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SEPARATION AND PURIFICATION METHODS, 10(1), 1-28 (1981) 

THE APPLICATION OF BUFFER ELECTROFOCUSING 
TO GRANULATED FLAT BED MEDIA.  

Ross L.  Prest idge and M i l t o n  T.W. Hearn* 

Immunopathology Research U n i t ,  
Medical Research Council o f  New Zealand, 

P.O. Box 913, Dunedin, 
New Zealand. 

U n i v e r s i t y  o f  Otago Medical School , 

ABSTRACT 

The c h a r a c t e r i s t i c s  o f  a se r ies  o f  n a t u r a l  pH gradients ,  
generated i n  l a y e r s  o f  granulated ge ls  us ing  mixtures o f  
amphoteric o r  amphoteric-non-amphoteric b u f f e r  reagents, are 
described. Because o f  t he  favourabl e p roper t i es  o f  these 
f l a t  bed systems, h igh  vo l tage g rad ien ts  (20-50V/cm) can be 
used f o r  t h e  e lec t ro focus ing  experiments. 
g rad ien ts  can be formed depending on the  choice o f  b u f f e r  
system used. Buffer systems, s u i t a b l e  f o r  t he  p r e p a r a t i v e  
e lec t ro focus ing  o f  p r o t e i n s  over the  PI ranges o f  4.0-6.0, 
4.5-8.0, 5.0-8.5 and 6.0-8.5 a re  repor ted.  I n  c o n t r a s t  t o  
r e s u l t s  obta ined w i t h  p o l y a c r y l  amide gel  supports, non 
amphoteric buf fers  form very steep and unstable pH g rad ien ts  
on beds o f  granulated ge l  s .  

Linear  o r  s tep  pH 

INTRODUCTION 

The e l e c t r o l y s i s  o f  c a r r i e r  ampholyte mixtures can be 
used t o  generate n a t u r a l  pH g rad ien ts  i n  i n e r t  supports l i k e  

* To whom correspondence should be addressed. 

1 

Copyright 0 198 1 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



2 PRESTIDGE AND H W  

polyacrylamide ge ls  o r  sucrose dens i t y  gradients .  
chemical bas is  f o r  t he  format ion o f  t h e  pH g rad ien t  w i t h  a 

group o f  ampholytes has been g e n e r a l l y  discussed’ i n  terms o f  

The physico- 

d i s s o c i a t i o n  theory f o r  p o l y p r o t i c  substances. 
t reatment,  an i d e a l  steady s t a t e  system i s  assumed t o  form, 
i .e. a t  equ i l i b r i um,  t h e  e l e c t r o m i g r a t i o n  o f  t he  ampholytes 
towards t h e  e lect rodes and t h e  opposing d i f f u s i o n  f l o w  a re  
balanced. I f  t h e  ampholyte m ix tu re  i s  i n i t i a  l y  d i s t r i b u t e d  
un i fo rm ly  throughout t h e  support, then du r ing  t h e  e l e c t r o l y s  
i n d i v i d u a l  ampholytes w i l l  migrate and accumu a t e  i n  zones 

2 corresponding t o  t h e i r  respec t i ve  i s o e l e c t r i c  p o i n t s  . The 
shape o f  each zone w i l l  be dependent on t h e  d i f f u s i o n  
c o e f f i c i e n t ,  t h e  na tu re  o f  t h e  surrounding ionogenic compon- 
ents  and the conductance o r  f i e l d  s t r e n g t h  maintained by 
t h e  ampholyte a t  i t s  PI. 
capaci ty,  each focused ampholyte generates a pH g rad ien t  

I n  t h i s  

As a consequence o f  i t s  b u f f e r i n g  

S 

upon t h e  immediate v i c i n i t y  i n  the  suppor t ing medium w i t h  the  
pH inc reas ing  monotonica l ly  f rom anode t o  cathode. 

p r i n c i p l e  o f  pH monotony and t h e  associated assumption t h a t  a 

zone o f  pure water separat ing two ampholytes would be incom- 
p a t i b l e  w i t h  pH monotomy have lead  t o  the  conclus ion t h a t  
ampholytes can o n l y  be f u l l y  separated from each o the r  when 
a t h i r d ,  w i t h  i n te rmed ia te  P I ,  i s  present.  The e l e c t r o -  
m ig ra t i on -d i f f us ion  hypothesis thus p r e d i c t s  t h a t  t he  var ious 
zones o f  an ampholyte m ix tu re  w i l l  no t  be completely separated 
b u t  w i l l  necessa r i l y  extend t o  some e x t e n t  i n t o  adjacent zones. 
As adjacent i s o e l e c t r i c  p o i n t s  become more s i m i l a r  i n  magnitude 

then g rea te r  w i l l  be t h e  over lap of two ampholytes. Obviously, 
t o  mainta in  a s t a b l e  na tu ra l  pH-gradient, each ampholyte must 
have s u f f i c i e n t  bu f fe r  capac i t y  so t h a t  t h e  b u f f e r i n g  prop- 
e r t i e s  of  adjacent ampholytes do n o t  adversely i n f l u e n c e  the  
pH g rad ien t  shape. 
approximately s i m i l a r  conductances a t  t h e i r  PIS. 

This 

I n  a d d i t i o n ,  a l l  ampholytes must have 
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BUFFER ELECTROFOCUSING 3 

S v e n ~ s o n ~ ’ ~  demonstrated t h a t  any amphoteric molecule could 

be focused by s t a t i o n a r y  e l e c t r o l y s i s  t o  a p o s i t i o n  corresponding 

t o  i t s  i s o e l e c t r i c  p o i n t .  Since conductance i s  p ropor t i ona l  t o  

the  i o n  concentrat ion,  he concluded t h a t  t h e  cond i t i ons  f o r  good 

b u f f e r i n g  capaci ty  and conductance o f  an ampholyte were s i m i l a r ,  

namely a low value o f  pI-pK1. 

grounds t h a t  pH g rad ien ts  of any des i red range and shape 

could be generated by proper choice o f  s imple ampholytes 

and t h e i r  concentrat ion but, a t  t h a t  time, a s u f f i c i e n t  

number o f  s u i t a b l e  s imple amphoteric reagents was no t  

a v a i l a b l e .  I n  p a r t i c u l a r ,  Svensson proposed t h a t  a l l  

ampholytes w i t h  pI-pK1 values b igge r  than 2.5 u n i t s ,  which 

inc ludes a l l  t h e  neu t ra l  amino acids,  were useless as 

c a r r i e r  reagents and those w i t h  pI-pK1 values between 1.5 
and 2.5 u n i t s  were poor c a r r i e r s .  

Vesterberg prepared s y n t h e t i c  polyamino-polycarboxylic acids - 
t h e  Ampholines - which had apparent advantages as c a r r i e r  

ampholytes compared t o  substances examined e a r l  i e r .  

t h e  Svensson electro-migration-diffusion theory has proved 

unable t o  e x p l a i n  several  common observat ions,  t h e  most 

impor tant  being the t ime dependent i n s t a b i  1 i ty o f  pH g rad ien ts  , 
formed w i t h  Ampholines, i n  a l l  Under normal 

e lec t ro focus ing  condi t ions,  t h e  decay o f  t h e  pH g r a d i e n t  i s  

g e n e r a l l y  accompanied by a progress ive a c i d i f i c a t i o n  o f  t he  

support  medium as the  c a r r i e r  ampholytes predominant ly 
migrate i n t o  t h e  cathode chamber. Several s tud ies  ‘-lo have 
concluded t h a t  t h e  cathodal d r i f t  i s  independent o f  t he  type 
o f  suppor t ing medium, the  hyd ra t i on  water f l o w  and the nature 

o f  t he  ampholytes. 
t h e  pH d r i f t  can be e i t h e r  cathodic  o r  anodic depending on 

t h e  acid/base s t reng th  r a t i o  o f  t h e  ca tho ly tes  and anoly tes 
used. 

