
have to be used and the experimental data can be obtained at 
least in a certain range of H by keeping u2t and xm constant, 
then the plot of (CF/CO)H c‘s. H will look as illustrated in 
Figure 3B. To establish such a plot it would be necessary to 
have a t  least three experimental points in each chord, to 
assure their rectilinear character. Granted this to be the case, 
the coefficients can be calculated by using the parameters Hl, 
H2, and H3 (shown on the abscissa axis). These parameters 
indicate the coordinates where the boundaries are located. 
Equation 21 is then applied, remembering that x1 = Hl + 
x,; x2 = H2 + x,; etc. To calculate the initial compositions 
the result expressed by eq 3 ought to  be recalled. This equa- 
tion expresses that the slope of each rectilinear segment, in 
the CFH or the ( C F / C ~ ) H  plot, gives the point concentration 
values along those segments. Hence, denoting the different 
slopes by the symbol m, the following relationships can be 
written: mcD = Cl/C,, mBC = C?jCo, and m A B  = C3/Co. These 
concentrations are identical with those of Figure 3A except 
that they have been divided by the total initial concentration. 
As in the previous case they can be corrected for the radial 
dilution effects (esw2‘), and the ratios Col/Cn, Co,/Co, and 
COJCO are obtained using eq 22. 

Finally, if points obtained with different u2t settings have to 
be used for studying the system then the ZCFjco GS. Z plot can 
be utilized. This plot has the same appearance and essential 
features as the previous one except that now the first derivative 
or slope of each segment gives, directly, the integral distribu- 
tion function, G(s), as implied by eq 16. This equation was 
derived for a continuous or polydisperse system but it can be 
easily adapted to study a paucidisperse one. Suppose, for 
example, that Zl, Z2,  and Z3 are now the points at which the 
polygonal segments meet. Then the integral function G(s) or 
slope of each segment will change abruptly a t  each meeting 
point, the difference in slope, or G(s), being, therefore, the 
amount of material attributable to that particular Z value 
where the change occurred. 

The two plots (C17/Co)H 1:s. H and (cF/cO)z DS. 2 are also 
comparable in the following respect. If the segment repre- 
senting the common plateau region (AB in Figure 3B, with 
slope close to unity) is produced to intersect the horizontal 
axis, the parameter indicates the ideal boundary location 
of a hypothetical monocomponent system that could replace 
the paucidisperse system in the ultracentrifuge and behave in 
exactly the same way as far as transport measurements in the 
plateau region are concerned. The same thing holds true for the 
ZCF/C, plot, giving an average 2 value on the horizontal axis 
which, although differing conceptually from the weight aver- 
age coefficient of the mixture, is, however, very close to it 
(see Discussion). 

Combined Paucidispersity, Polydispersity, and Diffusion 
Effects. In practice there is seldom an opportunity to ob- 
tain an ideal polygonal plot like the ones referred to in the 
previous section. The frequent case is that paucidispersity will 
be partially obscured by more or less extended curvatures at 

(22)  
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the meeting points of the polygonal segments. This “curving” 
effect can be due to intrinsic polydispersity within the dif- 
ferent components or it can be due to diffusion effects at each 
interboundary region. If the blurring is not too severe it 
might be possible to prolong the straight portions of each 
segment so that their meeting points can be discovered. If 
not, the process of finding the derivatives should reveal the 
different peaks even if there is partial overlapping as so fre- 
quently occurs in ultracentrifugal studies. 

Another problem is that of distinguishing between poly- 
dispersity and diffusion effects. This can be done by compar- 
ing two runs in which the times and angular speeds are dif- 
ferent but the products w2t  are the same. If the plots remain 
identical then all curvatures are strictly due to polydispersity 
but if variations are detected then diffusion forces (which 
depend on the square root of the time) are evidently operative. 
Combined polydispersity and diffusion effects in which the 
latter factor is significant can be corrected by extrapolating 
the apparent g(s) functions obtained to an infinite time of 
centrifugation as regularly done with the analytical ultra- 
centrifuge (Schachman, 1959). In the present methodology 
this procedure would require several runs at increasing times, 
each one being equivalent to a photograph of the analytical 
ultracentrifuge. For the special case of a monocomponent 
system showing spreading of the boundary by diffusion alone 
it might be possible to estimate the diffusion coefficient itself. 

