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ABSTRACT: Moving-boundary experiments demonstrate 
that in the pH range 6.2-9.2, BSA (bovine serum 
albumin) interacts reversibly with phosphate-borate 
and borate buffers to give electrophoretic patterns 
showing two or more peaks, The two or three zones 
shown on cellulose acetate by BSA in these buffers arise 

R ecently Cann and Goad, (1965a,b) have pre- 
sented a theory of electrophoresis of reversibly in- 
teracting systems of the type 

P + nHA P(HA), (1) 

where P represents a protein molecule or other macro- 
molecular ion in solution and P(HA), its complex 
formed by binding n moles of a small, uncharged con- 
stituent, HA, of the solvent medium, e.g., undissociated 
buffer acid. It is assumed that P and P(HA), possess 
different electrophoretic mobilities and that equilibrium 
is established instantaneously. One of the results of 
computations for zone electrophoresis (Cann and 
Goad, 1965b) is that under appropriate conditions 
a single macromolecule, interacting with an uncharged 
constituent of the solvent, can give two zones. Since 
zone electrophoresis is such a powerful method for 
separating macromolecules and has found extensive 
application to a variety of biological problems, it is 
important to verify the prediction experimentally. The 
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from the same interaction and are not indicative of 
true heterogeneity. 

In the many applications of zone electrophoresis 
to biological problems, it is imperative that cognizance 
be taken of the fact that multiple zones need not 
necessarily indicate heterogeneity. 

experiments described herein were designed with this 
in mind and demonstrate that a protein can give multiple 
zones due to interaction with the buffer solvent. 

Experimental Section 

Moving-boundary electrophoresis was carried out 
in the standard 11-cc Tiselius cell with the Spinco 
Model H electrophoresis-diffusion instrument. Schlieren 
patterns were recorded photographically with the 
cylindrical lens system. Values of the mobilities, cm2 
sec-l v-l x (lo-?, and apparent mobilities are shown 
above or beside the corresponding peaks in the pat- 
terns presented in Figure 1. 

Zone electrophoresis was carried out on 5 X 20-cm 
S and S cellulose acetate strips with a Colab Shandon 
apparatus. Between 10 and 15 pl of protein solution 
was applied to the strip with a Beckman sample 
applicator. On completion of electrophoresis the zone 
patterns were developed in the usual manner by staining 
with Ponceau S. In the case of fractionation experiments 
in phosphateborate buffer, the zones on an unstained 
strip were visualized with ultraviolet light. After cutting 
out the desired zone, the rest of the strip was stained 
to make certain that there was no contamination with 
the other zone. The protein was eluted by floating the 
excised zone on 70 p1 of buffer in a capped vial for 
3-4 hr with occasional agitation. In the case of borate 
buffer, a narrow longitudinal piece was cut from one 
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side of the undeveloped strip and stained. The stained 
piece was used as a guide in excising the slow zone. The 
remainder of the strip was stained. The excised strip 
was cut into small square pieces and packed onto the 
bottom of the upper section of a cylindrical centrifuge 
tube with a capillary attached to the bottom. The pro- 
tein solution was then spun from the cellulose acetate 
into the capillary using a clinical centrifuge. Usually 
about 20 p1 of solution was obtained; in the few cases 
in which only about 10 pl  was obtained, an additional 
volume of fresh buffer was spun through the cellulose. 
The fractions were aged about 0.5 hr before electro- 
phoretic analysis. 

The bovine serum albumin (BSA) used for moving- 
boundary electrophoresis was Armour's Lot No. 
W69102 except in the experiments shown in Figures 
1A and B and accompanying fractionations for which 
Lot No. W69312 was used. Lot No. A69908 was used 
for zone electrophoresis. Samples of BSA dissolved 
in buffer were dialyzed vs. buffer in the cold for about 
24 hr with one change of dialyzate prior to electro- 
phoresis. The symbol r designates ionic strength. 

