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Broadening perspectives of electrophoresis—as 
seen from twenty-five years of use at the 
Cleveland Clinic 

L E N A A . L E W I S , P H . D . 

Division of Research 

EL E C T R O P H O R E S I S — t h e migrat ion of particles under the influence of 
an electric field—has been applied to the study of the proteins of serum 

and other body fluids, and over the years has become increasingly im-
portant to the physician. Electrophoretic patterns of serum proteins 
have diagnostic significance, and can provide addit ional informat ion in 
some cases concerning the progress of the disease. Th i s report briefly traces 
the history of electrophoresis and the research—clinical development of 
electrophoresis dur ing a quar ter of a century of use at the Cleveland 
Clinic. 

T h e development of moving-boundary electrophoretic methods f rom 
the early mobility studies of Picton and Linder 1 in 1892, was gradual 
unti l 1937 when Tiselius2 perfected an apparatus that permit ted quanti ta t ive 
estimation of the mobilities of various components in a mixed protein solu-
tion such as plasma. In 1941 no electrophoretic apparatus for the study of 
plasma proteins was available commercially, so an apparatus similar to 
that of Longsworth and Maclnnes 3 was constructed (Fig. 1) in the instru-
ment shop at the Cleveland Clinic under the supervision of Roy Mc-
Cullagh, Ph.D., head of the biochemistry depar tment of the Division of 
Research. Because many materials were unavailable dur ing Wor ld W a r II, 
progress was slow, but satisfactory analyses of some plasma samples were 
obtained early in 1942. Free moving-boundary electrophoresis using phos-
phate buffer, p H 7.8, as was performed in the early studies, resolved plasma 
proteins into five fractions: a lbumin, «2-globulin, /3-globulin, ^-globulin 
and y-globulin. 
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Fig. 1. Free moving-boundary electrophoretic apparatus constructed at Cleveland Clinic, 
Division of Research, in 1941. 

In collaboration with colleagues E. Perry McCullagh, M.D., and Rober t W. 
Schneider, M.D., studies were made of changes in the plasma proteins of pa-
tients with diabetes.4 In patients with severe uncontrolled diabetes the 
total plasma protein was within normal limits, but the a lbumin was 
greatly decreased and the /3-globulin was increased (Fig. 2). It was sug-
gested that the high /J-globulin content was probably due to increased con-
tent of blood lipids. After t reatment for several months and good control 
of the diabetes, the plasma protein pat terns re turned to normal, except 
in those patients in whom there were complications such as diabetic 
retinitis; their protein electrophoretic patterns failed to at tain normal 
levels. 

Changes in the proteins of plasma, urine, and body fluids of patients 
with lupus erythematosus were studied to determine whether there were or 
were not changes that might account for the property in the plasma which 
caused the development of the lupus erythematosus cell (L.E. cell). Study 
of various protein fractions isolated after electrophoresis showed that the 
L.E. cell factor migrated with the y-globulin.5 

While the concentrations of the plasma proteins change in many clinical 
entities (Table 1), among the most interesting alterations observed are 
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TOTAL PROTEIN ALBUMIN ci GLOBULIN /J GLOBULIN V GLOBULIN FIBRINOGEN 

I j 12-29- 43 UNTREATED - DIABETIC ACIDOSIS 
I 2- 26- 44 «ELL CONTROLLED - N 0 COMPLICATIONS 

Fig. 2. Plasma protein changes observed in uncontrolled and controlled diabetes. 
(Courtesy of Lewis, L. A.; Schneider, R. W., and McCullagh, E. P.: Tiselius electrophoresis 
studies of plasma proteins in diabetes mellitus. J. Clin. Endocrinol. 4: 535-539, 1944; and 
of The Journal of Clinical Endocrinology and Metabolism.) 

those that occur in mult iple myelomatosis. T h e serum electrophoretic pro-
tein pa t te rn may show a sharp spike due to increase in a specific protein, 
with mobili ty of y2-, y r , /?-, or <x2-globulin. In some cases the abnormal 
protein was found to have a rap id sedimentation rate, characteristic of 
macroglobulins.6 

T h e usefulness of the free moving-boundary technic was limited by the 
small n u m b e r of studies that could be made in a specific time, and by 
the relatively large amount of material required for analysis. Introduct ion of 
the paper electrophoretic technic and use of other types of support ing media 
have revolutionized the situation. In studies using support ing media, most 
of the same basic principles apply as in moving-boundary procedures.7 