Experimental Section 

Materials and Methods. All chemicals used were analytical 
grade from Mallinckrodt Chemical Works. The human serum 
albumin was obtained from Calbiochem, and the proteo- 
glycan subunit and proteoglycan complex were kind gifts 
from Dr. Lawrence Rosenberg, New York University, and 
Dr. Stanley Sajdera, State University of New York. The 
centrifuge used was a Model L Beckman preparative ultra- 
centrifuge with an SW 50.1 swinging bucket rotor. 

The spectrophotometer was a Zeiss PMQII model with 
microcells MS5 Zeiss and the microcuvet of 3.1-cm light 
path and 8.4-pl capacity described in Howell et al. (1966). 
Capillary cells were the same as previously described (Pita 
and Muller, 1972). Cellulose tubes, 5 mm in diameter (Beck- 
man 305528), were also used for larger volumes. These were 
used with their commercially available adapters (Beckman 
305527) except that screw aluminum caps were made to hold 
the tubes from the top and avoid excessive pressure against 
the walls which would render it impossible to remove the 
tubes without disturbing the sedimentation boundaries. A 
small water volume (0.15 ml) was added between the tubes 
and the adapter wall to completely cancel external pressures 
during centrifugation. Proteins were determined by the 
Lowry et al. (1951) method. Hexuronic acid determinations 
were conducted with the Bitter and Muir (1962) modification 
of the carbazole method of Dische (1947) with D-glucuronic 
acid (Sigma) as standard. 

Experimental Procedure. Selection of the method for study- 
ing polydispersity or paucidispersity depends very much upon 
the volume and concentration of the sample and the dis- 
tribution range of the biological species involved in the study. 
Successive aliquot extractions can be done with a regular 
bottom piercing device like the ones used for density gradient 
centrifugation. A layer of fluorocarbon, FC-43 (Spinco- 
Beckman), can be used as in usual ultracentrifugal practice. 
Since solute molecules accumulate at the fluorocarbon- 
water interface during centrifugation it is recommendable 

to discard the first few drops together with the fluorocarbon 
layer in order to avoid contaminating the remaining aliquots. 

Integral supernatant concentrations in capillary cells or in 
cellulose tubes are done exactly as described by Pita and 
Muller (1972). When very small volumes of diluted solutions 
were ultracentrifuged in the capillary microcells the solute 
concentrations in the centripetal fractions were determined 
spectrophotometrically by using the cuvet described in Howell 
et al. (1966). Centrifugation time and angular speed are 
measured also as described by Pita and Muller (1972). 

Information about the extent of the plateau region is 
readily obtained with the current methodology. Two points 
in the (CF/CO)H plot, inclined at slope 1 ,  or very close to it, 
are sufficient to locate the plateau region and to calculate 
the average sedimentation coefficient of the system. Then 
the centrifugal parameters (mainly H a n d  w2t)  can be chosen 
to obtain points which gradually depart from the plateau 
region and fall more within the boundary region. Additional 
runs, necessary for checking the influence of diffusion, need 
not be repeated over the entire range of points analyzed. 

When using the approximate method of eq 17 the possibility 
exists that temperature levels vary from run to run (since the 
speeds are different for each one). To make comparisons pos- 
sible it is necessary, then, to correct every 2 value used to 
standard conditions (usually 20’) before making the Z(CF/CO) 
plot. Once this is done the g(s) values obtained are auto- 
matically corrected to standard conditions. On the other 
hand, if eq 4 is used at a temperature other than 20” the 
g(s) curve obtained can be corrected a posteriori to standard 
conditions as in usual ultracentrifugal practice (Schumaker 
and Schachman, 1957). The same correction applies to this 
equation when used at different w2t and temperatures for 
separate ranges of the distribution. 

