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A method of fractionation of proteins in solution in which an electro- 
phoretic adaptation of the principles of the Clusius column is utilized was 
suggested by Kirkwood in 1941 (1) and tested experimentally by Nielsen 
and Kirkwood (2) several years later. Recently an electrophoresis-con- 
vection apparatus of improved design has been described and successfully 
used in the fractionation of the pseudoglobulin of horse diphtheria anti- 
toxin (3) and bovine serum proteins (4). 

Fractionation occurs in a narrow vertical channel between two semi- 
permeable membranes, connecting an upper and lower reservoir. Separa- 
tion depends upon the superposition of diflerential horizontal electro- 
phoretic transport of the components on vertical convective transport of 
the solution as a whole. The vertical convective transport is controlled 
by the horizontal densit,y gradient produced by the electrophoretic migra- 
tion of the proteins across the channel. The result of the superposition of 
horizontal electrophoretic transport and vertical convective transport is 
movement of the mobile components from the top reservoir to the bottom 
reservoir at rates depending on their mobilities, with a relative enrichment 
of the top reservoir with respect to the slow components and the bottom 
reservoir with respect to the fast components. 

The separation of a protein mixture possessing discrete mobility and iso- 
electric point spectra, e.g. serum, into its constituent proteins is accom- 
plished by successive immobilization of the components at their respective 
isoelectric points and transport of the mobile components from the top 
reservoir of the apparatus. 

In the case of a protein which migrates as a single boundary in an electric 
field but possesses a specified mobility distribution as revealed by reversible 
electrophoretic boundary spreading, e.g. y-globulin, fractionation is ac- 
complished by means of a modified isoelectric procedure in which the frac- 
tionation is carried out at a pH displaced by an arbitrary amount from the 
mean isoelectric point of the heterogeneous protein. Transport in the 
apparatus leads to a redistribution of the protein ions, such that the frac- 
tions withdrawn from the top and bottom reservoirs possess mobility dis- 
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tribution dih’ering from that of the original protein. Fractions possessing 
different mean mobilitics and isoelectric points are obtained by propel 
choice of the PI-I. Transport proceeds to a stationary state, in which the 
top fraction is isoelectric at the operating pH. 

Recently the authors (5) reported the results of two stages of fractiona- 
tion of bovine y-globulin prepared by ethanol precipitation, Fraction II of 
bovine plasma. By the modified isoelectric procedure described above, y- 
globulin was separated into four fractions of different mean mobilities and 
isoelectric points. The y-globulin was fractionated in Stage I at pH 6.7, 
several tenths of a pH unit removed from its mean isoelectric point. The 
top and bottom fractions resulting from this stage are designated as Frsc- 
tion A and Fraction B, respectively. Fraction B served as the starting 
material for Stage II, which was also carried out at pH 6.7. The top and 
bottom fractions of this stage are designated as Fraction C and Fraction D, 

TABLE I 

Electrophoretic Properties of y-Globulin Fractions 

Fraction -106 x li* Isoelectric 
pointt 10s x B 

Original r-globulin. 1.73 ~6.5 0.67$ 
A . . . . . . . . . . .._.._...._....... 1.35 7.03 0.65 
B 1.98-2.12 
C.. .,. ,.. 1.63 6.47 0.67 
n............................./ 2.20 6.01 1 0.65 

Ail 
-lo6 ’ ax 

0.74 

I.... 1.3 
0.78 

* In barbital buffer, pH 8.7, and ionic strength 0.1. 
t In cacodylate buffer (0.08 N sodium chloride-O.02 N sodium cacodylate). 
$ Non-Gaussian mobility distribution. 

respectively. The electrophoretic properties of these fractions are sum- 
marized in Table I, where fi is the mean mobility (cm.* sec.-’ volt-‘) at pH 
8.7, fi the standard deviation of the mobility distribution in the neighbor- 
hood of the isoelectric point, and Aii/ApH the slope of the mobility-pH 
curve in the neighborhood of the isoelectric point. The fractionation of 
r-globulin has now been carried through two more stages, Stages III and 
IV, and four additional fractions obtained. 

