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

I .  THE DEVELOPMENT OF LOW-SPEED ZONAL ROTORS' 

H. P. Barringer C. E. Nunley R. E. Canning N. G. Anderson 
E. F. Babelay C. L. Burger' C. T. Rankin 

A B ST R AC T 

Two low-speed zonal centrifuge rotors (designated A-V and A-VI) have been developed 
to t e s t  the feasibility of zonal  separation of particles in  the micron s ize  range. Based  on 
these s tudies  rotor A-IX h a s  been designed. 
speed of 6000 rpm, and sui table  s e a l s  to allow the gradient and sample layer introduction 
a s  well a s  gradient and zone recovery during rotation. 
the problem of isolat ing subcellular particles is demonstrated. 

It h a s  a capaci ty  of 1300 ml, a maximal design 

The  applicability of this rotor to 

INTRODUCTION 

T h e  problem of devis ing  a general method for separa t ing  large amounts of particles whose  

sizes cover the  range resolved by the  electron microscope, namely from whole cells to  protein 

molecules, h a s  not been previously solved. In the Svedberg ana ly t ica l  ultracentrifuge particle 

s p e c i e s  in  the lower part of t h i s  s i z e  range a re  observed as boundaries, but only the l a s t  compo- 

nent of a mixture being sedimented is physically separa ted .  The  same res t r ic t ions  apply to  con- 

ventional differential centrifugation where purification is obtained by repeated sedimentations.  

The  s u c c e s s  of t h i s  method in cell fractionation s t u d i e s  is due entirely t o  the  very large differ- 

e n c e s  in  the sedimentat ion rates of nuclei ,  mitochondria, microsomes, and ribosomes. In zonal 

centrifugation (1-8), dens i ty  gradients are used  to  s t ab i l i ze  the  liquid milieu through which 

par t ic les  a re  separa ted  to  allow particles having different sedimentation r a t e s  t o  be separa ted  

into d iscre te  zones  or bands. Early s tud ie s  with swinging-bucket rotors demonstrated the  feasi- 

bility of separa t ing  cell components and v i ruses  in dens i ty  gradients, but only very s m a l l  amounts 

of material could be separated,  and considerable time and effort were required t o  form and recover 

the gradients. 

Since high gravitational f ie lds  have  a very marked s tab i l iz ing  effect on liquid density gradi- 

en t s ,  the  possibil i ty of forming and recovering gradients during rotation w a s  investigated and a 

simple sys tem for d i rec t ing  a gradient stream t o  tubes  in  a swinging-bucket rotor developed (9). 

'Work supported by the Joint National Insti tutes of Health-Atomic Energy Commission Zonal Centrifuge 

'Loanee, Chas. Pf izer  Company. 

Development Program. 
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The  gradients, however, were recovered at rest .  T h e  possibil i ty of eliminating centrifuge tubes  

was  next investigated,  u s ing  a hollow-bowl rotor and s imple methods for introducing and recover- 

ing density gradients (10). The  s u c c e s s  of th i s  early work prompted the  development of eighteen 

rotor sys t ems  covering a wide range of s p e e d s  and capac i t ies .  T h e s e  include Ser ies  A rotors, 

three of which are descr ibed  here,  which a re  su i t ab le  for the  separation of par t ic les  ranging in  

s i z e  from whole cells t o  mitochondria. Ser ies  B rotors a re  designed for operation at intermediate 

s p e e d s  (up to 40,000 rpm) and are usefu l  for separa t ing  par t ic les  having sedimentat ion coef f ic ien ts  

as low as 30s and possibly lower. For viral  and molecular separa t ions  at speeds  u p  t o  141,000 

rpm, the  Ser ies  C rotors a re  be ing  developed, whereas  the  D s e r i e s  a re  in a n  early s t a g e  of t e s t ing  

and are designed for t rans  million x g operation. In t h i s  paper  the des ign  and operation of rotors 

A-V, A-VI, and A-IX a re  described. Subsequent papers  i n  th i s  series will  be  concerned with other 

rotor sys t ems  and with their  application to biological problems. 

