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Methods for electrophoretic separation of amino
acids, peptides and proteins on filter paper were
developed independently by several investigators
(1-5) during the years 1948-50. The major pro-
tein components of serum could be separated satis-
factorily by this principle. The serum proteins on
the paper were stained with dye; by cutting the
paper into segments and eluting the dye, the
amount bound in each segment could be estimated
and an electrophoretic pattern constructed. The
quicker procedure of photometric quantitation of
the resolved serum components directly from the
paper strip was introduced by Grassmann, Hannig,
and Knedel (6, 7). Variables which affect elec-
trophoretic movement of protein and peptide in a
paper supported buffer medium include variations
in potential gradient, temperature, pH, ionic
strength and nature of the buffer used, thickness
of the filter paper, evaporation, time of run, and
nature of the protein itself. Paper electrophoresis
is well established as a research technique, having
been successfully used in serum protein and lipid
analysis (2-20), identification of the iron-binding
globulin (21), study of gastric mucins (22), se-
rum transport of thyroglobulin (23) and identi-
fication of abnormal hemoglobins (24, 25). This
report relates experiences with the Grassmann-
Hannig and Durrum methods of paper electro-
phoresis of serum proteins and photometric meas-
urement of the amount of dye bound by the serum
protein fractions. The significance of results ob-
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tained, their relationship to those obtained by free
electrophoresis, and the accuracy and value of
paper electrophoresis as a clinical laboratory pro-
cedure are discussed.

MATERIAL AND METHODS

Collection of samples. Sera were obtained from fasting
subjects and stored at 4° C. Electrophoresis was usually
performed on the following day, and not longer than
seven days after obtaining the specimen. The results of
analyses on 55 subjects are presented.*

Paper electrophoresis apparatus and technique. The
apparatus described by Grassmann and Hannig (7), and
a minor modification of that described by Durrum (26)
were used. Both employ similar principles.

Each Grassmann-Hannig box holds two papers in a
horizontal position, and three boxes were usually run
simultaneously. Strips of Whatman No. 1 filter paper,
4 cm. X 30 cm. were used. After the paper strip had been
moistened in buffer, gently blotted and placed in position
in the box,5 approximately 0.01 ml. of serum was carefully
applied ® as a narrow band across the center of the strip
to within 0.5 cm. of either edge. Even distribution and
linear application of protein were important in deter-
mining the quality of the resolution. A diethylbarbituric

‘acid-sodium barbital buffer, pH 8.6, ionic strength 0.1 was

used. Several runs could be made with one lot of buffer
without change in pH, but the polarity was changed after
each run; after every second run, the electrodes were
washed free of deposited barbiturate. A power supply
and voltage regulator were used to supply constant d.c.
voltag e from a 110 a.c. volt supply. For six paper strips
connected in parallel (three boxes), optimal separations
were obtained with 150 v. and 9 m.a. for 14 hours. Al-
though separation could be achieved in 6 to 7 hours with
currents of 15 m.a., longer runs with lower currents gave
better results. During the run, there was a slight drop
in voltage and rise in amperage, due to the properties

of the power supply used. No gross fluctuations in cur-

4 Samples of abnormal sera were obtained from pa-
tients in the King County and Veterans Administration
hospitals, Seattle.

8 The paper was kept under tension by use of counter-
weights.

6 “Misco” micro pipettes from the Microchemical Spec-
ialties Corp., Berkeley, California.
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rent strength occurred, and papers could thus be run con-
veniently overnight.

A similar technique was employed with the Durrum ap-
paratus. The model used in this laboratory has two buffer
compartments 34 cm. by 7 cm. into which the paper dips,
and two electrode compartments 34 cm. by 2 cm.; each
inner buffer compartment is connected to its correspond-
ing outer electrode compartment by three small open-
ings plugged with glass wool. Up to seven strips of
paper, 35 cm. by 4 cm., are supported 20 degrees from the
vertical by a plastic rack which has an apex height of
18.5 cm. A diethylbarbituric acid-sodium barbital buffer
of pH 8.6, ionic strength 0.1 was employed, with a cur-
rent of 1.5 m.a. per strip (180-220 volts) for 14 hours.
Initially, the dry papers were suspended over the rack and
buffer was allowed to gradually soak upwards from the
buffer chamber; the serum was applied as a band across
the dry section of the paper just before the buffer rising
up the two halves of the paper met at the top. It was
later found more satisfactory to moisten and blot the en-
tire paper, suspend it horizontally, apply the serum across
the center, and then suspend the paper strip over the rack.
Movement of albumin during electrophoresis could be fol-
lowed by adding a small amount of dye (azocarmine or
bromphenol blue) to the serum specimen to be used.

Electrophoresis was carried out routinely in the re-
frigerator at 4° C., although temperature control may not
actually be important (7, 27). No studies on the effect
of temperature on quality of separation were made in
this laboratory.

With either apparatus, best results were obtained with
a diethylbarbituric acid-sodium barbital buffer pH 8.6,
ionic strength 0.1. Other types of buffers appraised in-
cluded sodium barbital-acetate, pH 7-9, sodium barbital-
citrate pH 8.6, phosphate pH 7-9, phosphate-citrate pH
6-8, and phosphate-citrate-borate pH 7-9, all of ionic
strength 0.1. Phosphate buffers are prepared in a simpler
fashion and less expensively than barbiturate buffers, per-
mit more rapid movement of serum components, and
give a satisfactory separation of g and v globulins. How-
ever, of the buffers evaluated, only barbiturate solutions
resolved o, globulin from albumin. Protein movement
was faster using buffers of ionic strength 0.05, and a run
could be completed in 6 to 7 hours; good patterns were
obtained but protein “trailing” seemed more pronounced.