EXPERIMENTAL 

Material-The bovine y-globulin, Fraction II of bovine plasma, used in 
this investigation was kindly supplied by the Armour Laboratories, Armour 
and Company, Chicago. 

Electrophoretic Analysis-The moving boundary technique of Tiselius 
(6) as modified by Longsworth (7) was used in the electrophoretic analysis. 
Mobilities were determined by electrophoresis of a 1 per cent protein solu- 
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tion in barbital buffer, pH 8.7, and ionic strength 0.1, at a field strength 
of about 8 volts per cm. for 2 hours. Mobilities were calculated in accord- 
ance with the suggestions of Longsworth and MacInnes (8). Isoelectric 
points were determined in cacodylate buffer (0.08 N sodium chloride-O.02 
N sodium cacodylate). 

Experiments in boundary spreading were carried out on 6.5 per cent solu- 
tions of the r-globulin fractions equilibrated against cacodylate buffer. 
They were performed at the average isoelectric points of the proteins. The 
power consumption in these experiments did not exceed 0.015 watt per ml. 
Curves of the refractive index gradient. were recorded photographically on 
Eastman Kodak Company CTC plates by the cylindrical lens schlieren 
technique. A diagonal knife-edge brought in from below the optical axis 
was used in the optical system. 

It is a result of the theory of reversible boundary spreading, to be pub- 
lished elsewhere, that the mobility distribution of an inhomogeneous pro- 
tein, q(u), can be expressed in t,erms of the moments of the refractive index 
gradient curve taken about the centroidal axis by means of an infinite series, 
Equation 1. 1) is the diffusion constant, and E the electric field strength. 

N = 41 - P(u/pEtE)” 

go and ~2 are the second moments of the gradient curves at, the moment of 
application and at time tE after application of the electric field. p is the 
standard deviation of the mobility distribution. Hj is the jth Hermite 
polynomial. The coefficients Cj are relat’ed to the higher moments, x?L, of 
the gradient curve, e.g., 

If the gradient curves are Gaussian in form, i.e. the mobility distribution 
is Gaussian, /3 is identical to the heterogeneity constant h of Alberty (9). 
Deviations from a Gaussian distribution of mobilities are given by the third 
and higher moments of the gradient curves. For proteins possessing either 
Gaussian or non-Gaussian mobility distribution, /? may be calculated from 
Equation 2. D* is the apparent diffusion constant calculated from the 
second moments of the gradient curves during electrophoresis. A plot of 

D* = (~9 - o;)/2tE = D + (E2P2/2h (2) 
D* versus tE is a straight line which extrapolates back to the normal diffusion 
constant at zero time. ,B may be calculatjed from the slope pZE2/2. The 
standard deviation of the mobility distributions are tabulated as /?. The 
distribut.ion may be assumed to be Gaussian unless otherwise specified. 
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Fractionations-The details of construction and operation of the electro- 
phoresis-convection apparatus employed in this investigation have pre- 
viously been described. Metal screws in the apparatus originally de- 
scribed have been replaced by plastic screws. Paper base bakelite lo-32 
screws have been used with some success. However, it has been found 
that screws made with du Pont nylon, FM-10001, are more satisfactory. 
A photograph of one of the fractionation units is shown in Fig. 1. The 

FIG. 1. Electrophoresis-convection apparatus 

fractionation cell consists of a narrow vertical channel connecting upper 
and lower reservoirs.’ The channel is formed by the space between two 

1 The volumes of the top and bottom reservoirs of the apparatus used in this 
investigation were 100 and 50 ml., respectively. Recently a small fractionation cell, 
Fig. 1, with top and bottom reservoir capacities of 15 and 10 ml., respectively, has 
been constructed and successfully used to separate r-globulin from rabbit serum. 
The channel wall separation and the length of the channel in this apparatus are 
the same as in the one described previously. The width of the channel and the plati- 
num electrodes are one-third that specified previously; the longitudinal ribs of the 
face plates have been eliminated. Except for these changes the dimensions of the 
cell are essentially the same as in the larger apparatus. In this apparatus, the 
6-32 brass machine screws used to bolt the face plates to the cell block have been 
replaced by lo-32 paper base bakelite screws, thus eliminating the necessity for 
electrically insulating the heads and tips of the screws as well as the distortion of the 
electric field across the channel by the metal screws. 
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sheets of semipermeable membrane. The cell containing a solution of 
the protein to be fractionated is immersed in buffer solution and a homo- 
geneous electric field applied across the channel by means of external 
platinum electrodes. Electrolysis products are prevented from reaching 
the membranes by circulation of the external buffer solution. Frac- 
tionations are carried out in a constant temperature cold room at 4’. 

