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THE JOINT NATIONAL INSTITUTES OF HEALTH-ATOMIC ENERGY COMMISSION
ZONAL CENTRIFUGATION PROJECT

I. THE DEVELOPMENT OF LOW-SPEED ZONAL ROTORS'

N. G. Anderson H. P. Barringer C. E. Nunley R. E. Canning
E. F. Babelay C. L. Burger? C. T. Rankin
ABSTRACT

Two low-speed zonal centrifuge rotors (designated A-V and A-VI) have been developed
to test the feasibility of zonal separation of particles in the micron size range. Based on
these studies rotor A-IX has been designed. It has a capacity of 1300 ml, a maximal design
speed of 6000 rpm, and suitable seals to allow the gradient and sample layer introduction
as well as gradient and zone recovery during rotation. The applicability of this rotor to

the problem of isolating subcellular particles is demonstrated.

INTRODUCTION

The problem of devising a general method for separating large amounts of particles whose
sizes cover the range resolved by the electron microscope, namely from whole cells to protein
molecules, has not been previously solved. In the Svedberg analytical ultracentrifuge particle
species in the lower part of this size range are observed as boundaries, but only the last compo-
nent of a mixture being sedimented is physically separated. The same restrictions apply to con-
ventional differential centrifugation where purification is obtained by repeated sedimentations.
The success of this method in cell fractionation studies is due entirely to the very large differ-
ences in the sedimentation rates of nuclei, mitochondria, microsomes, and ribosomes. In zonal
centrifugation (1—8), density gradients are used to stabilize the liquid milieu through which
particles are separated to allow particles having different sedimentation rates to be separated
into discrete zones or bands. Early studies with swinging-bucket rotors demonstrated the feasi-
bility of separating cell components and viruses in density gradients, but only very small amounts
of material could be separated, and considerable time and effort were required to form and recover
the gradients.

Since high gravitational fields have a very marked stabilizing effect on liquid density gradi-
ents, the possibility of forming and recovering gradients during rotation was investigated and a

simple system for directing a gradient stream to tubes in a swinging-bucket rotor developed (9).

Work supported by the Joint National Institutes of Health—Atomic Energy Commission Zonal Centrifuge
Development Program.
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The gradients, however, were recovered at rest. The possibility of eliminating centrifuge tubes
was next investigated, using a hollow-bowl rotor and simple methods for introducing and recover-
ing density gradients (10). The success of this early work prompted the development of eighteen
rotor systems covering a wide range of speeds and capacities. These include Series A rotors,
three of which are described here, which are suitable for the separation of particles ranging in
size from whole cells to mitochondria. Series B rotors are designed for operation at intermediate
speeds (up to 40,000 rpm) and are useful for separating particles having sedimentation coefficients
as low as 30S and possibly lower. For viral and molecular separations at speeds up to 141,000
rpm, the Series C rotors are being developed, whereas the D series are in an early stage of testing
and are designed for trans million x g operation. In this paper the design and operation of rotors
A-V, A-VI, and A-IX are described. Subsequent papers in this series will be concerned with other

rotor systems and with their application to biological problems.

PRINCIPLES OF OPERATION

Two methods of operation have been explored. In the first the rotor is loaded and unloaded
while spinning at a speed sufficient to stabilize the gradient against the rotor wall (6,11). Al-
though this method of dynamic loading is probably adequate for very high resolution, it requires
precision seal systems. In the second method the gradients are loaded and unloaded at rest, the
gradient being reoriented from a horizontal to vertical configuration during rotation (12) in a

hollow rotor containing fixed septa.

In the first method two fluid lines are connected to the rotor through a rotating seal. One
connects to the rotor edge, the other to the center core. During rotation a density gradient is
introduced to the rotor edge through the edge line. The light end of the gradient is pumped in
first, and is oriented uniformly around the inner surface of the rotor by centrifugal force as
shown in Fig. 1A. As succeedingly denser portions of the gradient are pumped in, they flow to
the edge and displace the lighter parts of the gradient toward the axis of rotation. When the
rotor is full (Fig. 1B) the direction of flow is reversed and the sample layer is pumped in through
the center line (Fig. 1C). A small volume of fluid having a density less than that of the sample
layer is pumped in after the sample to move it out away from the core (Fig. 1D). The rotor is ac-
celerated to operating speed and maintained at that speed until the desired separation is achieved
(Fig. 1E). It is then decelerated to unloading speed. Unloading is accomplished by pumping a
dense fluid to the edge of the rotor causing the gradient to flow out through the center core (Fig.
1F), through suitable absorbance or radioactivity monitors, and into a fraction collector.

