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Angle-head centrifugation is widely used for the isolation of cells, 
subcellular particles, precipitates, and large molecules. These particles 
have sedimentation coefficients which may extend over six orders of 
magnitude (1). While zonal centrifuges now allow high-resolution separa- 
tions to be made over a very wide range of particle sizes (2-5), no single 
zonal centrifuge experiment can extend over more than a fraction of this 
range. Angle-head precentrifugation is often a necessary prelude to high- 
resolution zonal separations, especially when a minor component is to 
be concentrated and resolved. Methods for optimizing such preparative 
separations are therefore of continuing interest. Specifically, we require 
methods .for determining experimentally and with some precision the 
centrifugation time and speed required to sediment a given particle or 
activity. We would also like to know whether the behavior of particles 
sedimenting in angle-head centrifuge tubes can be predicted experi- 
mentally. 

In this paper a general method for studying angle-head centrifugation 
is described and applied to three classes of particles which differ greatly 
in size-red blood cells, polystyrene latex, and bovine serum albumin 
(BSA). The work has been made possible by (a) the development of 
digital integrators for determining accurately the integral of &L%! during 
the centrifugation cycle (2), (5) the availability of high-speed titanium 
rotors which allow particles as small as proteins to be sedimented in a 
reasonable period of time, and (c) the development of polycarbonate 
tubes which rarely deform in high centrifugal fields (6). The simple 
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techniques described permit complex mixtures of particles to be charac- 
terized, provide data on which rational separation procedures may be 
based, and allow sedimentation c0efficient.s of proteins (and possibly 
larger particles) to be approximated. The relationship between the studies 
reported in this paper and previous work by Pickels and Bauer (7-9) 
is also discussed. Although detailed theoretical studies on angle-head 
centrifugation are reserved for a later paper, one point should be stressed 
here. We are interested initially in how separations are usually ‘made in 
practice, that is, in the separation of suspensions into only two fractions. 
The presence, absence, or behavior of moving boundaries is not con- 
sidered initially. The theoretical value we are most interested in predict- 
ing is the value of &! for the complete sedimentation of a given particle 
species in a particular rotor configuration. Previous studies suggest that 
complete sedimentation may be approached asymptotically (7-9) and 
that complete sedimentation, at least of viruses, may not be obtained. 

EXPERIMENTAL STUDIES 

Centrifugal Procedures 

In practice, a variety of centrifuge rotors are used to fractionate mix- 
tures such as tissue extracts or homogenates. For this study, however, 
one rotor was employed so that data obtained with a wide range of 
particle sizes would be directly comparable. A Spinco No. 50 titanium 
angle-head rotor was spun in either a Spinco L-2 centrifuge or in an 
experimental zonal centrifuge equipped with temperature control and 
with an integrator which indicates the integral of &Jt continuously in 
digital form (2). To ensure that the tube geometry was constant, the 
Oak Ridge type of polycarbonate tubes (obtained from International 
Equipment Company, Needham Heights, Massachusetts) with plastic 
closures (6) were used. 

For particles at the large end of the spectrum, it was not possible to 
measure the centrifugal field accurately with this rotor and integrator. 
Some data points were therefore obtained at 1 g by mounting the tubes 
in a plastic block so that the tubes had the same angle with respect to 
the earth’s gravitational field that the tubes have with respect to the 
centrifugal field in the rotor. 

A 9 ml sample of each particle suspension was placed in each tube. 
After centrifugation, the tubes were rotated very slowly 180” while in 
place, until the pellet was flat in the bottom of the tube. With a long- 
stem Past,eur pipet, fluid was carefully removed along the upper wall, 
keeping the end of the pipet at, or just below, the surface (Fig. 1). The 
recovered liquid was placed in a 10 ml graduated centrifuge tube to 
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measure the volume removed. In this manner, 7 ml of the supernatant 
was recovered, thus avoiding the problem of deciding how much of a 
loose pellet to remove. When a very dilute sample such as polystyrene 
latex was used, a small cotton plug was also used in some experiments to 
help keep sedimented material at the bottom of the tube. 

FIG. 1. Method used to remove fluid from angle-head tubes after they have been 
rotated in silu for 180”. See text for details. 