Results 

Moving-Boundary Experiments. A survey of the 
moving-boundary electrophoretic behavior of BSA 
in several different buffers was made in order to provide 
necessary background information for understanding 
subsequent zone electrophoresis on supporting media. 
The results of this survey (Figure 1) establish that BSA 
interacts with borate buffer. Compare, e.g., the rea- 
sonably normal patterns (Figure 1A) obtained in 0.043 
r phosphate buffer, pH 6.1, with those (Figure 1B) in a 
phosphateborate buffer of about the same ionic 
strength and pH. The latter are typical of interacting 
systems, the ascending (but not descending) pattern 
showing a rapidly moving major peak and a con- 
siderable slower, minor one. That the two peaks actually 
constitute a single reaction boundary and do not indicate 
true heterogeneity2 was demonstrated by fractionation 
experiments. The protein disappearing across the 
rapidly moving peak was withdrawn from the ascending 
limb of the electrophoresis cell, dialyzed against fresh 
buffer, and then analyzed electrophoretically. Like the 
unfractionated protein, the ascending (but not descend- 
ing) patterns of the fractions showed two peaks. In fact, 
the patterns of the fractions were, within experimental 
error, indistinguishable from those of unfractionated 
controls. 

Comparisons of electrophoretic patterns were also 
made under other sets of conditions; whereas 1 BSA 
migrates as a single, reasonably symmetrical boundary 
in 0.043 r or 0.01 r sodium barbital buffer at pH 8.9 

1 Abbreviations used: BSA, bovine serum albumin. 
*The term, true heterogeneity, is used to indicate a mixture 

of stable, noninteracting and nontautomeric macromolecules 
possessing distinctly different electrophoretic mobilities. 
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D E S C E N D I N G  A S C E N D I N G  - - 
FIGURE 1 : Comparison of moving-boundary electro- 
phoretic patterns of BSA in phosphate and barbital 
buffers with those in phosphate-borate and borate 
buffers: A, 0.0043 M Na2HPOr0.030 M NaH2P04, 
pH 6.07, 3$ protein; B, 0.012 M NazHP04-0.0081 M 
NaHnPOr0.4 M H3B03, pH 6.15, 3$ (l$ protein 
gave very similar patterns); C, 0.043 I' sodium barbital, 
pH 8.90, 1 $ (essentially same patterns were obtained 
in 0.01 M buffer); D, 0.043 I' sodium borate (0.043 M 
NaOH-0.108 M H3B03, originally added to prepare 
buffer), pH 8.90, 1 %; E, 0.011 r sodium borate, pH 
7.57, 1 %; F, 0.01 1 I? sodium borate, pH 8.90, 1 $. 

(Figure IC), the patterns in sodium borate buffers of the 
same concentration and pH show bi- or trimodal 
boundaries (Figures 1D and F). Two lines of experi- 
mentation indicate that the patterns in borate buffer are 
reaction boundaries. First, prolonged electrophoresis 
in the 0.043 I' borate buffer with back compensation 
to increase the effective length of the electrophoresis 
column did not improve the resolution of the descending 
pattern. Although the fast-moving peak retained its 
sharpness, the slow one spread excessively to form a 
high and long plateau. The ascending protein did give 
two major peaks, but they were separated by a high 
plateau. The second piece of evidence is afforded by the 
effect of field strength upon the patterns; whereas 
resolution occurred at 6.7 v cm-l (Figure lD), quite 
symmetrical unimodal boundaries were obtained at 
0.58 v cm-l. Nor did the boundaries spread excessively 
at the lower field strength. The same results were ob- 1109 
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FIGURE 2: Demonstration that the two zones shown by BSA in phosphate-borate buffer on cellulose acetate arise 
from reversible interaction of the protein with boric acid or borate anion and are not due to true heterogeneity. (a) 
Zone patterns of BSA in 0.0043 M Na,HP04-0.030 M NaH2POI, pH 6.07, 5 protein; (b) pattern in 0.012 M NalHP04- 
0.0081 M Na H2P04-0.4 M H3B03, pH 6.15, 5 %  (each ofthe two zones obtained in the phosphate-borate buffer was 
cut from unstained strips and the protein eluted with buffer. The resulting fractions were then analyzed in the same 
phosphate-borate buffer); (c) zone pattern of material eluted from slower-migrating zone; (d) pattern of material 
from faster zone. Solid vertical arrow indicates direction of migration. 