PRINCIPLES OF OPERATION 

Two methods of operation have been  explored. In the  f i r s t  the  rotor is loaded and unloaded 

while spinning at a speed  suf f ic ien t  t o  s t ab i l i ze  the  gradient aga ins t  t he  rotor wal l  ( 6 , I l ) .  Al- 

though th is  method of dynamic loading is probably adequate  for very high resolution, i t  requires 

precision seal sys tems.  In the second method the  gradients are loaded and unloaded at res t ,  t he  

gradient being reoriented from a horizontal to  vertical  configuration during rotation (12) in a 

hollow rotor containing fixed sep ta .  

In the first  method two fluid l i nes  are connected t o  the  rotor through a rotating seal. One 

connects  to the rotor edge ,  the  other t o  the  center core. During rotation a dens i ty  gradient is 

introduced t o  the  rotor edge  through t h e  edge  l ine.  The  l ight end of the gradient is pumped in 

f i rs t ,  and is oriented uniformly around the  inner sur face  of the  rotor by centrifugal force as 

shown in Fig.  1A. As succeedingly denser  portions of the  gradient a r e  pumped in ,  they flow t o  

the edge  and d i sp lace  the  l ighter parts of t he  gradient toward the a x i s  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 l ine  (Fig. IC). A s m a l l  volume of fluid having a dens i ty  less than tha t  of the sample 

layer is pumped in after the  sample t o  move it out away from the  core (Fig. 1D). T h e  rotor is ac- 

celerated t o  operating speed  and maintained a t  tha t  speed  unt i l  the desired separa t ion  is achieved 

(Fig.  1E). It is then decelerated t o  unloading speed. Unloading is accomplished by pumping a 

dense  fluid t o  the edge  of the  rotor caus ing  the  gradient t o  flow out through the  center  core (Fig.  

l F ) ,  through su i tab le  absorbance or radioactivity monitors, and into a fraction collector. 

In the reorienting gradient rotor the  gradient is introduced t o  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 acce lera t ion  the  axial  gradient is reoriented to a radial  gradient by centrifugal 

force. After particle separa t ion  h a s  been effected,  the  gradient reorients t o  the original configu- 

ration a s  it is brought to  rest .  Gradient recovery is by displacement  out the  upper fluid l ine ,  or by 

drainage out the bottom. 

. 
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Fig. 1. Schematic Diagrams of Operat ion of Ser ies A Dynomica l l y  Loaded  Rotors. The  h o l l o w  cav i t y  

i n  the rotor i s  d iv ided by septa i n t o  sector-shaped compartments. 

f l a t  face sea l  to  the rotor core and t o  the rotor edge i n  such a manner that  f l u id  may be pumped in e i t he r  

d i rect ion through the rotor dur ing rotat ion.  A t  low speed the rotor i s  f i l l e d  by pumping the gradient i n  

through the edge l i ne  (A) u n t i l  the rotor i s  f i l l e d  (B). The  d i rec t i on  of  f l u id  f l ow  i s  then reversed and the 

sample layer pumped i n  through the core l ine (C) and then pushed out by a f l u id  less dense than the sample 

u n t i l  the sample layer  i s  free o f  the core (D). The rotor i s  accelerated t o  operat ing speed t o  achieve the 

desired separat ions (E). T h e  rotor i s  then decelerated to  un loading speed and the gradient d i sp laced  out 

through the center core by pumping a dense f l u id  to  the rotor edge (F). 

Two  f l u id  l ines are connected through a 

One purpose of t h i s  work h a s  been to  compare the  resolution obtained in  the  two rotor sys tems.  

T h i s  paper concerns  the  low-speed, dynamically loaded rotors. A prototype reorienting gradient 

rotor h a s  been descr ibed  (12), and additional prototypes a re  now being tested.  

ROTOR A-V 

Initial s tud ie s  on rotors A-I11 and A-IV effectively demonstrated the  feasibil i ty of dynamically 

loaded and unloaded zonal  centrifuges.  It appeared des i rab le  t o  be  ab le  to  observe the  en t i re  pro- 

cedure,  t o  be ab le  t o  de t ec t  anomalous sedimentation a t  various t imes during the  centrifugation, 

and to  b e  ab le  t o  determine directly the  optimal t ime to  unload the  gradient. 