Results and Calculations 

Biological standards were chosen to illustrate some of the 
cases considered in the theoretical section of this paper. 

Human Serum Albumin. At a level of 1.1 concentration 
in 0.2 M phosphate buffer (pH 6.0) this protein served as an 
example of a monodisperse system affected only by diffusion 
spreading of the boundary. The sample was studied by the 
method of integral supernatant concentrations in 36 capillary 
cells of 1.2 mm inside diameter and 12 mm length. The H 
lengths used varied from 2 to 8 mm. Figure 4 shows the (CF/ 
CO)H plot obtained after centrifugation of the cells at 44,OOO 
rpm for 46.3 min ( w 2 t  = 5.9 X 10’0 sec-I). All menisci were 
placed at 8.03 cm from rotor center. Each point was run six 
times and at least four of them, C, D, E, and F, laid in a 
straight line of slope 1 ,  evidencing the plateau region. Sedi- 
mentation coefficients calculated from these points by the 
method of Pita and Muller (1972) gave an average s value of 
4.4 S f 3z which is to be compared with the value of 4.3 S 
given by Pedersen’s regression line at a comparable con- 
centration as quoted by Charlwood (1952). This close agree- 
ment indicates the presence of almost a pure system, ruling 
out significant contribution of polydisperse or paucidisperse 
components. Consequently the curvature indicated by points 
A, B, and C in the graph must be entirely due to diffusion 
effects. This fact allowed estimation of the diffusion coef- 
ficient by means of the length LD as shown in Figure 4. The 
point H b  in the abscissa axis corresponds to the ideal boundary 
location of the solute if no diffusion had occurred. Hence, 
using the simple theory of diffusion in the ultracentrifuge of 
Svedberg and Pedersen (1940), LD represents the variable 
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FIGURE 4: Integral concentration plot obtained for a sample of 
human serum albumin. Hb is the ideal boundary location and Ld = 
4(Dt) ' /? .  The point of departure at C was also found by replotting 
the CF/CO data lis. 1/H (see Pita and Muller, 1972). C, D, E, and F 
laid in the plateau region (slope one). 

z = y(4Dt)'1' where y = 2 (practical upper limit) (Schack, 
1965). Since LD is 1.56 mm and the time was 46.3 min the 
diffusion coefficient is 

1.56* x 10-2 
16 X 46.3 X 60 

D =  = 5.6 x 10-7cmzsec-1 

This result is somewhat lower than the mean value usually 
offered in the literature (Charlwood, 1952), which is 6.1 x 
10-7 Ficks at a similar concentration. This discrepancy will 
be considered later in the Discussion. 

Proteoglycan Subunit. A 0.08 % solution of proteoglycan 
subunit in 0.15 M KCl was investigated by the method of in- 
tegral supernatant concentrations (a) in the same capillary 
microcells mentioned above and eight of these cells, with H 
values from 2.0 to 8.0 mm, were ultracentrifuged simul- 
taneously (b) in 5 mm i.d. cellulose tubes. In this case centrip- 
etal fractions were collected, at the end of the run, with a 
syringe from above the tubes, the length H being a function of 
the volume of solution removed. All the data were obtained 
with the same u2t = 8.72 X 1O1O sec-' and with a corre- 
spondingly constant xm. Results obtained using the technique 
a t  ultramicro and micro levels were used to plot the corre- 
sponding (CF/CO)H cs. H curves. From these plots and by two 
successive differentiation processes, curves of dcldx cs. x 
were obtained by subdividing the boundary region into 15 
equally spaced intervals. Equation 1 was applied and the 
results are shown in Figure 5A. The integral distribution func- 
tion G(s) (Figure 5B) was also obtained by numerical integra- 
tion of Figure 5A. 