After removal from the apparatus, excess moisture was
immediately blotted from the buffer-soaked ends of the
papers ; otherwise this moisture moved towards the center
of the strip, displacing the albumin band back towards
the point of application and causing some smearing of the
pattern. Paper strips were partially dried in air, then
transferred to an oven at 100° C. for 30 minutes.

Staining of paper sirips. Both amido black 10 B
(Grassmann and Hannig [7]) and azocarmine (Turba
and Enenkel [4]) stains have been used. Papers were
stained for exactly 10 minutes, as it had been empha-
sized that dye uptake by globulins increases slowly with
time (8). For amido black, removal of background stain
of the protein-free filter paper required repeated washings
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with 10 per cent acetic acid in methanol.? Decoloriza-
tion was never quite complete; however the faint blue
background did not interfere with photometric registra-
tion of protein-bound dye. Azocarmine gave a less in-
tense stain. Prior to its application, protein was “fixed”
by immersion of the strip in methanol for 5 minutes.
After staining, papers were easily and quickly de-
colorized with 10 per cent acetic acid. The azocarmine
stain faded appreciably in 5 to 6 weeks, whereas amido
black did not appear to do so. With either dye, easy
decolorization of the protein-free paper with dioxane was
not possible, as reported by Griffiths (15) for brom-
phenol blue. Although azocarmine was easier to handle,
and results appeared quantitatively similar to those ob-
tained with amido black, the latter dye was found prefer-
able, particularly for bringing out bands of low protein
concentration.

Photometric measure of protein concentration. Papers
were rendered translucent by immersion in a solution of
a-bromnaphthalene and mineral oil (7) (10 parts of
mineral oil to one part of a-bromnaphthalene) before be-
ing subjected to photometry.

The Grassmann-Hannig photometer 8 was employed.
The oil-soaked paper was passed millimeter by millimeter
across a 4 cm. long and 1 mm. wide slit over a white light
source, the light absorption being measured by a photocell
and registered in optical density units. Errors associated
with irregular protein movement at the edges of the paper
(“edge effects”) were eliminated by shortening the light
slit by 1 cm. with black adhesive tape. When consecutive
photometer readings (ordinate) were plotted against
millimeter distance along the paper strip (abscissa), a
smooth electrophoretic curve was obtained showing the
characteristic peaks for whole serum components. The
percentages of the individual serum protein components
present were calculated from planimeter measurements of
areas under the peaks, after dropping perpendiculars to

7 Water washes may be alternated with methanol washes.
8 Obtained from Bender and Hobein, Munich, Germany.
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TABLE 1

Results of multiple analyses of a si abnormal serum
(Case 52, tuberculous aﬁn

Serum components
(per cent total planimeter area)
Globulins
Experiment
number Albumin a1 a2 B8 k%
1 37.0 5.7 143 119 31.1
2 36.7 52 119 11.2 350
3 39.1 5.7 124 112 316
4 31.5 5.1 137 11.0 327
5 36.0 5.5 13.2 104 349
6 35.7 64 142 112 325
7 39.2 5.2 13.7 11.6 303
8 37.3 6.3 134 126 304
Means 37.3 5.6 134 114 323
Maximum differences 3.5 1.3 24 22 47
Maximum differences
from mean 08 15 1.2 27
Standard deviations
from mean 1.20 046 0.77 0.61 1.72

the baseline from the lowest points between peaks (28).

Free electrophoretic methods. Free -electrophoretic
analysis of sera was performed with two different types
of apparatus, the Pearson model of the Tiselius appara-
tus with a slit replacing the knife edge for recording,®
and the Perkin-Elmer model 38. Sera were diluted 1:4
or 1:4.5 with barbital buffer and dialyzed against buffer
for 18 hours at 5° C. Runs were made in a diethylbar-
bituric acid-sodium barbital buffer, pH 8.6, ionic strength
0.1 at 0-1° C. Magnified schlieren diagrams were traced
onto paper and the areas under peaks determined by
planimetry. The tracings were divided into areas by
lines dropped perpendicularly to the base from the lowest
point between the peaks.

® Analyses performed by Dr. N. Eriksen.
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RESULTS

Readings on the photometer were demonstrated
to be directly proportional to amounts of albumin
protein on the paper strip, within certain limits of
protein concentration (Figure 1): Known quan-
tities of human albumin in 0.01 ml. of solution were
applied as a band to the paper, stained, and sub-
jected to photometry. The planimeter areas ob-
tained were then plotted against protein concen-
tration ; the relationship of planimeter area to pro-
tein concentration was found to be linear only up to
1.6 Gm. per cent using amido black stain, and 2.2
Gm. per cent using azocarmine. These concentra-
tions corresponded, respectively, to protein den-
sities produced by 2.9 X 10* and 4.6 X 10~* mg.
albumin per square millimeter averaged over the
area scanned by the photometer (1 X 39 mm.).
The density of the albumin band in patterns of
normal serum often exceeded these values, being
of the order of 9 X 10* mg. albumin per square
millimeter.

Using amido black, muiltiple (8) analyses of a
single abnormal serum gave a range of variation
within satisfactory limits for each component
(Table I). The maximum deviation from the
mean, in terms of percentage of concentration of
total protein, was for albumin 1.8 per cent, a,
globulin 0.8 per cent, a, globulin 1.5 per cent, 8
globulin 1.2 per cent and y globulin 2.7 per cent.
No difference in electrophoretic separation be-
tween the Durrum and Grassmann-Hannig types

TABLE II
Comparison of serum protein staining by amido black and azocarmine dyes

Serum components (per cent total planimeter area)

