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ABSTRACT 

A v a r i a t i o n  on t h e  aqueous polymer phase p a r t i t i o n  method, 
a f f i n i t y  p a r t i t i o n i n g ,  has proved s u i t a b l e  f o r  t h e  p r e p a r a t i v e  
s c a l e  p u r i f i c a t i o n  o f  b i n d i n g  s i t e  e n r i c h e d  membrane fragments. 
The f u l l  r e s o l v i n g  p o t e n t i a l  o f  t h e  a f f i n i t y  p a r t i t i o n i n g  tech -  
n i q u e  o f t e n  r e q u i r e s  t h e  u t i l i z a t i o n  o f  m u l t i p l e  e x t r a c t i o n  p ro -  
cedures such as c o u n t e r c u r r e n t  d i s t r i b u t i o n .  In t h i s  r e p o r t ,  we 
e v a l u a t e  t h e  combinat ion o f  a newly developed c o u n t e r c u r r e n t  p u r i -  
f i c a t i o n  technique,  t o r o i d a l  c o i l  chromatography, w i t h  a f f i n i t y  
p a r t i t i o n i n g .  
p u r i f i c a t i o n  and c h a r a c t e r i z a t i o n  o f  membrane bound n i c o t i n i c  cho- 
l i n e r g i c  r e c e p t o r s .  
chromatography techno logy  and t h e  more conven t iona l  t h i n - l a y e r  
c o u n t e r c u r r e n t  d i s t r i b u t i o n  techniques a r e  compared. 

T h i s  approach p rov ides  an e f f i c i e n t  method f o r  

The r e l a t i v e  m e r i t s  o f  t h e  t o r o i d a l  c o i l  

l P r e s e n t  address: B iochemis t r y  Department 
U n i v e r s i t y  of Lund 
S-22007 Lund (Sweden). 
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INTRODUCTION 

FLANAGAN ET AL. 

A f f i n i t y  chromatography, which r e l i e s  upon t h e  b i o - s p e c i f i c  

b i n d i n g  p r o p e r t i e s  o f  enzymes, r e c e p t o r s  and o t h e r  b i n d i n g  p ro -  

t e i n s  t o  accompl ish separa t i on ,  has proven h i g h l y  use fu l  i n  t h e  

p u r i f i c a t i o n  o f  s o l u b l e  p r o t e i n s  o r  membrane bound p r o t e i n s ,  once 

t h e y  a r e  s o l u b i l i z e d  by t h e  a c t i o n  o f  de te rgen ts .  On t h e  o t h e r  

hand, t h e  a p p l i c a t i o n  o f  a f f i n i t y  chromatography t o  t h e  f r a c -  

t i o n a t i o n  o f  i n t a c t  c e l l s  and c e l l  p a r t i c l e s  has met w i t h  seve ra l  

d i f f i c u l t i e s  i n c l u d i n g  problems i n  a c h i e v i n g  s p e c i f i c  r e t e n t i o n  

on to  a f f i n i t y  m a t r i c e s  and t h e  converse d i f f i c u l t y  of e l u t i n g  

bound c e l l s  o r  membrane f r a c t i o n s  w i t h o u t  t h e  use o f  d e n a t u r i n g  

c o n d i t i o n s .  
t a t i o n s  o f  t h e  s o l i d  a f f i n i t y  m a t r i c e s .  A f f i n i t y  p a r t i t i o n i n g  

(1-4) i s  a p r o m i s i n g  new a f f i n i t y  s e p a r a t i o n  techn ique  based upon 

t h e  phase p a r t i t i o n  method f o r  p u r i f i c a t i o n  o f  b i o l o g i c a l  p a r -  

t i c l e s  i n  aqueous polymer phase systems (51, thus a v o i d i n g  t h e  

These problems appear t o  be due t o  t h e  i n h e r e n t  l i m i -  

problems assoc ia ted  w i t h  

Aqueous polymer two 

d e n a t u r i n g  m i l i e u  f o r  ce 

near complete r e c o v e r i e s  

achieved a f t e r  d i s t r i b u t  

s o l i d  a f f i n i t y  m a t r i c e s .  

phase systems p r o v i d e  a g e n t l e  non- 

I s ,  s u b c e l l u l a r  p a r t i c l e s  and enzymes; 

o f  b i o l o g i c a l  a c t i v i t i e s  a r e  r o u t i n e l y  

on o f  heterogeneous b i o l o g i c a l  m a t e r i a l  

among t h e  two aqueous phases and t h e  i n t e r f a c e  between them. The 

phase systems a re  formed upon m i x i n g  s o l u t i o n s  o f  w a t e r - s o l u b l e  
polymers, e.g. po l y (e thy1ene  ox ide )  C p o l y ( E t 0 ) l  and dext ran,  a 

polymer p a i r  most f r e q u e n t l y  used f o r  such separa t i ons .  

