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lsoelectric Focusing of Proteins in Gel Media 

NICHOLAS CATSIMPOOLAS 
LABORATORY OF PROTEIN CHEMISTRY 

CENTRAL SOYA RESEARCH CEiYTER 

CHICAGO, ILLINOIS 60639 

Summary 

Separation of proteins according to their isoelectric point can be per- 
formed in a pH gradient formed by stationary electrolysis of carrier 
ampholytes. The pH gradient is stabilized by the use of polyacrylamide, 
agarose, and Sephadox gels. Separated proteins can be detected by 
fixation with trichloroacetic acid followed by nonspecific staining, by 
specific staining. or through immunodiffusion techniques. Isoelectric 
focusing of proteins in gel media can br carried out in gel columns or on 
t.hin-layer plates by using conventional electrophoresis apparatus. 
Electrofocusing can be followed by clcctrophoresis in gel media for more 
complete separation of components. 

Multiple samples of microgram quantities can be analyzed simultane- 
ously by simple and rapid procedures. Thew methods have both analytical 
and preparative applications in protein fractionation work. 

INTRODUCTION 

Isoelectric focusing of proteins involves electrophoretic migration 
in a stable pH gradient with subsequent concentration of the ampho- 
teric molecules in zones exhibiting pH values corresponding to their 
isoelectric points. Since the isoelectric point represents a pH value at 
which the protein has zero net charge, focusing is achieved by lack of 
electrophoretic migration at the particular pH. When a mixture of 
proteins having different isoelectric points is subjected to electro- 
focusing, the individual components are separated and form an iso- 
electric spectrum. 

The theory of electrofocusing of proteins in stable pH gradients was 
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524 N. CATSIMPOOLAS 

developed by Svensson (1 ,  2 ) .  Practical application of the method 
was made possible by the synthesis of aliphatic polyarnino-poly- 
carboxylic acids which satisfied the criteria of good carrier ampholyte. 
(3, 4 )  necessary for the formation of the natural pH gradient. The 
problem of stabilization of the protein zones after electrofocusing was 
overcome by the use of sucrose density gradients (5). Experimental 
conditions, theoreticd abpects of the technique, and npplication to the 
separation of proteins have been briefly reviened by Haglund (6) and 
Vesterberg (7) .  

Although the isoelectric focusing method in columns containing 
sucrose gradients is suitable for prcparatn e purposes, the technique 
cannot be used for analytical separation of microgram quantities of 
proteins. This is necessary when working with biological materials 
which cannot be obtained in large amounts. The need for such micro- 
methods led to the development of new techniques involving the 
electrofocusing of proteins in gel media. Some of the advantages that  
have been claimed for gel electrofocusing procedures include (a,  use 
of inert media for stabilization of the p H  gradient, (b)  analysis of 
microgram quantities of proteins, (c )  employment of simple apparatus, 
(d)  conservation of expensive carrier ampholytes, (e)  resistance to 
convective mixing, ( f )  simultaneous separation of several mixtures, 
(g)  employment of specific stains, (h)  considerable shortening of the 
running time, ( i )  combination with electrophoresib in a two-dimen- 
sional fashion for increased resolution, and ( j )  visualization of 
separated proteins by use of immunodiffusion techniques. 

This article is a review of the available gel electrofocusing tech- 
niques from the viewpoint of the media, procedures, and type of ap- 
paratus used rather than the biological importance of the separation 
achieved. It is hoped that this will provide a guide to original literature 
for reference when experimental details are needed. 

DISC ELECTROFOCUSING 

Disc electrofocusing methods were developed independently and 
almost simultaneously by Dale and Lntner (81, Wrigley ( 9 ) ,  Riley 
and Coleman (lo), Fawcett (11), and Catsimpoolas (12). The com- 
mon features of these methods are the use of polyacrylamide gel as 
the stabilizing medium, the cmployrneiit of columns similar to those 
used for disc electrophoresis, and thc appararicc~ of the stainctl hands 
in the form of discs. Because of the similarity in appearancc of the 
electrofocused protein bands with those obtained by disc electro- 
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ISOELECTRIC FOCUSING OF PROTEINS IN GEL MEDIA 525 

phoresis, Catsimpoolas and Leuthner (13) proposed the term “disc 
electrofocusing” to  describe this particular technique. 

Apparatus and Choice of Carrier Ampholytes 

The choice of apparatus, gel formulations, dimension of columns, 
electrode solutions, current applied and time of run, mode of sample 
insertion, and other experimental details varied among the reported 
procedures. Commercially available disc electrophoresis apparatus was 
used by Wrigley ( 9 ) ,  Riley and Coleman ( l o ) ,  and Catsimpoolas (12)  
whereas Dale and Latner (8) and Fawcett ( 1 1 )  designed their own. 
The diameter of the columns used was approximately the same, but 
the length varied from short (65 mm) (9, 10, 12) ,  to  long (120 mm) 
(8,  9 ) ,  to very long (150 to 200 mm) columns (11) .  Better resolution 
may be achieved with the long columns if the mixture of proteins to 
be separated is very complex. The pH range of carrier ampholytes can 
vary, depending on the degree of resolution desired and the isoelectric 
points of the proteins to be electrofocused. Usually carrier ampholytes 
in the pH 3-10 range are used in a screening run to determine the 
desired pH region of focusing. Subsequent experiments can then be 
carried out with ampholytes covering a range as narrow as two pH 
units. However, the narrow range ampholytes tend to produce broader 
bands in comparison to bands formed in the pH 3-10 range. 