Amido-Black Azocarmine

Case Globulins Globulins
No. Diagnosis Albumin al as -] v Albumin a as B8 ¥

5 Normal 54.6 4.3 89 116 206 54.6 34 9.1 11.3 216
10 Normal 60.5 24 7.8 137 156 63.4 7.3 12.7 16.5
18 Portal cirrhosis 44.6 2.7 64 108 35.5 40.0 69 100 385
26 Biliary cirrhosis 37.8 134 19.5 29.3 36.0 13.6 189 31§
33 Myeloma 36.8 4.2 8.0 9.6 414 39.3 52 6.8 94 39.3
34 Myeloma 24.7 34 65.1 6.8 27.8 4.8 62.8 4.6
38 Nephrotic syndrome 38.7 13.3 17.3 159 14.8 343 11.6 20.1 19.0 15.0
40 Hypercholesterolemic  60.4 2.7 74 14.3 15.1 56.9 2.6 8.3 15.3 16.9

xanthomatosis

42 Lupus erythematosis  26.7 3.1 8.3 11.0 509 24.0 3.5 6.5 10.5 55.5
43 Lupus erythematosis  40.0 74 141 11.7 248 424 6.3 133 105 275
45 Myeloid leukemia 45.1 82 119 90 258 45.7 73 137 94 239
49 Pulmonary abscess 40.4 55 116 142 283 40.6 49 122 150 273
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TABLE mI

Comparison of amido black stain and photomelric analysis
with bromphenol blue staining, elution and color-
imelry, and with free electrophoresis

Serum components
(per cent total planimeter area)
Globulins
Analytical procedure Albumin a1 as ] LY

Case No. 9 '
Photometric method 55.8 60 94 134 154
Elytion and colorimetry* 57.4 48 9.8 15.1 12.8
Free electrophoresis 58.7 4.8 106 12.2 13.7
Case No. 47
Photometric method 31.1 60 7.8 9.0 46.1
Elution and colorimetry* 30.5 37 76 91 49.1
Free electrophoresis 32.4 4.7 69 13.8 42.1
Case No. 54 .
Photometric method 47.5 55 95 133 24.1
Elution and colorimetry* 47.2 35 97 156 238
Free electrophoresis - §5.2 40 9.6 15.

6 15.6

‘Eatn obtained by Drs. B. C. Houghton and C. E.
er.

of apparatus?® was observed. Azocarmine and
amido black stains yielded almost identical re-
sults with a given serum (Table II).

The dye-binding properties of albumin ** and

10 In a limited series, electrophoresis by the above meth-
ods, with photometric analysis of the paper strips, gave
results which closely corresponded with those obtained
by paper electrophoresis between sealed glass plates fol-
lowed by bromphenol blue staining and elution (Kunkel
and Tiselius [S]) (Table III).

11 Red Cross normal human serum albumin.
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v globulin *2 for azocarmine and amido black were
studied individually by applying known amounts
of protein to paper strips, staining, and measuring
by planimeter the areas obtained by photometric
measure of dye concentration. When bands repre-
senting equal amounts of protein (micro-Kjeldahl
nitrogen determination) were compared, the albu-
min area was found to be greater than that for y
globulin by a factor of 1.3 for amido black and 1.35
for azocarmine.’* However, this factor did not
appear to apply in the following analysis of a nor-
mal whole serum: A known quantity of y globulin
was added to the serum of the same subject from
which it was obtained. Measurement by both free
and paper electrophoresis, employing no factor of
correction, almost completely accounted for the y
globulin increment (Table IV). In electropho-
retic analysis of whole serum, gamma globulin val-
ues were actually slightly greater by the paper
method than by free electrophoresis (Table V) ;
this was presumably due to “trailing” of albumin
on the paper.

Analyses by paper electrophoresis of 55 different
normal and abnormal sera are presented in Table
V and Figure 2. In most cases, a corresponding
free electrophoretic pattern was obtained, and the

12 Ninety per cent electrophoretically homogeneous nor-
mal human 7 globulin prepared in this laboratory by
Cohn’s Method 10 (29).

18 Bromphenol blue gave erratic results with direct
photometry due to instability of color intensity and shade,
as was also noted by Kdoiw (30).

TABLE IV
Determinations of v globulin before and after adding known amount of v globulin® to normal serum
Free electrophoresis Paper electrophoresis
Before addition After addition Before addition After addition
of v globulin of vy globulin of v globulin of vy globulin
Percent  Protein Per cent  Protein Percent  Protein Percent  Protein
Serum of total conc. of total conc. of total conc. of total cong.
components area Gm. % area Gm. % area Gm. % area Gmf %
Alb 55.7 4.21 47.8 4.23 55.9 423 49.1 4.41
a1 4.7 0.36 4.1 0.36 4.4 0.33 44 0.37
as 7.6 0.57 1.7 0.68 9.1 0.69 9.3 0.78
16.1 1.22 15.2 1.34 11.8 0.89 10.9 0.82
v 159 1.20 25.2 2.23 18.8 1.42 26.3 2.46
Total proteint 7.56 8.84 7.56 . 8.84
7 globulin .
increment 246 — 1.42 = 1.04 Gm. %

2.23 — 1.20 = 1.03 Gm. %

* 1.28'Gm., 85 per cent electrophoretically homogéneous (1.09 Gm. v globulin).

