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Electrophoretic Studies on Human Serum Albumin
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(Received 26 April 1948)

Prolonged electrophoresis of human serum has de-
monstrated the non-homogeneity of the albumin in
phosphate buffer at p1l 8 and ionic strength 0-1, the
migration velocities of the boundaries of-the two
main components, as apparent from the patterns,
differing by about 2% or less (Blix, Tiselius &
Svensson, 1941; Hoch & Morris, 1945). Under the
conditions ofthese experiments, i.e. similar mobilities
and comparatively low ionic strength, the conven-
tional methods of analysis of the patterns cannot be
applied, since here the separation of the boundary
peaks and the relative areas in the gradient curve
are not even approximate measures of the difference
in mobility and ofthe relative proportions ofthe two
components in the original mixture. A detailed
analysis of boundary anomalies of this kind was
given by Svensson (1946). The calculation of the
true proportions and relative mobilities by means of
the theory available at present (Svensson, 1943;
Dole, 1945; Svensson, 1946) can yield only approxi-
mate information on account of the necessity for
assumptions concerning changes in mobility of the
ions across the boundary. A simplified method of
treating the data has been suggested for use under
certain conditions (Hoch, 1948).

In the present paper, the ascending patterns of
albumin obtained after prolonged electrophoresis of
normal and pathological sera are studied by a pro-
cedure similar to that used previously.

THEORETICAL

Definition of symbols
V1. V2=migration velocities of proteins 1 and 2 at infinite
dilution in the buffer used as supernatant; Vai, V., =actual
migration velocities of proteins 1 and 2 below the ascending
boundaries; C.''=concentration of protein 1 in the region
between the ascending boundaries of 1 and 2; C'= con-
centration of protein 1 in the region below the ascending
boundary of protein 2; Ct' =total concentration of protein
in the region below the ascending boundary of protein 2;
C1', C1' and Ct' are expressed in g./lOOml.; K =coefficient as
defined in the text; U1 =mobility of a protein at infinitely
low protein concentration in the buffer used as supernatant;
U =mobility of this protein in the actual solution below
the protein boundary; a=constant as defined in text;
I = current/unit area of cross section; S =separation of two
boundaries/unit time.

Notation for Sven88on'8 (1946) equation (21). cq =ionic
concentrations in electrochemical equiv./ml. above colloid
boundary, with the signs of the charges; uf =ionic mobili-
ties in cm.2 V.-1 sec.-' above colloid boundary, with the
signs of the charges; u/ul =mobility ratio across the colloid

boundary; 0=concentration of a leading ion in equiv./ml.
with the sign of the charge; 7 =mobility of colloid ion
above the boundary, defined by equation (22) of Svensson
(1946); K2/K1 =ratio of conductivities of solutions above and
below the colloid boundary.

The relation between migration velocity and
concentration of serum albumin

The conditions obtaining in the region between the ascend-
ing boundary of a leading protein and the following ion
depend only on the properties and concentration of the
leading-protein ions in this layer, and on the buffer solution
used as the supernatant fluid. This was the same in all
experiments. Assuming (a) that in this region the relative
change in migration velocity with protein concentration
(expressed in g./100 ml.) is the same for the two main com-
ponents ofserum albumin at pH 8, and (b) that the relative
rate of change of the migration velocity of one component,
when at infinitely low concentration, with increasing con-
centration of the second component, is equal to the relative
rate of change of the migration velocity of the second com-
ponent with increasing concentration of this component,
then

Va2= V (1 +KC't) and Val=V1 (1 +KC1'), (1)
where the subscripts 1 and 2 refer to the faster and slower
albumin components respectively; K was considered to vary
little with the protein concentration, when this is low
(Hoch, 1948). In the derivation of tht expression for K on
the basis of Svensson's (1946) theory, the mobility ratio for
the protein, U/U1, was taken to be equalto thatofthe buffer
ions across the boundary.
An expression for K can also be derived, if the ratio

U/U1 for the protein ions is taken to differ from that of the
buffer ions by amounts proportional to the protein con-
centration (expressed in equiv./ml.), i.e.

U31 U1. U
Ul(1 +aC) =_ = (2)U2~~~~~~~2

By combining (2) with Svensson's equation (21) (1946)

VK1 VI) UO -U
we have

(SU2N U., m CIS,Us, + a =o1ulJ u U, (1 +=aC)
In the following, - ut - will be written E.