For very long experiments (4 hr or more at 50,000 rpm), a digital 
integrator need not be employed, since the acceleration and deceleration 
times are small in proportion to the total time of centrifugation. The 
average speed may be accurately calculated from the odometer, and 7 
min added to the time at speed to compensate for centrifugation during 
acceleration and deceleration. All experiments were conducted with the 
temperature control set on 5°C. At 50,000 rpm the actual rotor tempera- 
ture was lO-11°C. 

Calculations 

Centrifugal treatment used for particle sedimentation has been ex- 
pressed in a variety of ways including g minutes, speed, and time with 
either R,,, or Rmin and R,,, specified, or simply time, speed, and the 
manufacturer’s rotor number. We have chosen the integral of & because 
t.his value is used in further calculations of sedimentation rate and 
because the integrator used gives this number directly. The geometry of 
the sample in the rotor must also be known, however. Other numbers, 
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such as g minutes, are also characteristic not only of the time-speed 
profile, but of the rotor used, and t,he amount of sample placed in each 
tube. 

The values of & of interest range from IO5 to 10r3. To accommodate 
this range, data are plotted on a nine-cycle log plot as shown in Figure 2. 
The radius of the menisci before and after removal of the 7 ml of super- 
natant are 4.88 and 6.8 cm, respectively, during rotation. 

FIG. 2. Sedimentation of sheep red blood cells, polystyrene latex particles, and 
BSA. Points indicated by squares obtained at lg using gravity; all other points 
obtained in Spinco No. 50 angle-head rotor. Points indicated with octagons obtained 
with small cotton plug in bottom of centrifuge tube. Along abscissa are plotted the 
integral of w’t and the sedimentation coefficient in Svedberg units corrected to water 
at 20°C. The left-hand portion of this scale is for data taken at 5”C, the righthand 
segment for data taken at 10°C. Arrows indicate observed sedimentation coefficient 
for BSA and calculated sedimentation coefficient for polystyrene latex. 

To plot both data obtained during sedimentation at rest and during 
rotation on the same plot it is necessary to consider the relation between 
the two. The value of 02t equivalent to a given period of time at 1 g was 
calculated two ways. Form the equation 

and by using the average radius, R,, = 5.84 cm, ~3 was found to be 167.8. 
The second method of calculation uses the equations 

which applies to tubes at rest, and 

R, W&l”- 
RI (3) 
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which applies to sedimentation in the centrifuge. These may be equated 
if t,he same particle and geometry are used in both instances to give: 

d = (R2g~oR,) In g = 169.2 (4) 

Since the results agree within l%, either method of calculation may be 
used; 1 hr at 1 g with this geometry is therefore equivalent to 8 = 
6.09 X 105. 

In the separation cells used in the analytical ultracentrifuge, t,he 
sedimentation coefficient may be determined by analyzing the solution 
remaining in the upper compartment (10-12). These equations apply to 
ideal sedimentation in a sector-shaped compartment. The tubes used 
here have far from ideal geometry. Therefore, it has been considered of 
interest to ask: If the boundary-widening effect of diffusion is disre- 
garded, how far does observed sedimentation in an angle-head rotor 
differ from that observed in sector cells? 

By using equation 3 and the values of R, and R, corresponding to the 
menisci before and aft,er removal of 7 ml of supernatant, values of 
Scomplete,t were calculated for 20°C in water and are included in Figure 2. 
The scale for Scomplete,z,, was calculated for data taken at 5OC for red 
blood cells and polystyrene latex, and at 10°C for BSA. These values are 
useful in that they indicate how closely an experimental system, which is 
subject to convective disturbances, may agree with theory. The sedi- 
mentation coefficient scale was aligned with the 02t scale in Figure 2 by 
solving equation 3 for a series of values of o’t. 