1 Biuret.
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results for the two techniques were compared.
For normal subjects, values for albumin and for
the individual globulins fell within the expected
ranges, and divergence from free electrophoretic
values was small. It is evident from Figure 2
that there is a lack of correspondence in position
of the peaks in the paper and free electrophoretic
patterns, due to differing protein mobilities be-
tween the two techniques. On paper, albumin and
a, globulin separate well, whereas the other globu-
lins tend to be compressed. This was particularly
noticeable in the sera of portal cirrhosis. With-
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out knowing mobilities, precise identification of
the various globulin fractions on the paper strip
may occasionally be uncertain,

Poor correlation between paper and free elec-
trophoretic analysis was observed in two cases of
hypercholesterolemic xanthomatosis tuberosum
(Cases 40 and 41). These sera, together with a
highly lipemic serum from a patient with the
nephrotic syndrome (Case 37), were studied as
follows: Total nondialyzable solids (TNDS)
were determined by dialyzing the serum against
distilled water for 7 to 10 days, then drying the dia-

TABLE V

‘ -Comparison of paper and free electrophoresis for normal and pathological sera
(Components expressed as percentages of total planimeter area)

Paper electrophoresis Free electrophoresis
Case Globulins Globulins
No. . Diagnosis Albumin a1 as B . y Albumin i as 8 ¥
Normals ’ )
1 57.8 3.6 8.1 17.8 12.7 60.8 4.0 8.9 15.6 10.7 a
2 65.9 3.9 6.8 124 11.0 63.8 5.2 8.1 149 79 a
3 54.9 5.2 6.9 129 20.1 56.7 4.6 7.8 14.8 161 a
4 51.5 3.8 9.4 13.8 21.5 57.1 5.3 7.5 14.9 152 b
S 54.6 4.3 8.9 11.6 20.6 55.1 4.6 7.5 15.5 16.1 a
6 60.3 4.5 8.9 14.0 12.3 59.2 4.9 8.9 15.1 119 a
7 58.7 5.3 9.2 12.1 14.7 54.7 4.7 8.8 - '18.0 13.8 a
8 574 3.6 8.0 14.5 16.5 53.2 4.7 9.0 16.7 164 a
9 55.8 6.0 9.4 134 154 58.7 4.8 10.6 12.2 13.7 b
10 60.5 24 7.8 13.7 15.6 - 56.1 5.9 7.6 14.8 156 a
11 59.5 24 7.7 152 152 56.6 5.2 76 153 153 a
12 52.1 49 11.2 16.1 15.7 56.6 58 101 143 13.2 a
Means: 574 4.2 85 140 159 574 5.0 85 152 139
M:ﬂn dgferenois frottin
ree electrophoretic
values: -0. -08 -—-0. -—-12 <420
Maximum differences from :
free electrophoresis: 3.5 1.9 59 6.3
Portal Cirrhosis
13 26.4 3.2 60 153 49.1
14 36.1 3.1 9.2 156 359
15 372 49 9.9 21.0 27.0
16 39.6 ‘8.2 150 - 128 244
17 40.0 6.8 7.7 13.1 324
18 44.6 2.7 6.4 10.8 35.5
19 34.6 3.0 9.2 100 43.1 34.1 29 10.9 11.0 409 b
20 38.7 72. - 98 110 333 37.1 . 53, 7.8 195 304 a
21 34.9 4.3 7.6 76 456 34.0 2.1 5.3 14.5 4.1 a
22 30.6 5.0 8.7 17.2 - 38.5 28.6 52 . 69 179 414 b
23 263 32 53 94 .55.8. 22.6 3.7 56 .11.3 568 b
24 31.7 5.0 7.3 120 440 33.7 49 66 138 410 b
25 : ‘324 115 10.5 104 35.2 33.0- 9.1 - 131 10.5 343 a
Means: " 349 5.2 8.7 128 384 31.9 47 80 14.1 41.3
Meéan differences from : L
free . horetic
values (for cases 19-25) = 409 +09 <403 -3.0 409
Maximum differences from
free horetic - : .
values (for cases 19-25) 3.7 24 2.6 84 3.0
a = Electrophoretic analysis on Perkin-Elmer apparatus model 38 (Ascending limb).
b = Electrophoretic analysis on Pearson model of Tiselius apparatus (Descending limb).
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TABLE V—Continued

Paper electrophoresis Free electrophoresis
Globulins Globuling
Case -
No. Diagnosis Albumin a1 as 8 ¥ Albumin at az 8 L%
Biliary Cirrhosis
26 Ob§tr|]11cti.ve biliary  36.0 54 82 189 315 28.2 53 100 280 285 a
cirrhosis -
27 Obs.tﬂlxlcti.ve biliary  41.8 6.0 82 105 335 36.6 4.7 8.2 16.3  34.2
cirrhosis
28  Primary biliary 33.7 73 116 182 29.2 26.4 6.3 9.7 299 277
cirrhosis
29  Primary biliary 46.4 49 122 155 210 38.0 60 121 241 198 a
cirrhosis
Multiple Myeloma
30 26.9 76 11.8 10.0 43.7
31 46.4 7.7 126 169 164 45.4 96 149 185 116 b
32 26.1 24 64 579 7.2 244 29 7.1 609 47 b
33 36.8 4.2 8.0 96 414 26.9 3.5 7.6 71 548 b
34 24.7 34 65.1 6.8 20.0 24 75.1 25 b
35 284 5.8 8.6 70 502 20.1 5.0 7.0 67 612 b
Nephrotic Syndrome
36  Glomerulonephritis  32.1 66 189 17.3 250 30.6 98 208 193 195 a
37  Diabetic nephropathy 37.6 74 179 228 143 30.7 78 226 288 101 b
38  Diabetic nephropathy 38.7 13.3 173 159 148 30.0 163 190 184 143 b
39  Toxemiaof pregnancy 22.8 83 220 215 245 229 159 258 199 155 b
Miscellaneons
40 Essential h - 60.4 2.7 74 143 151 46.0 5.5 10.2  27.7 106 b
cholesterolemic
xanthomatosis
41  Esseatial h - 534 2.3 99 166 17.8 40.0 45 105 333 11.7 b
cholesterolemic
xanthomatosis
42  Lupuserythematosis 26.7 3.1 83 110 509
43  Lupuserythematosis 42.4 63 133 105 275
44 Lymphosarcoma 57.1 9.1 118 119 101
45 Myeloid leukemia 45.1 8.2 119 9.0 258
46  Neutropenia, 47.1 59 118 114 238 50.2 6.2 10.1 149 186 b
recurrent infections
47 Lymphoma 31.1 6.0 7.8 9.0 46.1 324 69 138 421 b
48  Hypopituitarism 24.7 109 213 123 308
49  Pulmonary abscess  40.4 55 116 142 283 33.0 66 122 187 295 a
50 chn?rrept pulmonary 51.3 58 150 118 161 53.6 76 135 139 114 b
infection
51  Staphylococcal 53.0 75 114 123 158 53.7 64 121 149 129 b
infections
52  Tuberculous adenitis 37.0 5.2 14.5 12.7  30.6 36.7 51 10.2 146 334 a
53  Infectious hepatitis  54.9 4.4 69 14.1 19.7
54  Bronchial asthma 47.5 5.5 9.5 133 241 55.2 4.0 96 156 156 b
55  Agammaglobulinemia 64.4 44 104 178 3.0 . 66.3 55 115 147 20 b