It was i n f e r r e d  on t h e o r e t i c a l  

4 

Based on these c r i t e r i a ,  
5 

However , 

Nguyen e t  a l . l l  have shown however t h a t  
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PRESTIDGE AND HEARN 4 

Recently, several  r e p o r t s  have descr ibed t h e  format ion o f  

19,20 
s t a b l e  pH gradients  under i s o e l e c t r i c  focus ing cond i t i ons  i n  
polyacrylamide g e l s  12-17 and g ranu la r  polysacchar ide ge ls  

us ing  mixtures o f  simple, amphoteric b u f f e r s  i n  p lace o f  
Amphol i nes ,  
t h e  pH g rad ien t  forms by s teady-state s tack ing  w i t h  t h e  s tack 
conf ined w i t h i n  t h e  gel  by t h e  use o f  s t rong  a c i d  and base 
e l e c t r o l y t e  rese rvo i r s .  A c lose  s i m i l a r i t y  e x i s t s  between 
e lec t ro focus ing  under these cond i t i ons  and mu l t i phas i c  zone 

e lect rophores is .  I n  p r e l i m i n a r y  s tud ies on f l a t - b e d  b u f f e r  
e lec t ro focus ing  w i t h  granulated ge ls  we demonstrated2' t h e  

s u i t a b i l i t y  o f  t h i s  system f o r  focus ing p r o t e i n s  t o  sharp 
boundaries and found t h a t  t he  r e l a t i v e  p o s i t i o n s  o f  p r o t e i n  
bands were i n  accord w i t h  t h e i r  PI values. We have now 
inves t i ga ted  the  generat ion o f  a number o f  d i f f e r e n t  pH 
gradients  and t h e  r e l a t i v e  s t a b i l i t y  o f  t h e  focused zone 
pos i t i ons ,  us ing a range o f  multicomponent b u f f e r  systems 
p r i m a r i l y  designed f o r  p repara t i ve  app l i ca t i ons ,  i n  f l a t  
beds o f  granulated ge ls  subjected t o  e lec t ro focus ing  
condi t ions.  
b u f f e r  systems which a l s o  prov ides use fu l  i n fo rma t ion  on 
t h e  mechanism o f  i s o e l e c t r i c  focus ing per se. 

( i )  Procedure o f  focus ing experiments: Focusing waz c a r r i e d  
o u t  on a Pyrex f l a t  bed apparatus us ing washed Sephadex 675 
o r  6200 super f i ne  (3-59), suspended i n  the  approp r ia te  b u f f e r ,  
as descr ibed p rev ious l y  19'20. The dimensions o f  the gel  bed 
were 240 x 110 x 7mm. 
buffers, 0.2M H2S04 and 0.2M KOH, were used unless otherwise 
i nd i ca ted .  The temperature o f  t he  gel was maintained du r ing  
t h e  e lec t rophores i s  a t  s. 1 8 O ,  us ing a water cooled contact  
p l a t e .  
vo l tage regulated such t h a t  t h e  power d i ss ipa ted  i n  the  gel  

It has been suggested" t h a t  under these cond i t i ons  

This  paper deals w i t h  the  behaviour o f  these 

MATERIALS AND METHODS 

General ly t h e  ano ly te  and c a t h o l y t e  

The experiments were u s u a l l y  conducted w i t h  the 
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BUFFER ELECTROFOCUSING 5 

was l i m i t e d  a t  a l l  t imes t o  9 15W21. 
i n d i c a t e d  under the Resul ts,  the gel  bed was sect ioned and 
t h e  pH o f  each sec t i on  was, a f t e r  t he  a d d i t i o n  o f  water (2cm3), 
measured w i t h  a g lass e lec t rode  on a Radiometer PHM64 meter. 
A l t e r n a t i v e l y ,  the pH was measured d i r e c t l y  wi th a sur face 
bombination pH e lec t rode  (model 2117-111 from LKB-Produkter 
AB, 161-25 Bromna, Sweden). For convenience and reproduci -  
b i l i t y  i n  measuring t h e  pH and vo l tage g rad ien ts  t h e  ge l  bed 
was d i v i d e d  i n t o  30 equ iva len t  sect ions us ing a c a l i b r a t e d  
g r i d .  
and a t  t h e  complet ion o f  t h e  focus ing experiments as repor ted 
p rev ious l y  . I n  experiments u t i l i s i n g  p ro te ins ,  these were 
v i s u a l i s e d  i n  focused gel  stabs by t h e  paper p r i n t  technique 
o f  Radola . 
(ii) Reagents: A l l  t h e  buffer compounds and commercial 
p r o t e i n  samples were obta ined from Sigma Chemicals C o . ,  

S t  Louis, Miss. 
water (x = 

t h e  pH adjusted where i n d i c a t e d  w i t h  1M NaOH o r  1M H2S04. 
b u f f e r  mix tures can be s to red  a t  4' f o r  a t  l e a s t  one month. 

A t  t he  t ime  i n t e r v a l s  

Voltage, c u r r e n t  and r e s i s t i v i t y  were determined du r ing  

20 

22 

B u f f e r  mix tures were made up i n  d i s t i l l e d  
ohm-' cm-l) t o  t h e  approp r ia te  concentrat ion,  

The 

RESULTS 
The f o l l o w i n g  examples are rep resen ta t i ve  o f  t h e  behaviour 

o f  s imple b u f f e r  mix tures,  formed from components l i s t e d  i n  
Table I ,  under e lec t ro focus ing  cond i t i ons  i n  f l a t  beds o f  
granulated ge ls .  
focus ing times i n  the range 5-48hr. Under these cond i t i ons  
t h e  pH g rad ien ts  were r e l a t i v e l y  s t a b l e  a l though a progress ive 
m i g r a t i o n  o f  t h e  g rad ien t  w i t h  t ime became apparent w i t h  
focus ing times g rea te r  than 60hr. I n  ddd i t i on ,  band r e s o l u t i o n  
obta ined w i t h  standard p r o t e i n  mix tures appeared independent 
o f  vo l tage f o r  up t o  48hrs f o l l o w i n g  t h e  format ion o f  s t a b l e  
i s o e l e c t r i c  end po in ts .  
experiments t h a t  t he  h i g h  c o n d u c t i v i t y  o f  t he  amphoteric 

Most experiments were c a r r i e d  o u t  w i t h  

. It was apparent f rom a number o f  
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PRESTIDGE AND HEARN 6 

b u f f e r  m ix tu res  min imised l o c a l  h e a t i n g  e f f e c t s  which u s u a l l y  

r e s u l t  i n  p r o t e i n  d e n a t ~ r a t i o n ~ ~ .  

impor tan t  f o r  a n a l y t i c a l  separa t ion ,  i t  i s  however a s i g n i f i c a n t  
c o n s i d e r a t i o n  f o r  p r e p a r a t i v e  work. 

Amphoteric B u f f e r s .  

( i )  

A l though t h i s  i s  o f  m ino r  

A lOmM s o l u t i o n  o f  each o f  t h e  f o l l o w i n g  b u f f e r s  was made: 

Glu, Gly-Gly, H i s  and Lys, (see Table 1 f o r  a b b r e v i a t i o n s  

and PI values) .  A Sephadex 6200 s u p e r f i n e  (3.09) g e l  bed 

was prepared i n  t h i s  b u f f e r  and focus ing  was c a r r i e d  o u t  

a t  an i n i t i a l  power s e t t i n g  o f  15W. 

cons tan t  c u r r e n t  o f  3.0mA was reached. 
pH g r a d i e n t  formed i n  t h e  ge l  c o n t a i n i n g  t h i s  b u f f e r  
m i x t u r e  (system 1 )  and t h e  Vol ts/cm change a long  t h e  ge l  
a f t e r  2.5, 3.5 and 5 hours.  
(a )  F i g u r e  2 d e p i c t s  t h e  pH g r a d i e n t  formed i n  a Sephadex 

6200 s u p e r f i n e  (4.09) g e l  c o n t a i n i n g  t h e  amphoter ic 
b u f f e r  m ix tu re :  lOmM each o f  Glu, Tau, Gly, GABA, Lys, 

(system 2 ) .  
reached w i t h  t h e  c u r r e n t  cons tan t  a t  2mA. 

v o l t a g e  g r a d i e n t s  were measured a t  22.5 hours. 