r-Globulin fractions withdrawn from the top and bottom reservoirs at 
the conclusion of the runs were filtered, dialyzed first against distilled water 
and then dilute saline solution at 4” to remove buffer salts, and finally 
lyophilized. The dried protein preparations dissolved readily to form clear 
and stable solutions at their isoelectric points. In a few cases it was neces- 
sary to filter off a small amount of suspended material. Solutions of the 
various fractions were equilibrated against barbital or cacodylate buffer 
and analyzed electrophoretically. 

Results 

A composite of Fraction A and y-globulin served as the starting material 
for Stage III.2 This r-globulin, which had a mobility of - 1.51 X 10-g 
and an isoelectric point of 6.75, was from a different batch from that used 
in Stage I. Stage III was carried out in phosphate buffer, pH 7.6, which 
was about 0.6 pH unit on the alkaline side of the mean isoelectric point of 
the starting material. The fractionation was carried out in duplicate. 
The pertinent data are presented in Table II. 

The electrophoretic properties of the resulting top cut, Fraction E, are 
quite striking. The mobility of Fraction E was -1.24 X 1OP. The 
mean isoelectric point was found to be 7.31, about 0.8 pH unit greater than 
that of the original y-globulin (- 1.73 X 10W6). Furthermore, the hetero- 
geneity constant was significantly lower than the values found for other top 
fractions, and Ati/ApH was considerably lower than the values for the other 
fractions. The material withdrawn from the bottom reservoir in Stage III 
is designated Fraction F. Fraction F, obtained in Run 1, had a mobility of 
-1.78 X lo+ and an isoelectric point of 6.51. The mobility of Fraction 
F obtained in Run 2 was - 1.69 X 10m5. 

The top and bottom fractions of Run 2 were recombined in proportion 
to their relative concentrations in the starting material. The mobility and 
heterogeneity constant of this composite were -1.45 X 10M5 and 0.59 X 
10-5, respectively, which are to be compared with the calculated values of 
-1.54 X 1O-5 and 0.67 X lo+. 

A composite of Fraction B and the r-globulin possessing a mobility of 
-1.51 X 1O-6 appeared to be roughly comparable to the y-globulin of 

2 Since the starting material for Stage III is a composite of Fraction A and un- 
fractionated r-globulin, it does not represent a true stage in the fractionation scheme. 
However, for convenience, we will refer to it as such. 
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mobility -1.73 X 10-5. This composite was fractionated under the same 
conditions as in Stage I. The resulting bottom fraction had a mobility of 
-1.91 X 10T6, an isoelectric point of 6.29, and a heterogeneity constant of 
0.75 x 10-b. This material possessed a Gaussian distribution of mobilities 
at its mean isoelectric point, although at pH 8.7 the electrophoretic pattern 
was non-Gaussian and skewed. Differences in the dependence of mobility 
upon pH for the various components of the fractions undoubtedly are re- 
sponsible for this departure of the mobility distribution from a Gaussian 

TABLE II 

Fractionation of Bovine -r-Globulin 

Experimental Conditions 

Stage No. Run No. PH E t C 
--. -. 

volts Qer cm. hrr. g?n. Qer 100 ml. 