lyzed protein for 72 hours at 85° C., with repeated
weighings over this period. The minimum weight
was taken as the best estimate of the TNDS of the
serum (31). The serum concentration in grams
per cent of each component was calculated by mul-
tiplying the corresponding per cent of the total
planimeter area of the free electrophoretic pattern
by the weight of the TNDS.* These values were

. 14 The calculation of individual serum components from
free electrophoretic patterns as per cent of. TNDS would
seem more valid than values based upon biuret reaction of

compared with results obtained by paper electro-
phoresis (amido black) wherein the concentration
in grams per cent of each component was deter-
mined by multiplying the corresponding per cent
of the total planimeter area of the paper electro-
phoretic pattern by the biuret total protein (Table
VI). Values for albumin and y globulin cor-

. the whole serum (32); obviously more substances con-

tribute to refractive change than are determined by dye-
staining or biuret-reacting groups, the lipid portions of a
and g lipoprotein being good exaniples.
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responded, whereas values for a and g8 globulins,
which contain the lipoproteins, were considerably
lower by paper electrophoretic analysis.

In advanced portal cirrhosis, the characteristic
albumin depression and y globulin elevation were
consistent findings (Table V). The y globulin
peak of the pattern was usually tall and broad, but
certain other abnormalities in this area were also
observed. A well-marked and definite band was
frequently observed between the 8 and y globulin
areas corresponding to the previously described

v, fraction (33, 34), or H component of Viollier

(35). This band was more often apparent in
terminal cases, where it occasionally amounted to
as much as 12 per cent of the total serum protein

Alb a4 @By (A)

Alb a, a, B

Y (8)

t 1 I
Alb a; a, B Y 2 1c)
CASE 9: NORMAL SERUM
F16. 2. ComprarisoN oF DYED PAPER ELECTROPHORETIC

STRIPS AND CORRESPONDING PHOTOMETER PATTERNS WITH
TiSELIUS SCHLIEREN DIAGRAMS

A = Stained paper strip.
B = Photometer pattern of A.
C = Free electrophoretic patteri.

Alb aQ az B b ¢ (A)

Alb a a, B el (o
CASE 52: TUBERCULOUS ADENITIS

Fic. 2—Cont.

P——
-

Alb Q) dzB 14 (A)

Ab @ a, By (g)

Alb @y a By (C)
CASE 28 PRIMARY BILIARY CIRRHOSIS
Fic. 2—Cont.
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Alb a o By (A

Alb ad By y> . (B)

1

Ab a a B y (C)
CASE 25 PORTAL CIRRHOSIS

Fic. 2—Cont.

Alb  q B Y (A)

Alb  q B y

(B)

Alb aq, B Y ()

CASE 34: MULTIPLE MYELOMA, B TYPE
Fic. 2—Cont.

Atb o ey By iRy

Alb a, . agBohy (B)

&

§ %03 P (C)
CASE 35: MULTIPLE MYELOMA, y TYPE

Fic. 2—Cont.

Alb a

concentration, corresponding with Viollier’s ex-
perience. In our methods of free electrophoresis,
this component did not take the form of a discrete
peak, but rather produced a plateau effect in the y
globulin area. In other cases of cirrhosis the
paper pattern showed lack of clear separation, or
smearing together, of the 8 and y globulin bands,
as noted by Brante (36). Slight a globulin in-
creases were occasionally found, as have previously
been noted in cirrhosis (37). Patients with biliary
cirrhosis showed similar albumin and y globulin
changes, and also some increase of 8 globulin, but
the discrepancy between the paper and free elec-
trophoretic values for 8 globulin was marked ; the
paper method gave values nearly 50 per cent lower
than obtained by free electrophoresis.

The seven cases of myeloma are representative
of the various protein changes described in this
disease (38). Five showed the characteristic nar-
row spiked peak in the y globulin area. In Case
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26 the abnormal y globulin was a crystalline cryo-
globulin. In Cases 32 and 34, the abnormal pro-
tein had a 8 globulin mobility on free electrophore-
sis, and accounted for nearly 60 per cent of the
total protein present; Case 34 showed a double-
spiked B globulin peak. Case 31 was of the un-
usual normo-proteinemic type. The abnormal
myeloma proteins frequently gave lower values on
paper electrophoresis as compared with free elec-
trophoretic values. This is believed due to an er-
ror in photometric measurement, because the very
narrow, deeply-stained myeloma band produced an
optical density beyond the linear range of the in-
strument.

Low albumin and elevated a and B8 globulins
(especially a,) characterized the sera from the
four patients with the nephrotic syndrome. The
B globulin values were again found lower by paper
than by free electrophoresis. Two cases showed
a separate protein component appearing between
the albumin and a, globulin areas.