. 
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In dynamically loaded Ser ies  A rotors, length h a s  been minimized to give a ratio of 

> 1 for the  moments of inertia,  thus  providing a configuration which s p i n s  about I s p in” t r a  n s v e r s e 

i t s  most s t ab le  axis.  Rotor A-V was  designed to  examine the  possibil i ty of separa t ions  a t  very 

low speeds  (500 to 1000 rpm). While loading and unloading of intermediate speed  rotors (B-I1 and 

B-IV) a t  much higher s p e e d s  is feas ib le  (6), t he  s tab i l iz ing  e f fec t  of centrifugal force is much 

less a t  very low s p e e d s  and the  possibil i ty of mixing during introduction of the sample layer cor- 

respondingly increased. Since the  pressures  and stresses are relatively s m a l l ,  large-diameter 

methacrylate resin end p l a t e s  may b e  used. Figure 2 is a diagram of the  A-V rotor. The  interior 

UNCLASSIFIED 
BIOL. NO. 12821 
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Fig. 2. Schematic Drawing  of Rotor A-V. (1)  Coupl ing ring; (2) upper re ta in ing  ring; (3) upper end 

plate; (4) lower end plate; (5) lower re ta in ing  ring; (6) re ta in ing  bolts; (7) f i l l e d  T e f l o n  ro ta t ing  seal; (8) 
bo l t  loca t ing  ring; (9)  septa; (10) f l u i d  l i ne  t o  edge of  rotor; (11) con ica l -sec t ion  core; (12) dr ive  shaf t  

adapter; (13) stot ionary sea l  f l ex ib le  mount and f l u id  l i ne  to  center of  rotor; (14) stot ionary sea l  coup l ing  

ring; (15) coolant in let ;  (16) coolant outlet; (17) f l u id  l i n e  t o  edge of rotor; (18) c o o l i n g  jacket; (19) O-ring; 

(20) stat ionary seal; (21 and 24) f l ow  passage through ro ta t ing  sea l  to center o f  rotor; (22 and 23) f l ow  

passage through ro ta t ing  seo l  to edge o f  rotor. 
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is divided in to  e ight  sector-shaped compartments, e a c h  2.72 c m  deep ,  with maximum and minimum 

radii  of 13.60 and 3.49 cm. T h e  upper and lower end p l a t e s  a re  of 3.26-cm-thick c l ea r  p las t ic ,  

and t h e  internal volume is 1300 ml.  

All par t s  of a zone  of one  density in  a zonal centrifuge cons t i tu te  a paraboloid of revolution 

about t he  a x i s  of rotation (12). A s ingle  conical-section core  therefore h a s  been used  which a l lows  

the sample layer t o  s lope  45O or more as  i t  approaches the  rotor center. The  rotating seal w a s  

constructed of fi l led Teflon (Rulon) while t he  static fluid-line seal w a s  constructed of s t a i n l e s s  

s t e e l  and w a s  flexibly mounted t o  allow alignment to the  p lane  of the  rotating seal during opera- 

tion. Chilled water was  circulated through the  upper seal to  remove frictional heat.  

Water w a s  added to  the  rotor i n  100-ml increments and the  posit ion of t he  meniscus w a s  care- 

fully determined at 1000 rpm. From these  d a t a  a char t  of volume as  a function of rad ius  w a s  

drawn. The  posit ion of any  portion of the  gradient recovered during unloading c a n  then be  related 

to  i t s  original posit ion in  the  rotor. All work was  performed i n  an  International Equipment Co. 

Model PR-2 refrigerated centrifuge with a transparent p l a s t i c  lid. 

Performance of the A-V Rotor. - To determine whether or  not dens i ty  gradients could b e  in- 

troduced into the  rotor and recovered without ex tens ive  mixing, a dens i ty  gradient w a s  ana lyzed  

refractometrically both before introduction and after sp inning  i n  the  rotor for 15 min a t  1000 rpm. 

Negligible differences between t h e  two gradients were seen .  