Sedimentation of Sheep Red Blood Cells 

Sheep red blood cells were washed three times with the Veronal-buffered 
diluent (VBD) containing gelatin used for complement fixation studies 
(13). A total of 1.1 ml of packed cells was added to 32 ml of gelatin-free 
VBD; 7 ml of this suspension plus an additional 2 ml of VBD were added 
to each 10 ml polycarbonate tube. The tubes were either left in the angle 
holder in the refrigerator for sedimentation at 1 g or centrifuged briefly 
in the No. 50 rotor. Then 7 ml of supernatant was removed as described. 
A control tube was kept in the refrigerator and resuspended just before 
use. To effect complete hemolysis, 1 ml of each supernatant, and of t.he 
control, were added to 14 ml of buffered water (13) and read at 541 my 
in 1 cm light path cells in a Beckman DB spectrophotometer. The results 
are shown in Figure 2. The small optical density observed at 02t = lo7 
was due to a small amount of hemolysis. Results are given as percent of 
the starting sample found in the 7 ml of supernatant. The data plotted 
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in Figure 2 may be extrapolated to zero concentration of red cells in the 
supernatant as shown by the broken line in Figure 2, i.e., to a value of 
02t which would effect complete sedimentation. The extrapolated value 
of &$ for complete sedimentation is 4 X 106, and the value for the sedi- 
mentation coefficient is approximately lo6 S. 

Polystyrene Latex Sedimentation 

Polystyrene latex beads (Dow Chemical lot LS 055A) with a diameter 
of 0.188 p (standard deviation 0.0076 ,U in water) were diluted in distilled 
water and centrifuged to various values of dt as indicated in Figure 2. 
The absorbance of the 7 ml of supernatant removed was read against 
distilled water, and plotted as percent of absorbance of the starting 
sample. Data obtained with and without a small cotton plug in t.he 
bottom of the tube to prevent convection during sample recovery are 
given. A small residual absorbance was observed even after prolonged 
centrifugation. The slight skewness observed in the curve may relate both 
to a small amount of aggregation and to particle heterogeneity. A sedi- 
mentation coefficient of approximately 1000 is inferred from the plot 
using the data obtained with cotton plugs. By using a density of 1.0525 
for polystyrene (14), a sedimentation coefficient of 1020 is calculated at 
20°C in water for spherical particles having a diameter of 0.188 p. 

Sedimentation of BSA 

A 1% solution of BSA in Verona1 buffer (13) was centrifuged for 
periods up to 25 hr at 50,000 rpm. The absorbancies of the supernatants 
were read at 278 rnp with 1 cm light path cells after dilution with 
distilled water. Values are expressed as percent of the absorbance of the 
starting sample (Fig. 2). The curve, if extrapolated to the baseline (i.e., 
to zero concentration in the supernatant), intersects it at approximately 
4 S, which is in fair agreement with published values (15). 

It is of interest to see how closely the BSA data conformed to what 
would be expected theoretically in a sector-shaped separation cell such 
as is used in the analytica ultracentrifuge. By using the equation (refs. 
3 O-12) : 

s= -&ln[$$+g(l--$$)I (5) 

where R, = radius of the meniscus, 
R, = radius of the partition, or of the plane of the surface of the 

“pellet volume,” 
C, = concentration of particles at the start of the run, and 
Ct = concentration in supernatant at the conclusion of the run, 
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plots were made of 02t as a function of concentration of particles remain- 
ing in the 7 ml of supernatant volume. Two values for the sedimentation 
coeflkient were used that corresponded to the sedimentation coefficient 
for BSA at 10°C and a concentration of l%, and the sedimentation co- 
efficient as extrapolated to zero protein concentration at 10°C using 
equation 5. As shown in Figure 3, the experimental points fall between 
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FIO. 3. Plot of theoretical and observed concentration of protein in supernatant in 
Spinco No. 50 angle-head polycarbonate centrifuge tubes as a function of w?. The 
experimental values agree more closely with the theoretical plot for zero protein 
concentration than for 1%. Theoretical curves were calculated using the partition ccl1 
equation. 

the two calculated curves for the most part and are closer to the curve 
calculated from equation 5 using t,he value for the sedimentation coeffi- 
cient extrapolated to zero concentration. 

The reproducibility of results is best indicated by considering the data 
for BSA. The results of two duplicate runs and one quadruplicate run are 

TABLE 1 
Reproducibility of BSA Concentration Measurements 

o’t 

3.07 x 10” 58.1 
59.3 

4.22 X 10” 51.4 
51.4 
51.1 
49.8 

8.61 x 10” 15.2 
14.6 
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shown in Table 1 and indicate close agreement between different tubes 
run in the same rotor. The curve shown in Figure 3 indicates rather 
little scatter of points obtained in different experiments. 