Severa l  p h y s i c a l  chemical parameters of p r o t e i n s  and c e l l  

p a r t i c l e s  a r e  known t o  c o r r e l a t e  w i t h  and, t he re fo re ,  presumably 

i n f l u e n c e  t h e i r  d i s t r i b u t i o n  among t h e  phases and t h e  i n t e r f a c e .  

I n  t h e  case of s u b c e l l u l a r  p a r t i c l e s ,  t hese  parameters i n c l u d e  a 
p a r t i c l e ' s  charge d e n s i t y  (6), l i p i d  composi t ion (7 ) ,  and tendency 

t o  i n t e r a c t  w i t h  t h e  c o n s t i t u t e n t  polymers o f  t h e  phase system 

(8) .  
s i z i n g  l igand-polymers t h a t  s p e c i f i c a l l y  i n t e r a c t  w i t h  b i o l o g i c a l  

The l a t t e r  parameter may be tu rned  t o  advantage by  synthe-  
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A F F I N I T Y  PARTITIONING O F  ENRICHED MEMBRANES 387 

particles containing biospecific binding sites. 
systems can then be used to purify membranes enriched in specific 
binding sites in much the same way that affinity chromatography 
has been utilized to purify soluble proteins. 

The two-phase 

Typically, the specific ligand is covalently attached to one 
of the polymers that make up the phases, e.g to the ends of the 
linear poly(Et0) molecule. This variation on the phase partition 
method, designated affinity partitioning, has proved useful in 
the purification and characterization of Torpedo electroplax 
membranes enriched in nicotinic cholinergic receptor sites ( 3 , 4 ) .  
In affinity partitioning, binding of a ligand-polymer to membrane 
fragments possessing specific binding sites influences their 
distribution to a degree that varies directly with the binding 
density per surface area. Thus, subcellular particles, which are 
often intrinsically heterogeneous, may be purified on the basis of 
their specific binding site content. 

In purifying receptor enriched membranes, affinity par- 
titioning has advantages over affinity chromatography where often, 
biological particles may be bound irreversibly to the affinity 
matrix. This is likely due to the multivalent character of an 
affinity matrix bead, which usually contains multiple covalently 
bound ligands arrayed such that simultaneous binding of matrix 
ligands to multiple cell surface sites occurs. In affinity parti- 
tioning, binding of ligand-poly(Et0) is essentially non-cooperative 
and 1 igand-polymers are generally reversibly bound and readily 
removed by centrifugation (4). The virtues of the affinity parti- 
tioning technique, when applied to the purification o f  subcellular 
particles, are similar to those of affinity chromatography when 
applied to the purification of soluble proteins: 
ligand-polymers provides specificity for the separation technique. 

the binding of 

With both conventional and affinity aqueous phase parti- 
tioning techniques, purification is based upon differential 
distributions of the constituents in a mixture among the three 
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388 FLANAGAN ET AL. 

compartments of the two phases, i.e., the polyfEtO)-rich phase, 
the dextran-rich phase and the interface. If the constituents 
differ greatly in their distribution, then substantial purifica- 
tion may be achieved by performing a single or a few extractions, 
which are easily performed manually; but more often, the full 
separatory potential of the phase partition method may only be 
approached by performing multiple extractions using the counter- 
current distribution (CCD) technique ( 5 ) .  Usually, adequate 
separation requires thirty or more transfers, which are best per- 
formed with an automated CCD apparatus. 

The typical CCD apparatus designed for the purification of 
antibiotics or peptides i n  organic-aqueous phase systems i s  less 
suitable for aqueous polymer phase systems. This is because the 
settling times for aqueous polymer phase systems are substantially 
longer than for aqueous-organic phase systems. Since the settling 
time varies directly with the thickness of the phase layers, a 
useful approach for decreasing the phase settling time is to uti- 
lize thin phase layers with a proportionally greater cross- 
sectional area. Albertsson introduced a thin-layer CCD apparatus 
( 9 )  that incorporates the required features in the form o f  two 
circular Plexiglas plates. As discussed below, the thin-layer CCD 
technology may have substantial limitations when applied to the 
affinity partitioning of membrane fractions. 