( b )  F i g u r e  3 shows a s i m i l a r  f ocus ing  exper iment except  
t h a t  Gly was d e l e t e d  f rom t h e  b u f f e r  system 2. 
and v o l t a g e  g r a d i e n t s  o f  t h i s  new b u f f e r  (system 3 )  
were determined a t  20 hours. 
f rom an i n i t i a l  50mA t o  a cons tan t  2mA a t  t h e  
comple t ion  of t h e  exper iment.  

( i i i )  ( a )  The pH and v o l t a g e  g r a d i e n t  generated on a Sephadex- 
G5 s u p e r f i n e  (39)  ge l  bed w i th  a narrow range amphoter ic 
b u f f e r  m i x t u r e  composed o f  lOmM each o f  MES, ACES, TES, 
T r i c i n e  and B i c i n e  and 5mM o f  Tau, pH ad jus ted  f rom t h e  
n a t u r a l  va lue  o f  4 . 3 3 t o  7.1 w i t h  1 M  KOH (system 4 )  i s  
d e p i c t e d  i n  F i g u r e  4. 
a t  cons tan t  v o l t a g e  was a s y m p t o t i c a l l y  1 i m i  t e d  ( f r o m  

A f t e r  5 hours a 

F i g u r e  1 shows t h e  

( i i )  

A f t e r  z. 20 hours a steady s t a t e  was 
The pH and 

The pH 

The c u r r e n t  had decayed 

The r a t e  o f  decrease o f  c u r r e n t  
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BUFFER ELECTROFOCUSING 7 
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Figure 1. 

pH and vo l tage g rad ien t  formed w i t h  a m ix tu re  o f  amphoteric 
b u f f e r s  ( b u f f e r  system 1) as a f u n c t i o n  o f  t ime o f  focus ing a t  
15W. B u f f e r  concentrat ion:  lOmM f o r  each c o n s t i t u e n t  b u f f e r  
Glu, Gly-Gly, H is  and Lys. 
0.2M KOH; gel  support; Sephadex 6200 super f ine.  

Anolyte:  0.2M H2SO4; c a t h o l y t e  

an i n i t i a l  value o f  g. 8mA t o  x. 2mA a f t e r  5 h r s ) .  
Using the same b u f f e r  component system, b u t  (a )  a t  i t s  

n a t u r a l  pH a l l  o the r  cond i t i ons  he ld  constant  and (b) 
a t  i t s  n a t u r a l  pH b u t  r e p l a c i n g  the  ano ly te  and c a t h o l y t e  
w i t h  s u f f i c i e n t  I M  H C I  o r  IM KOH t o  t i t r a t e  a l l  t h e  

bu f fe rs ,  r e s u l t e d  i n  o n l y  a small compression o f  t he  pH 
g rad ien t  along t h e  gel  bed. 
(s. pH 4.5-5.0)and the  g rad ien t  s t a b i l i t y  were n o t  
a f f e c t e d  by these changes. The e f f e c t  o f  reducing the  

concentrat ion of t he  a c i d i c  components o f  b u f f e r  system 
4 from lOmM t o  2mM was t o  un i formly lower the  l e v e l  o f  

The va lue o f  t h e  pH p lateau 
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Table I .  Amphoteric and Non-Amphoteric 

Reagents Arranged i n  Order of Increas ing pKa. 