DISCUSSION 

An extremely simple and reproducible method has been developed for 
measuring and describing sedimentation in angle-head centrifuges. The 
method is applicable over a very wide range of force-t,ime values. The 
data obtained allow fractionation methods using centrifugation to be 
developed rationally. No indication has been found of anomalous non- 
reproducible sedimentation with the particle concentrations employed 
except with polystyrene latex. Insertion of a small cotton plug in the 
bottom of the centrifuge tube effectively eliminates this problem. The 
method used measures only transport to an arbitrarily chosen pellet 
volume and is not concerned with the measuring boundaries or wit,h 
observing convective flow in the tube. 

With BSA, transport to the pellet volume in an angle-head centrifuge 
occurs almost exactly as would be expected in a sector-shaped separation 
cell at zero protein concentration. Best agreement is observed when 50- 
70% of the protein has been sedimented. No evidence of an asymptotic 
approach to complete sedimentation was observed, as would be expected 
if extensive convection occurred during centrifugation. (It should be 
noted that somewhat different results would be obtained if an attempt 
were made to remove the entire supernatant solution, since a small 
amount of pellet material will slide off the packed pellet during the inter- 
val between the time the rotor comes to rest and that when the tubes are 
rotated 180” in position.) 

The curve (Fig. 2) based on observations with polystyrene latex does 
not suggest a homogeneous particle species, and indeed the suspension is 
not perfectly homogeneous. Note, however, that when the center portion 
of the latex sedimentation is extrapolated to zero concentration in the 
supernatant as is done in Figure 2, the & value obtained agrees very 
well with the calculated value for the average latex particle. 

Measurements of red blood cells illustrate the upper size limits of the 
method used. Most points were obtained with the tubes subject to 1 g. 
For reasons discussed below, sedimentation under these two conditions 
may not be strictly comparable, and a centrifugal system for precisely 
controlled studies below 1000 rpm is required. This work suggests that 
the ordinary angle-head centrifuges are capable of yielding reproducible 
information on particle sedimentation over a very wide range of particle 
sizes. 

The early theoretical and experimental studies of Pickeels (7-9) were 
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concerned chiefly with boundary movement, and the theory developed 
(7) neither predicts the fraction of particles in a given suspension 
sedimented as a function of integrated centrifugal force, nor agrees well 
with the experimental results obtained. Pickels concluded that the 
theory applied to relatively large particles (which were not studied) and 
only partially to the hemocyanin molecules examined, and that analytical 
ultracentrifuge data could not be used to predict accurately sedimenta- 
tion in angle-head tubes. Quantitative studies on particle sedimentation 
in inclined tubes and a theory accurately describing such sedimentation 
therefore do not appear to be available. 

The Pickels’ theory proposes that particle enrichment takes place at 
the outer wall, and that depletion occurs at the inner wall. Enriched fluid, 
being denser, was thought to flow directly to the bottom, whereas de- 
pleted fluid was thought to flow centripetally to the top of the tube along 
the inner wall producing free convection. In the limiting case removal 
of particulate material would be logarithmic, with a constant fraction 
of the remaining suspended mass being removed per unit time at constant 
speed. Pickels’ results may bee partly explained by the inability ac- 
curately to control or measure temperature, and by variations in the 
deceleration schedule (7). The puzzling results obtained with yellow 
fever virus (7, 8) may have been due to adsorption of a few virus 
particles on the wall of the centrifuge tube, to entrapment of virus in 
lipid-rich particles which floated, or to stir-back during deceleration. 

The results obtained here with bovine serum albumin do not support 
the convective flow patterns proposed by Pickels (7). Rather they 
suggest that sedimentation occurs in an almost ideal fashion (in the 
sense that sedimentation in sector-shaped compartments is ideal) with 
very little free convection. 

It is suggested that angle-head centrifugation theory should be modi- 
fied to include the following considerations: 

First, a clear distinction must be made between compact pellets and 
fluid volumes which are enriched or depleted. Compact pellets may form 
along the outer length of the centrifuge tube and may then slide to the 
bottom as the interplay of frictional and gravitational forces permits. 

