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Abgtract

A new improved electrophoresis-convection apparatus for the
fracticnatibn of proteins is described. The potentialities of the
apparatus are demonstrated in the partial separation of bovine serum
proteins and in the sub-fractionation of bovine ¥ =globulin, Fraction II
obtained by alcohol-salt precipitation. A fraction containing 96%

¢~globulin has been isolated from bovine serum. Bovine & -globulin
has been separated into eight fractions with mobilities ranging from
=1.25x1072 to ~2,25x1077 and iscelectric points extending from pH 7.3l
to pH 5.7k,

An extension of the theory of reversible boundary spreading in the
electrophoresis of protéins is presented. The theory has been applied

to the characterization of the & =globulin fractions.
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of Bovine Serum Proteins
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Part 1
The Fractionation of Proteins by Electrophoresis-Conveetion
Description of an Improved Apparatus and Its Use in the Fractionation

of Bovine Serum Proteins

Introduction

Hardy (1) and Mellanby (2) were two of the first investigators to
put the fractionation of proteins upon a rational basis. The former
introduced the concept of isoelectric point and the latter that of ionic
strength. The "salting out" techniques of fractionating proteins were
developed by a number of investigators during the period 1905 to 1930.
However, the work was handicepped by lack of adequate methods for the
characterization of the fractions.

The development of the electrophoresis apparatus by Tiselius (3)
provided a convenient method for protein characterization and stimmlated
other workers in their efforts to isolate the proteins of blood plasma,

Tiselius (3) used the new electrophoresis apparatus not only for
analytical work but also for the preparation of electrophoretically
hoﬁogeneous proteins. His method has some disadvantages. Only small
quantities may be recovered and the separation of two proteins with small
mobility differences is quite difficult,

Svensson (4) has reviewed the methods of preparative electrophoresis,
In general electrophoretic methods have not been as widely used for
protein fractionation as the "saliing out" methods.

Cohn and coworkers at the Harvard Medical School have used a complex
system of ethanol, salt, and buffers at 0°C to -5°C to separate human
plasma into fractions. The separations are accomplished by making use of

the solubility differences of the proteins in various solvent systems,



Recently Edsall (5) has made a comprehensive review of the work in volume
II1 of "Advances in Protein Chemistry"., There has been a very large
number of papers published by the group and only a list of the more
important papers will be given (6).

The people at the Harvard Medical School have been able to separate
human plasma into several relatively homogeneous components by the use of
their ethanol-salt system of fractionation. These proteins migrate as a
single peak in the electrophoresis apparastus in alkaline buffers. Never~
theless) the fractions do not in general satisfy all of the eriteria
necessary for a homogeneous preparation, i. e., homogeneity in the
ultracentrifuge, absence of reversible boundary spreading in the electro~
phoresis apparatus, and a solubility which is independent of the amount
of solid phase present.

In 1941 Kirkwood (7) suggested a new method for the fractionation
of proteins. The method is a modification of that used in the separation
of isotopes by thermal diffusion in a Clusius column, It was proposed
that differential electrophoretic transport of proteins be superimposed
upon vertical convective transport in a Clusius column, Separation
should take place on the basis of mobility differences.

The method was tested experimentally by Nielsen and Kirkwood (&)
several years later. Artificial mixtures of hemoglobin with serum albumin
and agzo-ovalbumin were partially separated and transport experiments were
carried out with single components. The experiments showed that the
density gradients caused by electrophoretic transport were much larger
than those induced by thermal diffusion. As a result the use of thermal
gradients in the apparatus was discarded.

Results obtained by Nielsen and Kirkwood (8) indicated that the new



method, electrophoresis-convection, should be of practical value in the
separation of electrophoretic components from protein mixtures.

The apparatus used consisted essentially of two glaés reservoirs
connected by & narrow annular channel formed by concentric sausage casings.
An electric field was produced by the passage of a current through the
buffer in which the apparatus was immersed.

Since the membranes in the apparatus were not adequately supported,
‘they had a tendency to sag with a consequent change in the dimensions of
the channel., As a result the fractionations were not entirely reproduc-
ible.

It is the purpose of this thesis to describe a new and improved
apparatus designed to eliminste the disadvantages of the older apparatus
and to present the results of some representative fractionations made
with the new apparatus.

As it is now used the fractionation scheme may be described briefly
as follows. Two reservoirs connected by a vertical channel, of width
sufficiently small to ensure laminar flow, contain a solution of the
proteins to be fractionated. Upon application of a horizontal elect:ic
field, differential transport of the mobile components across the channel
takes place, producing a horizontal density gradient depending upon the
composition.gradients. Under the action of gravity, the density gradient
induces convective circulation in the channel with a velocity distribution
gqualitatively similar to that of the Clusius column. The result of the
superposition of the horizontal electrophoretic transport and vertical
transport is movement of the mobile components from the top reservoir to
the bottom reservoir at rates depending upon their mobilities, with a

relative enrichment of the top reservoir with respect to the slow compon-



ents, The mathematical theory of the iransport has been worked out by
Professor Kirkwood and will be presented in a future article. It has
been used in the design of the improved fractionation cell to be described
here.

In order to avoid contamination of the solution by electrolysis
products, the walls of the convection channel are constructed of semi-
permeable membranes, separgied from the electrodes by buffer solution,

- The électric field across the chamnnel is maintained by the electric
current carried by the ions of the buffer electrolyte, to which the mem-
branes are permeable. The exterior buffer solution is replenished by a
circulation system at a rate sufficient to prevent the electrolysis pro-
ducts from reaching the membranes.

Electrophoresig-convection is related to the Pauli (S) electro-
decantation effect, which has been used by Pauli and Stamberger (10) to
concentrate eolloidal solutions and by Gutfreund (11) to stretify proteins
solutions. It appears that the method bears roughly the same relstion to
the Pauli electro-decantation effect that the Clusius column bears to the
Soret effect.

Depending upon the pH of the operation employed, fractionation of a
heterogeneous protein may be effected by two modes of operstion. In the
first method the pH of the solution is such that all the components are
either on the alkaline or acid side of their isoelectric points. Under
these conditions the components are differentially transported out of
the upper and into the lower reservolr, the fractionation depending upon
the difference in mobilities of the constituent proteins. The optimum
separation of components is obtained by so choosing the operating time

that half of the major component is transported out of the upper reservoir,



In the alternative method of operation ome of the‘constituents of
the heterogeneous protein is immobilized by operating at its iscelectriec
point. The mobile components are transported out of the upper and into
the lower reservoir, leaving the immobilized component in the upper re-
gervolr, |

The successive séparation of the components of a protein mixture can
be effected by the isoelectrlc procedure as follows. The component with
- the most alkaline or acid isoelectric point is first separated from the
others in several successive stages by operating at its isocelectriec
point. The composite of the top cuts of these stages is further processed
to purify the desired constituents. The bottom cut of the last of these
stages 18 a concentrate of the mobile components. The procedure is re=-
peated until the mixture has been resolved.

The first method of operation, in which the pH of operation is on
either the alksline or acid side of the iscelectric points of all the
components,has been used in a prelimipary fractionation of ovalbumin
carried out at Cornell University (12)., Electrophoretic anzlysis of the
material at a concentration of 1 g/lOO ml in phosphate buffer pH 6.8 and
ionie strength 0.1 showed that there are two components A; and A5 with
mobilities «5.90x10'5 and =5.13x10™2 respectively. The relative concen=
tration of A, was found to be 22%. After a three stage fractionation
carried out in phosphate buffer pil 6.8 andvionic strength 0.05 the rela-
tive concentration of A, the slower moving component, was found to have

been increased to 31%.



In a series of exploratory runs made at Cornell University (12) and
continued at the Institute, Horse Diphtheria Antitoxin Pseudoglobulin*
was used to test the isoelectric method of fractionation. ZElectrophoretic
analysis of the material in barbital buffer pH 8.6 and ionic strength 0.1
at a concentration of 2 gf100 ml yielded &% ol-globulin (mobility
~3.72x1070 on® volt™" see™'), 56 4, ~globulin (-2,44x1077), and 36%

I -globulin (=1.10x1077), In phosphate buffer ionic strength O.1, the
f;globulin was isoelectric at pH 6.54, A two fold increase of the rela-
tive ¢ ~globulin concentration was achieved by means of a three stage
fractionation operating at the iscelectric point of ¥-globulin, pH 6.5,
in phosphate buffer ionic strength 0.05. The final top cut had a relative
concentration of T4% & ~globulin.