~~ ~~ 

Reagent Abbrev iat ion pKa PI 

Glutamic a c i d  

L a c t i c  a c i d  

Propion ic  a c i d  

Pyri d i  ne 

2-(N-Morphol ino)-ethane 
sulphonic a c i d  

N-2-Acetamidoimi nodi - 
a c e t i c  a c i d  

B i s - ( 2- Hydroxye t hy 1 ) - i m i  no- t r i s - 
hydroxymet h y l  methane 

3- (N-Morphol i n o )  propane- 
su lphonic  a c i d  

N- (2-Acetamido)-2-amino 
ethanesul phoni c a c i d  

Imidazole 

N-2-Hydroxyethyl p i  per-az i  ne- 
N'-2-ethane sulphonic a c i d  

N - t r i s  (Hydroxymethyl ) methyl- 
2-aminoethane sulphonic a c i d  

N-P-Hydroxyethylpiper- 
atinepropanesul phonic a c i d  

T r ie thano l  amine 

N - t r i s  (Hydroxymethyl )methyl - 
aminopropanesulphonic a c i d  

G l y c i n y l g l y c i n e  

N - t r i s  (Hydroxymethy1)- 
methy lg lyc ine 

G1 u 

LA 

PA 

PYr 

MES 

ADA 

B i  s t r i  s 

MOPS 

ACES 

I m i  d 

HEPES 

TES 

EPPS 

TEA 

TAPS 

GlYglY 

T r i  c i  ne 

2.2 3.2 

3.8 - 
4.9 - 
5.5 - 

6.4 3 . 8  

6.6 4.5 

6.8 - 

7.2 4.3 

7.3 4.2 

7.46 - 

7.55 4.5 

7.9 4.5 

8.0 4.7 

8.35 - 

8.4 4.9 

8.4 5.6 

8.6 5.2 
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Table I cont'd. 

~~~ ~ 

Reagent Abbreviation pKa PI 

N,N-bis(2-Hydroxyethyl )- 
g lyci ne 

Asparagine 

N-tris(Hydroxyrnethy1 )amino- 
methane 

2-Amino-2-ethyl-l,3-prop-anediol 

2-Amino-2-methyl-propanol 

A m o n  i a 

Hi sti dine 

Glycine 

2-Aminoethanesulphonic acid 

8-Alanine 

Ethanolamine 

Lys i ne 

Triethylamine 

E-Aminocaproic acid 

y-Aminobutyric acid 

Bi ci ne 

Asn 

Tri s 

AEPD 

AMP 

NH3 
His 

GlY 

Tau 

P A 1  a 

EA 

LY S 

TA 

GACA 

GABA 

8.74 

8.8 

8.8 

8.8 

8.8 

9.25 

9.3 

9.6 

9.7 

10.2 

10.4 

10.5 

10.7 

10.8 

11.3 

5.3 

5.4 

- 

- 
- 
- 

7.6 

6.0 

4.8 

6.9 

- 
9.8 

- 
7.6 

7.5 

Data available from references 4, 12, 36, 37. 
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10 PRESTIDGE AND HEARN 

10 

8 

6 
PH 

c 

2 

0 

fraction 

Figure 2. 

pH and vo l tage  g rad ien t  formed i n  a Sephadex G200 super- 
f i n e  gel  bed con ta in ing  a m ix tu re  o f  amphoteric b u f f e r s  ( b u f f e r  
system 2). 
b u f f e r ,  Glu, Tau, Gly, GABA and Lys. 
c a t h o l y t e  0.2M KOH. 
hours a t  a steady s t a t e  c u r r e n t  o f  2mA. Also shown are t h e  
pH g rad ien ts  generated a f t e r  focus ing f o r  6 and 30 hours. 

B u f f e r  concentrat ion:  lOmM f o r  each c o n s t i t u e n t  

The gradients  were measured a f t e r  22.5 
Anolyte:  0.2M H2SO4; 

the  pH p la teau  t o  pH 4.3-4.6. 
(b)  A sample o f  crude ovalbumin (100mg) was d i sso l ved  i n  
the narrow range b u f f e r  m ix tu re  compris ing lOmM each of 
MES, ACES, TES, Tau, T r i c i n e  and B i c i n e  (system 5) and 
loaded onto a Sephadex 6200 super f ine (39) ge l  bed 
con ta in ing  t h e  same b u f f e r  mix. 
(F igure 5), the p r o t e i n  bands were v i s u a l i s e d  by t h e  
Radola techniques**. 
ovalbumin (61mg) was obta ined from the focused gel  i n  
the  pH range 4.6-4.8(cf. PI 4.52-4.98 ) .  A minor 
p r o t e i n  was recovered from the gel  i n  t h e  pH range 
4.9-5.0 o f  t h e  gradient .  

A f t e r  24 hours, 

On recovery o f  t h e  p r o t e i n  bands, 

24 
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BUFFER ELECTROFOCUSING 
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Figure 3. 

pH and voltage gradient formed irn a Sephadex 6200 super- 
f ine gel bed using buffer system 3 .  The conditions were 
identical t o  those l is ted in Figure 2 except that  Gly was 
deleted from buffer system 2. 
a f te r  focusing for 20 hours a t  a steady s ta te  current of 2mA. 
Also shown are the pH gradients generated a f t e r  focusing for 
6 and 30 hours. 

The gradients were measured 

( i v )  The amphoteric buffer system: Glu, MES, ACES,  MOPS, 
HEPES, TES, EPPS, TAPS, Tau, Tricine, Bicine, A s n ,  
GlyGly, a t  a concentration o f  lOmM except Tau (5mM) 
containing 8-mercaptoethanol (10mM) (system 6)  : 
generated, on a Sephadex 6200 superfine (39) gel bed, 
the pH and voltage gradient shown i n  Figure 6. 
effect  of pH adjustment of the buffer mixture from 
4.3 t o  7.0 i s  also depicted in Figure 6. The gradient 
was stable for a t  l eas t  48 hours. 
I n  figure 7 ,  the pH gradient formed in a Sephadex 6200 
superfine gel bed by electrofocusing a buffer mixture 

The 

( v )  
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12 PRESTIDGE AND H E M  
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F igure 4. 

J ............... 'rcc*'/ 
pH and vo l tage  g rad ien ts  generated on a Sephadex 675 

super f i ne  f l a t  bed w i t h  the  narrow range amphoteric b u f f e r  
system 4 a f t e r  focus ing f o r  19 hours a t  a constant  power a t  
15W. Buf fer  concentrat ions:  lOmM f o r  each c o n s t i t u e n t  bufifer; 
MES, ACES, TES, T r i c i n e ,  B ic ine;  5mM f o r  Tau; pH 7.1; anoly te:  
0.2M H2SO4; catholy te:  0.2M KOH. 
g rad ien ts  generated a f t e r  focus ing f o r  8 and 30 hours. 

Also shown a re  the  pH 

of lOmM each o f  GlyGly, Gly, B-Ala, GABA, GACA, H i s  
and Lys, pH 7 .1  (system 7) i s  shown. 
g rad ien t  determined a f t e r  20 hours i s  super-imposed. 
A m ix tu re  o f  haemoglobin and myoglobin (20mg each) 
was resolved i n t o  d i s c r e t e  bands a t  t h e  p o s i t i o n s  
i nd i ca ted .  
range from pH 6 t o  8.5. 
I n  an at tempt t o  extend t h e  pH range of system 7, the 
e f f e c t  o f  a combination o f  bas i c  non-amphoteric b u f f e r s  

The vo l tage 

This  b u f f e r  system provides a use fu l  focus ing 

( v i )  
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BUFFER ELECTROFOCUSING 13 

10 

0 

Figure 5. 

Focusing o f  a crude ,),/ai Lui i in p repara t i on  (lOOmg) con ta in ing  
haemoglobin on a Sephadex 6200 super f i ne  (39) f l a t  bed us ing a 
lOmM amphoteric b u f f e r  m ix tu re  ( b u f f e r  system 5 )  under t h e  
standard cond i t i ons  descr ibed above a t  15W. 
MES, ACES, TES, TAU, T r i c i n e  and B ic ine ,  focus ing t ime 24 hours. 
The p o s i t i o n s  o f  t he  p r o t e i n  bands, v i s u a l i s e d  by t h e  Radola 
p r i n t  technique (17), are i n d i c a t e d  above. pH and vo l tage  
g rad ien ts  were measured a f t e r  focus ing f o r  24 hours. 
shown are the  pH grad ien ts  generated a f t e r  focus ing f o r  12 and 
28 hours . 

B u f f e r  components: 

Also 

was examined. 

Sephadex 6200 super f i ne  gel  bed w i t h  a b u f f e r  m ix tu re  
con ta in ing  lOmM o f  system 7 toge the r  w i t h  T r i s ,  AEPD, 

NH3, AMP and TEA (system 8) i s  shown i n  F igure 8. 
Although a m ix tu re  o f  haemoglobin and myoglobin were 
f u l l y  resolved w i t h  t h i s  b u f f e r  system, t h e  low conduct- 

i v i t y  below the  pH 6.2 range l i m i t e d  t h e  usefulness o f  

The pH and vo l tage  g rad ien t  formed on a 
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PRESTIDGE AND HEARN 14 