A sample zone  introduced in to  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 to ta l  volume of 2 0  ml w a s  introduced over a suc rose  gradient. When moved to  a posit ion ju s t  

ex te rna l  to t h e  core,  t h e  sample zone  h a s  a ca lcu la ted  width of 0.1 c m .  The  rotor w a s  spun  a t  

1000 rpm a t  5OC (152 x g a t  R m a x  and 39 x g a t  Rmin) .  When the gradient was  recovered, the  ab- 

sorbance  recording of t h e  sample zone  showed a peak whose width at half height w a s  equivalent 

to a zone  width of 0.3 c m  in the  centrifuge. Th i s  amount of broadening is not considered 

excess ive .  
Three types  of experiments were performed to  determine the resolution obtainable with th i s  

rotor. In the  first ,  ragweed pollen gra ins  were observed during sedimentation. In the  second,  ra t  

red cells were centrifuged t o  their  i sopycnic  position, while i n  a third s e r i e s  of experiments a 

method for i so la t ing  ca l f  thymus nuclei  t ha t  retained their  abil i ty to incorporate amino ac ids  w a s  
developed (1 3). Preliminary experiments with ragweed pollen sugges ted  tha t  more uniform be- 
havior could b e  obtained if  the  gra ins  were f i r s t  fixed in  alchol. Two hundred milligrams of pol- 

l en  was  suspended in  10 m l  of 95% ethanol,  centrifuged briefly, and the  pollen resuspended i n  

10 ml of 8.5% sucrose.  T h i s  volume of material  w a s  u s e d  a s  t h e  sample layer and w a s  introduced 

inboard of a 1200-ml gradient extending from 17 to  55% (w/w) sucrose.  Fifty-five percent suc rose  

was  also used  as the  “cushion” outboard of the  gradient. After 10 min at 1000 rpm t h e  gradient 

was  recovered by displacement.  Photographs of the  rotor during the  run a re  shown in Fig. 3. 

When the f rac t ions  were examined by dark field phase-contrast  microscopy, no  par t ic les  were ob- 
served through t h e  gradient excep t  a t  t h e  leve l  of the  zone  observed visually.  In experiments 
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Fig. 3. Sedimentation of  Ragwbed Pol len in  Rotor A-V. 
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with rat  red cells two isopycnic  bands were repeatedly observed. The b a s i s  for th i s  fractionation 

h a s  not been determined. T h e s e  resu l t s  indicate  tha t  the  pr inciples  previously employed in  the 

Series  B zonal  ultracentrifuge (6) can  be applied to large par t ic le  separa t ions  i n  a very low-speed 

rotor. 

ROTOR A-VI 

Rotor A-VI is the  la rges t  low-speed zonal rotor presently contemplated. It is designed to ex- 

plore large scale nuclear  isolat ion and the separat ion of different ce l I  t y p e s  in a mixture s u c h  as 

occurs ,  for example,  in  bone marrow suspensions.  

The  rotor h a s  a 3-liter capaci ty ,  is designed for operation at 6000 rpm and a maximal cen- 

trifugal force of 7100 x g. The des ign  spec i f ica t ions  were fixed by the  speed ,  permissible  diame- 

ter, and thrust-bearing capaci ty  of the  PR-2 centrifuge. T h e  des ign  d o e s  not approach the  s t r e s s  

l i m i t s  of the 7075-T6 aluminum used for the  rotor wall. T h e  partially disassembled rotor is shown 

in Fig. 4 while the rotor and seal system assembled for u s e  are shown in  Fig. 5. T h e  ini t ia l  in- 

tent  w a s  to  provide a fairly uniform centrifugal field by u s i n g  a large-diameter central  core  to keep 

Fig. 4. Rotor A-VI Part ia l ly  Disassembled. Core with s e p t a  shown a t  left ,  main body of rotor in center ,  with 
transparent upper end p l a t e  a t  right.  
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Fig. 5. Rotor A-VI and Seal Assembly Mounted in PR-2 Centrifuge. The rotor i s  v isible during operation 

through the plastic top of the centrifuge. 

the  ent i re  gradient close to  the rotor edge. The  cent ra l  core  diameter is 22.86 c m  and the ins ide  
rotor diameter is 35.56 c m ,  giving a gradient chamber length of 6.35 cm. At the design speed of 

6000 rpm with a sucrose  densi ty  gradient in  posit ion,  a rather large radial growth (approximately 