On the basis of the work outlined above it was concluded that the
isoelectric procedure is the best method for obtaining electrephoretically
homogeneous proteins. Consequently, all the results reported in the thesis
were obtained by isoelectiric procedure,

Complete exhaust of the mobile components, although closely approached
under ideal conditions, is sometimes inhibited by disturbing factors, If
the operating pH is so chosen that there are both positive and negative
mobilities, a stationary state will be reached before all the mobile com~
ponents are removed from the top reservoir., A theory of the electro-
phoresis~convection column valid for values of the parameter, QyufaéD »
small relative to unity has been developed by Professor Xirkwood, It

shows that when the stationary state is reached, the mean isoelectric

* The department of physical chemistry, Harvard Medical School kindly sup-
plied the Horse Diphtheria Antitoxin Pseudoglobulin., This meterial was
prepared 2t the Massachusetts Antitoxin Laboratory.



point of the top fraction will be the same as the pH of the buffer in the
apparatus. Osmotic transport of solvent from the exterior buffer solution
into the cell occurs in those runs in which there are mobilities of both
signs. The osmotic transport is an increasing function of the field
strength and protein concentration and a decreasing function of the ionmic
strength. The influx of water through the membranes reinforces upward
convection and counteracts downward convection, thereby decreasing the 4
rate of transport out of the upper reservoir. Although theory predicts
only é slight dependence on initial protein concentration, efficiencies
of separation have been observed to be markedly lower at lower protein
concentrations. Also. in disagreement with theory, it has been found
that poorer sepafations are obtained with high field strengths than with
field strengths below 2.5 volts/cm. Although a thorough investigation has
not been made, it is surmised that the decreased fractionation efficien-
cies obtained at high field strengths and low protein concentrations may
be due to the destruction of laminar flow in the channel. In general,
optimum operating conditions must be determined by pilot fractionations.
Blood serum which is a mixture of at least six proteins with ap-
preciable differences in isoelectric points is well suited for a test of
the isoelectric fractionation procedure. The potentialities of the method
of electrophoresis~convection and the effectiveness of the new fraction-
ation unit are well illustrated by the partial separation of bovine serum
proteins accomplished by the isoelectric procedure and the results are

reported in Part I of the thesis,



Construction of the Electrophoresis-Convection Apparatus

The apparatus described here may be considered as being composed of
five principal parts: 1) the fractionation cell consisting of a cell
block, two face plates, and semi-permeable membranes; 2) the box housing
the fractionation cell and electrodes; 3) the electrode assemblies:

4) the buffer circulating system and 5) the power pack. On assembly
the cell consists schematically of a narrow verticel chennel connecting
upper and lower reservoir. That portion of the channel effective in
fractionation is formed by the rectangular space between two sheets of
semi-permeable membrane. The cell is immersed in buffer solution to
within about an inch above the bottom of the upper reservoir. The elec~
trode assemblies are placed in the box on opposite sides of the cell.
During operation electrolysis occurs which tends to change the pH of the
buffer solution. To counteract this, buffer is circulated vertically
around the cell.

The material used in the construction of the fractionation cell and
its housing must meet certain requirements. It must be electrically non-
conducting, exhibit no swelling when in contact with agueous solutions,
possess dimensional stability, and be readily machined with high precision.
Although there is something to be desired in its machine-ability, lucite
appears to be the maperial most suitable for this purpose. Consequently,
it was chosen as the construction material. Where necessary the lucite

was cemented with Dupont Cement H-9l,

The Fractionation Cell is shown to scale in Plates 1 and 2. The
ecell block, Plate 1, consists of an upper and lower reservoir between
which is & vertical rectangular slot. The reservoirs are comnnected to -

this central slot by means of narrow vertical channels passing through



the body of the dlock. The capacities of the upper and lower reservoirs
are 100 and 50 ml. respectively. Both reservoirs are supplied with valves
for sampling, and the top reservoir ls open to the atmosphere. A recess
is milled around the periphery of the rectangular slot on both faces of
the cell block. The cell block is supplied with two small legs.

Both face plates, Plate 2, are of identical design. The face plate
is essentially a frame which fits into the recess around the periphery
of the central slot of the cell block. Around the inner periphery of the
back side of the frame is a shoulder comstructed so as to fit into the
central slot of the cell block. The face plates clamp the sheets of semi-
permeable membranes in place against the bottom of the recess. Since the
menmbranes form the face-walls of the effective portion of the channel,
the height of the shoulder controls the channel wall separation. In the
cell described here the wall separation ig 0,037". A 1/6&" clearance is
allowed between the sides of the shoulder and the central slot and also
between the sides of the frame and the recess. The face plate is supplied
with two longitudinal ribs, which act as supports for the membranes. The
one face plate and the cell block are drilled to receive brass machine
screws®, the holes in the face plate being counterbored, The other face
plate is drilled and tapped for the screws. The holes in the face plates
correspond to those in the cell block.

The effective portion of the channel connecting the upper and lower
reservoirs is formed as follows: Visking Corporation cellulose sausage

casing, No. 133, is soaked overnight in dlstilled water. Sheets of semi-

*Since the heads and tips of the screws must be electrically insulated
and since, in any case, metal screws distort the electric field across
the channel walls, the use of natural paper base bakelite is recommended.
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permeable membrane are made by cutting along one edge of the casing and
unfolding. The wet membranes ére applied to both faces of the cell block
and pressed along the bottom of the periphereal recess of the central
slot by insertion of the face plates into the recess. This produces a
gasketed seal. One edge of the plates is bolted snugly to the block by
means of three screws. The membranes are now stretched and the free edge
of the plates forced back into the recess, exercising care to keep the
membranes taut. The remaining screws are put into place, all the screws
being tightened sufficiently to prevent leakage. The excess membrane is
removed and the heads and tips of the screws electrically insulated with
Fenox, supplied by the Bakelite Corporatione In order to prevent drying
out of the membranes the cell is filled with distilled water and stored
in a container of water,

Phe Box which houses the fractionation cell and the electrode
assemblies is shown to scale in Plate U4, The inside dimensions are such
that a snug fit is obtained between the sides of the box and the edges
of the cell block. This minimizes loss of eleciric field by leakage
around ﬁhe cell, The capacity of the box is sufficient to allow the cell
to be surrounded by about 2% liters of buffer solution. The box is sup-
plied with buffer inlet and outlet tubes,

The Electrode Asgemblies are also shown to scale in Plate 3. Ori-

ginally each electrode assexbly coﬁsisted of three graphite rods mounted
in a lucite holder. However, contamination of the solutions by the
deterioration of the anode and the inhomogeneity of the electrical field
produced by the arrangement warranted changing to the platinum electrédes
described here., ZEach assembly consists of 2 mil platinum foil mounted

in a lucite frame., The dimensionsof the platinum feil correspond to
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those of the inner periphery of the face plates, The dimensions of the
frames are such that the strips of platinum and the effective channel of
the cell are aligned when the cell and electrode assemblies are housed in
the box. Bach frame is supplied with a binding post.‘céntact with the
platinum foil being made with No. 18 platinum wire. Since the platinum
occludes large quantities of electrolytic hydr?gen, it is advisable to
alternate the polarity of the electrodes from run to run.

The Buffer Girculatihg System was designed to counteract the change
in pH of the solutions due to the accumulation of electrolysis products
about the electrodes during operation. A buffer flow of about 30 liters
an hoﬁr is sufficient to maintain the pH of the solution constant to
within O.1 of a pH unit at a current demsity of 2.5 amps. per dm.2.
Cireculation is by gravity flow. The buffer flows from a twelve liter
asplrator bottle into the box housing the cell and electrodes., It is
then eirculated vertically in the box so as to pass down the fromt and
up the back of the cell, the small legs of the cell block permitting the
flow of the solution underneath the cell. The circulated buffer is dis-
charged into a twelve liter flask, A centrifugal pump periodically pumps
the cireulated buffer back into the aspirator bottle*. The pump is ac-
tivated as follews. One branch of a mercury menometer is inserted into
the side of the aspirator bottle so as to measure tﬁe hydrostatic pres-
sure, A flexible rubber sack filled with air and sealed onto the end of

the manometer tube separates the buffer solution from the mercury, When

0 - -

P e

*I% is desirable to operate under conditions of field strength and
current density which do not lead to electrolytic decomposition of the
buffer anions. Under these conditions, the original pH of the buffer
solution is restored on mixing, and the buffer may be recycled in the
circulation system without replenishment,
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the hydrostatic pressure decreases to some predetermined value, the pump
is activated through an electronic relay (13) by means of a system of
three platinum contacts in the open branch of the manometer. The relay
is self-energized through one of the contacts thus preventing short
cycling of the pump.

The use of silver, silver chloride electrodes, which would eliminate
the necessity for buffer circulation, has been considered.

The Power Pack consists of a potentiometer connected across a 110

volt direct current line. A 35 ohm slide wire resistor, maximum capacity
of b amps., is used for the potentiometer. The voltage drop across the
cell and the electrolyzing current are measured with a standard voltmeter

and ammeter,

Operation of the Electrophoresis-Convection Apparatus

The apparatus is operated as follows. The lower reservoir and
channel of the cell are filled with the buffered protein solution to be
fractionated, exercising care to eliminate all alr bubbles from the
channel. The cell is immersed in buffer solution contained in the box
to within’about one inch above the bottom of the upper reservoir. The
repainder of|the protein solution is now put into the ﬁpper reservoir.