The distribution appears to be asymmetrically extended 
from below 8 S to about 34 S with a peak a t  25.5 S. The 
average value, however, calculated from the point at G(s) = 
0.5 was only 21.5 S, significantly different from the peak value. 

Another proteoglycan subunit sample was used to verify 
that the curvature of the plots was entirely due to polydis- 
persity and was not affected by diffusion effects. Three runs 
were made: two with the same u2t products but different 
times and speeds and a third one with an  altogether different 
u 2 t  product. On account of this difference in u2t the con- 
centration data obtained were plotted by the 2 methodology 
as shown in Figure 6 so that superimposition of the curves 
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FIGURE 5 : Experimental distribution functions for the proteoglycan 
subunit. (A) Differential distribution function g(s) obtained from the 
experimental dc/dx curve (not shown) and applying eq 1. (B) 
Integral distribution G(s) obtained by integration of the upper curve. 
The horizontal scale is in Svedberg units. 

could be expected. The points represented by full and open 
circles were run at the same u2t (=9.97 x 10'0 sec-l) but 
the total time of the latter was more than twice that of the 
former points as indicated in the legend of the figure. Tri- 
angular points correspond to a run with W 2 t  = 6.57 x lolo 
sec-l. Coincidence of all the plots evidenced the virtual 
absence of diffusion perturbations. 

Proteoglycan Complex. The combined effects of poly- 
dispersity and paucidispersity were studied in a 0.04% solu- 
tion of proteoglycan complex by the method of successive 
aliquot extractions. Ultracentrifugation was conducted a t  
35,210 rpm for 52.8 min ( w 2 t  = 4.31 X 10'0 sec-I). The f i s t  
five of a total of 25 drops, collected by piercing the bottom 
of the cellulose tube after centrifugation, were discarded and 
the rest was analyzed for hexuronic acid concentration. Each 
drop represented 1-mm distance along the tube length. A 
concentration us. x curve was made with the data as shown in 
Figure 7A. The two broad sigmoid curves separated by a short 
but definite straight portion around x = 8.2 cm clearly in- 
dicated the existence of two main components as expected for 
this kind of preparation (Franek and Dunstone, 1967; Hascall 
and Sajdera, 1969; Rosenberg et al., 1970). Transformation of 
the curve into the distribution function by eq 1 was done and 
the result is shown in Figure 7B. The first peak in the dis- 
tribution, with a maximum a t  21.5 S, is in agreement with the 
proteoglycan subunit shown in Figure 5A, confirming its 
nature as a basic component of the complex. On the other 
hand, the second peak or fast sedimenting component showed 
a maximum at 55 S. Integration of the areas under the peaks 
gave relative proportions of 54 and 46% for the slow and 
fast components, respectively. 

Error Considerations. Analytical deviations in determining 
the loading concentration, Co, or the final concentrations 
after centrifugation, can influence, significantly, the value of 
the distribution function obtained. Since this function is ob- 
tained, in general, as a second derivative curve of the experi- 
mental data, the errors can be as large as four times the im- 
precision in the analyses. Highly precise assays are, therefore, 
recommended and the use of statistically significant averages 
is needed. The advantageous possibility of centrifuging simul- 
taneously several cellulose tubes in a rotor with six holders 
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FIGURE 6: Experimental Z(CF/CO) plot for three different runs of a 
proteoglycan subunit sample. The centrifugation times were: (0)  52 
min; (A) 70 min; (0) 120 min. The w 2 t  values were: 6.57 X 1Olo (A) 
and 9.97 X 1Olo (0, e). 

or as many as eight capillaries in each holder as the one 
described in publication (Pita and Muller, 1972) facilitates 
the attainment of the necessary number of experimental 
values for each Hused. 