In the reorienting gradient rotor the gradient is introduced to the bottom of the rotor during
rest. The sample is introduced by reverse flow through the top and is followed by a light overlay.
During gradual acceleration the axial gradient is reoriented to a radial gradient by centrifugal
force. After particle separation has been effected, the gradient reorients to the original configu-
ration as it is brought to rest. Gradient recovery is by displacement out the upper fluid line, or by

drainage out the bottom.
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Fige 1. Schematic Diagroms of Operation of Series A Dynamicolly Loaded Rotors. The hollow cavity
in the rotor is divided by septa into sector-shaped compartments., Two fluid lines are connected through a
flat face seal to the rotor core and to the rotor edge in such a manner that fluid may be pumped in either
direction through the rotor during rotation. At low speed the rotor is filled by pumping the gradient in
through the edge line (A) until the rotor is filled (B). The direction of fluid flow is then reversed and the
sample layer pumped in through the core line (C) and then pushed out by a fluid less dense than the sample
until the sample layer is free of the core (D). The rotor is accelerated to operating speed to achieve the
desired separations (E). The rotor is then decelerated to unloading speed and the gradient displaced out

through the center core by pumping a dense fluid to the rotor edge (F).

One purpose of this work has been to compare the resolution obtained in the two rotor systems.
This paper concerns the low-speed, dynamically loaded rotors. A prototype reorienting gradient

rotor has been described (12), and additional prototypes are now being tested.

ROTOR A.V

Initial studies on rotors A-IIl and A-IV effectively demonstrated the feasibility of dynamically
loaded and unloaded zonal centrifuges. It appeared desirable to be able to observe the entire pro-
cedure, to be able to detect anomalous sedimentation at various times during the centrifugation,

and to be able to determine directly the optimal time to unload the gradient.



In dynamically loaded Series A rotors, length has been minimized to give a ratio of
spin’ Lransverse > 1 for the moments of inertia, thus providing a configuration which spins about
its most stable axis. Rotor A-V was designed to examine the possibility of separations at very
low speeds (500 to 1000 rpm). While loading and unloading of intermediate speed rotors (B-II and
B-IV) at much higher speeds is feasible (6), the stabilizing effect of centrifugal force is much
less at very low speeds and the possibility of mixing during introduction of the sample layer cor-
respondingly increased. Since the pressures and stresses are relatively small, large-diameter

methacrylate resin end plates may be used. Figure 2 is a diagram of the A-V rotor. The interior
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Fig. 2. Schematic Drawing of Rotor A-V. (1) Coupling ring; (2) upper retaining ring; (3) upper end
plate; (4) lower end plate; (5) lower retaining ring; (6) retaining bolts; (7) filled Teflon rotating seal; (8)

bolt locating ring; (9) septa; (10) fluid line to edge of rotor; (11) conicalssection core; (12) drive shaft
adapter; (13) stationary seal flexible mount and fluid line to center of rotor; (14) stationary seal coupling
ring; (15) coolant inlet; (16) coolant outlet; (17) fluid line to edge of rotor; (18) cooling jacket; (19) O-ring;
(20) stationary seal; (21 and 24) flow passage through rotating seal to center of rotor; (22 and 23) flow

passage through rotating seal to edge of rotor,



is divided into eight sector-shaped compartments, each 2.72 cm deep, with maximum and minimum
radii of 13.60 and 3.49 cm. The upper and lower end plates are of 3.26-cm-thick clear plastic,
and the internal volume is 1300 ml.

All parts of a zone of one density in a zonal centrifuge constitute a paraboloid of revolution
about the axis of rotation (2). A single conical-section core therefore has been used which allows
the sample layer to slope 45° or more as it approaches the rotor center. The rotating seal was
constructed of filled Teflon (Rulon) while the static fluid-line seal was constructed of stainless
steel and was flexibly mounted to allow alignment to the plane of the rotating seal during opera-
tion. Chilled water was circulated through the upper seal to remove frictional heat.

Water was added to the rotor in 100-ml increments and the position of the meniscus was care-
fully determined at 1000 rpm. From these data a chart of volume as a function of radius was
drawn. The position of any portion of the gradient recovered during unloading can then be related
to its original position in the rotor. All work was performed in an International Equipment Co.
Model PR-2 refrigerated centrifuge with a transparent plastic lid.