In diseased states, measurement of fibrinogen in
plasma is unsatisfactory by the paper electropho-
retic technique, as has also been found with free
electrophoresis (39). Fibrinogen usually ap-
peared as a thin band adjacent to the y globulin
area on the paper, but seldom plotted out as a dis-
crete peak. Particularly in the cases of cirrhosis
showing a marked y, globulin band, fibrinogen
measurements by electrophoresis would seem im-
possible,

DISCUSSION

The precision of paper electrophoresis analysis,
as evidenced by the reproducibility of results with
serum, does not quite equal that of the Tiselius
method. For free electrophoresis, Antweiler (40)
reports a standard deviation of = 0.5 per cent of
total protein for each single component, and states
that differences between duplicates should not ex-
ceed 1.5 per cent of total protein. Not all workers
claim this degree of reproducibility (41). With
paper electrophoresis, Grassmann and Hannig
(7), from multiple determinations on different
sera, give standard deviations (as per cent of total
protein) of = 1.2 per cent for albumin, = 0.6 per
cent for a, globulin, = 0.7 per cent for a, globulin,
= 0.7 per cent for B globulin and = 1.2 per cent
for y globulin. Sommerfelt (27), with repeated
determinations on a single normal serum reports
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comparable figures. Our reproducibility has also
been of this order (Tables I and II) ; for duplicate
analyses, we regard differences within 3 per cent
for albumin and y globulin, and 2 per cent for the
other globulin fractions as acceptable. However,
when such deviations are related to the concentra-
tion in grams per cent of each component, the pre-
cision of the analysis is less impressive; large er-
rors in the measurement of the smallest fractions,
such as a, globulin, by paper electrophoresis are
demonstrated.

Protein adsorption on the paper or “trailing,”
especially by the albumin fraction, is an important
source of error, causing up to a 10 per cent re-
duction in the albumin value. The degree of ad-
sorption has been demonstrated by electrophore-
sis and radioautography of I'*! labeled albumin
(16). “Trailing” may, account for the occasional
lower values obtained for albumin by paper as op-
posed to free electrophoresis. Gamma globulin
behaves in a similar way, but no error is intro-
duced with the technique described, owing to its
limited mobility. “Trailing” of protein on the
paper is largely responsible for the failure of the
valleys between the peaks to approach the baseline
of the electrophoretic pattern as closely as occurs
in free electrophoresis. Thus, the area under the
globulin peaks may not entirely represent single
fractions, but will contain elements of the faster
moving fractions, particularly albumin. When
adserption, or inadequate separation, results in the
areas of individual globulin components appearing
as “shoulders” rather than discrete peaks, any at-
tempt to resolve the pattern into areas is quite
inaccurate.

Noting a lack of agreement between the paper
and free electrophoretic analysis of the same serum,
previous investigators concluded that a “globulin
factor” should be used to equate the results ob-
tained by the two methods. However, there has
been no unanimity of opinion as to the magnitude
or desirability of such a factor, as evidenced by the
following observations: Using bromphenol blue
and elution, Cremer and Tiselius (3) observed that
globulins appeared to bind less dye than albumin
and derived a factor of 1.6 by which the globulin
values should be multiplied to achieve compara-
bility with free electrophoretic analysis. Similar
factors have been used by subsequent workers em-
ploying the dye elution technic (8, 9, 12). Com-
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TABLE VI
Comparison, methods of analysis of paper and free electrophoretic components, lipemic sera

Total Paper electrophoresis Free electrophoresis
Biuret non-
total dialyzable % Conc. from % Conc. from Conc. from

protein solids Compo- planimeter biuret planimeter biuret TNDS

Case No. Gm. % (TNDS) nents area - % area m. %o Gm. %

3 6.23 8.23 Alb 37.6 2.34 30.7 191 2.53
Nephrotic Cay 7.4 0.46 7.8 0.49 0.64
syndrome a; 17.9 1.12 22.6 1.41 1.86
Diabetic B 22.8 1.42 28.8 1.79 2.37
nephropathy ¥ 14.3 0.89 10.1 0.63 0.83
40 7.65 10.40 Alb 60.4 4.62 46.0 3.52 4.78
Hypercholes- a; 2.7 0.21 5.5 0.42 0.57
terolemic as 7.4 0.57 10.2 0.78 1.06
xanthomatosis B 14.3 1.09 27.7 2.12 2.88

: Y 15.1 1.16 10.6 0.81 1.10

41 7.40 10.70 Alb 53.4 3.95 40.0 2.96 4.28
Hypercholes- ap 2.3 0.17 4.5 0.33 0.48
terolemic s 9.9 0.73 10.5 0.78 1.12
xanthomatosis B8 16.6 1.23 33.3 2.46 3.56

b% 17.8 1.32 11.7 0.87 1.25

paring albumin and y globulin fractions alone,
Kunkel and Tiselius (5) found that, with a Folin
tyrosine-reacting reagent, y globulin gave a more
intense color per unit of nitrogen than albumin ; by
bromphenol stain and elution, however, the re-
verse was true, giving a correction factor for
globulin of approximately 1.3. Grassmann and
Hannig (7) suggested a 8 globulin factor of 1.25
using their photometric method with amido black.
Sommerfelt (42) reported that with amido black
followed by elution, it was necessary to use a globu-
lin factor of 1.3, but with the same dye and direct
photometry, no factor was required. Griffiths
(15), for bromphenol blue and direct photometry,
stated that he found no evidence that any globulin
factor was required. On the basis of many com-
‘parisons between paper and free electrophoresis,
using pathological sera and bromphenol blue dye,
Koiw, Wallenius, and Grénwall (11) derived sepa-
rate factors for each individual globulin component
ranging from 0.9 to 8.1; it was emphasized, how-
- ever, that these factors varied greatly from one
setum to another.

Our series of comparisons of paper with free
electrophoresis indicates that results obtained with
the two methods are in good general agreement.
The major discrepancies occurred in the 8 globu-
lin fraction, which often gave lower values with
paper electrophoresis. The lipid components of
these globulins presumably contribute to the re-
fractive change in free electrophoresis, but do not

stain with protein-binding dyes. As would be ex-
pected, values for lipemic sera and for sera with a
high 8 globulin peak on free electrophoresis agreed
least well.