III 1 7.60 1.7 521 2.8 
2 7.58 1.7 534 2.4 

IV 5.48 1.6 6li 2.3 
- 

Properties of r-Globulin Fractions - 

Stage No. Run No. Fraction Yield -106 x ii 

___-- ___- ___- 

.P. 
Qrotciu 

III 1 TOP 03 1.1 1.24 
Bottom (F) 2.0 1.78 

2 TOP 03 1.2 1.25 
Bottom (F) 1.5 1.69 

IV TOP (G) 
Bottom (H) / ::; , 4::: 

* In barbital buffer, pH 8.7, and ionic strength 0.1. 

- 

*I 

--- 

soelectric 
pointt 

.-_- 

10’ x f9 

-- 

-10’ x 
Ail - 

APH 

7.31 
6.51 0.59 

0.55 

0.35 
0.89 

5.74 0.633 0.64 
6.41 0.77t 0.81 

t In cacodylate buffer (0.08 N sodium chloride-O.02 N sodium cacodylate). 
# Non-Gaussian mobility distribution. 

one. This fraction, which appeared to be the same as Fraction B, served 
as the starting material for Stage IV. 

The operating pH in Stage IV was 5.5, or 0.8 pH unit on the acid side of 
the mean isoelectric point of Fraction B. The material withdrawn from 
the top reservoir, Fraction G, had about the same mobility as Fraction D. 
However, its isoelectric point was about 0.3 pH unit more acid than that of 
Fraction D, and its mobility distribution was non-Gaussian. The bottom 
cut, Fraction H, which had a mobility of - 1.81 X lop6 and an isoelectric 
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point of 6.41, possessed a skewed non-Gaussian distribution of mobilities 
with a rather large standard deviation. The calculated mobility and het- 
erogeneity const,ant for a composite of the two fractions, in proportion to 
their relative concentrations in the starting material, are -1.91 X 10S6 
and 0.76 X 10-6, respectively. These calculated values are in excellent, 
agreement with the experimental values quoted above for Fraction B. 

II -.-- -3 -2 -I 0 I 2 3 

IO5 xu 
FIG. 2. Mobility distribution functions at pH 6.5 of the six unique fractions of 

bovine y-globulin; - -; Fraction C; 0, Fraction D; -, Fraction E; @, Fraction 
F; a, Fraction G; -. -, Fraction H. 

DISCUSSION 

Bovine y-globulin has been separated into eight fractions which consti- 
tute mean mobility and mean isoelectric point. spectra, ranging from - 1.25 
X 1O-6 to -2.25 X 1O-5 and from 7.31 to 5.74 respectively. The various 
fractions can be distinguished from one another by at least two electro- 
phoretic properties. Thus, Fractions C, F, and H have about the same 
mean isoelectric points but different mean mobilities at pH 8.7 and different 
mobility distributions at their respective mean isoelectric points. The con- 
siderable variation in AU/ApH among the fractions is probably a reflection 
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of chemical and structural differences. The mobility distribution3 of each 
of the six unique fractions at pH 65 has been normalized to an area corre- 
sponding to its weight fraction4 of r-globulin, - 1.73 X 10V6, and is plotted 
in Fig. 2. Fractions G and H possessed non-Gaussian mobility distribu- 
tions; however, as a first approximation, the mobility distribution can be 
adequately represented as a Gaussian probability function whose standard 
deviation is taken as that of the actual mobility distribution. 

The theory of transport in an electrophoresis-convection channel predicts 
that the fractionation of a protein possessing a Gaussian mobility distribu- 
tion, with specified first and second moments, will result in a top fraction 
which also possesses a Gaussian mobility distribution, having the same 
second moment as that of the original protein. The first moment will, of 
course, be different from that of the original protein. The theory also pre- 
dicts that transport in the apparatus will proceed to a stationary state 
when the first moment of the mobility distribution of the material in the 
top reservoir vanishes. Both of these predictions have been approximately 
realized in these experiments.s The mobility distribution of the material 

3 It is assumed that, within the range of concentration and pH considered, the 
standard deviation of the mobility distributions of the r-globulin fractions is inde- 
pendent of protein concentration and pI1. It is also assumed that the slopes of 
the mobility-pH curves of all the protein ions present in a given fraction are the same 
and equal to the Aii/ApH of the fraction. 

