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rapid component. Using the theory of electropho-
resis—convection,? it can be estimated that the top
fraction in each case should have become enriched
with respect to the slow component, until that ma-
terial comprised ca. 409, of the total protein. This,
along with the observed reduction in the biological
activity of the top fraction would lead to the belief
that the slower components are probably devoid of
insulin activity. That the chemical differences be-
tween the two fractions must be very minute can be
conjectured from the similarity of their behavior
in electrophoresis, their lack of separation by the
usual precipitation methods and their non-inter-
ference with the dissociation”® and chemical compo-
sition!! studies reported in the literature. It might
also be of interest to add that, using the equation of
Henry which relates electrophoretic mobility to
charge, it has been possible to calculate that the
difference of mobility between the two fractions can
be accounted for by a difference of three electronic
charges per insulin molecule, assuming a molecular
weight of 36,000. Craig recently reported the frac-
tionation of insulin into two fractions,? differing
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only to a very slight extent,!® and both possessing
equal insulin activity. The difference between
these fractions consists in one amide group per
6,000 unit, the principal component having one less
free carboxyl than the minor fraction. It would
seem then that the fractions obtained by electro-
phoresis—convection are probably not identical
with the ones separated by Craig due to the differ-
ence in activity and also since in the electrophoresis—
convection fractions the major component is
electrophoretically .the more rapidly migrating
one while one would expect just the opposite to be
true in the case of Craig’s insulin fractions.

Whether the hyperglycemic factor! found in insu-
lin is concentrated mostly in one of the two frac-
tions or is evenly distributed is impossible to judge
from the data so far on hand. However, the re-
cent report that this factor represents only a minute
fraction of the total protein in crystalline insulin®
and furthermore is insoluble in pure form at the
PH used in this study could explain the lack of
separation of the two activities in the electropho-
resis—convection fractionations.
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Electrophoresis—Convection Applied to the Complexed Insulin—Protamine System!
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The recently suggested method for the separation of electrophoretically similar proteins by electrophoresis—convection

with the aid of complex formation has been applied to the fractionation of insulin.

Using protamine as the complexing agent,

it was possible to achieve a partial separation of the electrophoretic components of insulin in a pH 4.0 acetate buffer, demon-

strating the applicability of the technique.

Introduction

The method of electrophoresis—convection has
been successfully applied to the fractionation of a
number of systems of proteins. Thus, by its use it
has been possible to carry out a number of very re-
fined fractionations®3 and to make studies of biologi-
cally important systems.®

In some cases, however, fractionation by this
method may become difficult due to either too close
similarity of the iscelectric points of the proteins
to be separated or to their insolubility near the iso-
electric point and electrophoretic similarity in their
solubility region.

For the fractionation of such systems by elec-

(1) This work was carried out partly with the help of funds provided
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with a grant in aid from Eli Lilly and Co.
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(4) J. R, Cann, D. H, Campbell, R. A, Brown and J. G. Kirkwood,
Tuis JourNaL, T8, 4611 (1951),

(3) J.R.Cann, R, A, Brown, J. G, Kirkwood, P, Sturgeon and D, W,
Clarke, J. Immunology, 68, 243 (1952),

trophoresis—convection, a modified technique has
been suggested.® This technique is based upon the
formation of soluble complexes between the protein
to be fractionated and an interacting agent. Such
complex formation would lead to a change in the
constituent mobility of the protein,” with the re-
sult that its rate of transport in electrophoresis—
convection would also change. Thus, if one had a
mixture of proteins with similar mobilities, one of
which could interact to a stronger degree than the
others witha given complexing agent, electrophoretic
resolution of the components, in their complexes,
could be enhanced and their separation by electro-
phoresis—convection made easier. In a previous
communication,® it has been shown that the forma-
tion of such soluble complexes does alter greatly the
rate of transport of a protein out of the top reser-
voir of the electrophoresis—convection cell. It was
also demonstrated that in such cases, the theory of
electrophoresis—convection, as developed for two-

(8) 8. J. Singer, S. N. Timasheff and J. G. Kirkwood, TuIs JOURNAL,
74, 5985 (1052).
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component systems,*® can be applied if now the
constituent mobilities of the components are used.

In order to establish the applicability of this
method in actual fractionation, it was decided to use
an electrophoretically inhomogeneous protein, in-
soluble in its isoelectric region, but the components
of which are electrophoretically similar at pH’s re-
moved from the isoelectric point, and which there-
fore is difficult to fractionate by usual electropho-
resis-convection. Insulin is a protein which has
been shown to satisfy these requirements.’® The
complexing agent selected was protamine since that
protein is known to precipitate insulin out of solu-
tion in the pH region above the latter’s isoelectric
point.!%12  The results of the fractionation of in-
sulin by electrophoresis—convection in the presence
of protamine are reported in this paper.