F igu re  6. 

pH g rad ien ts  formed w i t h  the  narrow range buffer system 
6, w i t h  a Sephadex 6200 superf ine gel  bed a f t e r  focus ing a t  
8W f o r  20 hours, as a f u n c t i o n  of pH o f  t h e  b u f f e r .  B u f f e r  
concentrat ions:  lOmM o f  each c o n s t i t u e n t  buffer:  Glu, MES, 
ACES, MOPS, HEPES, TES, EPPS, TAPS, T r i c i n e ,  B ic ine,  Asn, 
GlyGly, 5mM f o r  Tau, lOmM B-mercaptoethanol; anoly te:  0.2M 
H2S04, c a t h o l y t e  0.2M KOH. A lso shown i s  t h e  vo l tage  g rad ien t  
generated a t  a steady s t a t e  c u r r e n t  o f  4mA, l O O O V  i n p u t  w i t h  
t h i s  buffer a t  pH 4.3 a f t e r  20 hours and t h e  pH g rad ien ts  
generated w i t h  t h i s  c a r r i e r  system a f t e r  focus ing f o r  8 and 
30 hours. 

o f  t h i s  b u f f e r  system t o  bas ic  p ro te ins .  
( v i i )  The previous narrow range b u f f e r  systems cover the  pH 

ranges 4-6 and 6-8.5. 
used t o  e s t a b l i s h  a s t a b l e  pH g rad ien t  over the  range 
4.5-8.0 were a lso  examined i e .  a 'standard'. b u f f e r  
adequate f o r  t he  r e s o l u t i o n  o f  many a c i d i c  and n e u t r a l  
p ro te ins .  
(a)  The b u f f e r  system employing amphoteric and non- 

Buf fer  systems which could be 
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BUFFER ELECTROFOCUSING 15 
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F igu re  7. 

pH and vo l tage  g rad ien ts  generated us ing t h e  narrow range 
bas is  amphoteric buffer system 7 a f t e r  focus ing f o r  20 hours. 
B u f f e r  concentrat ion:  lOmM o f  each c o n s t i t u e n t  b u f f e r  GlyGly, 
Gly, B-Ala, GABA, GACA, H is  and Lys, pH 7.1: ano ly te  0.2M 
H2SO4, c a t h o l y t e  0.2M KOH. 
p o s i t i o n s  of a m ix tu re  o f  haemoglobin and myoglobin (20mg each), 
and t h e  pH gradients  formed a f t e r  focus ing f o r  28 and 40 hours. 

Also shown a re  t h e  focused band 

amphoteric components: MES, ACES, TES, T r i c i n e ,  B i c ine ,  
Asn, Tau, Gly, GABA, GlyGly, L a c t i c  and Propion ic  ac id ,  
H is  and B i s t r i s ,  20mM each component (system 9) :  
generated the  pH g rad ien t  shown i n  F igure 9. Under 
cond i t i ons  of vo l tage r e g u l a t i o n  such t h a t  t h e  t o t a l  
e l e c t r o p h o r e t i c  power d i s s i p a t e d  i n  the  gel was h e l d  a t  
- ca. 15W, t h e  vo l tage  g rad ien t  change along t h e  gel  
versus t ime showed the  a n t i c i p a t e d  increase. 
g rad ien t  measurements a t  t ime T = 0,1,3 and 9 hours are 

shown superimposed on t h e  pH g rad ien t  i n  F igu re  9. 

The vo l tage 

Af ter  
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PRESTIDGE AND HEARN 16 

fmction 

Figure 8. 

pH and vo l tage g rad ien t  formed w i t h  a m ix tu re  of amphoteric 
and non-amphoteric b u f f e r s  (system 8) i n  a Sephadex 6200 gel  
bed a f t e r  focus ing f o r  20 hours a t  E. 1OW. 
lOmM o f  each c o n s t i t u e n t  b u f f e r ,  GlyGly, Gly, B-Ala, GABA, GACA, 
H i s t ,  Lys, T r i s ,  AEPD, NH3, AMP, TEA and B-mercaptoethanol. The 
pH o f  t h e  b u f f e r  m ix tu re  was adjusted from pH 9.3 t o  pH 8.0 wi th 
1M H2SO4. Also shown a r e  t h e  focused p o s i t i o n s  o f  a m ix tu re  o f  
haemoglobin and myoglobin a f t e r  20 hours focus ing and the  pH 
g rad ien ts  formed a f t e r  focus ing f o r  6 and 8 hours. 

B u f f e r  concentrat ion:  

9 hours a t  lOOOV,  no f u r t h e r  change i n  the  g rad ien ts  
occurred under these cond i t i ons  w i t h  the  pH remaining 
s t a b l e  f o r  a t  l e a s t  48 hours. 
o f  t h i s  pH g rad ien t  makes t h i s  buffer system s u i t a b l e  
f o r  p repara t i ve  focus ing experiments. 
t i o n s  employing t h i s  b u f f e r  have been repor ted by us 

20 elsewhere . 
(b) When t h e  non-amphoteric reagents, T r i s ,  TEA and EA, 
were inc luded w i t h  the  b u f f e r  system 9, a pH g rad ien t  

The s t a b i l i t y  and shape 

P r o t e i n  separa- 
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Figure 9. 

pH and vo l tage g rad ien ts  formed w i t h  a m ix tu re  o f  amphoteric 
and non-amphoteric b u f f e r s  ( b u t t e r  system 9)  as a func t i on  of 
t ime o f  focus ing on a Sephadex 675 super f i ne  gel  bed. Buf fer  
concentrat ion:  20mM f o r  each c o n s t i t u e n t  b u f f e r ,  MES, ACES, TES, 
T r i c i n e ,  Bic ine,  Asn, Tau, Gly, GABA, GlyGly, LA, Pa, His, B i s t r i s .  
The vo l tage gradients  were measured a t  T = 0,1,3 and 9 hours. 
A f t e r  9 hours a t  constant  vo l tage  o f  l O O O V ,  no f u r t h e r  change i n  
t h e  vo l tage  g rad ien t  was ev ident .  

use fu l  over t h e  range 5-8.5 was generated (F igure 10). 
The pH g rad ien t  o f  t h i s  b u f f e r  combination (system 10) 

remained e s s e n t i a l l y  constant  f o r  t h e  d u r a t i o n  o f  e l e c t r o -  
focus ing f o r  a t  l e a s t  48 hours. 

When the  0.2M H2S04 ano ly te  was changed t o  0.1M l a c t i c  
a c i d  i n  an at tempt t o  c i rcumvent the  r a p i d  pH change 
below pH 5 found w i t h  b u f f e r  system 10 o n l y  a small e f fec t  

was witnessed s i m i l a r  t o  what i s  found w i t h  0.01M 

phosphoric a c i d  as ano ly te  i n  r e l a t e d  systems. 

Non Amphoteric Buf fers .  

can be formed i n  polyacrylamide ge ls  con ta in ing  simple non- 

I n  view o f  recent  r e p o r t s  13s25 t h a t  s t a b l e  pH g rad ien ts  
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Figure 10. 

pH and voltage gradients generated by the wide range 
buffer system 10. 
constituent buffers used i n  buffer system 12 together w i t h  
20mM of the non-amphoteric reagents Tris, TEA and EA,  anolyte 
0.2M H2SO4 catholyte 0.2M KOH, focusing conditions 23 hours 
a t  15W w i t h  a Sephadex 675 superfine gel bed. 
are the pH gradients formed af te r  focusing for 16 and 48 hours. 

Buffer concentration: 20mM for  each 

Also shown 

amphoteric reagents, a range of non-amphoteric buffer systems 
were examined under electrofocusing conditions i n  gradulated 
gel f l a t  beds. 
( i )  A 20mM solution of each of the following reagents was 

prepared: L A ,  PA, Bis t r is ,  Tris,  EA,  Pyr, Tea (system 11). 
Electrofocusing was carried out using a Sephadex 675 
gel bed and 0.2M H2S04 anolyte and 0.2M KOH catholyte 
were used. 
constant value. 
along the gel measured af ter  10 hours a t  lOOOV is shown 

After 6 hours the res i s t iv i ty  reached a 
The pH and voltage gradient generated 
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BUFFER ELECTROFOCUSING 19 
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F igu re  11. 

The pH and vo l tage  g rad ien t  generated by b u f f e r  system 
12 a f t e r  focus ing f o r  10 hours i n  a Sephadex 675 super f i ne  
(49) f l a t  bed con ta in ing  a m ix tu re  o f  non-amphoteric b u f f e r s  