Demonstration, by specific stains, of resolved components after electro-
phoresis, permits estimation of different parts of complex proteins. Thus , 
after electrophoresis the strip may be stained with bromphenol blue for 
protein, oil-red-O for lipid, or Schiff reagent for polysaccharide.8 

T h e increased information that can be obtained by improved electro-
phoretic technics is perhaps best demonstrated by a study of the results 
obtained on a severely hyperlipemic patient whose progress has been 
followed at the Clinic for more than 15 years.9 Electrophoretic analysis of 
the serum by free-moving boundary technic showed an extremely high con-
centration of ¡3- and «-globulins; however, the resolution of «- f rom /J-globulin 
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Table 1.—Summary of changes in various diseases in blood serum protein and lipoprotein 
patterns determined by paper electrophoresis* 

I. Diseases in which changes are specific 
A. Protein changes 

I. Mult iple myeloma 

2. Waldens t rom's disease 

3. Aggammaglobul inemia 

4. Nephrot ic syndrome 

Globulin 

Albumin 

0 to 2 -
0 to 2 -
0 to 2 -
0 to 2 -

0 
0 
0 

1 + to 4 + 

0 
0 

1 + to 4 + 
0 

71 
0 

1 + to 4 + 
0 
0 

1 + to 4 + t 
0 
0 
0 

( t Typical narrow sharp protein fraction.) Clinical picture apparent ly 
independent of type of protein abnormal i ty . 

0 to 2 -
0 to 2 -

0 
1 + to 4 + 

1 + to 4 + 
0 to 2 -

Nonspecific changes 0 0 1 - to 4 - Î 
- 1 to - 2 0 1 - to 4 -

(Î Fur the r evaluation by immunoprecipi t in technics using ant i Ig — G, 
anti Ig — A and anti Ig — M antisera necessary.) 

2 - to 4 - 1 + 4 + 4 + 0 2 - to 4 -

B. Lipoprotein changes genetically determined 

Lipoprotein 

Chylomicron /3 Pre /3 a 

I. Hyper l ipoprote inemia 
I§ "f 0 or | 0 0 Decreased post-

heparin lipoprotein lipase activity; familial fat-induced type of hyperl ipemia. 

I I | 0 t , 0 or | Familial 
" hypercholes teremic" type of hyperlipemia. 

I l l 0 Broad /3 extending into 0 or I Familial hy-
pre jS band percholesteremia with hyperli-

pemia . Wide fluctuations in concentrations of cholesterol and triglyceride. 
Grea ter than normal cholesterol in d < 1.0006 fraction. 

I V 0 0 or | t 0 or J. " C a r b o h y -
d r a t e " induced type; frequently associated with abnormal glucose tolerance. 

V t 0 o r 1 T 0 Possibly may be 
combinat ion of types I and I V ; combinat ion of fat- and carbohydrate- in-
duced hyper l ipemia. 

(§ Modified from Fredrickson & Lees.") 

2. Hypol ipoprote inemia 
a. Hypo /S-lipoproteinemia 

To ta l a-/3-lipopro- None None None Normal 
tein Results by paper electrophoresis must be confirmed by immunochemical 

analysis using anti /3-lipoprotein and ant i «-l ipoprotein antisera. 
Hypo-j8-lipoprotein 0 | j Normal 

b. Hypo-a- l ipoprotein-
emia 

Tangie r disease I * Almost complete absence 
Abnormal lipid composition of /3-lipoprotein, but reacts antigenically with 
an t i jS-lipo ant iserum. Requires immunochemical analysis for a - and ^-lipo-
proteins to establish diagnosis. 

* 0 indicates no consistent change f rom normal ; 0 to 4 — = decreases; 0 to 4 -)- = increases f rom normal level. 
A Some decrease in d 1.019 to 1.063 fraction. 
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BROADENING PERSPECTIVES OF ELECTROPHORESIS 

T a b l e 1.—Concluded 

I I . Diseases in which changes are nonspecific bu t significant 
A. Prote in changes 

Albumin oft a 2 ß 71 72 

Liver disease 
Cirrhosis 2 - 0 1 - to 1 + 2 + — 4 + 
Acu te toxic hepat i t is 2 - to 4 - 1 + 1 + to 2 + 2 + — 2 + to 4 + 
Infect ious hepat i t is 1 - to 2 - 1 + 1 + 1 + — 2 + to 3 + 