We have shown that y globulin also may have
a slightly lower dye-binding capacity than albu-
min; however, values for albumin tend to be re-
duced, and y globulin values increased by protein
adsorption on the paper. All these considerations
lead to the conclusion that paper electrophoresis
measures serum protein complexes somewhat dif-
ferently than does free electrophoresis; hence the
use of an empirically derived globulin correction
factor is not recommended, as no such factor can
exactly equate the results obtained by the two
methods.

The electrophoretic alterations in serum of dis-
eased states which affect plasma protein metabo-
lism have been fully reviewed (40, 43-45). The
diagnostic value of any type of electrophoretic
analysis of serum is limited by the fact that gross
alterations of serum proteins in diseased states
commonly follow general rather than specific pat- '
terns. In only a few situations, as in agamma-
globulinemia, can electrophoretic patterns be con-
sidered of real diagnostic importance. The advan-
tages of filter paper electrophoresis as compared
with free electrophoresis are that it is simple, in-
expensive, and requires very small amounts of
protein. The technique is especially applicable to
very opaque sera which often cannot be analyzed
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by free electrophoresis. Our studies indicate that,
for normal sera, results obtained with paper and
free electrophoresis correspond well. The general
protein disturbances in various pathologic condi-
tions such as myeloma, portal and biliary cirrhosis,
the nephrotic syndrome, and agammaglobulinemia
are very satisfactorily revealed by the paper tech-
nique.

Photometric analysis of the paper pattern is
much quicker than the more tedious elution
method, but it does not seem more accurate than
the latter. In most cases, simple inspection of the
paper strip will demonstrate clearly the nature of
any significant serum protein abnormality present,
without any necessity for time-consuming quanti-
tation of the pattern.

SUMMARY

1. Methods for paper electrophoresis using the
Grassmann-Hannig and Durrum apparatus are
described. Analyses of normal and abnormal sera
were made by photometric measure of the serum
protein components on the dyed paper strip.

2. Reproducibility of analysis is good, but does
not quite meet the accuracy reported by others for
free electrophoresis.

3. Results with paper electrophoresis compare
well with analyses of duplicate samples by the
Tiselius method, except with certain abnormal
sera, such as those of high lipid content. Reasons
for discrepancies between the two methods are in-
vestigated ; it is concluded that a correction factor
for globulin values should not be used.

4. Analyses of the serum protein changes in a
wide variety of pathological states are presented,
and the clinical usefulness of the procedure is dis-
cussed.

ACKNOWLEDGMENT

We are indebted to Drs. John G. Reinhold and E. L.
Durrum for suggestions regarding method and technic.

REFERENCES

1. Wieland, T., and Fischer, E., Uber Elektrophorese
auf Filtrierpapier. Trennung von Aminosiuren und
ihrers Kupferkomplexen.  Naturwissenschaften,
1948, 35, 29.

2. Durrum, E. L., A microelectrophoretic and microiono-
phoretic technique. J. Am. Chem. Soc., 1950, 72,
2943,

3.

10.

11.

13.

14.

15.

16.

17.

18.

19.

21.

865

Cremer, H. D., and Tiselius, A., Electrophorese von
Eiweiss in Filtrierpapier. Biochem. Ztschr., 1950,
320, 273.

. Turba, F., and Enenkel, H. J.,, Elektrophorese von

Proteinen in Filterpapier.
1950, 37, 93.

Naturwissenschaften,

. Kunkel, H. G., and Tiselius, A., Electrophoresis of

proteins on filter paper. J. Gen. Physiol., 1951, 35,
89.

. Grassmann, W., Hannig, K., and Knedel, M., Uber

ein Verfahren zur elektrophoretischen Bestimmung
der Serumproteine auf Filtrierpapier. Deutsche
med. Wchnschr., 1951, 76, 333.

. Grassmann, W., and Hannig, K., Ein quantitatives

Verfahren zur Analyse der Serumproteine durch
Papierelektrophorese. Hoppe Seyler’s Ztschr. f.
physiol. Chem., 1952, 290, 1.

. Flynn, F. V., and de Mayo, P., Micro-electrophoresis

of protein on filterpaper. Lancet, 1951, 2, 235.

. Goa, J., A simplified method for the separation and

quantitative determination of serum proteins by
paper electrophoresis. Scandinav. J. Clin. & Lab.
Invest., 1951, 3, 236.

Griffiths, L. L., A direct scanning apparatus for read-
ing electrophoretic paper strips. J. Clin. Path,,
1952, 5, 294.

Koiw, E., Wallenius, G., and Gronwall, A., Paper
electrophoresis in clinical chemistry. A compari-
son with Tiselius’ original method. Scandinav. J.
Clin. & Lab. Invest., 1952, 4, 47.

. Schneider, G., Brauchbarkeit und Anwendungsbereich

der Papierelektrophorese fiir Serumproteine. Acta
chem. Scandinav., 1951, 5, 1020.

Schulz, D. M., and Wegner, C. J., Electrophoresis in
filter paper strips. Laboratory Investigation, 1952,
1, 186.

Groénwall, A., On paper electrophoresis in the clini-
cal laboratory. Scandinav. J. Clin. & Lab. Invest.,
1952, 4, 270. '

Griffiths, L. L., The electrophoresis of serum and other
body fluids in filter paper. J. Lab. & Clin. Med,,
1953, 41, 188.

Slater, R. J., and Kunkel, H. G., Filter paper electro-
phoresis with special reference to urinary proteins.
J. Lab. & Clin. Med., 1953, 41, 619.

Fasoli, A., Electrophoresis of serum lipoproteins on
filter-paper. Lancet, 1952, 1, 106.