4 The relative concentrations of Fractions E and F were calculated on the assump- 
tion that the material fractionated in Stage III was Fraction A and not a composite 
of Fraction A and r-globulin of mobility 1.51 X 1OP. 

6 For purposes of characterization, the mean isoelectric points and standard 
deviations of the mobility distributions of the bovine r-globulin fractions were 
determined in chloride-cacodylate buffer. This buffer was used because of the 
desirability of carrying out electrophoretic experiments in buffers containing 

Isoelectric point I - 106 x (Ati/~pH) 
Fraction 

Chloride- Phosphate Chloride- 
cacodylste caccdylate 

Unfractionated -r-glob- 
ulin (-1.51 X 1OV). 6.75 6.33 0.75 0.97 

A 7.03 6.19 0.74 1.15 
D...................... 6.01 5.73 0.78 1.10 
E 7.31 6.44 0.35 0.92 
G . . . 5.74 5.52 1 0.64 1.18 

1 ?hosphate 

106 x i3 

Chloride- 
cacodylate 

0.61 0.66 

- 
Phosphate 

univalent anions. In addition to the electrophoretic characterization of the fractions 
in chloride-cacodylate buffer, it also appeared desirable to determine isoelectric 
points and standard deviations of mobility distribution in phosphate buffer, since 
the fractionations were carried out in this buffer. Since preparation of this manu- 
script such determinations have been made on several fractions. For purposes of 
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fractionated in Stage IV was non-Gaussian and skewed at pH values re- 
moved from the mean isoelectric point. As a result, the top fraction ob- 
tained in this stage exhibited a non-Gaussian mobility distribution at its 
mean isoelectric point. 

Although the bottom fractions from an original Gaussian distribution 
are not themselves Gaussian, they are not highly skewed. Therefore, we 
will represent them as Gaussian. The precision with which the moments 
of the curves of the refractive index gradient can be determined does not 
justify a more refined treatment. 

The results of the fractionation of bovine r-globulin illustrate the ease 
with which a heterogeneous protein can be fractiona,ted by electrophoresis- 
convection. The large quantities of material that can be fractionated in a 
relatively short time, the ease of the manipulations, and the reproducibility 
of the fractionations promise to make electrophoresis-convection a valuable 
method for the subfractionation of the plasma fractions obtained by ethanol 
precipitation. 

SUMMARY 

Bovine r-globulin has been separated into eight fractions which consti- 
tute mean mobility and mean isoelectric point spectra ranging from - 1.25 
X 10d6 to -2.25 X low5 at pH 8.7 and from 7.31 to 5.74 respectively. 

This investigation demonstrates the applicability of electrophoresis- 
convection to the subfractionation of the plasma fractions obtained by 
ethanol precipitation. 
~-. -- 
comparison the resulting data are presented, along with the corresponding data 
obtained in chloride-cacodylate buffer, in the tabulation. It will be noted that there 
are rather large differences between the mean isoelectric points in chloride-cacodylate 
and in phosphate buffer. Although unfractionated r-globulin has appreciably differ- 
ent isoelectric points in chloride-cacodylate and phosphate buffer, the standard 
deviations of the mobility distribution at the mean isoelectric point are approxi- 
mately the same in the two buffers. Although the theoretical isoelectric condi- 
tion of the top fraction at the operating pH was realized in Stage IV of the fraction- 
ation, the data obtained in phosphate buffer reveal that in the case of Stage I and 
Stage III the fairly good agreement between the theoretical isoelectric condition 
of the top fraction at the operating pH and the observed isoelectric condition based 
on measurements in chloride-cacodylate buffer is fortuitous. Obviously, this does 
not reflect upon the use of chloride-cacodylate buffer for purposes of electrophoretic 
characterization of the fractions. Failure to realize the isoelectric condition of the 
top fraction at the operating pH in Stages I and III may have been due to insufficient 
time of operation for attainment of a stationary state. However, this seems im- 
probable. Theoretically, departure from the isoelectric condition is to be expected 
if some of the components of the heterogeneous protein produce different density 
increments per unit weight or possess different diffusion constants. A detailed 
treatment of this problem cannot be made at this time ( 
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