Polymerization of the Acrylamide Gel 

Polymerization of the acrylamide gel can be achieved either by 
chemical means or by exposure to light. Formulations for both photo- 
polymerization (8-12) and chemical polymerization (14)  of the gels 
have been described. The essential components for the preparation of 
the gels include acrylamide, carrier ampholytes, N,N’-methylene-bis- 
acrylamide, N,N,N‘,N’-tetramethyl ethylenediamine, riboflavin (photo- 
polymerization only), and ammonium persulfate (chemical polymer- 
ization only). Riley and Coleman (10)  suggested that  N,N,N’,N’- 
tetramethyl ethylenediamine is not required for polymerization, its 
function apparently being served by components in the carrier 
ampholytes. Chemical polymerization should be avoided if sensitivity 
of the proteins to ammonium persulfate leading to artifact formation 
(15-17) is suspected. Howevcr, if the pH 7-10 carrier ampholyte is 
used, chemical polymerization is necesary to form a gel. Photopoly- 
merization can be used with the acidic range ampholytes including 
the pH 5-8 and pH 3-10 regions ( 1 4 ) .  
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526 N. CATSIMPOOLAS 

Acrylamide Concentration 

The concciitratioii of the acryl:tinitic slioultl be sufficient to olJtaiii 
a self-supporting gel offering little re&tance to tlie electrophoretic 
migration of proteins. A 5% po1y:icrylaiiiiclc coiicciitration is adequate 
for hoth purpobes. h distinction >liould be made licre between disc 
electrophoresis (18, 19) and disc c.lectrofocu>ing. Iii the  dibc elcctro- 
phorcsis procedure the concrntr:ition of ,icrylnniide regulates tho pore 
size of the gel. By using different concentrations of wrylanude, a 
“sieving effect” can lie achieved with protein> exhibiting different 
molecular size. Therefore their relative cllcctrophoretic mobility is a 
function of both the  electrical ch:irjic and molecular size. I n  disc 
elcctrofocusing, t he  “sieviiig cff ect” shoultl he avoided since focusing 
depends only on the  electrical cliarge of the protein. Concentr a t’ ion. 
of acrylamide above 5% can be uecd ii the size of the protcins to he 
separated is such that no resistnncc to their migration is cxpccted. 
Peacock and  Dingrnan (20) liavc dcscri1)cd a procedure for obt:iining 
good gel atrcngth at very low acrylamiclc concentrations by incorporat- 
ing agarose in the  forniulation. Preliminary expciriment. (10) have 
shown the feasibility of using sncli gels for the separation of high 
molecular weight proteins by diic clectrofociising 

Sample loading and Electrofocusing 

The protein mixture to be clcctrofocu.cc1 Jiould be :IS free a> pos- 
sible of salts and  inorganic buffers since their presence may caube 
variations in the  position of band, froin one run to anothcr. Howcvcr, 
relatively small contamination n ith salts c m  be toleratcd. If the 
sample is available in the dry form, it can u>ually be dis3olvctl in R 

small amount of water, or in the portion of carrier anipholyte solution 
used to prepare the gels. Gcncrally, two niotlcs of introduction of the  
protein sample into the gel have 1)coii rlc~cribcd. These involve either 
direct addition to  the  gel formulatioii follonetl by pliotopolymerizatioii 
of the gel-saniplc mixture (9, 10, 12, 1 4 i ,  or loading of the  sainplc 
(in sucrose) on top  of the gel anti iinrlcrneath a protective laycr of 
ampholyte (8, 1 1 ,  24). The  latter procedure should be usctl if cyl)osur(’ 
of the sainplc to tlie condition- of polymcrization niubt bc avoided. 
How ever, the gel - sa m p 1~ poly rne ri z a t ion proc cd u rc is simpler an (I 
more rapid. T h e  electrofocusing pnttcrii. I Lilting froin citlicr one of 
the loading procedurci arc idcnticnl Diffwoiit conccsntrationi of urra 
can be incorporated in the  gel if tlcsircd. 
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ISOELECTRIC FOCUSING OF PROTEINS IN GEL MEDIA 527 

Solutions of phosphoric and sulfuric acids have been used as anolytes 
whereas solutions of ethylcnediainine, etlianolaniine, and tetramethyl 
ethylene dianiinc were employed as catliolytes. The upper electrode 
is uhually connected to tlic anode imd the lower electrode to the 
cathode. The power supply should he capable of providing constant 
voltage since the current drops progressively during electrofocusing. 
Constant current power supplic* are riot suitable for disc electrofocus- 
ing. Current of 2-5 mA per column for a duration of 1-14 hr has been 
used. In the author’s experience, :i current of 5 mA per column for 1 hr 
is usually sufficient for complete clectrofocusing. 