A radically different approach was first developed (10) to 
increase the effectiveness of fractionation based upon distribu- 
tion between aqueous-organic phase systems. 
tube is located circumferentially on a spinning disc. The radial 
acceleration field holds the heavier phase stationary in the outer 
part of the coil, while the lighter phase is pumped through the 
stationary phase such that mixing occurs. A sample injected with 
the mobile phase travels through the coils at a rate dependent 
upon its distribution between the phases. This process, Toroidal 
Coil Chromatography (TCC), is analogous to a continuous form of 

A helically wound 

* 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



AFFINITY PARTITIONING OF ENRICHED MEMBRANES 389 

liquid-liquid chromatography, but without the associated disadvan- 
tages of a solid support. 
a continuous form of CCD as opposed to a discrete one. 

Alternatively, it can be considered as 

The application of TCC to separations using polymer phase 
systems has so far been limited to gradient techniques. The ini- 
tial success of these studies suggested that the TCC technology 
might offer substantial advantages for the purification of 
membranes fragments or subcellular particles when compared with 
the thin-layer CCD technique, both in terms of speed and effi- 
ciency of the separation and the avoidance of nonspecific interac- 
tions of particles with the Plexiglas surface. 
describes the application o f  the TCC technique to the separation 
of subcellular particles containing nicotinic cholinergic recep- 
tors prepared from the electroplax of Torpedo californica, and 
provides a direct comparison with the results obtained using con- 
ventional CCD technology. 

This paper 

Affinity Partitioning of Torpedo Membranes 

Membranes enriched in nicotinic cholinergic receptor from 
Torpedo californica electric organ were partially purified by 
sucrose density gradient centrifugation (11) with the initial 
homogenization media containing EDTA and phenylmethylsulfonyl 
fluoride as described previously (4). For all experiments, 
membranes were analyzed using the nicotinic cholinergic ligand- 
polymer, hexaet hon i um-poly( et hyl ene oxide) , CEt3N-Meg-NEtz- 
poly(Et0)l. Single phase system extractions, countercurrent 
distribution, and membrane prelabel ing with 1251-a-bungarotoxin 
were performed as described previously (4). 

Toroidal Coil  Centrifuge Confiquration 

The toroidal coil rotor was constructed on a principle which 
eliminates the use of rotating seals as described by Ito and 
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390 FLANAGAN ET AL. 

Bowman (10,lZ). The c o i l  was prepared by  w i n d i n g  18-gauge PTFE 

t u b i n g  ( i . d .  1.07 mm) around a 5 nnn d iameter  c y l i n d r i c a l  n y l o n  

core.  The c o r e  was formed i n t o  a 36 cm d iameter  t o r u s  and con- 

nec ted  t o  t h e  sample l o o p  and a f r a c t i o n  c o l l e c t o r ,  as shown i n  

F i g u r e  1. 
t h e  beg inn ing  o f  t h e  c o i l  was 0.4 m l .  The sample c o i l  con ta ined  a 

t o t a l  volume o f  8.5 m l ,  and t h e  o u t p u t  dead volume was 0.7 m l .  

The t o r o i d a l  c o i l  r o t o r  was mounted i n  a PR-2 I n t e r n a t i o n a l  

c e n t r i f u g e  l o c a t e d  i n  a c o l d  room (3.5"C). The c e n t r i f u g e  r e f r i -  

g e r a t i o n  system was s e t  t o  m a i n t a i n  t h e  chamber a i r  temperature t o  

w i t h i n  0.5OC o f  t h e  c o l d  room temperature.  I n  i n i t i a l  e x p e r i -  

ments, t h e  c y c l i n g  o f  t h e  c e n t r i f u g e  r e f r i g e r a t i o n  system was 

moni tored,  u s i n g  a t h e r m i s t o r  p laced  w i t h i n  t h e  c e n t r i f u g e  

chamber. 

w i t h  a 0.3"C v a r i a t i o n  i n  chamber a i r  temperature.  

The dead volume f rom t h e  end o f  t h e  sample l o o p  u n t i l  

The p e r i o d  o f  t h e  r e f r i g e r a t i o n  system c y c l e  was 11 min 

Phase systems f o r  e l u t i n g  t h e  TCC were prepared w i t h  an LKB 

U l t r o g r a d  g r a d i e n t  maker u s i n g  a c o n t r o l  v a l v e  (F ig .  1). T h i s  

arrangement a l lowed v a r i a t i o n  o f  phase system l igand-polymer com- 

p o s i t i o n  u s i n g  an a d d i t i o n a l  v a l v e  n o t  shown and t h e  i n c l u s i o n  o f  

c o n t r o l l e d  amounts o f  d e x t r a n - r i c h  bot tom phase e m u l s i f i e d  i n  t h e  

p o l y ( E t O ) - r i c h  phase. The m i x i n g  dev i ce  on t h e  LKB U l t r o g r a d  

produced a f i n e  emuls ion c o n t a i n i n g  t h e  r a t i o  o f  bot tom phase 

suspended i n '  t o p  phase i n d i c a t e d  i n  t h e  F i g u r e  Legends. 