Myocard ia l infarct ion 1 - to 2 - 1 + 1 + to 3 + 1 + to 2 + — 0 to 2 -
Hyper tension 

M a l i g n a n t 1 - to 3 - 1 + 0 to 2 + 1 + to 3 + — 1 - to 1 + 
Essential 0 to 1 - 0 0 to 1 + 0 to 1 + — 0 

Infect ious disease 
P n e u m o n i a 
Tuberculos is 

Syphilis 

0 t o i -Leprosy 
Endocr ine disease 

Diabetes (without vascular complicat ions) 
Acidosis 0 to 1 — 
Well control led 0 

Diabetes (with vascular complicat ions) 

(No changes in mild essential hypertension) 

0 to 1 — + 1 + to 3 + 0 
0 to 2 - 1 + to 2 + 0 to 3 + 0 to 2 -

(Change depends on stage of disease) 
0 — to 2 — 1 + 1 + 0 

(Change depends on stage of disease) 
2 + to 4 + 0 to 1 + 

Well controlled 0 to 2 0 to 1 + 
Cushing 's syndrome 0 to 2 — 0 to 1 + 

Collagen diseases 

Lupus erythematosus 1— to 3— 0 to 1 -f-
Rheumato id arthri t is 0 to 1— l + t o 3 - | -

Malnu t r i t ion 
Anorexia nervosa o r . 0 0 

famine 
V i t a m i n deficiency 1 — to 2 — 0 
Aging 1 — 'to 2 — 0 

0 to 2 + 
0 

1 + to 3 + 
2 + t o 3 + 

2 + to 3 + 
0 

2 + to 3 + 
1 + to 2 + 

— 1 + to 3 + 

— 1 + to 3 + 

— 2 + to 4 + 

0 0 to 1 + 
0 0 

2 - to 2 + 
2 - to 4 -

1 + to 3 + 
1 + to 3 + 

(L.E. factor in 7-glob-
ulin f ract ion.) 

0 to 1 + 1 - to 4-f-
0 to 1 + 1 + to 4 + 

0 to 1 -
0 

0 to 1 -
1 + to 2 + 

0 0 

B. Lipoprotein changes not genetically de t e rmined , associated wi th disease 

Lipoprote in 

Chylomicron ß 
Rena l disease 

Nephrosis 
R e n a l fai lure or arenal 

Sprue and malabsorpt ion 
syndrome 

Thyro id disease 
Hyper thyro id 
Hypothyro id 

Liver diseases 
Cirrhosis 

Infectious hepat i t is 

Liver fa i lure 
Infect ious diseases 
Diabetes (acidosis) 

0 
0 or 

I 
t 

T 

t or 0 

I 
I 
T 

Pre ß 

Î 
0 
0 

0 
O o r t 

0 or I 
I to trace amoun t s 

0 or I 

0 
O o r t 

I , 0, or Î (Changes 
d e p e n d e n t on stage of disease) 

0 or J, A b n o r m a l mi -
grat ion ra te 

I 
O o r 1 

0 

* 0 indicates no consistent change f rom normal ; 0 to 4 — = decreases; 0 to 4-f- = increases f rom norma l level. 
A Some decrease in d 1.019 to 1.063 fraction. 
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M a y 1 9 5 2 J u n e 1 9 6 2 

Fig. 3. Plasma protein pattern of patient with severe hyperlipemia, studies of 1952 and 
1962. (Courtesy of Lewis, L. A., and Page, I. H.: An unusual serum lipoprotein-globulin 
complex in a patient with hyperlipemia. Am. J. Med. 38: 286-297, 1965; and of The 
American Journal of Medicine.) 

was poor (Fig. 3). Greatly elevated concentrations of low density (—S 20-400) 
lipoproteins were demonstrated ultracentrifugally; the isolated l iproprotein 
concentrate had an unusual syrupy consistency when removed from the pre-
parative ul tracentrifuge tube. When the serum or lipoprotein concentrate 
was studied by paper electrophoresis and stained for lipid, a broad, intensely 
stained lipid band with mobility between that of and of /J-globulin and a 
faintly stained «-lipoprotein band were demonstrated. These results offered 
no explanation for the unusual nature of the lipoprotein. 