0.04 cm)  occurs.  Since the  end c a p s  increase  in  diameter by only a few thousandths of a centi-  

meter, a mechanism w a s  needed to  center  the rotor chamber wal l  with respect  to  the end c a p s ,  and 

to maintain concentricity to the  drive spindle.  P la ted  brass  p l a t e s  (one in e a c h  end cap),  which 

expanded during centrifugation at a ra te  intermediate between tha t  of the rotor wall  and the end 

plates ,  were employed. Without the  b r a s s  p l a t e s  the  run-out (departure from circularity) increased 

from the  normal 10 ,u total  indicator reading (TIR) to  25 ,u TIR,  demonstrating the  e f fec t iveness  of 

t h i s  method. 

By very accura te  machining, the n e c e s s i t y  of balancing the rotor h a s  been obviated. The only 

metals in  contac t  with the fluid a re  anodized aluminum, nickel,  monel, or s t a i n l e s s  steel. O-rings 

a re  used to seal the  rotor chamber and all components i n  the  liquid l ines .  

perating speed. T h e  u s e  of skimmers as previously sugges ted  (6) was  not s u c c e s s f u l  at the  

relatively low peripheral  s p e e d  obtained at t h e  edge  of the  skimmer disks .  As a second approach, 

Three methods have  been invest igated for obtaining flow in to  and out of the  centrifuge at op- 

Y 
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a self-aligning ball-and-socket rotating seal w a s  t e s t ed  but  w a s  ineffective because  of distortion 

of the  ba l l  during attachment to the  drive and to cold-flowing of t h e  reinforced Teflon of the  s t a t i c  

seal when under pressure.  A third, f lat ,  modified face seal supported by t h e  centrifuge chamber 

lid h a s  proven e f f ec t ive  as long  as the  centrifuge is i n  near-perfect balance.  I t s  alignment with 

the  rotating seal is cr i t ica l .  The  problem of a self-aligning seal was  not solved until  the  A-IX 

rotor w a s  developed. An A-IX seal will  be adapted t o  t h e  A-VI rotor. 

One top-end c a p  for rotor A-VI h a s  been fabr ica ted  from Luc i t e  t o  permit viewing of the  rotor 

conten ts  completely a c r o s s  t h e  rotor diameter. With a s t roboscopic  l ight the  rotor conten ts  c a n  

b e  observed i n  detail .  At t h e  center  of t h e  rotor, a large nut l imi t s  deflection of the  c a p  and re- 

d u c e s  the s t r e s s  level.  Power l imitations of the  PR-2 drive motor have  restricted the  top  speed  

in  practice to 5160 rpm. Cr i t ica l  frequencies of t h e  sp indle  sys tem which occur a t  700 and 900 
rpm have been passed  with no  difficulty. 

Experimental  s t u d i e s  us ing  th i s  centrifuge for la rge  scale preparation of subcellular par t ic les  

will  b e  described in  a subsequent  paper. 

T h e  A-V rotor showed that success fu l  separa t ions  could be  achieved a t  low speed ,  and demon- 

s t ra ted  the uti l i ty of a completely transparent sys t em,  whereas  A-VI showed that p l a s t i c  end c a p s  

could b e  used  a t  s p e e d s  u p  to 5000 rpm. Our attention was  therefore directed toward the  develop- 

ment of a general  purpose rotor with both end c a p s  of p l a s i c  transparent materials,  and with a 

self-aligning seal that could achieve  sufficient s p e e d  to  sepa ra t e  subce l lu la r  par t ic les  as small 

a s  mitochondria. In addition, an attempt w a s  made t o  simplify the  rotor a s  much as poss ib l e  and 

to  provide for i t s  convenient disassembly. (Rotor A-VI1 h a s  been described (12) and rotor A-VI11 

which also u t i l i zes  t h e  reorienting gradient principle will  be  described elsewhere.)  