To estimate the approximation involved in the simplified 
mathematical treatment of eq 6 and 17 a hypothetical tri- 
gonometric distribution of coefficients has been numerically 
investigated. This function closely resembles a gaussian 
distribution (see Figure 8) and is given by 

(23) 
2 

g(s) = - sinZ 8 
SM 

where SM represents the maximum coefficient in the distribu- 
tion and 0 is defined as 0 = a s / s ~ .  The coefficients s cover the 
interval from 0 to SY with a peak a t  SM/2 (where sin 8 is a 
maximum). Hence, the interval for 0 should be 0-a, outside 
of which it is meaningless. If SM is given the value 50 X 
sec, the distribution extends, symmetrically, from 0 to 50 S 
with a peak at 3 = 25 S (weight average sedimentation coef- 
ficient of the mixture). In terms o f f ,  eq 23 can be rewritten 
as shown in the Appendix (eq 11). Equation 111, also in the 
Appendix, gives the integral distribution function G(s) = 
Jg(s)ds and eq IV is the result of integrating eq 12 to predict 

TABLE I :  Comparison of Exact and Approximate g(s) Calcula- 
tions for a Trigonometric Distribution of Coefficients.' 

50 0.4849 
45 0.4317 
40 0,3677 
35 0.2948 
30 0.2185 
25 0.1457 
20 0.0841 
15 0.0393 
10 0.0129 
5 0.0017 
0 0.0000 

0.5000 
0 , 4 4 6  
0.3781 
0,3026 
0.2236 
0.1487 
0.0854 
0.0395 
0.0125 
0.0016 
0.0000 

0.000 
0.382 0.409 
1,382 1.330 
2.618 2,489 
3.618 3.414 
4,000 3.795 
3.618 3.481 
2.618 2 ~ 526 
1,382 1.362 
0.382 0.446 
0.000 

' All the figures given for the g function in this table have 
been multiplied by 10-l1. In Svedberg units. 
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FIGURE 7: Ultracentrifugal study of the proteoglycan complex by 
successive aliquot extractions.(A) Experimental point concentration 
curve. (B) Differential distribution function obtained from the upper 
curve by means of eq 1 (horizontal scale in Svedberg units). 

the exact cF/cO expected values. Equation V predicts the 
same ratios but by the approximate method of eq 6. 

Table I is a comparative presentation of the results ob- 
tained for the selected 2 values shown in the first column. 
The second and third columns give the predicted CF/CC, ratios 
by the exact (eq IV) and approximate methods (eq V), re- 
spectively. It is seen that the approximation is generally by 
excess, of the order of 0.5-3x, with an  average 2.1 z error. 
The next column shows the exact values of the distribution 
function as obtained directly from eq 23 and the last column 
gives the same function as calculated by eq 17. The second 
derivative necessary to apply this equation was obtained as 
in an  experimental situation, using intervals A 2  of 5 Svedberg 
units above and below the selected 2 value. The results shown 
in this column are all by defect with an average error of 4z. 
Consequently, when analytical deviations are not better than 
1 z the use of eq 17 is j ustified. 

Discussion 

Restricted diffusion against the meniscus in the early 
stages of centrifugation is a factor whose influence is dif- 

FIGURE 8: Comparison of the error function (2/fi)e-zz with the 
trigonometric sin2 0 function. The deviation at the foot of the curves 
is not too relevant since actual sedimentation coefficient distribution 
might also depart from a strictly gaussian distribution. 
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ficult to assess in transport considerations. With conventional 
optical techniques it is usually sufficient to delay the taking 
of the first photographs so that initial distortions of the bound- 
ary become practically unimportant. The results obtained for 
the diffusion coefficient of human serum albumin in this 
paper, however, seem to indicate a possible permanent dis- 
tortion in diffusion transport, explaining the somewhat lower 
value obtained in estimating the diffusion coefficient of this 
protein. Calculation of diffusion coefficients is, however, 
only a collateral application of the current methodology and 
nonessential to it. 