Particle enrichment of a fluid volume element which is free to move 
convectively occurs only when back-diffusion of particles sedimented to 
a surface takes place. Such enrichment resembles that occurring at the 
bottom of an analytical ultracentrifuge cell during an aproach to equi- 
librium. In such a case a denser fluid film may form at the outer sloping 
edge of an angle-head centrifuge tube. The thickness of the layer and the 
concentration are time dependent initially, in the absence of convection. 
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Regardless of the size or sediment,ation rate of the suspended particles, 
a film of particle-depleted fluid will also form along the length of the 
inner (centripetal wall). 

The question is, how will these enriched or depleted volumes move in 
a centrifugal field. As shown by Berman (16)) Coriolis forces have 
negligible effects on particles of molecular dimensions but have marked 
effects on particles the size of whole cells and larger. 

A fluid element sufficiently large to maintain an internal concentration 
difference during movement along the centrifuge tube must be accelerated 
(or decelerated) tangentially as it moves to a new radius. In the centri- 
fuge used here a fluid element moving from the meniscus to the pellet 
volume increases its tangential velocity by 40%. To be thus accelerated, 
the fluid element must move laterally until it is in a portion of the tube 
which slopes with respects to the circumferential path of rotation. The net 
effect of this will be to rotate the fluid mass in the tube in a direction 
which would, if the tube were quickly moved to a vertical orientation, 
be opposite to the direction of rotor rotation. The movement of depleted 
fluid along the inner surface of the tube will tend to produce rotation of 
the fluid mass in the same direction. If fluid rotation does indeed occur 
as proposed here, it would tend to keep the concentration the same at 
all points having the same radius, and to make mass transport due almost 
entirely to sedimentation through the liquid, with convective movement 
playing a very minor part. 

The results reported here agree with those of Charlwood (17) who 
showed that little anomalous sedimentation occurs when proteins sedi- 
ment through preformed sucrose gradients in angle-head rotors. 

Sedimentation in analytical ultracentrifuge tubes inclined so that the 
cell walls are at an angle to the radius is not a valid model for angle-head 
centrifugation, since Coriolis forces are directed into the impaction plane. 
In the angle-head centrifuge, in contrast, Coriolis forces are directed 
along the impaction plane and can produce fluid flow. 

While these studies were initiated in an effort to devise better pre- 
concentration steps for samples for subsequent zonal centrifugation, the 
technique is applicable to the solution of several other types of problems 
as well. By determining the enzyme activity, or virus or bacterial in- 
fectivity, information may be obtained on whether a single species of 
particle accounts for the activity. From the data obtained, both differ- 
ential and zonal centrifugal experiments may be designed.3 

‘Digital & integrators may be obtained from the International Equipment Co., 
Needham Heights, Mass., from MSE Ltd., London, England, and from the Spinco 
Division of Beckman Instruments, Palo Alto, Calif. 
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SUMMARY 

A simple method for studying sedimentation in angle-head centrifuges 
has been developed. This method (made possible by the use of a titanium 
rotor, polycarbonate tubes, and an electronic dt integrator) is applicable 
to the study of particles having sedimentation coefficients ranging from 
4 to lo6 S. The range can be extended by including studies of lg. 

Sheep red blood cells, polystyrene latex spheres, and BSA were em- 
ployed as test particles. A 9 ml sample was used in each tube. At the end 
of a centrifuge cycle, the tubes were rotated in situ MO’, and then 7 ml of 
supernatant was carefully withdrawn. The remaining 2 ml was arbitrarily 
considered to be the pellet. When the concentration of particles remaining 
in the supernatant was plotted against the 02t (on a log scale), very 
similar curves were obtained with each test part*icle. 

The transport of BSA to the pellet volume followed closely that 
predicted from the separation cell equation. 

It is proposed that the Pickels t,heory of angle-head centrifugation 
must be revised to include the effect of Coriolis forces on fluid elements 
moving radially in the centrifuge tube. 

The results obtained suggest that the angle-head centrifuge may be 
used as a precision biophysical instrument. 
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