Sample Loading and A n a l y s i s  of R e s u l t s  

Opera t i on  o f  t h e  TCC was begun by  f i l l i n g  t h e  c o i l s  a t  1 x 9 
w i t h  bot tom phase. The r o t o r  was then b rough t  up t o  1,200 rpm, 

and pumping o f  t h e  emuls ion commenced a t  a f l o w  r a t e  o f  14 m l /h r .  

P r i o r  t o  connec t ing  t h e  g r a d i e n t  maker o u t p u t  t o  t h e  TCC, t h e  LKB 

U l t r o g r a d  system was i n i t i a t e d  u n t i l  a u n i f o r m  f l o w  compos i t i on  

was achieved. 

Membranes (0.36 mg p r o t e i n  c o n t a i n i n g  460 pmol r e c e p t o r  and 

p r e l a b e l e d  w i t h  125I-aBgt  45nCi, 0.22 pmol) were added t o  a volume 
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m, SAMPLE 
PEG DEXTRAN 0r-J 

' I  GRADIENT MAKER 

MIXER 

, TOROIDAL COIL 
CENTRIFUGE 

I 

FRACTION bDVD1 COLLECTOR 

Schematic 1 
g e n e r a t i n g  
t h e  upper ( 
c o i l  u n i t  i 
segment o f  

FIGURE 1 

T o r o i d a l  Coi 1 Chromatography Opera t i ng  System 

ayout  o f  o p e r a t i o n  system showing t h e  method f o r  
an emulsion o f  t h e  bot tom ( d e x t r a n  en r i ched)  phase i n  
p o l y ( E t 0 )  en r i ched)  phase. The enlargement o f  a s i n g l e  
l l u s t r a t e s  t h e  r e t e n t i o n  o f  bot tom phase i n  t h e  o u t e r  
t h e  c o i l ,  w h i l e  t h e  t o p  phase p e r c o l a t e s  th rough  it. 

o f  t h e  emulsion prepared by  removing 20% o f  t h e  water  by evapora- 

t i o n  under a stream o f  N2 y i e l d i n g  t h e  i d e n t i c a l  polymer com- 
p o s i t i o n  b u t  a sodium phosphate c o n c e n t r a t i o n  a t  2 rnM h ighe r  than 

t h e  phase system. 

(0.5 m l )  and loaded i n t o  t h e  sample loop. The r a t i o s  o f  t o p  phase 

t o  bot tom phase volumes ( V r )  were analyzed by  measuring t h e  h e i g h t  

o f  t h e  t o t a l  phase volume and t h e  i n t e r f a c e  i n  each o f  t h e  f r a c -  

The sample was suspended i n  t h e  emulsion 
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39 2 FLANAGAN ET AL. 

tions (70 drops or 1.33 ml/fraction), which were collected in 
1.5 ml plastic centrifuge tubes (Sarstedt No. 72.696). The rela- 
tionship between the heights and the phase volumes was calibrated, 
and the conversions made to determine the phase volumes. 

125I-clBgt labeled membranes were counted in a Biogamma I1  
counter for 5 min. Protein analysis of the fractions was per- 
formed by a modification of the Bradford (13) protein assay 
method. To minimize the degree of precipitation of membranes and 
phase components, 600 p1 aliquots of effluent from the TCC were 
preincubated with 200 pl 0.5 M H3P04 at 50' for 3 hr prior to 
addition of 530 111 1:2 diluted Bradford reagent (Bio-Rad). Blanks 
and protein standards contained the identical phase system poly- 
mers and salt composition as the individual TCC fractions. The 
blank absorbance was observed t o  drift 0.025 OD over the measure- 
ment of forty fractions, and a proportional correction was made 
prior to calculation of the protein values per fraction. 