Typical polydispersity problems, like that of the proteo- 
glycan subunit sample given in Figure 5 ,  demonstrated reason- 
able experimental agreement with already published data. 
For instance, Hascall and Sajdera (1970) obtained for a 
similar proteoglycan subunit preparation, studied at  this 
level of concentration with a conventional analytic ultra- 
centrifuge, a distribution ranging from about 7 to 34 s, with 
an average value of 20 S instead of the 21.5 S found in this 
report. Their distribution was also “skewed” toward the 
higher values of coefficients. 

The results obtained for the proteoglycan complex prep- 
aration are also in good agreement with the data published 
by several investigators (Franek and Dunstone, 1967; Has- 
call and Sajdera, 1969; Rosenberg et ai., 1970). The typical 
bimodal behavior of this complex includes a fast sedimenting 
mode with an average sedimentation coefficient of about 60 
S and a slow sedimenting component similar to the proteo- 
glycan subunit with respect to its average sedimentation value 
and its polydisperse distribution. 

The numerical values used in the trigonometric example of 
eq 23 were chosen so that radial dilution effects had a moderate 
intensity upon the average sedimenting species ( 3  = 25 S), 
producing a decrease to about 93 of its initial Concentration. 
It should be pointed out that the approximation implied in 
eq 6 holds better for the kind of cells used in this investiga- 
tion than it would in standard sectorial cells. For instance, 
in Table I, CF/C” = 0.4849 for Z = 50, but for a standard 
sectorial cell the expected value would have been 0.4677 which 
is farther removed from the 0.5000 value predicted by eq 6. 

The “centrifugal average” value, s,, referred to in the theory 
of paucidisperse systems, corresponds to the coefficient of a 
hypothetical substance whose behavior in the ultracentrifuge 
would exactly duplicate the behavior of the actual system, as 
far as mass transport in the plateau region is concerned. This 
average, s,, obeys the relationship 

where fi is the weight fraction, Cor/Co, of the ith component 
and s, is the corresponding sedimentation coefficient. This 
is to be compared with the usual definition of fw (weight aver- 
age sedimentation coefficient), S, = Bfs,si, the latter being 
equivalent to the former only when the exponential functions 
can be approximated. For most practical purposes both 
concepts can be considered equivalent. 

Extrapolation to infinite dilution to obtain the g(s) function 
at zero concentration (symbolically g(so)) is usually avoided 
by working at  high dilutions. In general, transport method- 
ology allows determination of sedimentation coefficients at 
much lower concentrations than those attainable with optical 
analytical ultracentrifugation. (Theoretically, one could set 
the loading concentration at  about twice the lowest con- 
centration recognizable by the analytical tool at  hand, the 
only limiting factor being boundary stability.) But in poly- 
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dispersity studies the situation is different. Since the final 
concentrations across the boundary can decrease by a practical 
factor of even 50 times when we move from the faster to the 
slower species, it is usually impossible to detect the whole 
range of concentrations if the initial value is already too low. 
In general, then, the loading concentration for polydispersity 
studies by the transport method needs to be higher than for a 
parallel determination of sedimentation coefficients by the 
same methodology. If this rise in concentration places the 
system at a level too far removed from what could be con- 
sidered “zero” concentration then the extrapolation process 
cannot be avoided. This, of course, would be very laborious 
since it implies re-running all the set of determinations at 
different initial concentrations. A very good alternative is to 
use the procedure described by Baldwin (1954) in which 
knowledge of the dependence of s on concentration is the 
only requirement to do the extrapolation. This dependence can 
be found very easily by the transport technique, considering 
the high dilutions attainable as explained above. 