Experimental

The insulin was a specially prepared sample of Lilly
amorphous insulin No. 200-1B-11]J, possessing an activity
of 24 units/mg. The protamine was Lilly Salmine sulfate,
Lot No. 552227,

Electrophoretic experiments were performed at 2° in a
Klett Tiselius electrophoresis apparatus, and also at 0° in a
Perkin—Elmer apparatus, Model 38. The electrophoresis—
convection experiments were carried out in a cold room at
3-4°. The details of construction and operation of the ap-
paratus have been reported previously.!?

Prior to fractionation or electrophoretic analysis, the in-
sulin and protamine, dissolved in the appropriate buffer,
were dialyzed for 24 hours against the same buffer in the
cold room. At the end of each fractionation run the top
and bottom fractions were removed out of the electropho-
resis~convection cell and analyzed electrophoretically in pH
3.1 phosphate (I'/2 = 0.1) to establish the concentration of
the two proteins in each fraction. The insulin was then
separated from the protamine by the following procedure.
The insulin-protamine solution was dialyzed against pH 3.1
phosphate to which thiocyanate had been added (phosphate,
/2 = 0.02; thiocyanate, I'/2 = 0.08). This resulted in
the precipitation of the insulin, which is known to bind
SCN- ions,»1% while the protamine remained in solution.
The insulin was then centrifuged down, redissolved in the
pH 3.1 phosphate and the process repeated twice more.

The fractions were analyzed electrophoretically in a pH
7.6 phosphate buffer (I'/2 = 0.1). The insulin solutions
were then adjusted to pH 3.1, dlalyzed against several
changes of distilled water and lyophilized. The activity
determinations were carried out for us at the Lilly Research
Laboratories through the courtesy of Dr. O. K. Behrens.

Results

Electrophoresis.—In Fig. 1 is presented a typical
electrophoretic pattern obtained with the insulin-
protamine system in pH 4.0, T/2 = 0.023 acetate
buffer. The mobility data on a number of runs
under various conditions are presented in Table I.

From careful analysis of the electrophoretic data,
it can be seen that the system insulin—protamine
forms soluble complexes at pH 4.0 and above at low
ionic strengths, while at higher ionic strength no
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Fig. 1.—Electrophoretic picture of the insulin-protamine
system in pH 4.0 acetate buffer (I'/2 = 0.023); 0.26% insu-
lin, 0.33%, protamine,

TABLE I

TISELIUS ELECTROPHORETIC DATA FOR THE INSULIN-—
PROTAMINE SYSTEM

Concn, Electrophoretic mobilities,®

Protein pro-  Ace- em./sec./v./cm. X 108
insulin, tamine, tate Buffer Descending Rising
mg./ml. mg./ml. »H r/2 Fast Stow Fast Slow
5.18 4.0 0.023 6.87 6.74
3.7 4.0 .023 15.24 17.67

0.58 4.32 4.0 .023 11.22 3.81 17.70 8.38
1.73 4,46 4.0 .023 12.74 4.18 19.30 8.87
2.59 3.34 4.0 .023 13.50 4.84 17.98 8.22
3.46 2.22 4.0 .023 14.23 5.17 18.98 8.58
4.32 1.11 4.0 .023 14.32 5.83 18.12 7.68
4 4 4.0 .05 12.92 4.49 16.31 7.41
10 3 4.0 .1 12.78 5.83 12.83 5.23
4 4 4.3 .04 11.97 3.73 17.32 8.09
4 4 4,4 .04 13.34 38.46 14.33 7.37

a All runs were performed using the Klett Instrument.

interaction takes place. It should be noted that
at pH 4.0 in a 0.023 ionic strength acetate buffer
the mobility of the slow boundary on the descending
side has lower values in the mixture than that of
pure insulin, while in the case of rapid equilibrium
the mobilities should be identical. Furthermore,
this mobility changes as the insulin:protamine ra-
tio is changed, increasing as the insulin concentra-
tion increases and approaching that of pure insulin
at a high insulin:protamine ratio. This can be
attributed to variation in the salt concentration and
pH in the cell behind the fast moving boundary at
which the protamine disappears. That the slow
boundary on the descending side contains only insu-
lin, was shown by direct sampling of the contents of
the region between the slow and fast peaks and sub-
sequent electrophoretic analysis of that solution.
It should also be noted that in all cases on the de-
scending side the area undér the slow boundary was
found to be considerably less than that calculated
for the insulin present in the system, while that
under the fast boundary was greater than that
calculated for the protamine present. This would
point to the disappearance of part of the insulin at
the fast boundary in the form of complexes. It is
true that the Dole theory of moving boundaries!®
predicts a similar distribution of the areas even in
the absence of complexes between the components.
However, the magnitude of the area changes pre-
dicted by Dole is of a much smaller order than that
observed in the present case. Further evidence for
the existence of complexes can be derived from the
low mobilities of the fast descending boundaries

(16) V. P, Dole, ibid., 67, 1119 (1945).
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when both insulin and protamine are present in the
solution.