RESULTS 

TCC Elution Procedures 

In earlier applications of the TCC, utilizing aqueous-organic 
solvent systems in the fractionation o f  dinitrophenylated amino 
acids, elution of the top phase (aqueous) through the bottom phase 
(organic solvent), proved suitable for achieving excellent separa- 
tion (10). The elution of retained bottom phase with pure top phase 
was also utilized in the separation of various strains of g. 
in aqueous polymer phase systems. The various strains were sepa- 
rated by eluting with a gradient prepared with pure top phases 
containing varying concentrations of NaC1, which yielded fractiona- 
tion on the basis of cell surface charge composition (14). The 
latter application employed a dextran-poly(Et0) phase system 
further from the critical point of the phase diagram than has 
proved useful in affinity partitioning applications (4). 
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E 

U 

40 80 120 

D 

FIGURE 2 

Chromatograms of Torpedo Membranes Obtained by Elution 
with Homogeneous Poly(Et0) Phase through Toroidal Coil 

Torpedo membrane enriched in n i co t in i c  cholinergic receptor ,  were 
prel abeled w i t h  2251-aBgt a t  0.05% of stoichiometr i c  b i n d i n g  leve ls  
and  loaded onto the TCC in pure poly(Et0)-rich phase. Elution was 
continued with pure top phase. 
tom phase (p lo t t ed  as l/Vr, bottom phase vol./top phase vol.) 
coincides w i t h  the  e lu t ion  of membrane bound cholinergic receptor.  
Phase system composition i s  the same as Figure 3.  

An e r r a t i c  p r o f i l e  of e lu ted  bot- 

In attempting t o  u t i l i z e  a phase system close t o  the c r i t i c a l  
po in t ,  we typ ica l ly  observed r e s u l t s  shown in Fig. 2 where the  TCC 
apparatus was loaded with pure bottom phase and e lu t ion  attempted 
by pumping pure t o p  phase through the  co i l .  
were e lu ted  i n  a p r o f i l e  of narrow peaks t h a t  i n i t i a l l y  appeared 
t o  provide an exceptional degree of reso lu t ion  of the membrane 
populations. Unfortunately, such f rac t iona t ion  p ro f i l e s  a re  not 
reproducible from one run t o  t he  next. An explanation fo r  t he  
e r r a t i c  e lu t ion  p ro f i l e s  was provided by measurements o f  the 
amount of bottom (dextran-rich) phase eluted in each f r ac t ion  of 
t he  run (displayed as the  volume r a t i o ) ,  which cor re la ted  
remarkably well with the e lu t ion  of membrane-bound 1%aBgt i n to  

Membrane f r ac t ions  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



394 FLANAGAN ET AL. 

each fraction. This unpredictable "stripping" of the bottom phase 
was not due to temperature fluctuations, because the elution pat- 
tern did not correlate well with TCC refrigeration cycle of 
11 min. 

An intuitive and successful solution to this problem was the 
elution of the TCC with an emulsion containing dextran-rich phase 
dispersed in poly(Et0)-rich phase. In this configuration, elution 
of bottom phase was observed to be continuous due to the flow o f  

some dextran phase through the system and erratic changes in the 
elution o f  dextran phase were obviated. 
nic cholinergic ligand-polymer (Fig. 3A), 125IaBgt bound to cho- 
linergic receptor distributes into the bottom phase and the 
interface (4). Because the bottom phase is the stationary phase, 
the membrane fractions are retarded during their elution through 
the toroidal coil. In the presence of ligand-polymer (Fig. 3 8 ) ,  
the distribution of 125I-crBgt labeled membranes is shifted to the 
mobile Cpoly(Et0)-rich] phase, thus eluting in the breakthrough 
volume. 

In the absence of nicoti- 

Comparison of CCD and TCC Separations 

For comparison with the TCC results, parallel thin-layer CCD 
runs were performed. The same two phase system conditions dis- 
played in Fig. 3 were used to provide a direct comparison of the 
two countercurrent extraction technologies (Fig. 4). Fractions 
from the TCC are eluted in reverse order to the conventional 
fraction numbering system commonly used to display CCD data. 
Thus, the higher transfer number fractions contain the membrane 
fragments that partition almost exclusively into the poly(Et0)- 
rich phase. A very apparent difference between the TCC and CCD 
profiles i s  the sharpness o f  breakthrough peak from the TCC, when 
compared with the analogous CCD peak. 
profiles is due to fact that such profiles can be modeled as bino- 
mial distributions; while the TCC is analogous to other forms of 
liquid chromatography and is best described by a Poisson distribu- 

The symmetry o f  the CCD 
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FIGURE 3 

Chromatograms o f  Torpedo Membranes Obta ined by  Emulsion 
E l u t i o n  th rough  T o r o i d a l  C o i l  