A total volume of 110 to 150 ml. of protein solution may be used depend-
ing upon whether or not one wishes to fill the upper reservoir to capacity.
The electrode assemblies are placed in the box on either gide of the cell
making certain that they are parallel to the cell-faces, By making one
electrode positive and the other negative a relatively homogeneous elec-

tric field can be set up across the channel containing the protein solu-

tions., Buffer is now circulated vertically around the cell. The
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temperature is regulated in & constant temperature coldroom operating at
40, More than one fractionation may be conducted at the same time by
cascading the desired number of units.

The nominal field strength in the solution is determined from measure-
pents of the specific conducteance of the solutions and from the average
current density,

At the conclusion of the fractionation the top fraction is withdrawn
from the upper reservoir by means of a long hypodermic needle and syringe.
This operation is performed while the cell is still in the box and sur-
rounded by buffer solution. The bottom fraction, which includes the
solution from both the lower reservoir and the channel, is drawn off

through the lower reservoir valve,
Frectionation of Bovine Serum

Material.= Blood from a Hereford cow served as the starting material.
Serum was prepared by stirring the blood to remove the fibrinogen followed
by centrifugation to remove the cells, Analysis of this material yielded
8 electrophoretic components as illustrated in Figure 3. The nomenclature
adopted in labeling the electrophoretically separable components is given
in Figure 1. This nomenclature appears to be consistent with that used
in the literature except that G,~globulin is sometimes included in the
Y-globulin (14). Hess and Deutsch (15) have designated this component
merely sas /{ ~globulin, The mobllities and relative concentrations of the
electrophoretic components of the serum are presented in Table I. These

data were obtained in barbital buffer, pH 8.7 and ionic strength 0,1



Alburm i

Degsignation of the components of bovine seruus.

Figurs l.
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Table I
The mobilities (-u x 105) and relative concentrations
of the components of bovine serum,
Albvumin  «, Ay /A /s /83 Y, v
Nobility 652 5o76 U4.62 3,86 3,08 2.4k 1,97 1.28

Relative Concentration 43 3 13 3 % 9 2 7

Electrophoretic Analysis.- The moving boundary technique of Tiselius

(3) as modified by Longsworth (16) was used in the electrophoretic ana-
lysis. Electrolysis of the éroteiﬁ solution in barbital buffer, pH 8.7
and ionic strength 0.1, was allowed to preceed for 4 hours with a field
strength of 4 volts/cme Mobilities were ealculated from measurements of
the displacement from the initial boundary of the constituent boundaries
as suggested by Longsworth and MacInnes (17).
| For the purpose of determining the total protein concentration of a
solutidn an arbitrary factor relating the concentration to area units was
obtained by planimetric integration of the tracings of enlarged electro-
phoretic dlagrems of solutions of known bovine serum albumin concentrations.
The concentrations of the standard solutions were determined by the
method of Koch and McMeekin (18), Zlectrophoretic analysis of a protein
solution could be effected to about *1%.

The apparent concentrations of the electrophoretic components of
the serum and its fractions were detefmined from the electrophoretic
patterns by finding the ratio, in each case, of the component area to the
total area, exclusive of the € boundary. The areas were messured on
projected tracings of the descending patterns with a planimeter, resolu-
tion into componentg being carried out by the method of Pederson (19).
The conditions of electrophoresis were such that departure of the apparent

distribution from the true distribution of electrophoretic components
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were negligible compared to the changes in distribution effected by

fractionstion (20).

Experimental Results

Separation of the ¢ -—globizlin fractions from the serum was carried
out in phosphate buffer, pH 6.5 and ionic strength 0.1. The isoelectric
points of the ¢ -globulins appeared to be close to this pHE. The other
components of the serum mgrated towards the anode on electrophoresis at
6.5. To éffect separation of the /6 -globuling runs were carried out at
pH 5.0-5.1 and ionic strength of 0.3, The scheme used in the fraction-
ation is shown diagramaticelly in Figure 2. The electrophoretic patterns
of Figures 3, 4, and 5 follow the course of fractionation, The & ~globu=-
lins were separated from the serum and purified in Fractionstions I, II
and III., A -globulin fractions were obtained in Fractionations IV, V
and VI.

¥ =globulin Fractiong.~ The separation of crude ¢ =-globulin fractions
was effected in Fractionation I. Since the ¢ -globulins were practically
immobilized by operating near their iscelectrie points, only the albumin,
® - and & -globulins were transported out of the upper and into the lower
reservoir, Four runs were mede in order to study the influence of field
strength, duration of electrolysis, and volume of solution being fraction-

ated upon the efficiency of separation.* 1In all cases the initial concen—

* Osmosis, increasing the volume of protein solutionoccurred during these
runs., The volume of osmoid depended upon the conditions of fractionstion.
Thus, in Run 1 the volume of protein solution was increased by 6% due to
osmosis, while in Run 2 the volume of osmoid was 39% of the initial volume.
It was found that osmosis increases with increasing field strength and in-
creasing protein concentration and decreases with increasing ionic strength,
It is desirable to minimize osmosis, since the passage of water through the
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tration of the protein solution was 3.7 g protein/l00 ml. of sclution.
The resultant data sre presented in Table 2, where

E = nominal field strength in volts/cm.

$ = duration of run in hours.
Vy = initial volume of protein solution in ml.
¢; = initial concentration of protein solution in g.

protein 100 ml. solution.

v, = Vvolume Gf‘osm@id in mle

£y = top separation factor.

The efficiency of separation lg expressed in terms of the top separation

factor, which is defined by the relation

70.,_43_,/__.&, C k= G
R A T %/[’K

(1)

Xei and Xy ere the initial and finsl ratios of the concentration of the
immobilized component to total protein concentration in the top reservoir.
The initial separvations ylelded 3’ag1@bu1in fractions, the compes-
itiens of which compare favorably with that of the crude 3’mgi@buliﬁ
fraction obtained by Hess and Deutsch (15) using ethanol precipitation.
Thus, the top fraction of Run Y had the composition 86% Jf»gl@buliﬁsg
13% 4§ =globuline, and 1% albumin, while the ¢-globulins separated in
crude form by ethanol precipitation were of composition 85% */wglﬁbulins
and 15%/6 -globulins, Figures 3a and 3b represent the electrophoretic

patterns of the origimel serum and a representative crude ¢ -globulin

n o

membrones into the channel counteracte the dowaward convection current
and reinforces the upward convection current, thereby decreasing the
efficiency of separation.
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Table 2

(a) Conditions for separation of J~globulin fractions.

Fractionation Run E % Vs a3 Vo
5 voltsfem  hrs. ml. gf100 ml. mls

I 1 3.1 1k 110 307 7
2 6ol 1k 115 307 45
3.1 it 117 367 12
4 3el 27 155 367 9
11 3ol 2l 116 0ob 8
111 Cemposite of Zed 15 350 %63
3 rung

(v) Distribution of electrophoretic componsnts into fractions.

Fractionation  Run Reservoir Albumin 4 % & /4 /3 & d 7
percent of fraction
Serum 43 3 13 3 1k g9 g 7
1 1 top 1 3 g8 8 67 13
2 top 2 11 8 8 80
3 top 1 6 8 85
b top 1 5 & 63 23
1 Composite bottom 49 2 1 3 1h 8 6 3
1,2,3,4
i1 top 4 8 88
bottom 4 L 6 74 12
III  Composite top 6 2 23 3 2 76 6
of % runs

bottom 53 3 16 3 12 7 & 2
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fraetion, respectively, Partial separation of ] =globulin end ¢ ~glo-
bulin was 2lso effected in these initlal fractionations., The relative
concentrations of ¥ = and (¢ -globulin in the serum were &% and 7%, res-
pectivelye The top fraction of Run 1 analyzed 67% ¥ <globulin and 13%
. -globulin, and the top fraction of Run 4, 63% ¥ -globulin and 23%

{, =globulin. XElectrophoretic resolubtion of the )<wgl@bu1in peak was

not obiained on analysis of the solutlions from the top reservoir of Rune
2 and 3,

Removal of the albumin, X-globulins and /imglebulims from a com~
posite of the initial 3’ogl@bulin fractions obtained in Buns 1, 2 and 3
wag accomplished in Fractiopation II. Electrophoretic patterns of éhe
resulting top snd bottom cut are shown in Figure b, Analysis of the soclu~
tion in the top reservoir yielded 96% ¢ =globulins and 4% 4 -globulins,
Considerable separation of 7 - and ’lmgl@bulin was also effected in
this experiment. Referring to Table 2, it will be noted that the relative
concentrations of %f@ and fr=globulin in the upper reservoir were g%
and 88%, respectively, while in the lower reservoir they were 74% and
12%, respectively, The mobilities of the ¢ - and f-globulin under

consideration are =1.9 x 1070 and -1.2 x 1072 cm® sec™t

volt~L, respec=
tively. These are slightly lower than the mobilitles reporied by Hess
and Deutsch (15) for their fractions which correspond.