In conclusion, it can be said that the experimental results 
of the present publication constitute a good proof that the 
nonoptical methodology of ultracentrifugal analysis based 
upon transport considerations can duplicate, with some loss 
of precision, the main operations and capabilities of con- 
ventional analytical ultracentrifugation, bringing to the ultra- 
centrifugal field of analysis its own particular advantages : 
minute amounts, low concentrations, selective biological 
activity, and workability with crude preparations. 
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Appendix 

7s O E  - 
2s 

(11) 
1 

g(s) = -- sin2 6 
s 

s 1 .  
G(s) _ _  - sin 26 

2s 2 K  
(111) 
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Photochemical Systems of Rhodospirillum rubrum. Light-Induced 
Reactions and Biological Functions of c-Type Cytochromes in 
Relation to P-870t 

William R. Smith, Jr., Christiaan Sybesma, William J. Litchfield, and Karl DUS* 

ABSTRACT: Evidence from light-induced reactions, electro- 
focusing, amino acid analysis, and immunochemical character- 
ization is presented to prove that cytochrome cz and cyto- 
chrome C-422 of Rhodospiriffum rubrum are identical. The 
designation cytochrome cz also applies to the high-potential 
cytochromes of cyclic photochemical electron transport in 
Rhodopseudomonas spheroides, Rhodopseudomonas uiridis, and 
Rhodopseudomonas capsulata, all of which can substitute for 
R .  rubrum cytochrome cz by donating electrons to P-870 of 

T his study was undertaken with the aim to correlate the 
membrane-bound C-type cytochromes, C-422 and C-428 
(Sybesma and Fowler, 1968), implicated in secondary electron- 
transport reactions in Rhodospirillum rubrum, with the chemi- 
cally characterized, soluble cytochromes, c2 and c’, of this 
organism (Dus et al., 1968; Kamen et al., 1971; Kennel et af., 
1973). Furthermore, we intended to clarify the position of 
these cytochromes within the photochemical electron-transfer 
chain relative to the corresponding reaction center units and 
to scrutinize the concept of the possible existence of more 
than one type of reaction center in R .  rubrum (Sybesma and 
Fowler, 1968; Fowler and Sybesma, 1970). 

Previously, two photochemical systems were suggested to 
function in whole cells of R .  rubrum (Sybesma and Fowler, 
1968) based on different action spectra for the light-induced 
visible and near infrared absorbancy changes under continu- 
ous (Sybesma, 1969) and flashing (Sybesma and Kok, 1969) 
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R .  rubrum. From light-induced reactions it is also suggested 
that cytochrome c’ and the low-potential cytochrome C-428 
of R .  rubrum may be identical but no biological function can 
be assigned to this hemoprotein based on our studies. Only one 
photochemical system could be found to operate in R .  rubrum, 
and this system appeared to be capable of oxidizing both the 
high-potential cytochrome cz and added cytochrome c’. 
However, no reaction of P-870 with the native cytochrome 
C-428 could be observed. 

illumination. This was in agreement with action spectra of 
cytochromes C-555 and C-552 obtained by Morita (1968) in 
whole cells of Chromatium vinosum strain D which indicated 
oxidation of these cytochromes by different reaction centers. 
Measurements of the light-induced absorbancy changes as a 
function of redox potential in cells of C. vinosum strain D 
(Cusanovich et af., 1968) and of R .  rubrum (Fowler and 
Sybesma, 1970) led to similar conclusions. Specifically, in the 
experiments with R .  rubrum, only one system, involving oxida- 
tion of cytochrome C-422 and interaction with the typical 
P-870 containing reaction center, seemed to operate under 
high-potentialconditions. At potentials near zero, however, 
C-428, the low-potential cytochrome, was found to operate 
predominantly and the concomitant absorbancy changes in the 
near-infrared region were no longer those indicative of the 
typical P-870 containing reaction center. Among other 
changes, in this case, an increase of absorbancy was observed 
at 905 nm. A similar increase at 905 nm under low potential 
conditions had been found previously in C. vinosum strain D 
(Cusanovich et al., 1968). This observation was taken to indi- 
cate the presence of a second reaction center component, P’, 
thought to be associated with noncyclic photochemical elec- 
tron transport and capable of oxidizing only the low-potential 
cytochrome. An alternate explanation was offered by Vreden- 
berg el al. (1965) who suggested that these absorbancy changes 
may reflect a conformational change in the chromatophore 
membrane. 
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