Staining and Measurement of pH Gradient 

An important step prior to staining the protein bands separated 
hy disc clectrofocusing is the rcmoval of the carrier ampholytes which 
form insoluble complcxe- with a numlwr of the common protein stains. 
This is acconip l~~l ie t l  hy placing the gel, in :L beaker containing ap- 
proximately 250 nil of 12c/( trichloroacctic acid and stirring with a 
mitgnctic stirrer, u ~ ~ i l l y  overnight. Tlir trichloroacetic acid solution 
is replaced 5 to 6 times antl is followcd by a final rinsing of the gels 
in fresh trichloroacctic acid solution. The proteins can then be stained 
antl destaincd by procedures .imilar to those used for disc electro- 
phoresis (19j. Some of the btains that have been used in disc electro- 
focusing include Coomassie Brilliant Blue, Amido Black, Ponceau S, 
and Lisstminc Green SF. Riley and Coleman (10) have discussed the 
use of Light Green SF and Fast Green FCF for direct staining of gels. 
However, these procedures give poor color yield. Glycoproteins can 
be stained directly with pcriodic acid-Schiff reagent without removal 
of ampholytes (21 j .  Similarly, tlie cnzymc lipoxidase can be stained 
directly ( 2 9 ) .  Specific stains for lactate dehydrogenase activity ( 8 )  
and acid phosphatase activity (23)  have been described. It i b  conceiv- 
able that a number of other specific enzyme stains which have been 
successfully used in disc electiophoresis may also be used in disc 
electrofocusing perhaps without prior removal of ampholytes. Densito- 
metric tcchniqur, detection of radioactive bands, and immunochemical 
analysis, all of which hare  found applications in disc electrophoresis, 
may also be applicd to disc clcrtrofocuqing. 

Determination of the pH pmlient tlcvr4opcd during electrofocusing 
can be performed hy sectioning thr  pel column with the Canalco 
lateral gel slicer, or  any ot1ic.r similar tlr.vice, and eluting each section 
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528 N. CATSIMPOOLAS 

in a small beaker with 1 ml of water for 4 hr. Care should be exercised 
to avoid the presence of CO, in the solutions to be measured. The pH 
gradient can also be determined directly from the gel column by the 
use of microelectrodes. Colored proteins and dyes of known iso- 
electric point can be utilized as pH markers for direct comparison 
with the electrofocused protein bands. 

Applications 

The disc electrofocusing method has been successfully applied to 
analytical separation work involving a wide variety of proteins. Some 
typical examples can be found in the separation of human serum 
proteins ( 8 ) ,  water-soluble flour anti gluten proteins (9), ovalbumin 
and plakalbumin (9, I 4 ) ,  bovine serum albumin (1 4 ) ,  hemoglobins 
and myoglobins (10, 1 1 ) ,  pH 4.5 soluble soybean proteins ( 1 2 ) ,  lysate 
of human erythrocytes (10) , soybean hemaglutinins (2f ) , soybean 
lipoxidase (22 ) ,  L-amino acid oxidase ( 2 4 ) ,  soybean trypsin inhibitors 
(25) ,  and human serum lipoproteins (26'). An example of the analytical 
information that  can be obtained from a mixture of proteins subjected 
to disc electrofocusing is shown in Fig. 1. The number of bands, their 
relative staining intensity, and the approximate isoelectric point of the 
separated components can be determined by using only microgram 
quantities of sample and a relatively simple and rapid procedure. 

THIN-LAYER ELECTROFOCUSING 

Essentially two variations of the thin-layer electrofocusing technique 
have been described employing either polyacrylamide gel or Sephadex 
as a stabilizing medium. The  use of thin-laycr plates of polyacrylamide 
gel as the electrofocusing matrix was introduced independently and 
almost a t  the same time by Awdch et al. (27)  and by Leaback and 
Rutter (23). Radola (28) used thin layers of Sephadex G-75 as an 
inert carrier for stabilization of thc pH gradient. High resolution in 
the separation of proteins has been achieved with both methods. One 
of the advantages offered by the thin-layer electrofocusing method 
is that several samples can be cornpared simultaneously on the samc 
plate. The maximum number of snmplcs that can be compared directly 
on the same gel by disc dectrofocusing is only two, provided double 
compartment glass tuhes are used. Thus, thin-layer electrofocusing 
may be the method of choice when comparing electrofocusing patterns 
of samples with subtle variations in the position and intensity of bands. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ISOELECTRIC FOCUSING OF PROTEINS IN GEL MEDIA 529 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



530 N. CATSIMPOOLAS 

Polyacrylamide Gel 

Many similarities exist between thin-layer polyacrylamidc gcl and 
disc electrofocusing. The mode of polyincrization of tlic gel, the nature 
of electrolytes, the procedures for wadling, -tailling, ck~ tn in ing ,  and pH 
measurement can he applied iiitei cliniigenhly. Ilowever, thc apparatus 
used is constructed in ail cntircly cliff ereiit nminer.  Thin-layer 
electrofocusing is performed 111 a horizontnl f a h i o n  n licrea,- thc (113~ 
clectrofocusing tcchnique require. a wrt i ra l  arrangement 