Swahn, B., A method for localization and determina-
tion of serum lipids after electrophoretical separa-
tion on filter paper. Scandinav. J. Clin. & Lab.
Invest., 1952, 4, 98.

Kunkel, H. G., and Slater, R. J., Liproprotein patterns
of serum obtained by zone electrophoresis. J. Clin.
Invest., 1952, 31, 677.

. Durrum, E. L., Paul, M. H, and Smith, E. R. B,

Lipid detection in paper electrophoresis. Science,
1952, 116, 428.
Wallenius, G., A note on serum iron transportation.

Scandinav. J. Clin. & Lab. Invest., 1952, 4, 24.



866

22,

23.

25.

26.

30.

31
32.

33.

Latner, A. L., and Ungley, C. C, Electrophoresis of
human gastric juice in relation to Castle’s intrinsic
factor. Brit. M. J., 1953, 1, 467.

Gordon, A. H., Gross, J., O'Connor, D., and Pitt-
Rivers, R., Nature of the circulating thyroid hor-
mone-plasma protein complex. Nature, 1952, 169,
-19.

. Spaet, T. H., Identification of abnormal hemoglobins

by means of paper electrophoresis. J. Lab. & Clin.
Med,, 1953, 41, 161.

Smith, E. W., and Conley, C. L., Filter paper elec-
trophoresis of human hemoglobin with special ref-
erence to the incidence and clinical significance of
hemoglobin C. Bull. Johns Hopkins Hosp., 1953,
93, 94.

Durrum, E. L., Two-dimensional electrophoresis and
ionophoresis. J. Colloid Sc., 1951, 6, 274.

. Sommerfelt, S. C, Reproducibility with paper elec-

trophoresis of serum proteins. Scandinav. J. Clin.
& Lab. Invest.,, 1952, 4, 307. '

. Tiselius, A, and Kabat, E. A, An electrophoretic

study of immune sera and purified antibody prepa-
rations. J. Exper. Med., 1939, 69, 119.

. Lever, W. F,, Gurd, F. R. N, Uroma, E., Brown, R.

K., Barnes, B. A., Schmid, K., and Schultz, E. L.,
Chemical, clinical, and immunological studies on the
products of human plasma fractionation. XL. Quan-
titative separation and determination of the protein
components in small amounts of normal human
plasma. J. Clin. Invest., 1951, 30, 99.

Koéiw, E.,, A photometric scanning device for paper
electrophoresis. Scandinav. J. Clin. & Lab. In-
vest., 1953, 5, 99.

Eriksen, N., To be published.

Armstrong, S. H.,, Jr., Budka, M. J. E,, Morrison,
K. C., and Hasson, M., Preparation and properties
of serum and plasma proteins. XII. The refractive
properties of the proteins of human plasma and
certain purified fractions. J. Am. Chem. Soc., 1947,
69, 1747.

Deutsch, H. F.,, Alberty, R. A, and Gosting, L. J.,
Biophysical studies of blood plasma proteins. IV,
Separation and purification of a new globulin from
normal human plasma. J. Biol. Chem., 1946, 165,
21.

34,

35.

36.

37.

39.

41,

42.

45,

IAN R. MACKAY, WADE VOLWILER, AND PATRICK D. GOLDSWORTHY

Franklin, M., Bean, W. B,, Paul, W. D, Routh, J. L,
de la Huerga, J., and Popper, H, Electrophoretic
studies in liver disease. II. Gamma globulin in
chronic liver disease. J. Clin. Invest., 1951, 30, 729.

Viollier, G., Discussion: Electrophoresis in hepatitis,
liver atrophy and cirrhosis in Liver Disease. A
Ciba Foundation Symposium, edited by Sherlock,
S., and Wolstenholme, G. E. W., Philadelphia,
Blakiston Co., 1951, p. 185.

Brante, G., Paper electrophoresis in the diagnostics of
liver and bile duct diseases. Scandinav. J. Clin.
& Lab. Invest., 1952, 4, 293.

Gray, S. J., and Barron, E. S. G., The electrophoretic
analyses of the serum proteins in diseases of the
liver. J. Clin. Invest., 1943, 22, 191.

. Waldenstrom, J., Abnormal proteins in myeloma in

Advances in Internal Medicine, edited by Dock, W.,
and Snapper, I, The Year Book Publishers, Inc.,
1952, Vol. V, p. 398.

Franklin, M., Bean, W. B., Paul, W. D,, Routh, J. I,
de la Huerga, J., and Popper, H., Electrophoretic
studies in liver disease. I. Comparison of serum
and plasma electrophoretic patterns in liver disease,
with special reference to fibrinogen and gamma
globulin patterns. J. Clin. Invest., 1951, 30, 718.

. Antweiler, H. J., Zur Methode der quantitativen Elek-

trophorese #n Die Quantitative Electrophorese in
der Medizin, Antweiler, H. J., ed., Berlin, Springer,
1952, p. 26.

Bierring, E., and Nielsen, E., Experiences with Ant-
weiler’s microelectrophoresis apparatus. Scandinav.
J. Clin. & Lab. Invest., 1952, 4, 281.

Sommerfelt, S. C., Comments regarding the evalua-
tion of paper electrophoresis of proteins. Scan-
dinav. J. Clin. & Lab. Invest., 1953, 5, 105.

. Gutman, A. B., The plasma proteins in disease in

Advances in Protein Chemistry, edited by Anson,
M. L, and Edsall, J. T., New York, Academic
Press Inc., 1948, Vol. IV, p. 155.

. Wuhrmann, F., and Wunderly, C., Die Bluteiweiss-

koérper des Menschen ; Untersuchungsmethoden und
deren klinisch-praktische Bedeutung. Zweite vol-
lig umgearbeitete Auflage. Basel, Schwabe, 1952.

Fisher, B., Recent contributions of electrophoresis to
clinical pathology. Am. J. Clin. Path., 1953, 23,
246.