( b u f f e r  system 14). 
c o n s t i t u e n t  b u f f e r ,  LA, PA, B i s t r i s ,  T r i s ,  EA, Pyr, TEA; 
ano ly te  0.2M H2SO , c a t h o l y t e  0.2M KOH. 

g rad ien t  generated a f t e r  focus ing f o r  6 hours. 

B u f f e r  concentrat ion:  20mM o f  each 

Also superimposed 
i s  the p o s i t i o n  o 9 a focused haemoglobin sample and t h e  pH 

i n  F igure 11. 
(20mg) focused t o  a t i g h t  band a t  PI = 7.5 bu t  t h e  
steepness o f  t h e  pH g rad ien t  over the  range 4-9.5 l i m i t s  

t h e  usefulness o f  t h i s  b u f f e r  system, i e .  f a i l s  t o  
d i s c r i m i n a t e  between p r o t e i n s  w i t h  i s o e l e c t r i c  p o i n t s  
l e s s  than one pH u n i t  apa r t .  
The pH and vo l tage  g rad ien t  produced i n  a Sephadex 6200 

super f ine gel  bed by a bas ic  non-amphoteric b u f f e r  i s  

shown i n  F igure 12. The b u f f e r  m ix tu re  contained t h e  

f o l l o w i n g  reagents:  lOmM each, Imid,  TEA, T r i s ,  AEPD, 

I n  a d u p l i c a t e  experiment haemoglobin 

( i i )  
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Figure 12. 

amphoteric bu f fe r  system 13 i n  a Sephadex 6200 super f i ne  
f l a t  bed a f t e r  focusing f o r  25 hours a t  1OW. 
concentrat ion:  lOmM o f  each c o n s t i t u e n t  b u f f e r ,  h i d ,  TEA, 
T r i s ,  AEPD, NH3, AMP, TA; ano ly te  0.2M H2SO4, ca tho ly te ,  
0.2M KOH. 
focus ing f o r  18 and 30 hours. 

The pH and vo l tage  g rad ien t  formed by t h e  bas ic  non- 

B u f f e r  

Also shown a re  the  pH gradients  formed a f t e r  

NH3, AMP and TA. 
unsu i tab le  f o r  focus ing p ro te ins .  
reached a constant band p o s i t i o n  near the  pH 7.8 zone 
a f t e r  o n l y  2 hours b u t  denatured due t o  l o c a l  heat ing.  

Th is  b u f f e r  system (system 12) proved 
A haemoglobin sample 

DISCUSSION 
This  paper repo r t s  s tud ies  on a v a r i e t y  o f  buf fergrstems, 

con ta in ing  mixtures o f  s imple amphoteric and non-amphoteric 
reagents, designed t o  t e s t  whether s t a b l e  pH g rad ien ts  could 
be formed between a s t r o n g l y  a c i d i c  ano ly te  and a s t r o n g l y  
bas ic  c a t h o l y t e  i n  f l a t  beds o f  granulated gels .  
o f  these s tud ies  was on the  development o f  b u f f e r  systems 

The emphasis 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



BUFFER ELECTROFOCUSING 21 

s u i t a b l e  f o r  p repara t i ve  e lec t ro focus ing .  Obviously, t he  

requirements f o r  p repara t i ve  e lec t ro focus ing  a re  d i f f e r e n t  

from those needed i n  a n a l y t i c a l  systems. For example, a 

l i n e a r  pH range i s  n o t  necessa r i l y  requ i red  w i t h  p repara t i ve  

loadings because the focused p r o t e i n  zones w i l l  n o t  be a t  
t h e i r  t h e o r e t i c a l  narrowest w i d t h  ( d i f f u s i o n  increases w i t h  

p r o t e i n  concentrat ions whereas the b u f f e r i n g  capac i t y  

o f  t he  b u f f e r  system w i l l  n o t  change s i g n i f i c a n t l y  provided 
t h e  p r o t e i n  concen t ra t i on  i s  no t  h i g h  enough t o  p e r t u r b  t h e  

pH g rad ien t ) .  Hence, f o r  p repara t i ve  separat ions,  a pH 
p la teau  near t o  the  reg ion  o f  PI i n t e r e s t  i s  p r e f e r r e d  

p a r t i c u l a r l y  i f  t h i s  creates a l a r g e  phys ica l  separat ion 

between adjacent focused bands. Furthermore, f o r  p repara t i ve  

e lec t ro focus ing  as h i g h  a vo l tage  g rad ien t  as p o s s i b l e  i s  

requi red,  w i t h i n  l i m i t a t i o n s  o f  overheat ing,  i n  the  reg ion  

o f  i n t e r e s t  t o  ensure t h a t  t he  focused bands a re  as sharp as 

poss ib le .  

e lec t ro focus ing  where r e s o l u t i o n  i s  a1 so very dependent on 

t h e  l o c a l  s lope o f  t h e  pH g rad ien t .  

An examination o f  Table I reveals  most o f  t h e  amphoteric 

reagents examined i n  t h e  present  study have ( P I  - pK1) values 

g rea te r  than 2.5 u n i t s .  

b u f f e r s  used represent  o n l y  a s e l e c t i o n  of  a v a i l a b l e  b u f f e r  
reagents w i t h  s u i t a b l e  PI o r  pKa values f o r  t he  i s o e l e c t r i c  

separat ion c f  p r o t e i n s  on the  bas is  o f  d i f ferences i n  n o t  

charge. 
concentrat ion g rad ien t  zones, r e s u l t i n g  i n  the format ion o f  pH 
gradients ,  reasonably s t a b l e  w i t h  t ime o f  e lec t ro focus ing ,  
can be formed us ing b u f f e r  systems se lected on t h e  bas i s  o f  

c r i t e r i a  s i m i l a r  t o  those proposed 26927 f o r  mu l t i phas i c  

zone e lect rophores is .  The a v a i l a b i l i t y  o f  narrow range b u f f e r  

systems cover ing the  PI ranges 4-6, 6-8 and 8-10 would cover a 

very comprehensive range o f  p r o t e i n s  ( f o r  a compendium of 

d ?-I PH 

S i m i l a r  c r i t e r i a  can be app l i ed  i n  a n a l y t i c a l  

The amphoteric and non-amphoteric 

It has been our  exper ience t h a t  s u i t a b l e  b u f f e r  
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22 PRESTIDGE AND HEARN 

p r o t e i n  PI values see r e f .  38,29). 

are by no means exhaust ive i n  determining b u f f e r  systems use fu l  

f o r  p repara t i ve  i soelect rofocus ing over t h i s  range b u t  they 
do prov ide several  systems which can be used p r e p a r a t i v e l y  

t o  d i s c r i m i n a t e  between p r o t e i n s  d i f f e r i n g  i n  PI by E. 0.2 
u n i t s .  Comparatively few amphoteric b u f f e r s  w i t h  PI values 
above 8, s u i t a b l e  f o r  use i n  e lec t ro focus ing  experiments, 
a re  ava i l ab le .  Mixed bas ic  amphoteric-non amphoteric b u f f e r  

systems f o r  use w i t h  granulated gels  may circumvent t h i s  

d e f i c i e n c y  and s tud ies w i t h  these systems a re  c u r e n t l y  under 

i n v e s t i g a t i o n .  
reagents l i s t e d  i n  Table I should be i n e f f e c t i v e  as c a r r i e r  

ampholytes. 
non l i n e a r  pH gradients ,  as t h e  case requi res,  can be 

generated us ing combinations o f  these compounds and granulated 
ge ls  l i k e  Sephadex 675 as the  suppor t ing media. 

The development o f  these e lec t ro focus ing  systems w i t h  
f l a t  beds o f  granulated Sephadex ge ls  thus extends t h e  
e a r l i e r  demonstrations by Chrambach e t  a l .  12-14 t h a t  s u i t a b l e  
b u f f e r  systems could be used t o  generate s t a b l e  pH g rad ien ts  
i n  polyacrylamide gels .  

on amiino a c i d  o r  pept ide mixtures '30s31 haveal  so been used 
w i t h  l i m i t e d  success p r i o r  t o  the  a v a i l a b i l i t y  o f  the Ampho- 
l i n e s .  Taking i n t o  account t h e  requirements f o r  p repara t i ve  
separat ions t h e  b u f f e r  systems 4,6,7,9 and 10 descr ibed above 
prov ided the  most use fu l  gradients ,  s t a b l e  f o r  a t  l e a s t  48 