KS2U K2 U1 C

-
U =(1+aC)( C =

K1 U aCE+C 1+aE
K U11= = C.*K2l -C y.-C

(3)
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K is defined as previously, or from (1),

inserting

and from (3)

K- 1 Val-V1
C1' V1

Val=- and V1=-,
K2 K1

1 /K1U_K=C (- I)

K- (1 +aT) Q8x 10-2
E - QS X 10-2 X Ck"

The separation per unit time, S, of the two boundaries,
after they have migrated V,, and V.2 respectively, is

Il'
1 (V1- V2) (1 +KCt') (Hoch, 1948) from which

cil

(4)

where the concentration of protein is expressed in g./100 ml.
and QS is the net charge/g. protein. Solving (4) for Q8 we

have

Qxl2 I +aZ + KC1'

If a2 is negative, the value of Q8 thus found is larger, if
positive smaller, than that found from equation (4a) of the
previous paper (Hoch, 1948):

K= Q8X10-2
Z Ci UiJL -Q8 x 10-2 XCl

derived by using the assumption that the mobility ratios of
all ions are equal; i.e. the coefficient of C1' in the denomi-
nator in (4) is larger (or smaller), so that variations in C1'
have more (or less) effect on K. The variation in Z with C1'
is here comparatively small, as the numerical calculation
showed. No data are available to estimate a, but for the
present purpose it may be sufficient to evaluate the varia-
tion in K with C1' for an arbitrary limiting case, in which
this variation is greatest. For example, using the experi-
mental value ofK =0-06 (Hoch, 1948), and taking the value
of Q8 as being 25% higher than that of Q8 given in the
literature (for references see Hoch, 1948), with the help
of equation (4) a= + 0-45 x 104 and the change in K is
calculated to be +11 %, when C1' increases from 0 to 1 g.

albumin/100 ml.
In the present study the approximation is made that K is

independent ofthe albumin concentration and the numerical
value of 0-06 is used in all calculations. In consequence, all
the values given below for the relative proportions and
relative mobilities should be considered as approximations.

Calculation of the relative proportion8 and the relative
difference in mobility of the two albumin component8. The con-

centration of the faster albumin component ahead of the
boundary of the slower component adjusts itself to such a

value that the increase in concentration across this boundary
is balanced by the decrease in migration velocity. The
amount of the faster albumin ions/unit cross section which
passes the boundary of the slower component must be the
same whether calculated in terms of the migration velocity
behind the slower boundary or that ahead of it. Using
equation (1), this is expressed by

(V1 - V2) (1 +KCt') C1'

= V1 (1 + KC1') Cl' - V2 (1 + KCt') C1

=(Vl- V2) (1 +KCt') Cl' - V1K (Ct' - Cl') C1'.

Hence CVK=CL,V (C' C1')C1' (5)

Vl - V2 =SI Ci I
cl(1+KCt')

Inserting (6) into (5)

C1'=C1 VIK (Ct' - Cl') Clol

and C1'= V.
1+ S K (Ct' -C1')

From equation (7) the proportion of the faster component
in the total can be obtained. The relative difference in
migration velocity at infinitely low albumin concentration
(=relative difference in mobility) is best calculated from
equation (6) after C1'/C1' has been found from equation (7).

EXPERIMENTAL

In most of the cases 4 ml. of fresh serum were diluted with
8 ml. phosphate buffer of pH 8 and ionic strength 0-1, and
dialyzed against 21. of this buffer for 1-4 days at 0-40. The
serum protein concentration was determined by micro-
Kjeldahl or by the specific gravity method of Linderstr0m-
Lang (Hoch & Marrack, 1945). The 11 ml. Tiselius cell and
the Philpot-Svensson optical system with a diagonal edge
or wire (Svensson, 1939), or both, were used. The potential
gradient was about 10 V. cm.-' and the bath temperature
0.10. After 70-80 min. the serum patterns were photo-
graphed, and then a steady flow of buffer into the electrode
vessel of the anode was started and kept up so that the
albumin boundary did not migrate out of the top compart-
ment of the U-tube. The patterns were evaluated by the
method of Svedberg & Pedersen (1940) as used by Longs-
worth (1946), in which the areaa of the peaks of the gradient
curve are limited by lines similar to Gauss curves. This
procedure involves much uncertainty in the analysis of
patterns from the serum albumin, the components of which
have not been completely separated (P1. 10) and no more