Phase systems c o n t a i n i n g  4.6% ( w t / w t )  Dex t ran  T-500 and 3.8% 
p o l y ( E t 0 )  8000, 5 mM sodium phosphate pH 7.4, and 15 mM sodium 
c h l o r i d e  were prepared, t h e  phases a l l owed  t o  s e t t l e  and t h e  TCC 
system was loaded w i t h  bot tom phase. Twenty-seven m l  o f  emuls ion 
c o n t a i n i n g  dex t ran -en r i ched  phase suspended i n  p o l y ( E t 0 )  r i c h  
phase [l/Vr = 0.036, f o r  A; 0.054, 61 was then  pumped th rough  t h e  
r o t a t i n g  TCC apparatus. Torpedo membranes, suspended i n  t h e  
emulsion, were i n t r o d u c e d  i n t o  t h e  emulsion f l o w  a t  F r a c t i o n  1. 
Membrane bound i251~Bgt (-1 was counted and p r o t e i n  assess- 
ments in t h e  f r a c t i o n s  performed (----).  P r o f i l e  A was observed 
w i t h  a phase system c o n t a i n i n g  no l i gand-po ly (E tO) ,  w h i l e  6 was 
ob ta ined  w i t h  a phase system i n  wh ich  0.05% o f  t h e  po ly (E t0 )  was 
r e p l a c e d  w i t h  Et3N-Meg-NEt2-poly(EtO). The f l o w  r a t e  was equiva-  
l e n t  t o  10 f r a c t i o n s / h r  w i t h  sample l o a d i n g  as desc r ibed  i n  t e x t .  
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FIGURE 4 

Thin-layer Countercurrent Distribution of 
Torpedo Membranes 

Phase systems, containing 0.58% ligand-polymer, as described in 
Fig. 3 ,  were used for CCD fractionation of membr nes (1.8 mg 
protein). Profiles were determined by counting P251-aBgt (-) 
for receptor activity and Bradford assay ( - - - - )  for protein. 
Note that membranes partitioning into the poly(Et0) enriched phase 
distribute into the higher CCD fractions, while during the TCC 
process, the order of fractionation is reversed. 

tion. Both types of distributions approximate a Gaussian or nor- 
mal distribution as the efficiency increases. A theoretical 
comparison (15) of the elution volumes of particles with differing 
partition coefficients shows that high partition components are 
concentrated in the early region of the TCC chromatogram, while 
for the CCD process the distributions are symmetrical. 

Capacity of the TCC for Preparative Separation 

The above results strongly suggest that affinity partitioning 
combined with TCC countercurrent chromatography provides a means 
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f o r  t h e  a n a l y s i s  o f  membrane he te rogene i t y ,  b u t  i t s  p r e p a r a t i v e  

s c a l e  u t i l i z a t i o n  may be s e v e r e l y  l i m i t e d  i n  t h e  p r e s e n t  con- 

f i g u r a t i o n .  However, i t  shou ld  be recogn ized  t h a t  t h e  i n h e r e n t  

f l e x i b i l i t y  o f  t h e  TCC would a l l o w  f o r  m o d i f i c a t i o n s  t o  i nc rease  

i t s  capac i t y .  I n  o rde r  t o  p r o v i d e  a b a s i s  f o r  f u r t h e r  improve- 

ments i n  t h e  technology,  we were i n t e r e s t e d  t o  determine t h e  capa- 

c i t y  o f  t h e  p r e s e n t  TCC c o i l  c o n f i g u r a t i o n .  The exper iments 

desc r ibed  e a r l i e r  were per formed b y  l o a d i n g  0.36 mg o f  p r o t e i n  

( F i g .  3 ) ;  upon a p p l i c a t i o n  o f  1.5 mg p r o t e i n  i n t o  t h e  0.5 m l  

sample l oop  o f  t h e  TCC, e s s e n t i a l l y  e q u i v a l e n t  p u r i f i c a t i o n  and 

TCC p r o f i l e s  were obta ined.  I t  i s  apparent t h a t  i n c r e a s i n g  t h e  

l e v e l  o f  l o a d i n g  t o  as h i g h  as 3 m g h l  p r o t e i n  does n o t  adve rse l y  

i n f l u e n c e  t h e  TCC process. Attempts t o  u t i l i z e  h i g h e r  p r o t e i n  

c o n c e n t r a t i o n s  i n  t h e  sample loop were h indered,  n o t  by t h e  capa- 

c i t y  o f  t h e  TCC, b u t  r a t h e r  by t h e  d i f f i c u l t i e s  i n  c o n c e n t r a t i n g  

membranes samples. 