‘Although the calculation of a separation factor for this fractiona-
tion is complicated by the transport of %ﬁugl@buling it appears that the.
efficiency of the fractionation was markedly lower than those obtained
in Fractionation I. The only difference between Run 1 of Fracticnation

I and Fractionztion II was that the concentration of the protein solution

in the former run was 3.7 g/100 ml. as compared to 0.6 gfl00 ml. in the
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latter run., The influence of the cconcentration wpon operating efficiency
was confirmed by the resulte of two runs mede to effect separation of
crude ¥-globulin fractions from serum. Except for concentration, the
operating conditions of these runs were identical with those used in Run
1. I% was found that the separation factor was 23 for an initial concen-
tration of 2,9 gfl00 ml. and only 7 for an initial concentration of 0.8
g/100 ml.

The material taken from the bottom reserveir of Fractionatlien I was
further processed in Fractionation III o remove Y-globulins. The data
are presented in Table 2. Analysis of the solution withdrawn from the
top reservoir yielded 76% ) -globulin and 6% $i-globulin, The solution
staken from the botbtom reservoir contained only 6% ¢ -globulins, Figure 3.
Thus, the coancenbtration of Q’mglﬁ%alins in the serum was reduced by aboutb
60% in two successive siages of fractionation. Further fractiomation would
have eventually removed all of the J’leabulinss but for the purpose of

this investigation that was not warranted.

/Gnmg}obulin Fractiongs.- Subseguent %é the separation of ¢ -globulin
fractions, cfade/e =globulin fractions were separated from the serum by
fractionation at pH B.0-5.1 and ionic strength 0.3%3. Two further stages
of fractionation served to vurify these crude fractions. The pertinent
data are presented in Teble 3. The efficiency of separation of the/A?L
'ané/ejmgl@bulin fraction is expressed in terms of the top separation
factor, £, defined by & relation anslogous to Eqn. l.

At PH 5,0-5,1 the /Glm ané[/% ~globulin appeared to0 be close to
their isoelectric points. On electrophoresis the moblle serum proteins
were transported out of the upper and into the lower reservoir, leaving

the /4wgl@bnling in the top reservolr, Under the same conditions of
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field strength and duration of electrolysis,the operating efficiency in
this instance was less then in the case of the separation of the ¢ -globu~
line. There were two reasons for this. First, the mobilities of the
migrating components were less than in the case of the 3<mg1@baliﬁ fraction-
ations, thus decreasing the rate of horizontal electrophoretic transport.
Also,at the operating pH the mobilities of the residual ¢ -globulins in
the serum were opposite in sign to those of albumin, X =globulins and
/G,mglebulinﬁ The horizontal electrophoretic transport of & component
counter to that of other mobile components decresses the horizontal
density gradient across the channel, thereby decreasing the convective
velocity. Indeed, a steady sitate should eventually be established after
which no further change in the composition of the solutions in the reser-
volrs will ocouwr,

The separation of cruﬁe/a =globulin fractions was effected by four
successive stages of fractiopation, Stages &, b, ¢, and 4 of Fraction~
ation IV. The material from the bottom reserveoir of Fractionation III
gerved as the starting material for Stage a; the bottom fraction of Stage
a2 was refractionated in Stage by etc. Each stage represents a composite
of two or three runs, the starting material and conditions of operation
being the same in each case. The electrophoretic patiern of a represent-
ative ecrude A -globulin fraction is shown in Figure 5a. The Ypurest® of
these crude fractions had the composition 20% albupin, 20% A -globulins,
2 Sy =, 3k S~ 20% S =globulin, and U I -globulins, FElectropheretic
analysis of the material obtained from the bottom reservoir of Stage 4
vielded no 3’mglabulin and only 6% /Azu and /Ga&globuling Figure Bb.

Thus four successive stages of fractionation brought about a 73% reduc-

tion of the relative concentration of /le and /43wglobuline Nitrogen
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determinations, made on the initial solution and the solutions obtained
from the upper and lower reservoir of Stages ¢ and 4, yielded the following
material balance:

Total protein fractionated . . . o ¢ o .« o ¢ o 0 o o . U8B g

% protein in composite of top fractions from
S tage s G and. & < @ ® © @ e @ L & L3 E-3 L3 E3 @ L3 @ O 3 S g

i  protein in lower reservoir of Stage d . . . . . U2 g
" protein recovered . « ¢ ¢ o o ¢« 0 o s 6 o s 0 o s B0 g

After adjusting the concentration by lyerhilizing, the composite of
the crude /3mg10bulin fractions served as starting material for Fraction-
ation V. The results of this fractionastion are guite interesting. Ana~-
lysis of the material in the top reservoir yielded 42% JﬁL@ and ﬁ%«glob&w
1in and 40% ¢ -globulins. The bottom reservoir comtained 40% A and
fa-globulin and only 5% -globulins. Apparently the ¢ -globuline,
which had mobilities opposite in sign to the other mobile components,
migrated into the upward convection current and were concentrated in the
top reservoir. OConsiderable ssparation of /@1m and /@:aglabulim wag also
achieved. The top reservoir contained 4% /4;m and Esﬁ/ﬁo‘mglabulins and
the bottom reservoir 26% /6;« and 14% /33 =globulin,

Finally, the solution taken from the bottom reservoir in Fractionation
¥ was diluted and reprocessed in Fractionation VI, Analysis showed that
the resulting top fraction contained 72% /smglabulinsg The eleectrophorstic
pattern of this material 1s shown in Figure Be. Further purification of

the/ﬂ =globuling was not warranted for the purpose of this investigation.
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Table 3

(e) Conditions for separation @f’/gwglabulin fractions.

Fractionation Seage B t ¢4 £y
| Volts/em hrs, g/100 ml.
Iv a 263 29 3ol 4o5
b 365 31 2.9 6o
¢ 305 29 201
é | 365 a7
v 263 30 28
Vi 2e¢3 30 1e3 Zolh

(b) Distribution of electrophoretic components inte fractions.

Frectionation Stage TFraction Albumin % %, ,/E /% /%

per cent of fraction

Serum

Iv a Top
Bottom

b Teop
Bottom

Composite Top

¢ and 4

a Bottom

v Tep
Bottom

Vi Top
Botiom

a Includes K, and /3,

b Per cent ﬂa and ﬁ_;

43
15
61
20
65
28

70

N

ic

39

Sd

D =

13

9
17
13
16

21

17
122
18
148

22

14

4 28

2 9

2 3

L 8

3 ol
3 6°

4

3 26

62

1 ol

a4

20

i1

38
1k
10

16

le2

L -

m%"mg
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Top Cut Fractionation IV, Run a

ARlbumen

Bovine Serun
Bottom Cut TFractionation IV, Run 4




Bovine Serun
Top Cut Fractionation VI
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Discussion
A theoretical analysis of transport in the elecirvovhoresis convection
golumn hag been worked out by Professor Kirkwood for the case in which the
paremeber 4%#541 o & is the wall sepsration in the channel of the
apparatus. It allows the caleulation of the time of exhaust, 9, of a
protein of mobility u, diffusion comsbant D, and initial concentration
Cp from & top reservoir of volume V. In & solvent of density /P viscosity

coefficient %+ and at a field strength B, one ebtains

TR )

o= :
y 431>M' £

/ 249,90 )l/‘ﬁ
= (pt/«. Co;
(2)

where b is the channel width, ,ﬂ the channel length, K is an apparatus
constant of the order of magnitude of one hour, &;/is the acceleration of
gravity, and ff% is the density increment produced by one gram of prgtein
per 100 ml. of solution. The fraction transported in time ¢ is a function
of t/0.

From Eqn. (2), it is seen that in an isoelsctric fractionstion of
specified duration, the top seperation factor for the immobilized component
should increase with increasing field strength and mobility of the mobile
component and remain relétively insensitive to the initial protein con-
centration. Although Ban. (2) is qualitatively confirmed by & number of
the experimental fractionations reported here and may be used for pre-
liminary estimates of sultable operating conditions, certein disturbing
factors play a role which make it undesirable to work at very high field

strengths or at very low protein concentrations.
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There appear to be three principal disturbing influences. The first
is osmotic transpert of solvent into the chapnel from the external buffer
soelution. This effect is reduced by decreasing the field gtrength and
increasing the ionic strength. The second is the establishment of a
stationary stete before complete exhsust of the mobile components from
the top reservoir, This effect occurs only when some of the mobile coms
ponents have mobilities of opposite sign. When operating conditions
cannot be chosen to avold mobilities of opposite sign, some sacrifice in
separation efficiency must be accepted. The third disturbing effect is
the destruction of laminar flow in the channel, which can be inhibited
by increasing the viscosity of the solution or by decreasing the field
strength and the chanvel wall separation.

In general, it is necessary to determine optimum eperating conditions,
minimizing the effect of the disturbing factors by pilet fractionations.
However, except in unusual cases, separation factors of a satisfactory
magnitude are attainable under conditions far removed from the optimum.