hours, f o l l o w i n g  the  t r a n s i e n t  s t a t e  i n  which the  g rad ien t  i s  

formed i n  the  granulated gel  support .  As have been noted 
before i n  polyacrylamide gels14, progress ive a c i d i f i c a t i o n  o f  
t h e  granulated gel  bed does however occur w i t h  time, s t a r t i n g  
f rom the anodic end, which l i m i t s  t h e  use fu l  pH g r a d i e n t  
l i f e t i m e  t o  s. 60-80 hours w i t h  a 0.2M H2S04 anoly te.  
s t a b i l i s a t i o n  o f  t he  pH g rad ien t  w i t h  t ime can be achieved 

The stud ies repor ted above 

By the  c r i t e r i a  o f  Svsnsson4, most o f  t h e  

Nevertheless, r e l a t i v e l y  s t a b l e  l i n e a r  and 

Simple amphoteric bu f fe rs ,  based 

However, 
18 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



BUFFER ELECTROFOCUSING 23 

by e q u i l i s a t i o n  o f  t h e  ano ly te  pH w i t h  t h e  PI o r  pKa o f  t he  

most a c i d i c  component i n  the  ampholyte range, eg. by making 

t h e  ano ly te  l a c t i c  a c i d  i n  example ( v i i ) .  
from these experiments t h a t  b u f f e r  ampholytes w i t h  pI-pK1 values 

up t o  3 can be used t o  form s t a b l e  pH zones adjacent t o  t h e i r  

i s o e l e c t r i c  p o i n t s  under focus ing cond i t i ons  o f  60-80mW/cm 

whereas bu f fe rs  w i t h  pI-pK1 values g rea te r  than 3, due t o  low 

conductance a t  t h e i r  i s o e l e c t r i c  p o i n t ,  have per turbed o r  

unstable pH zones. 

The pH g rad ien t  obta ined w i t h  b u f f e r  system 1 ( f i g u r e -  
1) provides an i n t e r e s t i n g  i n s i g h t  i n t o  t h e  mechanism 

invo lved  i n  b u f f e r  e l e c t r o f o c u s i n g  i n  granulated ge ls .  The 
pH values (3.4, 5.8, 7.7, 10.0) o f  t he  p la teau steps i n  the  

pH g rad ien t  correspond c l o s e l y  t o  t h e  respec t i ve  PI values 

o f  t he  f o u r  buffer components (Glu, 3.2; Glyg ly ,  5.6; His,  
7.6; Lys, 9.8).  S i m i l a r  p la teau  reg ions,  again corres-  

ponding t o  PI values o f  each component were observed w i t h  

several  o t h e r  s imple b u f f e r  systems. These observat ions 

suggest t h a t  t h e  pH g rad ien t  i s ,  i n  f a c t ,  generated by a 
s e r i e s  o f  step func t i ons  o f  pH. Mu l t i phas i c  zone e l e c t r o -  
p h o r e t i c  theory,  p r e d i c t s  such a s e r i e s  o f  pH s tep  func t i ons  

f o r  a m ix tu re  o f  amphoteric b u f f e r s  w i t h  each s tep  correspond- 

i n g  t o  a s i n g l e  b u f f e r .  

i s o e l e c t r i c  focusing, r a t h e r  than a mu1 t i p h a s i c  s tack ing  

mechanism, operates under these granulated gel  f l a t  bed 

cond i t i ons ,  i e .  pH steps f o l l o w  the  order  o f  PIS r a t h e r  than 
c o n s t i t u e n t  m o b i l i t i e s ,  i s o t o p i c a l l y  l a b e l l e d  b u f f e r s  would 

be requi red.  
s p a t i a l l y  extended pH g rad ien t  has been obtained31 w i t h  

amino a c i d  b u f f e r s ,  which were d i s t r i b u t e d  a t  o r  near t h e  
anodic and cathodic  pH g rad ien t  t e r m i n i  as w e l l  as i n  p o s i t i o n s  
along the pH g rad ien t  approximat ing t h e i r  respec t i ve  i s o -  

e l e c t r i c  po in ts .  However, i n  t h i s  system pH g rad ien t  format ion 

It i s  apparent 

2 

I n  order  t o  d i s t i n g u i s h  whether an 

Evidence f o r  m o b i l i t y  a l ignment w i t h i n  a 
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24 PRESTIDGE AND HEARN 

and e lec t ro focus ing  were c a r r i e d  o u t  w i t h  b u f f e r  anoly tes and 
ca tho ly tes  a t  t h e i r  i s o e l e c t r i c  p o i n t s  thus c o n f i n i n g  t h e  
extended stack between t h e  i s o e l e c t r i c  ' l e a d i n g '  and ' t r a i l i  
cons t i t uen ts .  P re l im ina ry  experiments addressed t o  t h i s  
problem w i t h  t h e  f l a t  bed b u f f e r  systems favour  a b u f f e r  

component, as w e l l  as p r o t e i n ,  a l ignment i n  order  o f  respec t  

g '  

ve 
i s o e l e c t r i c  po in ts ,  i e .  an e lec t ro focus ing  mechanism s i m i l a r  
t o  t h a t  observed 2'32'33 w i t h  Ampholines under focus ing cond i t i ons .  
Also cons is ten t  w i t h  t h i s  proposal i s  t he  observed unstable,  
steep pH gradients  obta ined w i t h  t h e  non amphoteric b u f f e r  
system 11 and 12 ( f i g u r e s  11, 12) desp i te  t h e  f a c t  t h a t  t he  
c o n s t i t u e n t  components cover a range o f  pKa values from 
3.8-4.9 and 6.9-9.5 f o r  b u f f e r  system 11 and 7-11 f o r  b u f f e r  
system 12. 
t h a t  s t a b l e  pH g rad ien ts  can be formed i n  polyacrylamide ge ls  
w i t h  non-amphoteric b u f f e r s .  

It was genera l l y  observed w i t h  the  amphoteric b u f f e r  
systems t h a t  t h e  e f f e c t  o f  i nc reas ing  t h e  pH o f  t h e  b u f f e r  
m ix tu re  f rom i t s  i n i t i a l  average pH pe rm i t ted  h ighe r  s t a r t i n g  
currents ,  i e .  s ince  t h e  e l e c t r o p h o r e t i c  m o b i l i t y  Mt o f  a 
b u f f e r  molecule i s  p r o p o r t i o n a l  t o  i t s  degree o f  i o n i s a t i o n ,  
pH t i t r a t i o n  can r e s u l t  i n  more r a p i d  generat ion o f  t he  b u f f e r  
concentrat ion g rad ien t  zones. Once these a re  formed, however, 
t h e  pH g rad ien t  was found n o t  t o  be s i g n i f i c a n t l y  d i f f e r e n t  
a t  comparable focus ing times i r r e s p e c t i v e  o f  i n i t i a l  b u f f e r  

pH. This  e f f e c t  i s  c l e a r l y  demonstrated by t h e  pH g rad ien ts  
generated w i t h  the amphoteric b u f f e r  system 6 a t  two i n i t i a l  
buf fer  pHs (F ig.  6) where t h e  dev ia t i ons  f rom monotony a re  n o t  

13,25 This  observat ion con t ras ts  w i t h  e a r l i e r  r e p o r t s  

s i g n i f i c a n t  and probably  due t o  uneven sec t i on ing  o f  t h e  ge 
bed. Furthermore, when an asympto t i ca l l y  constant  c u r r e n t  
reached, eg. 54hr f o r  b u f f e r  system 4, complete focus ing o f  
components may n o t  necessa r i l y  have occurred. I n  f a c t ,  a l l  
i s  necessary f o r  an asympto t i ca l l y  low and constant  c u r r e n t  

S 

a1 1 
t h a t  
t o  
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BUFFER ELECTROFOCUSING 25 

be generated under the b u f f e r  focus ing cond i t i ons  i r :  f l a t  beds 

o f  granulated gels  i s  t h a t  one component i s  focused t o  i t s  
i s o e l e c t r i c  zone and t h e  l ow  c o n d u c t i v i t y  o f  t h i s  zone wot.rld 

then govern t h e  l i m i t i n g  cu r ren t .  A t  h i g h  i n i t i a l  cu r ren ts  
Ht and OH- i o n s  are generated a t  t h e  anode and cathode 
respec t i ve l y .  Being uncoupled w i t h  counter ions,  they m ig ra te  

i n t o  t h e  gel  s lab,  e s t a b l i s h  Ht and OH- i o n  f l uxes ,  which a re  