tained with 2Z protein, which is particularly interesting 
since the ascending pattern at this concentration was 
very well resolved into two peaks at the higher field. 
Yet the unimodal boundary obtained at low field had 
no discernible shoulders and showed a small knob at 
its apex, an optical phenomenon attesting to the sym- 
metry of the boundary. Such an effect of field strength 
is characteristic of at least three different types of inter- 
action: (a) reversible isomerization reactions with a 
half-time of the order of the time of electrophoresis at 
the higher field (Cann and Bailey, 1961; Scholten, 
1961); (b) proteins undergoing reaction 1 with in- 
stantaneous establishment of equilibrium; and (c) 
dimerization reactions of the type 2P + nHA e PI- 
(HA), with instantaneous establishment of equilibrium. 
For rapidly equilibrating macromolecular systems of 
the type nP * P,, where n > 2, and A + B e C, resolu- 
tion is theoretically independent of field strength (Gil- 
bert, 1955, 1959; Gilbert and Jenkins, 1960). In the 
case of (b) and (c), resolution at fields of the order of 
10 v cm-I has been shown theoretically to result from 
the production of gradients of HA in the electrophoresis 
column (Cann and Goad, 1965a; Cann and Goad, 
unpublished). At sufficiently lower fields and cor- 
respondingly longer times of electrophoresis, strong 
gradients of the small molecule cannot be maintained 
against diffusion so that resolution cannot occur (Cann 
and Goad, unpublished). Of the three possible types of 
interaction cited above, dimerization or higher order 
aggregation reactions have been eliminated by velocity- 
sedimentation analyses. Experiments were made at 
BSA concentrations of about 1 and 5.7%. Within ex- 
perimental error, the sedimentation behavior in 0.01 1 r 
sodium borate buffer, pH 7.1, was the same as in 0.011 
M (0.024 r) phosphate buffer of the same pH. The 
patterns in either buffer showed only a single boundary, 
which was somewhat asymmetric at the higher protein 
concentration; s ~ ~ . ~  = 3.E-3.8 at 1 

The results of other moving-boundary electrophoresis 
and 2.2 at 5.7 %. 
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experiments can be summarized as follows. Interaction 
with borate buffer decreases somewhat the average 
mobility of BSA. The nature of the patterns depends 
in a reversible fashion upon buffer concentration; 
increasing the concentration at constant ionic strength 
and pH causes an increase in the proportion of slower 
moving peaks. Increasing the ionic strength by addition 
of NaCl also increases the proportion of slow peaks. 
Finally, the nature of the patterns is strongly dependent 
upon pH (compare Figures 1E and F) in the range 
studied, pH 7.6-9.2, resolution into peaks virtually 
disappearing at the higher pH values. 

Zone Elecrrophoresis. Zone electrophoresis of BSA 
on cellulose acetate was carried out under two different 
sets of conditions: PHOSPHATE-BORATE BUFFER, pH 6.2. 
In these experiments electrophoresis was performed 
in the same phosphate or phosphate-borate buffer used 
for the moving-boundary experiments of Figures 1A 
and B, respectively. The zone patterns are presented 
in Figures 2a and b; whereas the protein gave a single 
zone in phosphate buffer, two zones were obtained in 
phosphate-borate, the faster moving zone being the 
major one. In order to determine whether the two zones 
reflect interaction or heterogeneity, the protein was 
eluted from each of the unstained zones with phosphate- 
borate buffer and the resulting fractions were analyzed 
by zone electrophoresis in the same buffer. Like un- 
fractionated BSA, the pattern of each fraction showed 
two zones (Figures 2c and d) which demonstrates that 
the duplicity of zones arises from reversible interaction 
of BSA with boric acid or borate anion and is not due 
to true heterogeneity. 