Performance of the A.V Rotor. — To determine whether or not density gradients could be in-
troduced into the rotor and recovered without extensive mixing, a density gradient was analyzed
refractometrically both before introduction and after spinning in the rotor for 15 min at 1000 rpm.
Negligible differences between the two gradients were seen.

A sample zone introduced into the rotor is widened by laminar flow through the tubing and
rotor core, by any turbulence or convection in the rotor, and by diffusion. To determine how much
widening would occur in practice, a sample zone containing 4% bovine serum albumin (BSA) having
a total volume of 20 ml was introduced over a sucrose gradient. When moved to a position just
external to the core, the sample zone has a calculated width of 0.1 cm. The rotor was spun at
1000 rpm at 5°C (152 x ¢ at Rmax and 39 x g at Rmin). When the gradient was recovered, the ab-
sorbance recording of the sample zone showed a peak whose width at half height was equivalent
to a zone width of 0.3 cm in the centrifuge. This amount of broadening is not considered

excessive.

Three types of experiments were performed to determine the resolution obtainable with this
rotor, In the first, ragweed pollen grains were observed during sedimentation. In the second, rat
red cells were centrifuged to their isopycnic position, while in a third series of experiments a
method for isolating calf thymus nuclei that retained their ability to incorporate amino acids was
developed (13). Preliminary experiments with ragweed pollen suggested that more uniform be-
havior could be obtained 1if the grains were first fixed in alchol. Two hundred milligrams of pol-
len was suspended in 10 ml of 95% ethanol, centrifuged briefly, and the pollen resuspended in
10 ml of 8.5% sucrose. This volume of material was used as the sample layer and was introduced
inboard of a 1200-ml gradient extending from 17 to 55% (w/w) sucrose. Fifty-five percent sucrose
was also used as the ‘‘cushion’’ outboard of the gradient. After 10 min at 1000 rpm the gradient
was recovered by displacement, Photographs of the rotor during the run are shown in Fig. 3.
When the fractions were examined by dark field phase-contrast microscopy, no particles were ob-

served through the gradient except at the level of the zone observed visually. In experiments












a self-aligning ball-and-socket rotating seal was tested but was ineffective because of distortion
of the ball during attachment to the drive and to cold-flowing of the reinforced Teflon of the static
seal when under pressure. A third, flat, modified face seal supported by the centrifuge chamber
lid has proven effective as long as the centrifuge is in near-perfect balance. Its alignment with
the rotating seal is critical. The problem of a self-aligning seal was not solved until the A-IX
rotor was developed. An A-IX seal will be adapted to the A-VI rotor.

One top-end cap for rotor A-VI has been fabricated from Lucite to permit viewing of the rotor
contents completely across the rotor diameter. With a stroboscopic light the rotor contents can
be observed in detail. At the center of the rotor, a large nut limits deflection of the cap and re~
duces the stress level. Power limitations of the PR-2 drive motor have restricted the top speed
in practice to 5160 rpm. Critical frequencies of the spindle system which occur at 700 and 900
rpm have been passed with no difficulty.

Experimental studies using this centrifuge for large scale preparation of subcellular particles
will be described in a subsequent paper.

The A-V rotor showed that successful separations could be achieved at low speed, and demon-
strated the utility of a completely transparent system, whereas A-VI showed that plastic end caps
could be used at speeds up to 5000 rpm. Our attention was therefore directed toward the develop-
ment of a general purpose rotor with both end caps of plasic transparent materials, and with a
self-aligning seal that could achieve sufficient speed to separate subcellular particles as small
as mitochondria. In addition, an attempt was made to simplify the rotor as much as possible and
to provide for its convenient disassembly. (Rotor A-VII has been described (12) and rotor A-VIII

which also utilizes the reorienting gradient principle will be described elsewhere.)

ROTOR A.IX3

Rotor A-IX, shown in Fig. 6 and diagrammatically in Fig. 7, has been designed to replace
rotor A-V, but with a higher maximum operating speed and greater stability. The rotor volume of
1300 ml is divided into eight sector-shaped compartments, each having a depth of 1.49 cm and a
maximum radius of 17.78 cm. The central core is a single 45° cone with a maximum radius of 4.79
cm. Flow lines to the rotor edge pass over the septa, thus allowing an unobstructed view of the
entire sector-shaped compartment. The rotor weighs approximately 22.68 kg when full of fluid and
is held on the centrifuge drive spindle by its own weight.