DISCUSSION 

Advantages of TCC and CCD Techniques: A Complementary Study 

The t h i n - 1  ayer automated CCD techno logy  p rov ides  s u b s t a n t i a l l y  

i nc reased  r e s o l u t i o n  over what may be achieved us ing  manual coun- 

t e r c u r r e n t  t r a n s f e r s .  T h i s  apparatus has t h e  v i r t u e  t h a t  m ix ing ,  

t r a n s f e r  and s e p a r a t i o n  o f  t h e  phases i s  automated; however, 

l o a d i n g  and un load ing  o f  t h e  phase systems i s  u s u a l l y  performed 

manual ly ,  and i t  i s  i m p o r t a n t  t o  wash t h e  p l a t e s  e x t e n s i v e l y  b e t -  

ween runs.  The cho ice  o f  P l e x i g l a s  f o r  c o n s t r u c t i o n  o f  t h e  t h i n -  

l a y e r  CCD apparatus was l a r g e l y  d i c t a t e d  by  i t s  water  w e t t a b i l i t y  

p r o p e r t i e s ,  so t h a t  drop f o r m a t i o n  i s  avoided. 

s u i t a b l e  m a t e r i a l  f o r  f a b r i c a t i o n  o f  t h e  t h i n - l a y e r  CCD geometry, 

and, s i n c e  i t  i s  t ransparen t ,  t h e  CCD process may be f o l l o w e d  

v i s u a l l y ,  e s p e c i a l l y  i n  t h e  s e p a r a t i o n  o f  c h l o r o p l a s t s  o r  e r y t h r o -  

cy tes .  

p l a t e s  i s  t h a t  t h e i r  b r i t t l e n e s s  makes them prone t o  impact 

damage and ag ing  phenomena ( s m a l l  de fo rma t ions )  due t o  c y c l e s  o f  

I t  i s  a l s o  a 

Another n o t  so  f a v o r a b l e  p r o p e r t y  o f  P l e x i g l a s  t h i n - l a y e r  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



39 8 FLANAGAN ET AL. 

c o n t a c t  w i t h  wa te r  o r  changes i n  temperature,  making f o r  a l e s s  

e f f e c t i v e  s e a l  between t h e  chambers. The c o n f i g u r a t i o n  o f  t h e  

t h i n - l a y e r  CCD p l a t e s  l i m i t s  t h e  number o f  chambers t o  approx- 

i m a t e l y  two hundred, and r e s u l t s  i n  e x t e n s i v e  c o n t a c t  o f  b i o l o g i -  

c a l  p a r t i c l e s  w i t h  t h e  P l e x i g l a s  su r faces .  

Our exper ience  i n  s e p a r a t i o n  o f  e l e c t r o p l a x  membranes has 
i n d i c a t e d  t h a t  n o n s p e c i f i c  a d s o r p t i o n  o f  membranes t o  t h e  

P l e x i g l a s  s u r f a c e  i s  a phenomenon t h a t  must n o t  be i gno red  (41, 
e s p e c i a l l y  when l e s s  than mg amounts o f  p r o t e i n  a r e  loaded i n t o  

t h e  t h i n  l a y e r  CCD apparatus. Such n o n s p e c i f i c  a d s o r p t i o n  pheno- 

mena cou ld  be due t o  d e t e r i o r a t i o n  o f  t h e  s u r f a c e  p r o p e r t i e s  o f  

t h e  P l e x i g l a s  d u r i n g  i t s  normal use, b u t  f o r t u n a t e l y ,  t h i s  pheno- 

menon was l a r g e l y  abo l i shed  by t h e  a d d i t i o n  o f  2 mg/ml bov ine  

serum albumin ( B S A )  t o  t h e  phase systems ( 4 ) .  Th i s ,  however, 

i n t e r f e r e s  w i t h  p r o t e i n  assays o f  t h e  r e s u l t i n g  f r a c t i o n s .  I n  

o rde r  t o  p r o v i d e  a d i r e c t  comparison w i t h  t h e  TCC technology,  BSA 

was n o t  added t o  phase systems used i n  t h e  t h i n - l a y e r  CCD e x p e r i -  

ment i l l u s t r a t e d  i n  F ig .  4. 