The high efficiencies of separation and the large gquentities of
material fractionated in & single run, without sacrifice of "purity" of
the fractions, coupled with the ease of the manipulations and economy of
time promise to make electrophoresis convection a valusble tocol for the
fractionation of mpaturally occurring proteln mixtures. Thisz method should
supplement the ethenol fractionation of biclogical tissues and fluids as
carried out by Cohn, et al. Thus, fine geparations of the plasma frections
obtained by alcohol precipitation could be readily effected by electro-

rhoresis convection.
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Part 11
The Fractionation of Bovine r;glabulin by

Electrepheresis-tonveetion



Part I1
The Fractionation of Bovine & =globulin by

Blectrophoresis<Uonvection

It was suggested in Part I that electrovhoresis-convection should
supplement the ethanol fractionation of biologicel tissues and fluids as
@arri@é out by Cohn and coworkers (1), Thus sub-fractionation of the
plasms fractions obtalined by alecohol precipltation should be readily
sccomplished by elestrophoreslis-convection.

An example of such a sub-fractionstion is the fractionation of
bovine f;glgbmlin prepared by ethanol pr@cipitaﬁiaég Fraetion 11 of
bovine plasma, and iz the subject of Part Il of the thesis. )4%glab@1iﬁ
wag chosen because of its known heterogenelty and its immuological im-
poriance.

In the case of a proteln, which migrates as a single boundary in an
electric field but has a specified mobility dietribution as revealed by re-
versible electrophoretic boundary spreading, fractionation is accomplished
by means of & modification of the isoelecirie procsdure described in Part
I. In the modified procedurs, the pH of fractionsation is chozen 0.2 to
1.0 pH wnit removed from the aversge isoslectrie p@int of the protsin.
Choice of the pH of operation is governed by the heterogeneity of the
starting material and properties desired in the two resulting fractions.
Ag a result of convective electrovhoresis, there occurs a redistribution
of the protein ions in the apparatus such that the fractions withdrawn
from the top and bottom reservolr poesess mobility distributions differing
from that of the originsl protein. In runs of long duration it has been
found that the mean iscelectric point of the top fraction ie approximately

the same as the pH of the buffer in which the fractionation has been
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performed as predicted by the theery of statlonary states in the electro-
phoresis-convection apparatus., A mathematical theory of transport in the
electyophoresis-convection channel worked out by Prefessor Tirkwood for
the case in which the parameter .i€$?<1ﬁg predicts thet a stationary
state will be reached in the apparatus in those runs in which there are
both negative and p@sitive mobilities. When the stationary state is
reached, the mean isoelectric point of the top fraction will be equal to
the pH of the buffer in the spparatus.

Using the modifled iscelectric procedure )’mgl@bulin hes been seps~
rated into a number of fractions with different mesn mobilities and iso=
electric points.

Other workers have separated )’agl@bulin into sub-fractions by the
use of the aslechol-salt precipitation method. Oncley and coworkers (2)
have obtained three sub-fractions from Fraction Il of humen plasma with
different isoionic points and immunological properties., Since it has
not been poseible to find electrophoretic data for the fractions, 1t ig
difficult to compare them with the fractions obbtained by electrophoresis~
convection. Smith (3) has separated ® ¢-globulin” and - component? from
fraction II=III of bovine plasma. Deutsch and coworkers (L) have iso-
lated two fractions of ¢ =globulin from human plasme and the plasme of &
number of animals. Thelyr fractions, which they name 77&5& );3 COT-
respond roughly to Smith's "T-component" and " ¥'-globulin", respectively,

and to Fractions A and B, respectively, reported here.

shcze e P e

¥ g is the wall separation in the apparatus, B the field strength, D the
diffusion constant of the protein to be ffactionated, and u the mobility
of the protein at the pH of operation.
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Ixperimental

Materialt Two separate lots of 0 -globulin were obtained from Armour®
and used in the fractionations. The first lot wes used for fractiocnations

1 through 5 in Table I and had a mobility of -1.73x10 0ca® volt™} gec™t
at & concentration of 1% in berbital buffer pH 8.7 and ionic strength O.l.

Referring to Figure 2, it will be seen that in this buffer the ¢ -globulin
migrated as a single peak during electrophoresis. A second lot had a
mobility which was considerably lower, w1,51x10’5e

Zlectrophoretic Analysis: The moving boundary techniques of Tiselius (5)

as modified by Longsworth (6) were used in the electrovhoretic anslysis.
Mobilities were determined by electrophoresis of a 1% pr@tein golution
in barbitel buffer pH &.7 2nd ionic strengih O.1 either at a field strength
of i voltsfem for 4 hours or at a field strength of & volts/om for 2
hours. Mobilities were calculated in accordance with the suggestions of
Longsworth and MacInnes (7). With a few exceptionée mentioned later,
mobilities were checked by running in opposite chanpels of the electro-
phoresis apparatus or a hydrostatic leak test was made before the stars
of the run. Becsuse of the care used in obtaining the mobilities, it is
believed that 0.1x1072 is & significant mobility difference.

Boundary spreading experiments were carried out on 0.5% solutions
of )<®globulin and its fractions equilibrated against cacodylate buffer
(0. 08N Nall=0.02 Wa cacodylate). These experiments were performed at
the average isocelectric points of the proteins. The power consumption
in boundary spreading experiments did not exceed 0,015 wattsf/ece. The

refractive index gredient curves were recorded photographically on East-

0 e ey I S D R T D ST W T N 15D 0 @

s

* Armour Laboratories, Armour and Sempanyg Chicago, Illinois, kindly
supplied the bovine a'-»sglo”mx]‘.in9 Fraction Il of bovine plasma.
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man Kodak Co CTC plates using both the schileren scanning technique of
Longsworth and the cylindrical lems technique. In the cylindrical lens
method 2 diagonal knife edge brought in from below the optical axis was
used in the optical system. The stendard deviations of the mobility
distributions ealculated by both methods agreed to within 5%, Im a1l
cases, the stéﬂdafd deviation of the mobility distribuﬁieng/e s is tabu~-
lated for the proteins. For geussian distributions of mobilityg/areéu@es

to the hebercgeneity comstant, h, of Alberty (8). (see Part III of thesis)

Besults
The fractionation of )/wglcbulin was carried out ia four stages.

The firet stage of fractionation consisted of a separation of the 3/ag1@a
bulin into two major components and was accomplished with 100-120 mle of
a 2=3% J’agl@bulin solution equilibreted ageinst phosphate buffer pH 6.7
and ionic strength O.1. This pH was several tenths of a pH unit removed
from the average iscelectric point of the first lot of f;gl@buliﬁa EBight
runs were made with the firet lot of globulin in order to study the in-
fluence of field strength and duration of electrolysis upon the effici-
ency of fraectionation®. Table I, Runs 1 through 5, presents the results
of a representative series of fractionations, where

E = nominal field stremgth in volt/cm.

t = duration of run in hours.

= initial concentration in grems protein/100 ml.

T 5 T S 523 sy U e SO R O S i

% Osmotic transport of solvent inte the channel from the exterior bvuffer
solution increassed the volume of protein solution during these runs, The
rate of influx of solvent was found to be an incressing function of the
field stremgth, Thus, at field strength of 3,1-2.6 volts/cm the rate of
influx vas 0.9 mlfhour, at 1.6 volts/cu- O.l mlfhour, and at 1.0 volt/om-
negligibles )
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W T mobility (em? volt=l gec™l) at PH 8.7 in barbital buffer

I.F.= isoelectric point in cacodylate buffer
( 0,08 N Wall- 0,02 ¥ Na cacodylate)

With the exception of Run 1 these initial separations all yielded

the same top fraction, designated Fraction A. Fraction A had & mobility

of m_935310”5 and an isoelectric point of 7.03, about 0.5 pH unit greater
then the mean isoelectric point of # =globulin of lot ome. This fraction
gorresponds roughly to the bovine 'Z»gl@bulin of Eess and Deutsch {h}g
reported to have & mobility of w1@25310“5¢ The eiectr@pheretic pattern
of Fraction A is presented along with that of the Qrigiﬁal globulin in
Figure 2.

The top fraction resulting from Run 1 had a mobility of «1552x19”5
which is significantly greater than that of Fraction A. The iscelectrie
point of this fraction was approximately the same as that of Fraction A.
It appears that the optimum conditions for fractionmation are 1.0 to 2.6
volts/cm at operating times 118 and 42 hours respectively. A number of
routine fractionations of fgglﬂbaling employing a field strength of 1.6
v@ltsfcm and an operating time of about 48 hours, have been carried oub
in %his laboratory. The resulits obtained in these runs have shown that
fractionations accomplished by electrophoresis-convection are very re-
producible,

The bottom fractions, Fraction B, resulting from the first stage of
fractionation had mobilities ranging from -1.98 ‘to =2,12x1070, This

fraction appears to correspond to the bovine %'mgl@buiin of Hess and
Deutsch (4), which has a mobility of -2.1x1077,

With one exceptlon, material balances were obtained to within 5%

for all the experiments with 3’=glabulin in which nitrogen analyses were

made, Analyses were not made in 8ll the routine runs. In one experiment
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Table I

2) Experimental conditions

Bun pH  E(voelts/em) 1t (hours)

1 6.7
2 6.7
3 6.7
b 6.7
5 6.7
6 6.7

301
2,6
1.6
1.6
1.6
1.6

2
7
L2
17
118

5e

©) Properties of fractions

Run  Fraction

1st lot
7-globulin

2nd lot
& zlobulin

1 Top
Bottom

2 Top
Bottom

3 Top
Bottom

L Top
Bottonm

5 Top
Bottonm

6 Top
Botton

Yield(g protein)

1.4
196

1.1

1.4

1okt
1.4

Initial Concentration

*églabnliﬂ

-10%% 3
10 %M

173

1.51

1.52
2010

1.36
2,07

1.33
2042

1,33
2,02

1,38
1.98

1.52
1,49

£/100
360
362
201
2okt

208

mle

I.P.