The rotor has been spun to 4000 rpm both empty and when filled with water. The design speed
of 6000 rpm has not been reached due to the limited power of the drive system. Departure fron con-
centricity (run-out) was measured by use of an inductance type proximity probe (Bentley Proximity

Probe, Bentley-Nevada Corp., Minden, Nev.) placed in the centrifuge chamber close to the edge of

3Detailed drawings of rotor A=IX may be obtained from the Division of Technical Information Extension,
Atomic Energy Commission, Oak Ridge, Tenn,
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connected to the line between the pump and the seal is opened. This will allow fluid to escape
from the edge of the rotor as the sample layer and the overlay are introduced.

The sample layer (usually 5 to 20 ml) may be introduced through the rotor center or core line
using a large syringe, a small vessel pressurized with air, or with a small peristaltic pump. The
sample must have a density less than that of the light end of the gradient, or excessive boundary
widening will occur. As soon as the sample layer is in, 100 ml or more of a light fluid such as a
physiological salt solution or a dilute buffer is pumped in through the same line. An excess of
about 25 ml of overlay is then pumped in, the drain line between the pump and the rotor edge line
closed, and the gradient pump started with the pump set to pump only dense fluid. The excess
overlay is then pumped out into a reservoir containing 75 ml of water which is connected to the
rotor center line. The rotor edge line is then clamped off. As the rotor accelerates, expansion
will occur. Fluid to compensate for this increase in volume will be drawn from the reservoir at-
tached to the center line. This assures that the seal will not dry out and that the rotor will not
become unbalanced by the introduction of air. The rotor is then accelerated to operating speed.

After the desired separation has been made the rotor is decelerated to between 200 to 1000
rpm and the gradient is recovered by pumping dense sucrose into the rotor through the rotor edge
line.

The gradient may be monitored for ultraviolet absorbance using the two wavelength monitoring
system previously described (14). Forty-milliliter fractions are generally collected. The position

of any fraction in the rotor can be deduced from the equation:
2 2
VZ = 7h (rz —r )+ Ve —Nhw (r, —r_),

where

V, = volume collected to reach zone z,
Vr_ = volume from point of collection to outer edge of core,

radius of zone z in rotor before unloading,

..,
Il

r = radius to edge of core,
N = number of septa,
h = height of sector shaped compartments, and

w = width of septa.

For rotor A-IX VrC = 25ml, r, = 4.79cm, N= 8, h=1.49 cm, and w = 0.64 cm.

To observe the sedimentation of particles a disk of Lucite having the same outside diameter
as the inside of the refrigerated chamber of the centrifuge was mounted under the rotor and painted
half white and half black. When the black background was used, particles could be observed by
reflected light, whereas particles having appreciable color could best be observed against the
white background.

A camera was mounted above the centrifuge, and suitable lights mounted to illuminate the
rotor so that photographs could be taken at intervals. An overall view of the system is shown in

Fig. 10.
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Performance of A-IX Rotor. — The A-IX rotor may be used for a variety of purposes, and the
results obtained will depend largely on the specific conditions employed.

To illustrate the separations which may be obtained, a 1-liter gradient ranging linearly with
radius from 10 to 42% sucrose (w/w) was introduced into the rotor, and the remainder of the rotor
volume was filled with 55% sucrose. Twenty milliliters of a 10% brei was prepared from unper-
fused rat liver and introduced into the rotor at 400 rpm. The sample was moved out beyond the
core with 150 ml of pH 7.5 Miller-Golder buffer, u = 0.1. The sedimentation of nuclei, red cells,
and mitochondria is shown in Fig. 11. Phase contrast microscopy was used to identify the various
fractions. No cross contamination between nuclei and mitochondria was observed.

A detailed study of the separation of the larger subcellular components of rat liver will be

presented in a subsequent paper.

DISCUSSION

As part of a program of zonal centrifuge development, a series of low-speed rotors has been
designed and tested. Of these, three are described in this paper. The A-IX rotor is the most ad-
vanced design and is capable of separating cells which differ in sedimentation rate and of frac-
tionating subcellular particles as small as mitochondria. The advantages of direct visual obser-
vation of sedimenting zones are that measurement of the rates of sedimentation can be made con-

tinuously during centrifugation, and the decision as to when to unload can be more rationally made.
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