I t  i s  c r u c i a l  f o r  a c h i e v i n g  a s u b s t a n t i a l  a f f i n i t y  pa r -  

t i t i o n i n g  e f f e c t  t o  u t i l i z e  polymer systems near  t h e  c r i t i c a l  

p o i n t  o f  t h e  phase diagram ( 3 , 4 ) ,  where t h e  phases d i f f e r  o n l y  

s l i g h t l y  i n  composi t ion and d e n s i t y .  W i th  these  systems, t h e  

s l i g h t  d i f f e r e n c e  i n  d e n s i t i e s  and low i n t e r f a c i a l  t e n s i o n  between 

t h e  phases l ead  t o  l o n g  s e t t l i n g  t imes when compared t o  conven- 

t i o n a l  aqueous polymer phase systems. Thus, h i g h  r e s o l u t i o n  CCD 
can t a k e  hours o r  even a day t o  achieve. F o r t u n a t e l y ,  t h e  s i z e  

o f  many s u b c e l l u l a r  s t r u c t u r e s  i s  such t h a t  enhanced g r a v i t a -  

t i o n  techniques can be cons ide red  t o  speed up t h e  s e t t l i n g  t i m e  o f  

t h e  phase system w i t h  min imal  sed imen ta t i on  e f f e c t s  on t h e  sample 

i t s e l f .  Th i s ,  o f  course, would n o t  be t r u e  f o r  most c e l l s .  The 

s i m p l e s t  means t o  hasten phase s e p a r a t i o n  i s  t o  c e n t r i f u g e  t h e  
phase system; t h i s  i s  e s p e c i a l l y  u s e f u l  when p e r f o r m i n g  prepara-  

t i v e  s c a l e  separa t i ons  i n v o l v i n g  a few e x t r a c t i o n s  (4,161. 
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A second enhanced gravity approach is to place the thin-layer 
CCD apparatus in a centrifuge; increased leakage between the cham- 
bers is encountered, although these problems are now being 
approached with success (17). 

A radically different approach was first developed (10) to 
increase the effectiveness of fractionation based upon distribu- 
tion between phases (organic/aqueous or aqueous/aqueous polymer 
systems). In the latter application, the process is complicated 
by the viscous nature of the aqueous polymers used. The three 
most important factors for successful CCD separations are good 
mixing, settling and transfer. 
applied to the TCC process, settling and transfer are excellent 
with good retention of the stationary phase, but mixing can be 
poor as it is purely a function o f  flow phenomena (18). High flow 
will lead to good mixing, but at the expense o f  stationary phase 
retention. The retention volume is important in the fractionation 
of soluble constituents, which are not significantly retained in 
the interface; on the other hand, subcellular particles are signi- 
ficantly absorbed into the Interface, and fractionation may depend 
primarily upon efficient contact of biological particles with the 
interface. In fact, Albertsson has shown for particles par- 
titioning between the upper phase and the interface that the 
distribution i s  independent of the lower phase volume (5). 

When these considerations are 

A theoretical advantage of the CCD technology is that the 
results of single tube partitioning experiments may be used to 
predict the countercurrent distribution behavior of presumably 
homogeneous particles. In turn, the results of CCD separations 
may be used to calculate the single tube distributions that should 
be obtained. Since a detailed understanding of partitioning of 
membranes into the interface can as yet not be translated into a 
membrane's TCC elution pattern. It is not clear just how single 
tube experimental results concerning the fraction o f  membranes 
that partition into the interface may be translated into a pre- 
diction of their behavior in the TCC; this is due to lack of 
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d e t a i l e d  knowledge o f  t h e  geomet r i ca l  c o n s i d e r a t i o n s  i n  s e p a r a t i o n  

o f  phases i n  t h e  TCC c o i l s .  The e m p i r i c a l l y  d e r i v e d  r e s u l t s  

d i s p l a y e d  h e r e i n  i n d i c a t e  t h a t  t h e  membranes t h a t  p a r t i t i o n  o n l y  

s l i g h t l y  i n t o  t h e  phase system i n  s i n g l e  tube  exper iments a r e  

e l u t e d  e a r l y  i n  t h e  TCC run.  

F u t u r e  Improvements i n  TCC Technology 

The TCC techn ique  i s  a con t inuous  f l ow  s e p a r a t i o n  techn ique  

and t h i s  f a c i l i t a t e s  t h e  automat ion o f  t h e  techn ique  i n  a v a r i e t y  

o f  ways. For  example, i t  shou ld  be p o s s i b l e  t o  adapt cont inuous 

f l o w  p r o t e i n  and r a d i o a c t i v i t y  a n a l y s i s  procedures f o r  a n a l y z i n g  

t h e  membrane f r a c t i o n s .  Also, t h e  n o n - r o t a t i n g  sea l  p l a t f o r m  used 

i n  t h e  TCC des ign  may accommodate m u l t i p l e  t o r o i d a l  c o i l s ,  f a c i l i -  

t a t i n g  s imul taneous a n a l y s i s  o f  m u l t i p l e  samples o r  a s i n g l e  

sample under seve ra l  c o n d i t i o n s .  
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