n o t  necessa r i l y  o f  t h e  same magnitude a t  equ iva len t  i o n  
concentrat ions,  and t i t r a t e  t h e  b u f f e r  m ix tu re  which has no, 

o r  l i t t l e ,  b u f f e r i n g  capac i t y  a t  i t s  i n i t i a l  average PI. 

T i t r a t i o n  o f  t h e  buffer components by Ht and OH- ions,  w i l l  
increase t h e  vo l tage  g rad ien t  and i n  t h i s  increased f i e l d  

t h e  var ious species can migrate towards t h e i r  f i n a l  p o s i t i o n .  
When excess i on -pa i red  H and OH- i o n s  a r e  a v a i l a b l e  a t  thP 

e lect rodes,  i e .  i n  example ( i i i ( b ) )  were s u f f i c i e n t  H C 1  and 
NaOH was a v a i l a b l e  a t  t he  anode and cathode t o  t i t r a t e  a l l  
t h e  b u f f e r  compounds, no enhancement i n  t h e  r a t e  o f  focus ing 

o r  s i g n i f i c a n t  change i n  t h e  pH g rad ien t  was apparent. Th is  
would imply  t h a t  t h e  generat ion o f  s u f f i c i e n t  H and OH- i o n  
f l u x e s  i n  these systems i s  s t i l l  r e q u i r e d  before a s u i t a b l e  
vo l tage g rad ien t  can be establ ished.  The format ion o f  a 
pro ton  f l u x  g rea te r  than an OH- i o n  f l u x  would a l s o  account 

f o r  t he  cathodal d r i f t  o f  t h e  focused p r o t e i n  bands seen 
w i t h  l ong  focus ing times. 
been observed w i t h  polyacrylamide ge l  systems i n  the  presence 
and absence o f  ampholytes 

t h a t  by i nc reas ing  t h e  number of amphoteric components w i t h  
s u i t a b l y  d i f f e r e n t  PI and pK1 values i n  a b u f f e r  mix ture,  i t  

i s  poss ib le  t o  c rea te  l i n e a r  pH g rad ien ts  comparable t o  those 
produced by the  Ampholines. The narrow range pH gradients ,  

eg. examples 6 and 7, would be expected t o  genera l l y  g i v e  
b e t t e r  p repara t i ve  r e s o l u t i o n  prov ided s u i t a b l e  b u f f e r s  can 

t 

t 

S i m i l a r  e lec t rode  e f f e c t s  have 

8,10,18 

The r e s u l t s  obta ined w i t h  bu f fe r  systems 9 and 10 i n d i c a t e  
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26 PRESTIDGE AND HEARN 

be se lected t o  correspond t o  t h e  PI regior(  o f  i n t e r e s t .  
var ious b u f f e r  systems descr ibed above have several  a d d i t i o n a l  

advantages compared t o  Ampholines, and o the r  p r o p r i e t o r y  
c a r r i e r  ampholytes, besides t h e i r  low cost .  Since they con ta in  
no h igh  molecular  weight p o l y i o n i c  species they a re  e a s i l y  
removed a t  the complet ion o f  p repara t i ve  experiments. Fur ther-  
more, t h e  b u f f e r  components do n o t  b i n d  t o  convent ionel  p r o t e i n  

dyes, cause s t a i n i n g  a r t e f a c t s  o r  i n t e r f e r e  w i t h  t h e  d e t e c t i o n  
o f  t he  immunological o r  enzymatic c h a r a c t e r i s t i c s  o f  t he  focused 

p r o t e i n  zones. 
systems 6,7, 9 and 10 f o r  t h e  p repara t i ve  separat ion o f  a 

range o f  p r o t e i n s  i n c l u d i n g  t h y r o i d  g l ycop ro te ins  and t h e  
pregnancy s p e c i f i c  a2-g lycoprote in  w i  11 be descr ibed i n  

34,35 associated papers 

The 

The use of wide and narrow range b u f f e r  

REFERENCES 

1. 

2. H. Haglund, Methods Biochem. Anal., 19, 1, (1971). 

3. H. Svensson, Acta Chem. Scand., 15, 325, (1961). 

4. H. Svensson, Acta Chem. Scand. , 16, 456, (1962). 

5. 0. Vesterberg, Acta Chem. Scand., 23, 2653, (1969). 

6. G. Baumann and A. Chrambach, i n  "Progress i n  I s o e l e c t r i c  

H. R i lbe,  Ann. N . Y .  Acad. S c i . , m ,  11, (1973). 

Focusing and Isotachophoresis".  P.G. R i g h e t t i  , ed. 
E l sev ie r ,  Amsterdam, 1975, p.13. 

7.  J.S. Fawcett, i n  "Progress i n  I s o e l e c t r i c  Focusing and 
Isotachophoresis",  P.G. R i g h e t t i  , ed. , E lsev ie r ,  
Amsterdam, 1975, p.25. 

Biochem., 49, 109, (1972). 

B.J. Radola and D. Graessl in,  eds., Walter de Gruyter,  
B e r l i n ,  1977, p.35. 

8. L.E.M. Mi les,  J.E. Simmons and A. Chrambach, Anal .  

9. H. R i lbe,  i n  "E lec t ro focus ing  and Isotachophoresis",  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



BUFFER ELECTROFOCUSING 27 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

S.  Po l l ack ,  Biochem. Biophys. Research Commun., 87, - 1252, 
(1979).  

N.Y. Nguyen, A.G. McCormick and A .  Chrambach., Anal .  
Biochem., 88, 186, (1978).  

N.Y. Nguyen and A. Chrambach, Anal. Biochem., - 74, 145, (1976). 

N .Y .  Nguyen, D. Rodbard, P.J. Svendsen and A. Chrambach, 
Ana l .  Biochem. , 77, 39, (1976).  

N .Y .  Nguyen, A. Salokangas and A. Chrambach, Anal .  Biochem. 

N.Y .  Nguyen and A.  Chrambach, E lec t rophores i s ,  - 1, 14, (1980).  

B. An der  Lan and A. Chrambach, E lec t rophores i s ,  1, 23, (1980).  

A. Chrambach, L. Hjelmeland, N.Y. Nguyen and B. An de r  Lan, 
i n  "E lec t rophores i s  ' 79 "  B.J. Radola, ed., W .  de Gruy ter ,  
Ber l in-New York, 1980, p . 3 .  

N.Y. Nguyen and A. Chrambach, Anal. Biochem., 82, 54, (1977). 

R.L. P res t i dge  and M.T.W. Hearn, Proc.  Un iv .  Otago med. 
Sch., 56, 60, (1978).  

R.L. P r e s t i d g e  and M.T.W. Hearn, Anal .  Biochem., 97, 95, 
(1979). 

- 78, 287, (1977).  

- 

B.J. Radola, Biochim. Biophys. Acta, - 386, 181, (1974).  

B.J. Radola, Biochim. Biophys. Acta,  - 295, 412, (1973). 

M.J. Swanson and B.E. Sanders, Anal .  Biochem., - 67, 520, 
(1975).  

J.A. Beeley, S.M. Stevenson and J.C. Beeley, Biochim. 
Biophys. Acta, - 285, 293, (1972).  

B.E. Ch idake l ,  N.Y. Nguyen and A .  Chrambach, Anal .  Biochern., 
- 77, 216, (1976).  

N.Y. Nguyen, D. Rodbard, P.J. Svendson and A.  Chrambach, 
Ana l .  Biochem., - 77, 39, (1976).  

T.M. Jov in ,  Ann. N.Y. Acad. Sc i . ,  9, 477, (1973).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



PRESTIDGE AND HEARN 28 

29. D. Malamud, and J.W. Drysdale, Anal. Biochem., 86, 620 
(1978). 

30. H. Svensson, Arch. Biochem. Biophys. (Suppl. l ) ,  132, 

31. 

32. A. Chrambach and N.Y. Nguyen, i n  "Elect rofocus ing and 

M.L. Caspers and A.  Chrambach, ,Anal. Biochem., 81, 28, 

Isotachophoresis",  B.J. Radola and D. Graessl in,  eds., 
W .  de Gruyter,  Berlin-New York, 1976, p.51. 

33. H. Davies, Prot .  B i o l .  F lu ids ,  17, 389, (1969). 

1962). 

(1977). 

28, P.G. R i g h e t t i  and T. Caravaggio, J. Chromatogr., 127, 1, 
(1976). 

34. M.T.W. Hearn, A.J. Paterson and R.L. Prest idge,  Prep. Biochem., 

35. M.T.W. Hearn, R.L. Prest idge,and F. G r i f f e n ,  Prep. Biochem., 

36. N.E. Good, G.D. Winget, W. Winter, T.N. Connolly, S. Izawa, 

37. D.D. Pe r r i n ,  i n  "D issoc ia t i on  Constants o f  Organic Bases 

submit ted f o r  pub1 i c a t i o n .  

submit ted f o r  p u b l i c a t i o n .  

and R.M.M. Singh, Biochemistry,  5, 467, (1966). 

i n  Aqueous Solut ion" ,  Butterworths,  London, 1965. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