Two type3 of appnr:ttu- have bccri t l c v i d  for thin-layer electro- 
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ISOELECTRIC FOCUSING OF PROTEINS IN GEL MEDIA 531 

focusing. Leaback and Rutter (63) used a glass base to  carry the gel 
slab and the electrode wells. A Perspex lid for the glass base has 
terminals connected to horizontal carbon or platinum electrodes which 
fit into the trenches. Awdeh et al. (27 )  formed the gel on a glass plate 
which was inverted and rested on two carbon electrodes spaced 20 cm 
apart. The author has devised an apparatus based on commercially 
available equipment (Fig. 2 ) .  The electrodes of a Gelman electro- 
phoresis chamber were removed from position i and placed on top 
of the lid b at position c with the platinum wires d pointing down- 
ward. The holes i were closed with tape. Holes f were drilled a t  
the bottom of a Shandon gel t ray  e for easy removal of micro- 
scope slides g which were accommodated in the tray. The t ray e is 
rested on the shoulders of the electrophoresis chamber. Water is placed 
in the trough a to  provide a moist atmosphere. During polymerization 
of the gel in the tray, glass rods are placed in position h to provide 
trenches for the electrolyte solutions. When the lid is closed, the 
platinum electrodes d make contact with the electrolyte a t  position h. 
A cooling plate can be placed underneath the gel t ray if desired. 

Thin-layer electrofocusing in polyacrylamide gels has been applied 
to the separation of immunoglobulins (2'7), hemoglobins and myo- 
globins (25, 27) ,  serum proteins ( 2 3 ,  ribonuclease ( 2 3 ) ,  erythrocyte 
phosphatlase (as),  and extracellular proteinase from Serratia marces- 
cents (29) .  A pattern typical of the separations tha t  can be achieved 
by this method is shown in Fig. 3. Rerunning of certain bands showed 
that  the patterns observed were due to true molecular heterogeneity 
and not, for example, the complexing of a homogeneous protein with 
the carrier ampholytes (23 ) .  

Sephadex Gels 

Thin-layer electrofocusing on Sephadex gels is permormed on plates 
40 x 20 cm or 20 x 20 cm coated with a suspension of Sephadex G- 
75 (Pharmacia) in 1% carrier ampholyte solution (LKB) (28). The 
coated plates (0.75-1.0 mm thickness) are mounted horizontally on a 
metal cooling block. Contact with the electrode vessels, containing 
solutions of sulfuric acid and ethylene diamine, is made by Whatman 
3MM paper strips shielded with a dialysis bag to prevent liquid flow 
from the electrode vessels to the gcl. The protein sample is applied 
by means of cover slips as described for thin-layer gel filtration (30). 
Electrofocusing can be completed in 6-8 hr a t  10-20 V/cm on the 20- 
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532 N. CATSIMPOOLAS 

FIG. 3. Thin-layer polyncrylamide gel electrofocuaing p:Ltterns. The 
portions of gcls skiown lii~rc correspond tippi'oxiinatcly to pH 3-10 (Irft 
to right) with (a) ovalbumin: ( b )  t)o\ine wrum nlbuinin; ( c )  ritlo- 
nuclcasc ; ( d )  d~c iwiny  of crythrocyte phosphatasc nctivitics ( A )  with 
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ISOELECTRIC FOCUSING OF PROTEINS IN GEL MEDIA 533 

cm plates and in 18-24 hr a t  5-10 V/cm on the 40-cm long plates. 
Protein bands are detected by taking a print from the surface of the 
gel with Whatmann 3MM paper, drying the paper, removing the 
ampholytes by extensive washing in sulfosalicylic acid or trichloro- 
acetic acid, and staining with Coomassie Blue R25 or Lissamine 
Green. Densitometry can be performed in a Joyce-Loeble densitometer 
equipped with a thin-layer attachment. The pH gradient can be 
measured directly from the gel with microelectrodes. An kxample of 
the separation patterns obtained is shown in Fig. 4. So far, the method 
has been applied to  the separation of myoglobins and hemoglobins, 
ovalbumin, bovine serum albumin, ferritin, and horseradish peroxidase 
(28). 

ELECTROFOCUSING-ELECTROPHORESIS 

This method involves the separation of a mixture of proteins by a 
combination of disc electrofocusing and electrophoresis. The proteins 
are first separated by disc elcctrofocusing and then are subjected to 
electrophoresis either on polyacrylamide gel slabs (31-33) or on agarose 
gels (34). A two-dimensional map of protein spots is obtained. The 
position of the spots is a function of both the isoelectric point and 
electrophoretic mobility of each protein in the particular electro- 
phoresis buffer used. It should be recognized that  this technique has 
great potentialities since the pH of the electrophoresis buffer can be 
varied, and one can take advantage of the “sieving effect” by varying 
the acrylamide concentrations of the gel. 

Macko and Stegeman (32) used commercially available apparatus 
originally designed for disc electrophoresis and vertical flat gel electro- 
phoresis. Dale and Latner (31) constructed an  apparatus of their own 
design. Experimental details of the technique can be found in the 
above-mentioned works (31, 3%). In  general, the factors involved in 
the separation of proteins by disc electrofocusing and polyacrylamide 
gel electrophoresis (35,367 are applicable to this method. Catsimpoolas 
(34) used agarose gel on microscope slides for the electrophoretic 
migration of the electrofocused proteins. This technique will be de- 

oxyhaemoglobin A indicated at, position B ; ( e )  human y-globulins; ( f )  
( g ) ,  and ( h )  fractions of ( e )  ; (i) hnninn haptoglobins, ( j )  human trans- 
fcrrins; and ( I ; )  a “normal” liumnn srr’um with prcalbumin ( A ) .  hapto- 
globin ( B ) .  :tlbumin (C).  transftwin ( D ) .  and y-globulin ( E )  zones. 