N6@5

6,75

703

107x /8

0.67

0. 64
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the temperature of the cold room rose well above U3¢ due %o refrigeration
breakdown. Because of Joule heating some dematurization cccurred in ihe
channel resulting in a material balance of only 25%.

Before the further sub-fractionstion of Fractions A and B could be
carried out, 1t was necessary to make & series of routine fracticnations
for ths purpsse of ae@umulating guantitles of Fractions A and B. The
first lot of Y-globulin having been exhmusted, a second lot was procured
and used in some of the fractionations. Run 6 of Table I is a represent-
ative fractionation carried out with the second lot of f;glﬁbmliﬁ in which
110 ml of & 3% solution equilibrated agsinst phosphate buffer pH 6.7 and
ionic strength 0.1 was used. It will be noted that the top and bottom
cubs have mobilities which are almost identical with the starting
material.

The run was made before the materisl had been characterized on the
assumption that the first and second lot of f;glcbalin ware identieal.
‘ﬁp@n charascterization, 1t was discovered that the average isoelectrie po
point of the second lot was the same as the operating pH, 6.7. For the
caze in which the average izoelsciric point of the starting meterial is
equal to the operating pH, theory predicts that a stationary state will
be established almost immedliately and that very little separatien will
be sccomplished., This has been confirmed by experiment, I% must be
emphasized that a rather compleﬁerelectr@phoretic characterization of a
material 1s & necessary prereguisite to successful fractionation by
electrophoresis-convection.

The second and third stages of fractionation counsisted of the
further separation of Fraction B. Stage two was accomplished at a pH

several teniths more baszic than that of the average lsvelectric point of
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Fraction B. The pH of operation in Stage three was eight tenths more
acid than that of the iscelectric point for Fraction B, Fraction A
served as the gtarting material in Stage four., Pigure 1 igz & schemabic
representation of all the fractiomations.

Table I1 summarizes the experimental conditions for the Fractionations
of Stages two through four. Table III presents the results of the frac-
tionations. The symbols used are the same as in Table I. i/ pH is the
slope of the mobility-pH curve calculated from date obtained in iso-
eleetric polnt determination on the assumption that the curve may be
approximated by & straight line in the neighborhood of the iscelectric
voint.

Blectrophoretic patierns obtained in barbital buffer, pH 8.7, will
be found in Figure 2 for all fractiong of Stages one and two. Patberns
of fractions from Stages three and four will be found in Figure 3. The
straight line at the bottom of the pattern represents the initial bound-
ary.

Fractionation in Stage two, Run 7, was carried out with a composite
of Fractions B equilibrated against phosphate buffer, pH 6.7 and ionic
strength OC.l. The resulting top fraction, Praction C, had & mobility
~1.63%10"7 and an isoelectric point, pH 6.47. Its properties are quite
similayr to the origimal starting material. The mobilities used for the
iscelectric point determination were not checked. However, it isg believed
that the isocelectric point is correct to several hundredths of a pH unit,
although the slope of the mobility-pH curve tabulated in Teble III may be
in considerable error. The bottom fraction, Fraction D, had a mobility
-2,20x1072, 2nd an iscelectric point, pH 6.01, about 0.5 o unit lower

than the averege iscelectric point of Ve-globulin from the first lot.
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Table II

Bxperimental Conditions for Stages Two, Three, and Four

Run pHE E (volts/em) t_(hours) Initial Concentration
(/100 ml.)
7 67 1.6 %S s
&  5e5 1.6 52 203
9 7.6 1.7 52 208
10 7.6 1.7 53 2.4
Table III
Run Fraction Yield  =107xx ~109xes/apE  I.P. 109
P (g/protein) e / 7’
1st lot
r-glebulin 1.73 6.5 0.67%
L  Top (&) 1.4 1.33 6. Tl 7.03  0.66
Bottom (B) Lol 2.02
7 Top (C) 1.0 1.63 1.3 647  0.67
Bottom (D) 1.7 2,20 0.78 6,01 0,65
g Initial Material 1.91 0.76 6.29 0.75
Top (G) 0.6 2.25 0. 064 BeTlh  0.63%
Bottom (H) 2.3 1.81 0.81 boll  0.77%
9 Top (E) 1.l 1.2k 0.35 7:31
Bottom (F) 260 le?g 0989 6e 51 Oo 59
10 TQP (E) 1. 1625 0955

2
Bottom (F) 1.5 1,69
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The Tirst let of *%glabulin heving been exhavsted, a similar meterial
was prepared by meking a composite of Fraction B and f;gi@hﬂlin with
mebility, wwgﬁlxlﬁwﬁe Sufficient Fraction B for the third stage of
fractionation was prepared by fractionating the material in phosphate
buffer, pH 6.7 and ionic strength 0.l. The bottem fraction, Fraction B,
bad & mobility, uLQQEXleﬁa and an isocelectric point, pE 6.29.

Fun 8, the third stage of fractionation, wes accomplished with 108§
nl. of & 2,3% solution equilibrated ageinst phosphate buffer, pH 5.5 and
ienic strength 0.1, The mobility, -2.25x1077, of the resultink top
fraction, Fraction &, wes only slightly greater thaen that of Fraction D.
However, its isoelectric point, pH 5,74, was three tenths of a pH unit
lower then thet of Fracilon U, The bottom fraction, Fraction B, had a
nobility of =1l.81x1077 and an iscelectric point, pE 6.4l

The initial material for Rune § and 10 consisted of a composite of
Fraction A and ¢ =globulin with mobility -1.51x1079, Two separate runs
were made using 110 mle of & 2-3% solution equilibrated against phosphate
buffer pH J.6 and ionic strength 0.l The resulting top fraction,

Praction B, had 2 mobility of -L.25x10720

s and an iscelectric point, pH
7.31, Although its maﬁility was only 0.1%107° lower than that of
Fraction A, there was a difference of 0.% of a pH unit in their iso-
electric points., Fraction F; the bottom fraction had & mobility and
isoelectric point of mEQYExlﬁwg and pH 6,51 respectively.
Discussion

It ie theoretically possible to obtain a complete representation of

the mobility distribution of & heterogeneous protein in terms of the

second and higher moments of the refractive~index gradient curves ob-

teined in boundary spreading experiments. (see Part III) However, the
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precision and aceuracy invelved in the calculation of third and higher
moments 4o not in general warrant inclusion of those terms defining
departures from the geussian in the expression for the mobility dis-
tribution. As & first spproximation the mobility distribution may be
adequately represented as & gaussian probebility function whose standerd
deviation is taken as that of the asctual mobility distribubtion. The
standard deviations of the mebility distributions for all the ¢ -globulin
fraections have been included in Table II1. Although all the distributions
have been approximated by & geussian probability function, a distinction
hae been amde betwsen fractions with gaussian and non-gaussisn mebility
distributions. /3 in Table III for fractions of the latter type has
been marked with an agterisk. A necessary condition for a gaussian
mobility distri‘b@ion is that the apparent diffusion constant, debtermined
from the half-widths 8t the inflection point of boundary spreading re-
fractive index gradient curves, plot as a straight line agaiﬁst $ime.
This test has proven the most sensitive of several testes and has been
used to distinguish between the two types of mobility distributions.
Theory predicts that fractionstion of a heterogeneous protein with
a goussisn mobility distribution will yleld two fractions having geussisn
mobility distributions with the same standard deviation as the originsl.
Thie seems to be the case for those fractionations performed at a pHE
only several tenths of a pH unit remeved from the average iscelectric
pointu Fractions A, C, and D, obtained by fractionating at a pH not far
removed from the average iscelectric point, all have gaussian distribu-
tione with standard deviations approximetely equal to that of the

original material,
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Results of those fractionations accomplished at a pH 0.6 to 0.% of
a2 pH wnit removed from the average lscelectric point aré not consistent
with the theoretical prediciions. In Bum 8, fraétioﬁa%ien of & material
having a gavssien mobility distribution ylelded two non-gaussian frae-
tions. Although the top and bottom fractions of Buns 9 and 10 had
gaussian mobility distributiong, the standard devistion of the distribution
for the top fraction was lower than that of the starting meterial.
Disagreement of the results of Rune 8, 9, snd 10 with theory is
prebably due to two effects. One, fractions which are gaussian at the
isoelectric point may not be thus at other pH, Although the starting
material for Run 8 had a gaussian mobility distribution in the neighborhood
of the aversge isoeleciric point, it will be seen that the electrophoretic
pattern, obtained in barbital buffer pH &.7 and presented in Figure 3, was
non-gaussian and skewed. Differences in the dependence of mobility upon
pH for the components im the fraction undoubtedly are responsible for the
skewing, With this in mind, it should be noted that Aﬁ.fapH observed
for Fractione G and £ are significently lower than that for the other
fractions. Second, the approximation of the mobility distribution by av
gaussian probabllity function is prebably & poor one for that part of
the mobility distribution far removed from the average isoelectric point.
Bxperience gsined in the fractionation of ¢ =globulin indieates
that the most desireable method of fractionating a protein migrating as
8 single boundary in an electric field but possessing a specified
mobility distribution is to operate at a pH about eight tenths of a pH
unit removed from the average lscelectric point rather than only two or
three tenths of a pH unit removed, There are three advantages to

operating &t a pH farther removed from the mean iscelectric point.