than a crude estimate of the apparent relative proportions
of the albumin components was attempted. Moreover, the
distance migrated per hour by the ascending albumin
boundary was used in place of V1 and this distance was not
measured in every experiment, but was assumed to be
2-5 cm. at 20 mA. in all experiments. An accurate estimate
was not considered necessary in view of the uncertainty
involved in the measurements of the distances between
the boundary peaks. The albumin concentrations on the
ascending sidp were 0-8-1-4 g./100 ml. in all but four cases.

As an example for the calculation of the true proportions
and relative mobilities, case 22 may be described: total
albumin concentration, Ct'= 1-2; apparent proportion of
faster component=60%, CL'=0-72; distance between
boundary peaks=0-43 cm.=S xtime; total distance mi-

grated= 55 cm. V1 x time; but from equation (7) the con-

centration of the faster component in the mixture,

C '= 0-72 =0-15 or 13% of 1-2;
1 + 55/0-43 x 0-06 x 0-48

C1' S 0-43
=4-8; 1+KCt'=1-072; -=--

C1' .. V1L 55

(6)

(7)
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from equation (6)

V1-V2 0-43x4-8
V1 55 x1 072 =0-035 or 3-5%.

Only those patterns which showed two main peaks were

analyzed in this way.

RESULTS

The results are summarized in Table 1 and P1. 10.
The proportion ofthe component represented by the
faster main peak ranged from 0 to 42% of the total
albumin. The albumin probably includes ocl-globulin,
except in case 25 in which this had been removed.
The mobilities of the two components diifered by
2-5-6-5 %. The findings in Table 1 were arranged
into four groups in the order of increasing pro-
portions of the faster component, irrespective of
the clinical state of the subjects. Owing to the un-

certaintyin the estimations, littlesignificance should
be attached to the order within any one group.
The percentages of the faster component in the

albumin from five healthy individuals were between
10 and 42. Cancer sera gave percentage values ofthe
faster component of 0-5 in five, of 6-10 in two, of
11-20 in two, and of 21-30 in one out of ten cases.
Five out of seven sera from patients suffering from
non-malignant diseases fell into the range found with
sera from clinically healthy subjects. The two low
values were found in one case of cirrhosis of the liver
and in one case of nephritis on two occasions.
Apart from the main components, a small com-

ponent, migrating up to 12% faster than the
albumins, was frequently observed. It was present
in seven out ofeight sera (including those which were
electrolyzed undiluted) from clinically healthy sub-
jects, in six out of eight sera from patients suffering
from non-malignant diseases and in five out of ten
cases of cancer.

The fastest boundary peak in cases 26-30 (P1. 10)
was comparatively large and, except in case 26, its
mobility differed little from that of the first main
peak. On account of this large first component, the
calculation of the relative proportions of the 'main'
components was omitted in these cases, since
equations (6) and (7) caunot be applied to more than
two components. In four instances, portions of the
same samples were tested before and after storage at
0-4° (P1. 10, bottom row). The keeping of serum

produced very little change in cases 13 and 18, while
a marked change in the pattern was observed in
case 8. When serum was first diluted, dialyzed and
then kept at pH 8, there was little change in case 8,
but in case 13 the separation of the two components
and the proportion of the faster component was
increased. No change on keeping at pH 8 was seen
in a sample of serum albumin that had been freed
from ml-globulin by electrophoresis in veronal buffer
(Longsworth, Curtis & Pembroke, 1945) and sub-

sequently dialyzed against phosphate. The changes
that occurred on keeping were in all instances in the
direction of a greater separation of the main peaks.
The following sera had been kept or dialyzed at
0-4° for more than 6 days before electrophoresis (the
number of days is given in parentheses): 2 (9), 6 (8),
7 (12), 11 (18), 19 (8), 20 (21), 29 (11).
The albumin pattern no. 31 of P1. 10 was obtained

in an experiment with undiluted serum. A similar
pattern was obtained with serum from the same
subject taken 2 months later. In both cases there
were three main and two small fast components. In
the pattern shown here a slight disturbance can be
seen in the region below the boundaries (i.e. to the
right in the figure) which is probably due to con-
vection. Undiluted sera from two other subjects
gave albumin patterns with three and two main
albumin peaks respectively. In addition one small
fast and one small slow peak were present in either
pattern. Although the small slow peaks behaved
like genuine components, it is possible that they
were due to convection, but it is unlikely that these
convections arose from the heat generated by the
current, since under identical conditions in many
other experiments no small slow peaks were
observed.