Fractionation.—In a preliminary run, carried
out in pH 4.25, T'/2 = 0.04 acetate, it was found
that the transport occurred exactly as expected for
a complexed system in electrophoresis—convection.
In this case it was found that when 759 of the total
protein had been transported out of the top res-
ervoir, the experimental value for the separation fac-
tor,”” f,, was 2.4. The corresponding theoretical
value, assuming interaction, was calculated to be
2.1, while if no interaction had been present, f;
would have had a value of 17.

Due to the limited solubility of insulin above pH
4.0, the final fractionations were carried out at pH
4.0, in T/2 = 0.023 acetate buffer. The results of
two such runs are summarized in Table II.

TaBLE 11

FRACTIONATION OF INSULIN IN THE PRESENCE OF Pro-
TAMINE IN ACETATE BUFFER; pH 4.0, T'/2 = 0.023

Insulin Mobility *
activity, cm./sec./v./

Run Conditions Fraction  units/mg. cm. X 105
3 0.6 v./em. Starting 24 -5.71
24 hours Top 9 -5.21
Bottom 21.5 —-35.92
4 0.5 v./cm. Starting 24 -35.71
13.5 hours Top 15 —-5.16
Bottom 20 —-5.89

¢ Tiselius electrophoresis analyses carried out on the Per-
kin-Elmer instrument, in phosphate buffer, pH 7.6, I'/2 =
0.1.

In the first run, 560 mg. of insulin and 980 mg. of
protamine were dissolved in 120 ml. of buffer and
fractionated for 24 hours at a field strength of 0.6
v./em. The top and bottom fractions were then
removed out of the cell and the insulin separated
from the protamine as described above. The elec-
trophoretic and insulin activity data, presented in
columns 4 and 5 of Table II, show that the top frac-
tion has become strongly enriched with respect to
the slow component.

In the second experiment, 540 mg. of insulin and
740 mg. of protamine, dissolved in 130 ml. of the
buffer, were fractionated for 13.5 hours at 0.5 v./

(17) The separation factor is defined as
fi = (GfC%)/(C/ C%)
where Ci and C; are the concentrations of the two components in the
top reservoir at a given time dvring the run, and C% and C9% are the
initial concentrations. The theoretical value of f; may be calculated
using the equation
(14 X%fr — 1B/ =8

where v = (c1 + ¢2)/(c% + ¢%), X% = /(% 4+ ¢%) and 8 = 1 ~
u2/u1, where u: and p2 are the electrophoretic mobilities of the two com-
ponents,
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cm. Once again the electrophoretic and activity
data point to a considerable degree of fractionation.

Although in both runs only 809, of the protein
has been recovered with a corresponding activity
loss of 259, it is noteworthy that the electropho-
retic mobility and activity changes in the top frac-
tions are in the same direction as those observed for
the fractionation in pH 7.5 phosphate.?® It would
appear that the less active fraction of insulin is
bound to a lesser degree by protamine than the
principal active material and therefore transported
less rapidly out of the top reservoir.

Discussion

The complexing of insulin with protamine has
resulted in the rather easy fractionation of the
former by electrophoresis—convection. It is quite
apparent that not only does the protamine binding
increase the transport of insulin in electrophoresis—
convection, but that it also aids to keep the insulin
in solution, in view of the fact that all previous at-
tempts at fractionation at pH 4.0 had met with fail-
ure due to the precipitation of insulin on the walls
of the channel.?

The demonstrated fractionation of insulin by
electrophoresis—convection #ia its interaction with
protamine, illustrates a new approach to the
problem of protein separation. This technique
should prove of great use in the fractionation
of some biologically important systems. For ex-
ample, by its application it should be possible to
separate a mixture of complete and incomplete
antibodies which, although similar electrophoreti-
cally, would bind differentially a suitable protein
antigen. Another possible application might be in
the isolation and purification of enzymes, where the
enzyme could be caused to form soluble complexes
with an inhibitor or, in the case where a double sub-
strate is required for enzyme action, it might be pos-
sible to fractionate the enzyme via its interaction
with one of the two substrates.

The complexing agents used in this method do not
necessarily have to be macromolecular in nature,
but small ions which interact with the protein in
question also could be used. In such case the inter-
acting ion would have to be present also in the buf-
fer solution circulating on the outside of the electro-
phoresis—convection cell since it would diffuse
through the semipermeable membrane walls of the
channel. This might require in some cases a slight
modification in the instrument such as the replace-
ment of the platinum electrodes by another type or
the introduction of salt bridges between the elec-
trodes and the cell.
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