Une, more homogensous top fractions may be obtained. Two, there ig less
tendency to produce a number of similer fractions when repesated fraction-
ation is employed. Three, there is more economy of materisl since the
major portion of the material is concenfrated in the more heterogeneous
bottom fraction ready for the next fractionation. OFf course, the moterial
may be first separated into two major components by eperating only
glightly removed from the isoeleatric point if desired.

¥ -globulin may be considered to eonsist of only three fractions,

A, C, and D. The mobility distribution of each fraction at pH 6.5 hae
been normalized %o an ares corresponding to 1ts waight fraction of the

¥ ~globulin and plotted in Figure 4. The so0lid curve in Figure 4
represents the sum of the three distributions. In Figure 5 this composite
curve is compared® with the gauesian probability function which represents
to & first approxiwation the mobility distribution of the first lat of

¥ =globulin, The mobility distribution of ¥ -globulin is mormalized $o
unit srea. It will be noted that bthe agresemenit betwesn the two curves

ig good.

Since some of ths fraciions ave n@t\indep@ni@ﬂt fractions i are
linear combipations of other fractions, it is impossible to draw similar
graphs for all the fractlons. However, the mobility distributions for
Fractions C, D, B, F, G, and H have been approximated by goussian
probablillity functions normalized to an ares @§rreSp@m@ing to their
welght fraction of the ¥-globulin and plotted in Figure 6., Obviously,

the sum of the distributions will not be the same as that of the original,

s D 2 e S Ehaacd i e o e o v T S e D D T D £ S oy S S R R 2

# In comparing the distribubtions the assumptions that /2 is independent
of pH snd concentration in the range of interest and that the components
all have the sane dependence of mobility upon pH has been made.
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In all the analytical work with ¥ -globulin it has been assumed that
the material possessed a continuous rather than a discrete spectrum of
mobilities, The only Jjustification for this assumption is that it lends
itself to mothemeiical simplification and ylelds results which are not
inconsistent with experiment.,

~globulin has been separated into eight fractions with mobilities
renging from w1325x10“5 te a2°25x10m5 and igoelectriec points extending
from pE 731 to pH 5.74. Fractions C, ¥, and H all have isocelectric
poinks and mobilities close to that of X;gl@bulin itself and 1% is
difficult to distinguish one from the other on the basis of electro=
phoretic characterization. Nevertheless, they represent different center
cuts isolated from ¢=globulin. There are subtle differences among them,
The original ?;gﬂabuiin had & symmetrical non-gsussian mobility distrib-
ution. Fraction H had a non-symmetrical mobility distributicn. Fractions
G and ¥ both possessed goussian mobility distributions. Other methods of
characterization should reveal greater differences among these fractions.
| atf apH for Fraction E and G is significantly lower than the
values obtained for the other fractione. This difference in the depend-
ence of mobility upon pE implies either & difference in chemical structurs
or g difference in the specific adserpticn of buffer ions. Chemical
charascterization of the fractions and a study of their intersciion with
buffer salts would be desireable,

The results of the investigation presented in Part II, this thesis,
illustrates the ease with which & heterogeneous protein can be fractionated
by electrophoresis-convection. It ié obvious that it is possible to
- obtain & very large number of fractions from hetercgeneous proteins. The

large quantities of mesterial that can be fractiocnated and the reproducibility
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of the fractionation premise to make electrophoresis-convection a valuable
tool in the sub-fractionation of the plasma fractions obtained by ethanol

precipitation.
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Part III
Extension of the Theory of Reversible Electrophoretic
Boundary Spreading of Proteins

There are two criteria for the electrophoretic homogeneity of
a protein. The first is that uwnder the influence of an eleciric fizld
the protein migrates as a single boundary in buffers of various hydrogen
ion concentrations and lonic strengths. The second is that the rate of
spreading of the protein boundary under conditions such that convection
and anomalous electrical effects are avoided should be no greater than
that due to diffusion alone. In the absence of spreading due to con-
vection and conductivity or pH differences, boundary spreading indicates
heterogeneity.

The boundary of an inhomogeneous protein is spread simultaneously
by diffusion and by the differences in the mobilities of the differently
charged ions. Sharp and coworkers (1) have shown that the mobility distri-
bution may be obtained from the refractive-index gradient curves. In
particular, they showed that, in the case in which spreading due %o 4if-
fusion is negligible compared %o electrical spreading, the standard devi-
atlon of the mobility dietribution, H, may be caleulated from the relation

H= . 4z
« £ At (1)

where 407 4t is the time rate of change of the standard deviation of the
gradient and B ﬁhe electric field strength. H is called a heterogeneity
consbant.

Recently Alberty and coworkers (2) have considered the case in which

diffusion of the protein is not negligible and the mobility distribution

may be represented by the gaussian probability function. Assuming that
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the diffusion constant, D, is the same for all protein ions, they showed
that in this case the refractive index gradient will have a gaussian
form. A heterogenelty constant, h, may be calculated from the equation

AS=n L Dy EX L
D= 2te 2 (2)

where 0, is the standard deviation of the gradient curve at the moment
the field is applied, and ¢ is the standard deviation after electrophoresis
for ty seconds. The hetercgeneity constent, h, is actually the standard
deviation of the mobility distribution g (u)e
—ua”
i}h) = € 7
LVz7 (3)

The theory of boundary spreading s8s developed by Alberty and co-
workers is limited in that it is applicable only to those proteins pos-
sessing a geussian distribution of mobilities. Furthermore, the theory
yields the necessary condition that if the gradient curve is gaussisn
in form then the mobllity distribution is gauvesian, but fails to show
that this is a sufficient condition. The purpose of this paper is to
present a general theory of reversible boundary spreading applicable to
both those proteins possessing gaussian mobility distributions and those
ressessing distributions which deviate from the gsussian,

In epplying equation 2 to the interpretation of the results of
spreading experiments Alberty and coworkers calculate the apparent dif-
fusion constants from the half-widths at the inflection points of the
gradient curves, However, this method of computation is valid only if

the gradlent curves are gaussian in form. If the curves are non-gaussian
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D* calculated in this manner does not plot as a straight line vs. tp. 1%
i1s 2 consequence of the theory presented here that, no matter what form
the gradient curves assume, the apparent diffusion constants calculated
from the second moments of the gradient curves plot as a straight line vs.
the time of electrophoresisg. Furthermore, the standard deviation of the

mobility distribution may be calculated from the slope of this line.

Theoretical

If the electrophoresis of & heterogensous protein with a mobility
distribution g(u) is carried out under conditions such that convection and
anomalous electrical effects are avoided, the refractive index gradient,
Jnj Jx, as a function of height in the electrophoresis cell, x, at
time tp after the formation of the boundary and %im@ ty after application.
of the electric field, is given by eguation L. This equation assumes
that diffusion is simply superimposed on the electrophoretic migration.

D is the diffusion constant which is assumed o be

«‘EQH14$t

jifL = A A>) /r ¢f
= Y Aa 4 (1)

the same for all protein molecules. (nleﬁg) is the difference in re-
fractive index of the protein solution and the buffer, It is assumed that
the refractive index increment lg the same for all protein molecules. u is
the electrophoretic mobility and E the field strength.

Bquation 4 may be transformed into the general form

fog = 4 fg—/EE ') 4 (5)
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the solution of which is given by
«
g(u) = 1/27Ta /[Fis),’KQS)] elu'sgg
b (6)
F(e) and K(s) are the Fourier transforms of £(x) and k(x), respectively:
and u' is equal to ultg.