Smithies10 found that addit ional resolution of proteins was accomplished 
when electrophoresis was carried out using starch-gel as a support ing me-
dium. Wi th this medium at least 21 protein fractions could be demon-
strated in h u m a n serum. Separation is dependent not only on the electric 
charge but also on the size of the protein molecules. Grabar and Williams1 1 

about the same time combined immuno-precipit in technics and electro-
phoresis and thus provided a means for more accurate identification of pro-
teins, in mixtures such as serum, than those previously used. Application of 
these two specific electrophoretic technics demonstrated that the l ipoprotein 
concentrate of the hyperlipemic patient 's serum contained not only proteins 
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Hoptoglob Albumin ß Lipoprotein 
lygfotì^ Tranif I Lipoprotein Albumin 

N o r m a l 
»Hol« serum 

Anti 

Whole scrum 
of patient 

f glob p^glob. Tronsf Albumin 

Fig. 4. Starch-gel immunoelectrophoretic pattern of hyperlipemic patient's serum 
[antisera against y-A(fj.2A) globulin was used; tris-borate double buffer system was used]. 
(Courtesy of Lewis, L. A., and Page, I. H.: An unusual serum lipoprotein-globulin complex 
in a pat ient with hyperlipemia. Am. J. Med. 38: 286-297, 196:); and of The American 
Journal of Medicine.) 

with electrophoretic and immunologic properties of f3- and «-lipoproteins, 
but an addit ional component that migrated faster than /^-lipoprotein on 
starch-gel. I t was found by Immunoelectrophoresis and ul tracentr ifugat ion 
to be a y-A (i.e., /82-A)-globulin with a sedimentation constant of 12S (Fig. 4). 
Thus , the unusual characteristic of the l ipoprotein was explained by a 
complexing of /^-lipoprotein with y-A globulin. T h e complexing of y-A-glob-
ulin with the /¡¡-lipoproteins in the patient 's serum may explain the lack of 
any evidence of atherosclerosis in the patient, despite the extremely high 
serum lipid levels that have been present for more than 15 years; the molec-
ular aggregate may be so large that it is unable to traverse the blood vessel 
wall. 

A simplified technic for thin-layer starch-gel electrophoresis,12 which 
requires no special scanning equipment in addit ion to that used for paper 
electrophoretic strips, makes this method an important aid in identification 
and quant i ta t ion of proteins of serum and other body fluids and of ab-
normal hemoglobins such as sickle cell hemoglobin, type C, A 2 , and other 
more unusual hemoglobulins. T h e method has also been used in the study 
of saline-soluble extracts of tissues. Other types of stains, including those 
for various enzymes, lipids, and haptoglobins increase the usefulness of the 
method. T h e starch-gel electrophoretic technic has been widely used in ge-
netic studies,10 since the types of haptoglobin and of transferrin are geneti-
cally controlled and these fractions are well resolved by this method. 

For studies of some materials, small modifications in electrophoretic tech-
nics may improve resolution and greatly increase the information derived. 
Thus , the use of a lbuminated buffer1 8 in the fract ionation of serum lipopro-
teins reduces the "trai l ing" effects that frequently occur when usual buffer 
systems are used. T h e method is especially helpful when high concentrations 
of low-density lipoproteins are present. Paper electrophoresis has also been 
useful in screening of family members in a study of hypo /3-lipoproteinemia.14 
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EXPANDING P E R S P E C T I V E S O F E L E C T R O P H O R E S I S 
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Fig. 5. Expanding perspectives of electrophoresis. From free moving-boundary electro-
phoresis as center or nucleus, the orbits (i.e., applications and technics) are constantly 
enlarging. 

Improved electroplioretic methods have been developed for prepara t ive 
purposes,1 5 and the use of high-voltage electrophoresis1 6 permits study of 
small molecular mater ials such as polypeptides and a m i n o acids. A combina-
tion of chromatography and gel-electrophoresis has been effectively used in 
de t e rmin ing s t ructure of i m m u n e globul ins and hemoglobin . (Fig. 5.) 

SUMMARY AND CONCLUSIONS 

T h e b roaden ing orbi t of electroplioretic technics is depicted in Figure 5. 
F r o m the basic studies tha t used free moving-boundary electrophoresis as a 
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nucleus, the field has expanded to include the use of many types of sup-
port ing mediums, high-voltage, immuno-, and preparative electrophoresis, 
and combinations, to help in identifying and in characterizing of proteins, 
polypeptides, and amino acids, and in unders tanding their physiologic 
roles. 

Some of these methods are now applicable only in the research laboratory, 
but fu ture developments and applications may mean that many more electro-
phoretic studies of many types will be essential and available for help in 
diagnosing and unders tanding clinical problems. 
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