Sainplc slots nrr  mtirkrd S ( 2 3 ) .  
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scribed in more detail in the “Immunoelectrofocusing” section of this 
review. 

Examples of the separation capabilities of the electrofocusing 
electrophoresis technique have been presented by Dale and Latner 
(31) using serum proteins, and Macko and Stegeman (39) in the 
analysis of potato tuber proteins (Fig. 5 ) .  Dale and Latner (31) were 
able to obtain characteristic “maps” of serum proteins showing changes 
in disease states. The importance of the potential clinical usefulness 
of this technique is apparent. As pointed out by Dale and Latner (31),  
one of the advantages of this method is that  the biological fluid itself 
may be used to  replace water in the ampholyte/acrylamide monomer 
recipe, thus eliminating the necessity of prior concentration. 

PREPARATIVE GEL ELECTROFOCUSING 

Although the various methods of isoelectric focusing of proteins in 
gel media have been used primarily for analytical purposes, preparative 
applications have been reported for thin-layer electrofocusing in poly- 
acrylamide (23) and Sephadex gels (28) .  The preparative methods 
are simply scaled up procedures of the corresponding analytical 
techniques. The author has introduced a minor modification in the 
Prep-Disc apparatus manufactured by Canalco for possible application 
to preparative purposes. The flow slit disc is removed and the lower 
end of the upper column is covered with a square of Saran Wrap. The 
gel medium consists of 2 g acrylamide, 80 mg N,N’-methylenebis- 
acrylamide, 20 ml of N,N,N’,Ar’-tetramethylene diamine, 0.4 mg 
riboflavin, and 2 ml of the 40% stock ampholyte solution (LKB), 
made to 40 ml with water. The gel is photopolymerized in the column 

tom) sperm whale myoglobin (Koch and Light), bovine serum albumin 
(Behringmerke), and horse splern ferritin (Koch and Light). All proteins 
were used as 5% solutions, in misturc the concentration of each was 5 % ;  
30 81 of the protein solutions were apl)lied with a cover slip a t  thc middle 
of the plate. Plate:  40 X 20 mi; layrr. 0.75 mm. Focusing a t  5-6 V/cm 
for 18 hr a t  4-6”. Staining with Coomnssie Blue (28). (Lower): Thin- 
layer isorlectric focusing of rornnierci:rl horscradish peroxidase in a 
pH 3-10 ampholyte systrni. Froin 1t.it to right: B I1 (applied a t  two 
different, amounts) and B I. perosid (Bochringer) \\.it11 absorbancc 
ratios of 0.6 and 2.8. rrsprctivcly ; S. ~)eroxidasr (Servii) absorbance ratio 
2.6. About 100-200 ~g oi  thr  prcli:ir:itions w r e  applied. Plate: 20 X 20 
em, 0.75 nim laj.cr. Forusing at  10 V / m i  for 7 Iir at 4-6”. Enzyme activity 

was detected by ureii-perosidc nnd o-toluidine (50). 
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536 N. CATSIMPOOLAS 

FIG. 5. Electrofocusing-clrctrophorcsis Ixittrrn of protvins from pot:~to 
tuber, variety Voran. The main part. of thc picturr sho~vvs thr “niaii” of 
protein spots obtained after polyacrylaniidr electrophoresis (pH 8.9. 
buffer 15.125 g Tris anti 1.15 g boric. acicl prr litrr) of t h r  rlcrtrofocmrd 
proteins (ampliolinc pH 5-7). Thc r%nipty grl (harely visible on the 
picture), which has served as thr  starting line for the rlrctrophowsis, is 
shown below the strip;  i t  drmonstrntrs t h a t  ncnrly all of t h r  protrins 
cntcred the sliih. On thc lrft : thc rlcc~tropliorrtic p i t t c m  run sinidta- 

neously (38 ) .  

filled to a height of approximately 18 ciii. After  polymcrieation thc 
Saran Wrap is removed, and t h r  coluniii is placctl in  the top  orifice of 
the  hasic apparatus whcre i t  automatically rwtb 011 the t a p c w ~ l  
shoulder. The protein m n p l e  in bucrose i,- loaded on top of the coliimii 
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under a protective layer of ampholyte (14). The upper electrolyte 
reservoir is filled with 5% phosphoric acid solution, and the lower with 
5% ethylenediamine. Electrofocusing is performed at 40V for 24 hr 
using a constant voltage power supply. After electrofocusing, proteins 
are eluted by slicing the hollow gel cylinder at positions indicated by 
a marker longitudinal strip (3  mm wide) cut off the hollow gel and 
placed in 12% trichloroacetic acid solution. Excellent preparations 
have been obtained in this laboratory using this method. 

IMMUNOELECTROFOCUSING 

Immunochemical techniques, which the author has described by the 
general term “immunoelectrofocusing,” were developed by Riley and 
Coleman (10) and Catsimpoolas (34,37-40). I n  general, these methods 
involve electrofocusing of proteins in polyacrylamide or agarose gels 
followed by immunodiffusion or immunoelectrophoresis. 