It is convenient %0 represent the experimental refractive-index
gradlent curve in terms of its moments about the centroidal axis by
means of a Gram-Charlier series (%)

&/X) o Ay <3--/x/.w‘ [} + :3 %ﬁ)— /'/K(%é")]
oV ’ (@
Hy is the k-th Hermite polynomial; and ¢-* is the second moment of the
gradlient curve, X2, The coefficients ¢ are related to the higher mo-
ments of the gradient curves, &. &,
O3« X3/ 3, Oy =z xfgH 3
Insertion of the Fourier transform of equation 7 into equation 6 and

integration yields the mobility distribution

fri)= 5 @/4/&/3 [ +§ fro}'r b)}rmﬁﬁ/&ﬁw ]

8 (orhmto) PR RSNy 12y
29,
ol = [1»«2(6‘/35&5)]
(8)

It will be noted that the coefficients Cp in the expression for q(u)

are the same as those appearing in eguation 7. §; is the standard de-
viation of the gradient curves at the moment the electric field is
applied, |

From equation & one sees immediately that the necessary and sufficient

condition for a gaussian distribution of mobilities is a gaussian
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refractive~index gradient curve. In %this case the standard deviation of
the mobility diStributieas/ﬁ » 18 identical with the heterogeneity con-
gstant, h, of Alberty, and coworkers (2). Deviations from a gaussian
distribubion of mobilities are given by the third and higher moments of
the gra@ient’curvee

If spreading of the gradient curve due to diffusion is negligible
compared to electriecal spr@aéingg/d reduces to the heberogeneity constent,
H, of Sharp and coworkers (1} for both gausslan and non-gaussian distribu-
tiong. If diffusion is not negligible, H will desreass with tine snd

appr@ach//é agymptoticeally according to eguation 9.

H = /ZL + 2p/Elty ©

For both gausslian and non~geussian distributions of mobilities

mey be calculated from the equation

D* = %:Q}" = D + 52 g2foty (10)

E ,

D* is the Yapparent diffusion constent" calculabed from the second
moment of the experimental gradient curves auring the electrophorssis.
It is not permissible, of course, to use the half-widihs ét the inflection
point to delermine the apparent diffusion constent in the csze of 2 nop-
gaussian mobility distribution. According to equation 10 a plot of the
apparent diffusion comstant ¥s. the time of electrophoresis should yield
a straight line, which extrapolates back to the normal diffusion consbant
at zero time. The standard deviation of the mobility dietribution may

be calculated from the slope E%?/g 2f2.
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Frperimental

The optical system used in this work was the cylindriecal lens
schlieren optical system described by Longsworth (4). A4 disgonal knife
edge brought in from below the optical axis was used in the optical sysiem.
The ?efractiveaiﬂéex gradient curves were recorded photographically on
Bastman Kodak Co. CTC plates. The photographs were enlarged and traced.

Boundary spreading experiments were carried ocut with 0.5% protein
solution equilibrated against cacodylate buffer (0.08N NaCl - 0.02N Wa
cacodylate). These experiments were performed at the average isocelectric
point of the protein. The power dissipation was less than 0.C15 watte/ce.

The bovine ¥>globulin (Fraction II of bovine plasma) used in this
investigation was kindly supplied by Armour ILeboratories, Armour and

Uompany, Chicago, Illineois.

Results and Discussion

If the refractive-index gradient curves of & heterogeneous protein
are goaussian in form, i. e., the protein possesses 2 gaussian mobility
distribution, the standard deviation of the mobility distribution9/6 s is
identical with the heterogeneity constant, h, of Alberty and coworkers (2).
In this case the appavent diffusion comstants may be calculated eilther
from the second moments or the half-widths at the inflection point of the
gradient curves. This is well illustrated by electrophoretic spreading
experiments performed on Frazction A of Part II. Figure 1 ghows that D¥
plots as a straight line vs. bty as predicted by equation 10. The line
extrapolates back te the diffusion constant observed uwpon reversal of the
current st 240 min, for an equal period of time (2.3 x 107 ensec™t),

The h@ter@geneitg constant calculated from the slope of the plet is

0.62 x 10™Pemvolt~teec™t. It will be noted that the apparent diffusion
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constants calcoulated from the second moments and half-widths at the
inflection point of the gradient curves are in excellent agreement.

The interpretation of the results of electrophoretic spreading
experiments performed with bovine 3<mglobu1in (Armour Fraction II) af-
fords an illustration of the application of the general theory of re-
versible boundary spreading to a heterogeneous pretein possessing a non-
geussian mobility distribution. In this case it is not permissible to
calculate the apparent diffusion constants from the half-widths at the
inflection point of the gradient curves. BReferring to Fig. 2, it will
be noted that the plot of D* calculated from the half-widths at the in-
flection point vs. bty is not linear but is concave to the abscissa. 4
gsimilar result was reported by Anderson and Alberty (2) for the normal
T~glebulin of horse plasma., However, the apparent diffusion constante
caleulated from the second moments of the gradient curves plot as a
straight line vs. the time of electrophorssis as predicted by equation 10.
The standard deviation of the mobility distribuﬁiong/g s calculated from
1 1

the slope of the line is 0.67x1077 cm® volt™* sec™T,

The heterogeneity comstent, H, of Sharp and coworkers (1) @alculated
from the second moments of the gradient curves using equation 1 is plotted
vs. bty in Filg. 3. H decreases with time and apprcaehesﬂ/g asymptotically
because diffusion is not negligible. In Fig. 3 the solid curve through
the experimental points wes calculated from equation 9 using /6 Z 0.67x1077
and D = 2,251071,

A complete representation of the mobility distribution of the protein
entsils, of course, the determination of the higher moments of the
gradient curves. An abtempt was made to compute the third and fourth

moments of the gradient curves. However, the precision and accuracy
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invelved in the computations did not warrant inclusion of those terms
defining the departures from the gsussian in the expression for the
mobility distribution, equation 8. Using refined experimental techniqgues,
€. go, sharpening of the inltial boundary, it might be feasible to
determine the higher moments of the gradient curves, particulafly if the

curves depart markedly from the gaussian.
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Propositions

1, It should be possible to adapt the coulometric titration method of
Myers and Swift (1) to the determination of iren. The procedure would

be to first electrolytically reduce the iren to the ferrous state in the
titration spperatus and then to guantitatively oxidize the irom with
electrolytically generated bromins. An isoclated snode would be necessary
in the first step and an isclated cathode in the secomd. 100% current
efficiency would not be expected in the first step.

2. Considerable interest has been shown in the possibility of performing
electrophoresis experiments ln gels becasuse of the short duration of
experiments and relatively simple apparetus needed. Electrophoresis in
gels also offers the possibllity of very high resolution of the components
in 2 heterogeneous protein since diffusion in the short experiment would
be negligible. The technigue should be used to investigate the mobility
distributions of ¢ =globulin and its fractions.

3. The rate of radioactive exchange between tripositive and quingue-
positive antimony in hy&rochl@ric acid solutions should be & function of
acid concentration. Furthermore, if the quinguepositive antimony is
prepared by oxidation of tripositive antimony in hydrochloric acid, the
rate of exchange will be a function of the "age" of the guinguepositive
antimony.

4, The titration of reagin developed by Miller and Campbell (2) should
be confirmed by the isolation of reagin from the precipitate and con-
firmation of its presence by clinical tests. Isolation of ovalbumin
reagin from the precipitate of ovelbumin, enti-ovalbumin, and reagin may
be accomplished in two steps. The precipitaté is firet solubilized and

the ovalbunin remgved {§}3 The antibody mey be separated from reagin by



electrovhoretic ﬁéchniquesa

5 a) A standardized nomenclature for the electrophoretic components of
sera should be adopted. This could be done at some future conference
on electrophoresis.

b) The assignment of names such as £ and ¥ to fractions isolated
from serum 1s to be discouraged. In general,vthe fractions are not
unigque or homogenecus. Their properties depend upon the conditions of
fractionation., TFractlions are best identified by & statement of their
physical and chemical characteristies,

6. Bmil Smith has stated (chemistry seminer) that in hyperimmune snimals
the antlbody activity spresds out into components other than a’mglobuiin,
Observation of antibody activity in the /9 and K -globulin fractions may
be due to the difficulty of separating ¢ -globulin from the other fractions
in hyperimmune sera. It is suggested that immunologically purified anti-
body i}) be obtained from immune and hyperimmune animals and the hetere-
geneity of the preparations be cowmpared by memns of boundary spreading
experiments,

7. Dielectric studies participated in by the aunthor at U. 8. Rubber Co.
indicated that poler molecules may be completely dissccisted when dis-
solved in vulcaniged rﬁbber. It mey be possible to determine whether
such molecules are dissociated by studying the infra-red spectra of &
substance, known to assoclate through hydrogen boanding in the pure
liguid, when 1% is dissolved in rubber.

8. Separation of a second lipo-protein phase is probébly responsible

for the "A-snomaly" observed in the electrophoresis of human and other
sera, An attempt should be made to correlate the occurrence in differsnt

speciss of the ﬁ/dman@maiy” with the amount of lipo-protein in the serum.
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9, Performance of electrophoresis experiments in alksline buffers scems
to have become an established tradition. More work should be done in
acid b@fférsa In some cases betier ressolution of components is known %0
be possible in zcid buffers.

10. The bookstore should be required to keep a stock of the more
standard texts on hand. A retail outlet is supposed %o be something

more than & place t0 receive orders.
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