DISCUSSION

The assumption that two components are similar
with regard to the change ofmobility with protein or
with salt concentration was used in the derivation of
equations (6) and (7). The values for the relative
proportions and the relative difference in mobility
oftwo serum albumins calculated by means of these
equations differ considerably from those apparent
from the patterns. These calculated values are con-
sidered more reliable than those obtained by the
conventional method (in which the relative areas
are taken to represent the relative amounts in the
mixture) even if the assumptions about the changes
in mobility should prove to be not quite correct,
provided the values for theK ofthe two components
are similar. A formally similar treatment has been
used by Johnston & Ogston (1946) to explain a
boundary anomaly found in the ultracentrifugal
sedimentation of mixtures.
Ihmost ofthepatterns showninPl. 10,particularly

patters 6, 13 or 16, the extent of the separation of
the two components might appear insufficient for
a quantitative analysis. Greater separation could
have been obtained by continuing the experiments
for a longer time, but for technical reasons this was
not done. The uncertainty in the extrapolation of
the curves between the peaks can be assessed by
considering the limits within which both curves
could be obtainedreasonably symmetrical. In case 6
of P1. 10 these limits (ratio of the areas on both sides
of the maximum ordinate not greater than about
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2 or 2 5) were about 15 and 40% of the total area.
The value of 25% was used in the calculation.

In the three cases which were tested, the separation
into two albumin components could be reproduced
after keeping either the serum or the dialyzed
solution (at pH 8), but only in one case were the
patterns of practically identical shape. The other
patterns showed differences, all ofwhich were in the
direction of a greater separation of the peaks. It is
therefore improbable that any sera which showed
little or none of the faster component had altered
in this respect on keeping or on dialysis.
The finding of a lower concentration of the faster

main albumin component in a number of sera of
patients with cancer warrants further chemical in-
vestigation of this component. Extensive work has
been carried out with the purpose of establishing
alterations in the protein composition of sera from
persons suffering from malignant disease (for refer-
ences see Stern & Willheim, 1943). Several changes
have been found, but none of them was specific
enough to be ofdefinite diagnostic value. The present
investigation might bear some relation to the
findings ofKahn (1930). He found that the albumin
fraction which is not precipitated by 37 15%
aimmonium sulphate is diminished in sera of cancer
patients. In these, as well as in the present experi-
ments, sera from cases of pregnancy and liver and
kidney diseases behaved similarly to those from
cancer patients.

SUMMARY
1. The albumin patterns obtained after prolonged

electrophoresis of diluted sera at pH 8 showed in
general two main peaks, of which the faster covered

an area of from 0 to 75% of the total area of the
albumin peaks. These proportions of the areas, how-
ever, do not represent the proportions in the amounts
of the albumin components in the original serum.

2. A method for the calculation of the relative
proportions and the relative mobilities of two
albumin components is presented. Applying this
method to the analysis of albumin patterns it was
found that the amount of the faster 'main' com-
ponent ranged from 0 to 42 % of the total albumin.
In five sera from clinically healthy individuals the
percentage was 10-42; in seven out ofthe ten cancer
sera examined, the percentage was only between
0 and 10. Similarly low values were found in two
samples of sera from a patient with nephritis, in one
case of cirrhosis of the liver and in two pregnancies.

3. In two cancer and three non-cancer sera three
main albumin peaks were found.

4. Electrophoresis ofundiluted sera gave albumin
patterns with three 'main' components in two out of
three cases examined.

5. An additional small fast component was
present in seven out of eight sera from clinically
healthy subjects, in six out of eight sera from
patients suffering from non-malignant diseases and
in five out of ten cases of cancer.

6. No feature of the albumin pattem specific only
for cancer sera could be established.
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