Polyacrylamide Gels 

Three variations of the immunoelectrofocusing technique in poly- 
acrylamide gels have been described. The disc immunoelectrofocusing 
method (37) involves isoelectric focusing of proteins in polyacryl- 
amide gel columns followed by embedding of the intact column in pH 
8.8 agar gel. Trenches cut parallel to the column are filled with ap- 
propriate antisera and immunodiffusion is allowed to proceed with 
consequent formation of irnmunoprecipitin arcs (Fig. 6 )  . The technique 
is useful when an over-all immunodiffusion pattern of a mixture of 
antigenic components is desirable, All of the experimental conditions 
described for disc electrofocusing are applicable to  this method. How- 
ever, washing of the gel columns with trichloroacetic acid to remove 
the ampholytes prior to diffusion is not necessary. A buffered agar 
medium should be used for immunodiffusion in order to provide an 
environment suitable for antigen-antibody reactions. 

In  the “sectional immunoelectrofocusing” technique (38)  , the 
electrofocuscd gel column is sliced into approximately 40 sections 
using the Canalco lateral gel slicer. Each section is fragmented by 
extrusion through a microglass syringe and placed in sample wells 
punched in buffered agar g ~ l  plate. The antigenic components are 
eluted by addition of buffer in the wells and diffuse toward appropriate 
antisera placed in trenches parallel to the row of the sample wells. The 
arrangement of sample wclIs and antiserum trenches is shown in Fig. 
7. Some of the advantages of this method are the appropriate esti- 
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538 N. CATSIMPOOLAS 

FIG. 6.  Disc i m n i u n o c l c c t ~ o f o c u ~ i i ~ g  of ra th i t  si’ruiii 1)i,ottxiiis i n  1 1 1 c ~  
regions brtwccn pH 3 :ind 10 ((0. 111% 5 ; i n i I  S ( b ) .  a n d  pII 3 a n i l  6 
( c ) .  1,  Goat :intinrrurn to r:ilibit. y-globulin ; 2. c,lcctwfocxsiny colrurin ; 

3. goat, antisc>riini to r:iI)hit srr11111 ( 3 7 ) .  

mation of the isoelectric point of tlic s:Lmple placcrl in each ~ c l l  and 
the recognition of iininunochemical identity or  nonitlentity reactions 
between samples in adjacent wclls by loop or spnr formation of thc 
arcs (41 ) .  
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ISOELECTRIC FOCUSING OF PROTEINS IN GEL MEDIA 539 

FIG. 7.  Sectional immunoclcctrofocu~ing of rabbit serum proteins electro- 
focused in thc pH rrgion between pH 3 and 10 and developed with goat. 

antirabbit serum. 

A useful extension of the “sectional immunoelectrofocusing” tech- 
nique involves immunoelectrophoresis (42, 43) of the sections obtained 
from a disc electrofocusing gel column (34). The additional separation 
afforded by using immunoelectrophoresis after electrofocusing is of 
definite advantage in the examination of a complex mixture of anti- 
genic proteins. As an example, serum proteins can be separated into 
simple groups of antigenic components by the combined electrofocus- 
ing-electrophoresis method which cannot be achieved by either tech- 
nique alone (Fig. 8) .  This has also been demonstrated by Dale and 
Latner (31 1 in their combined two-dimensional electrofocusing-electru- 
phoresis procedure. 

Agarose Gels 

Immunoelectrofocusing in agarose gels (10,39) technically resembles 
immunoelectrophoresis (42,43) in every respect except for the replace- 
ment of the electrophoresis buffer with carrier ampholytes and the 
corresponding electrode electrolytes such as phosphoric acid and ethyl- 
enediamine solutions. The principles of the separations afforded by 
the two methods are, however, different. An important aspect of the 
technique is the neutralization of the pH gradient developed in the 
agarosc by brief immersion in buffers which will allow the antigen- 
antibody reaction to occur hetween pH 6.5 and 8.0 (&). Riley (45) 
has pointed out that  the imrnunoelectrofocusing patterns of serum 
proteins described previously (40) may show more precipitin lines 
especially a t  the anodic and cntliodic cnds if buffers of higher concen- 
tration arc used (e.g., 1.0M, pH 7.0 phosphate buffer) for immuno- 
diffusion. Immunoprecipitin lines of human serum developed with 
horse antihuman serum are shown in Fig. 9, as an example of the 
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B 

+ 

C 

separation5 that  can be achieved with this method. The  agarose gel 
technique is more useful in pattern comparison rather than in the 
estimation of isoelectric points of separated componenta. 

With the increased application of the irnmunelcctrofocusing tech- 
nique i t  is hoped that new methods :md improvcmcwt- in cxisting 
methods will be dcvclopcd. Rccently, Carrel et al. 146) introduced 
a new variation of the immunoelectroforusing method which allon-ed 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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FIG. 9. Immunoelectrofocusing of human serum in pH 3 to 10 Ampho- 
line in 1.5% agarose. Electrolysis was for 5 hr initially at 15V and 1.2 
mA. Visualization of precipitinogens was carricd out by diffusion against 
horse antihuman serum (Hyland) following 4 min immersion of the slide 

in 1.0 M PO, h f f e r ,  pH 7.0 (10 ) .  

the immunoprecipitin bands to be formed directly on electrofocused 
polyacrylamide gel plates or in disc electrofocusing columns. 

GENERAL CONSIDERATIONS 

It seems reasonable to assume that the simplicity and high resolution 
of the gel electrofocusing method which offers definite advantages 
in the separation of proteins will eventually lead to its widespread use. 