ROTOR A 4 X 3  
i 
4 

Rotor A-IX, shown i n  Fig.  6 and diagrammatically in  Fig. 7, h a s  been des igned  t o  replace 
rotor A-V, but with a higher maximum operating speed  and greater stabil i ty.  T h e  rotor volume of 

1300 ml is divided into e ight  sector-shaped compartments, each  having  a depth of 1.49 c m  and a 

maximum radius  of 17.78 c m .  The cent ra l  co re  is a s ing le  45' cone  with a maximum radius  of 4.79 

c m .  Flow l i n e s  t o  the  rotor edge  p a s s  over the  sep ta ,  t hus  allowing an  unobstructed view of the  

en t i re  sector-shaped compartment. The  rotor weighs approximately 22.68 k g  when full of fluid and 

is held on t h e  centrifuge drive sp indle  by i t s  own weight. 

T h e  rotor h a s  been spun to  4000 rpm both empty and when fi l led with water. The des ign  speed  

of 6000 rpm h a s  not been reached due  t o  the  limited power of the  drive system. Departure fron con- 

centricity (run-out) w a s  measured by u s e  of a n  inductance type proximity probe (Bentley Proximity 

Probe, Bentley-Nevada Corp., Minden, Nev.) placed i n  the  centrifuge chamber c lose  to  the edge  of 

'Detailed 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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the  rotor. T h e  resu l t ing  s igna l  w a s  amplified and displayed on a cal ibrated osci l loscope.  Rotor 

run-out when empty and when filled with water  is shown in Fig. 8. It should be  noted that t hese  

rotors have not  required balancing to  achieve sa t i s fac tory  performance. The  large run-outs ob- 
served at 400 and 900 rpm when the  rotor is fil led a re  rigid body cr i t ica l  frequencies of the cen- 

trifuge system. Flow measurements with water sugges ted  tha t  the  centrifuge wil l  s e rve  as a sa t i s -  

factory continuous flow device for large particles,  as wel l  as a ra te  zonal  centrifuge. Flow ra tes  

of 100 ml/min are eas i ly  achieved. 

UNCL ASS1 Fl ED ^.^. ..^ .Inn,? 
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Fig. 7. Diogrammotic Presentation o f  Rotor A-IX. 
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Fig. 9. Diagrammatic Presentation of Seal. 
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The seal is shown diagrammatically in  Fig. 9. A col lar  attached to  the  rotor is connected to  

the s t a t i c  seal through a s e a l e d  s ta in less -s tee l  bearing. Any la te ra l  movement of the rotor and the  

rotating seal is therefore transmitted directly to  the s t a t i c  seal. Rotation of the  s t a t i c  seal is pre- 

vented by a removable arm at tached t o  the centrifuge cool ing chamber. The  complete A-IX sys t em 

is shown in  Fig. 10. 
Operation of A-IX Rotor. - The  rotor is accelerated to  approximately 1000 rpm and the dens i ty  

gradient is pumped i n  at the  rate  of approximately 25 ml/min us ing  a modified Spinco zonal  cen-  

trifuge gradient pump (Spinco Division, Beckman Instruments,  P a l o  Alto, Calif.). Fo r  most pur- 

p o s e s  gradients ranging from 17 to  55% or from 10 to 30% w/w sucrose  a re  useful.  Both the  rotor 

and the solut ions used  to  prepare the gradient a re  prechilled to  5OC. When the gradient h a s  f i l led 

the rotor and begins to  emerge through the core l ine ,  the gradient pump is stopped,  and a drain l ine  

Fig. 10. Overall View of A-IX System. 
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connected to the  l i ne  between the  pump and the  s e a l  is opened. T h i s  wi l l  allow fluid to  e s c a p e  

from the  edge  of t h e  rotor as the  sample layer  and the overlay a re  introduced. 

T h e  sample layer (usually 5 to  2 0  ml)  may be introduced through the rotor center or core  l ine 

us ing  a large syringe, a small v e s s e l  pressurized with air ,  or with a sma l l  peristalt ic pump. T h e  

sample  must have a dens i ty  less than that of the  l igh t  end of the  gradient, or e x c e s s i v e  boundary 

widening will  occur. As  soon as  the  sample layer is in,  100 m l  o r  more of a light fluid such  as a 

physiological s a l t  solution or a d i lu te  buffer is pumped i n  through the  same  line.  An e x c e s s  of 

about 2 5  m l  of overlay is then pumped in ,  t he  drain l i ne  between the  pump and the  rotor edge  l ine 

c losed ,  and the  gradient pump s ta r ted  with the  pump s e t  t o  pump only dense  fluid. The e x c e s s  

overlay is then pumped out in to  a reservoir containing 75 ml of water which is connected t o  the  

rotor center l ine.  T h e  rotor edge  l ine is then clamped off. As the  rotor acce le ra t e s ,  expansion 

will  occur. Fluid t o  compensate for t h i s  i nc rease  i n  volume will  be  drawn from the  reservoir at- 

tached to  the  center  line. T h i s  a s s u r e s  tha t  t he  s e a l  will  not dry out and that the  rotor will  not 

become unbalanced by the  introduction of air. The  rotor is then acce lera ted  t o  operating speed. 