Important future developments may involve the elucidation of the 
nature of the heterogeneity observed with certain proteins which 
appear to be homogeneous by commonly accepted criteria. Some of 
the heterogeneity may be due to labile amide groups, conformational 
variations, subunit composition, and modification of the proteins 
during isolation or separation. These aspects of heterogeneity have 
been briefly discussed by Carlstrom and Vesterberg (47 )  , Flatmark 
and Vesterberg (@), and Susor et a1. (49).  It is imperative that  
multiple molecular forms of a given protein, demonstratable by gel 
electrofocusing, should be further analyzed in order to rule out arti- 
fact formation. 

The added dimension of isoelectric separation to  existing analytical 
methods utilizing gel media may contribute significantly to  our under- 
standing of the intriguing complexities of protein structure. 

ADDENDUM 

A new method for staining proteins in the presence of carrier 
ampholytes has been described ( 5 1 ) .  The disc electrofocusing tech- 
nique has been applied to the analysis of ferritin (5W), antibodies of 
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542 N. CATSIMPOOLAS 

restricted heterogeneity (53) , carcinogenic hydrocarbon binding soluble 
”rotein from mouse skin (54 ) ,  insuliii (55j, purified protein derivatives 
(PPD) ( 5 6 ) ,  cathepsiri D (57) ,  purified antitype VIII  pneumococcal 
polysaccharide antibodies (58) , and human serum cholinesterase (59 j . 
Suggestions for specified conditions of 1)H placing of sample so as 
to avoid artifacts have been offered (60 ) .  Thin layer elcctrofocusing 
combined with radioautography has been described for the analysis 
of myeloma proteins (61 ) , anti in combination with irnmunodiffusion 
in thc separation of trypanosoma brucei subgroup antigens (6g). A 
two-dimensional technique cornhiriing disc electrofocusing and gradient 
gcl electrophoresis was reported (63). An immunolvgieal method for 
idcntifying protein areas after elcctrofocusing-electrophoresis has beon 
developed (64) .  The princ.iple of T~aui~cll’s antigen-antibody crossed 
electrophoresis (65) has been utilized for identifying human urinary 
proteins after disc electrofocusing (66 ) .  I t  has been suggested that the 
frequently u s d  t e r m  “electrofocueing” anti “immunoelectrofocusing” 
should be replaccd by the more appropriate t m n s  of “isoelcctrofocus- 
ing” antl “inimuno-isoelectrofocusing” ( 6 7 ) .  The author of this review 
also suggests that  the latter terrns are adopted for easy subject index- 
ing and uniform terminology. 

Acknowledgments 

Figures 1, 3, 4, 5,  7, 8, and 9 arc reproduced by permission of the 
publisliers of Analytical Biorhemrstry, Biochemical and Riophysicnl 
Resenvch Communicntions, Biorhimica e t  Biophysica Acta, Clinica 
Chimica Acta, Hoppe-Seyler’s Zeitschrift fur Physiologisch,e Chernie. 
Journal of Laboratory and Clinical Xedicine,  and Immunochemstry.  

REFERENCES 

1 .  H. Srensson. Actn Chent. Scn.ntZ., 15, 325 (1961). 
2. H. Svensson, Acta Chem. S c a d . ,  16, 456 (1962). 
3. 0. Vrsterborg and H. Svt,nsson. Arfrr Phetu. Srnnd. ,  20, 820 (1966). 
4. 0. Vestwbcrg, Acfn  Chem. Scnnd., 23, 2653 (1969). 
5 .  H. Sv~nsson.  Arch. Riochenc. Rioph ys., Sicppl .  1, 132 (1962). 
6. H. Hngliind. Sci. Tools, 14, 17 (1967). 
7. 0. Vrstert)t.rg. Inaugural Dissrrtation. Ihrolitiika 1nstitutc.t. 1965. 
S. G. Dnlr iind .4. I,. 1,stner. Lnticet, 1968-1(7547), 847. 
9. C. W. Wrigley, J. Chromntogr., 36, 362 (1968). 

10. R .  IT. Rilcy antl M. I<, Colcniun. J .  I,rrh. ( ’ / i t ! .  Xed., 72, 714 (1968). 
f l .  J. S. Fawcrtt .  FEBS L e t / . ,  1, 81 (1968) 
12. N. Catsimpoolas, Anol. Riochen?.. 26, 480 (1!)68), 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ISOELECTRIC FOCUSING OF PROTEINS IN GEL MEDIA 543 

13. N. Catsimpoolas and E. Lcuthner. Biochim. Biophys. Acta 181, 404 (1969). 
14. C. Wriglcy. Sci. Tools, 15, 17 (1965). 
15. J. M. Brewer, Science, 156, 256 (1967). 
16. 
17. 
1s. 
19. 
20. 
21. 
22. 
BY. 

24. 
35. 
26. 

27. 
2S. 
29. 
30. 
31. 
32. 

33. 
34. 
35. 
36. 
YY. 
38. 
3.9. 
40. 
$1. 
42. 
43. 
44. 

45. 
$6,  

./tr 

. is  

.f,9 
50 
51. 
52 

K. H. Fantrs and I. G. S. Furminger, Nature, 215, 750 (1967). 
W. M. Mitchell, Biochim. Biophys. Acta, 147, 171 (1967). 
I,. Ornstrin. Ann.  N .  Y .  Acatl. Sci., 121, 321 (1964). 
D. J. Davis. Ann .  N .  Y. Acad. Sci., 121, 404 (1964). 
A .  C. Peacock and C. Wr. Dingman. Biochemistry, 7, 668 (1965). 
N.  Catsinipoolas and E. W. Meyer, Arch. Biochem. Biophys., 132, 279 (1969). 
S. Catsimpoolas, A ~ c h .  Biochem. Biophys., 131, 155 (1969). 
D. H. Lraback and A. C. Ruttcr, Biochem. Biophys. Res. Commun., 32, 447 
(1968). 
M. B. Hayes and D. Wellnrr, J. Biol. Chem., 244, 6636 (1969). 
N. Catsimpoo1:q Separ. Sci., 4, 483 (1969). 
G. Von Kosher ,  JT. Albcrt. and A .  Holasek, Hoppe-Seylei’s Z. Physiol. 
Chem., 350, 1347 (1969). 
Z. L. Awdeh. A. R .  JVilliamson. and B. A. Askonas, Nature, 219, 66 (1968). 
B. J. Radola, Biochim. Biophys. Actn, 194, 335 (1969). 
A. 13. McQuatle and W. G. Grewtlicr. Zliockim. Biophys. Acta,  191, 762 (1969). 
I3. J. Ratlola, J .  Chromnlogr., 38, 61 (1965). 
G. Dale and A .  I,. Latrier, Clin. Chim. Actn,  24, 61 (1969). 
V. Macko and H. Stcgcmann, Hoppc-Scyler’s Z. Physiol. Chem.,  350, 917 
(1969). 
J. Margolis and K. G. Kenrick, quoted in Ref. 14. 
N. Catsimoolas, Clin. Chim. Acla, 27, 222 (1970). 
S. Raymond. Ann .  N .  Y .  Acad. Sci., 121, 350 (1964). 
S. Raymond and M. Nakamichi. Anal.  Biochem., 3, 23 (1962). 
N .  Catsimpoolas. Zmsmunochemistr?J, 6, 501 (1969). 
N. Catsimpoolas. Biochim. Biophys. Acta, 175, 214 (1969). 
N. Catsimpoolas. Clin. Chim. Acta,  23, 237 (1969). 
1;. Catsimpoolas, Sci. Tools, 16, 1 (1969). 
A. J. Crowlc, Zmmunodi.gusion, Academic. New York, 1961. 
P. Grabar and A. C. Williams, Biochim. Biophys. Acta, 10, 193 (1953). 
J. J. Scheidepgrr, Int. Arch. Allergy Appl. Imtmunol., 7, 103 (1955). 
E. A. Iiabat and M. M. Maycr. Experimentul Zmmunochemtitry, 2nd ed., C.  C 
Thomas, Springfield, Illinois. 1961, p. 45. 
R. F .  Riley. Personal communication. 
S. Carrel. L. Theilkacs, S. Skvaril, and S. Barandun. J .  Chromatogr., 45, 483 
(1969). 
A .  Carlstriim and 0. Vesterberg, Acta Chem.  Scand., 21, 271 (1967). 
T. Flatmark :ind 0. Vrsterlwrg, Actn Chem. Scand., 20, 1497 (1966). 
JV. A. Siisor. M.  Iiorhman. and W. J. Rutter. Science, 165, 1260 (1969). 
H. Drlinccr and B. J. Radola, Bk~chim. Biophys. Acta,  200, 404 (1970). 
Z. L. Awdeh, Sci. Tools, 16, 42 (1969). 

, J. W. Drysdale, Biochim. Biophys. Acta,  207, 256 (1970). 
53. E .  Habrr, F e d .  Proc., 29, 66 (1970). 
54. J. G. Tassrron, H. Diringer, pr’ Frohwirth, S. S. Mirvish. and C. Heidelbergcr, 

Biochemistry, 9, 1636 (1970). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



544 N. CATSIMPOOLAS 

56. S. Lewin, Postgrad. Med. J., 45, 729 (1969). 
56. J. Augier and S. Augier-Gibory, Ann. Inst. Pasteur, Paris, 117, 768 (1969). 
57. A. J. Barrett, Biochem. J., 117, 601 (1970). 
58. J. H. Pincus, J. C. Jaton, K. J. Bloch, and E. Haber, J. Immunol., 104, 1149 

59. P. J. Gaffney, Jr., Biochim. Biophys. Acta, 207, 465 (1970). 
60. S. Lewin, Biochem. J., 117, 41P (1970). 
61. Z. L. Awdeh, A. R. Williamson, and 13. A.  Askonas, Biochem. J. ,  116, 241 

62. K. C. Humphryes, J .  Chromatogr., 49, 503 (1970). 
63. K. G. Kendrick and J.  Margolis. Anal. Biochem., 33,204 (1970). 
64. J.  H. Dewar and A .  L Latncr, Clin. Chim Actn ,  28, 149 (1970). 
65. C. B. Laurell, Anal Biochem., 10, 358 (1965). 
66. L. RotbZl, Clin. Chim. Acta, 29, 101 (1970). 
67. R. D. Strickland, Anal. Chem., 42, 34R (1970). 

(1970). 

(1970). 

Received b y  editor Mnrch 10, 1970 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