After the  des i red  separa t ion  h a s  been made the  rotor is decelerated t o  between 200 to  1000 

rpm and the  gradient is recovered by pumping dense  suc rose  into the rotor through the  rotor edge 

line. 

The  gradient may b e  monitored for ultraviolet  absorbance us ing  the  two wavelength monitoring 

sys tem previously described (14). Forty-milliliter fractions a re  generally collected.  T h e  position 

of any fraction in  the  rotor c a n  b e  deduced from the  equation: 

V z  = n h  ( r z  - r;)  + Vrc - Nhw (rz - r,) , 

where 

V z  = volume col lec ted  t o  reach zone  z, 

Vrc = volume from point of collection to  outer edge  of core,  

rz = radius of zone  z in rotor before unloading, 

rc = radius t o  edge  of core,  

N = number of sep ta ,  

h = height of sec tor  shaped  compartments, and 
w = width of sep ta .  

For  rotor A-IX Vrc = 2 5  ml, rc = 4.79 cm, N = 8, h = 1.49 cm, and w = 0.64 c m .  

To observe  the  sedimentation of par t ic les  a d i s k  of Luci te  having  the  same outs ide  diameter 

as the  in s ide  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 ,  par t ic les  could be  observed by 

reflected l ight,  whereas par t ic les  having appreciable color could bes t  b e  observed aga ins t  the  

white background. 

A camera w a s  mounted above the  centrifuge, and su i tab le  l igh ts  mounted t o  illuminate the  

rotor so that  photographs could be  taken  a t  intervals.  An overall  view of the system is shown in 

Fig. 10. 

. 
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Performance of A-IX Rotor. - T h e  A-IX rotor may b e  used  for a variety of purposes,  and the  

resu l t s  obtained will  depend largely on the  spec i f ic  conditions employed. 

To i l lus t ra te  the  separa t ions  which may b e  obtained, a 1-liter gradient ranging l inearly with 

radius from 10 t o  42% suc rose  (w/w) w a s  introduced in to  the  rotor, and the  remainder of the  rotor 

volume w a s  filled with 55% sucrose .  Twenty mill i l i ters of a 10% brei was  prepared from unper- 

fused rat  l iver and introduced into the  rotor a t  400 rpm. T h e  sample w a s  moved out beyond the  

core  with 150 ml of pH 7.5 Miller-Golder buffer, p = 0.1. T h e  sedimentation of nuc le i ,  red cells, 

and mitochondria is shown i n  F ig .  11. P h a s e  cont ras t  microscopy w a s  used  t o  identify the  various 

fractions. No c r o s s  contamination between nuclei  and mitochondria was  observed. 

A de ta i led  s tudy  of the  separa t ion  of t he  larger subce l lu la r  components of ra t  liver wi l l  b e  

presented in  a subsequent  paper. 

DISCUSSION 

A s  part of a program of zonal centrifuge development,  a s e r i e s  of low-speed rotors h a s  been  

designed and tes ted .  Of these ,  three a re  descr ibed  in  t h i s  paper. The  A-IX rotor is the  most ad- 

vanced des ign  and  is capab le  of separa t ing  cells which differ i n  sedimentation ra te  and of frac- 

t ionating subce l lu la r  par t ic les  as  smal l  as  mitochondria. The  advantages  of d i rec t  v i sua l  obser- 

vation of sedimenting zones  a re  tha t  measurement of t he  r a t e s  of sedimentation c a n  b e  made con- 

t inuously during centrifugation, and t h e  dec is ion  a s  t o  when t o  unload c a n  be  more rationally made. 
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