In the case of the fractions, which were analyzed at 
rather low protein concentration, the slower of the two 
zones was the major one. It is particularly interesting 
that such a large proportion of the fast fraction mi- 
grated in the slower zone when reanalyzed (Figure 2d). 
This result underscores the conclusion that the two 
zones arise from interaction. 
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FIGURE 3: Demonstration that the two or three zones shown by BSA in borate buffer (0.0108 M NaOH-0.260 
M HaBOI originally added to prepare buffer, pH 7.15) on cellulose acetate arise from interaction of the protein 
with the buffer and are not due to true heterogeneity. Zone patterns of unfractionated controls at three different 
protein concentrations (0.5% protein showed only a single zone; the fastest zone shown by 10% protein shaded 
off in the direction of migration, but the shaded portion could not be captured photographically), and of three 
representative fractions obtained from 10% protein by cutting the slowest zone from unstained strips and removing 
the protein as described in the text. Vertical arrow indicates direction of migration. 

BORATE BUFFER, pH 7.2. The zone patterns of 5 %  
BSA in 0.011 r sodium borate buffers showed multiple 
zones over the pH range 7-8.9, but the zones were 
most distinct below about pH 8. Patterns obtained at 
pH 7.2 are presented in Figure 3 (57,  BSA in 0.011 
M phosphate buffer, pH 7.1, gave a single zone with 
only a suggestion of a slower moving one). The borate 
system exhibited the interesting property that, although 
resolution into two or three zones was excellent at 
protein concentrations in the range l-lO%, patterns 
obtained at lower concentrations showed only a single 

out by Cann and Goad (1964) for the validity of the 
fractionation test. That of dialyzing the fraction prior 
to analysis, while an absolute requirement for the 
moving-boundary method, evidently was not critical 
for the zone experiments described herein.) The electro- 
phoretic patterns of fractions obtained by eluting the 
protein from the slowest moving (major) zone con- 
sistently showed not one but two or three zones (Figure 
3). It is apparent, therefore, that the multiple zones 
arise from interaction of BSA with borate buffers and 
are not due to true heteroeeneitv. - .  

~ .- zone. Accordingly, fractionation experiments to decide 
between interaction and heterogeneity were carried 
out at 10% protein. This was done in order to obtain 
fractions of sufficiently high concentration to ensure 
against possible ,,,isinterpretation in the event that 
electrophoresis Of the fractions give a single 

- ~ .~ 
* W e  have carried out starch-gel electrophoresis on BSA it, 

sodium borate buffers, pH 8.95. A whole S I ) E E W ~ ~  of zollc 
Patterns (narrow zone; bearded zone: broad, ditfuse zone; 
comet: and two zones) was obtained simply by systematic varia- 
tion of buffer and protein concentration. These results might 
also be interpreted in terms of protein-buffer interaction, but 

zone. (This illustrates one of the precautions pointed fractionation experiments were not done. 1111 
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As to the mechanism nhereby interaction with 
borate buffer changes the mobility of BSA, it can only be 
stated at this time that it is not due to aggregation 
or change in frictional coefficient and apparently not 
to an intramolecular exchange reaction between the SS 
groups and the SH group since p-chloromercuri- 
benzoate- and iodoacetamide-treated BSA gave the 
same zone patterns as unreacted protein. 

Discussion 

The results described above demonstrate that the 
zone electrophoretic patterns of BSA can show two or 
three zones due to reversible protein-borate buffer 
interaction. Nor is this phenomenon unique for BSA. 
At least one other example has been gleaned from the 
literature. Thus, Parker and Bearn (1963) have shown 
that the three zones exhibited by conalbumin on starch- 
gel electrophoresis at pH 8.9 arise from reversible inter- 
action with borate buffer. Human myoglobin also 
gives three zones on starch-gel in a Tris-borate buffer 
due to a reaction (Kossman, et a / . ,  1964), although 
it is not clear whether it is a protein-buffer inter- 
action. In all three cases, aggregation reactions 
have been eliminated. It appears likely that multi- 
plicity of zones due to interaction may be of more 
general occurrence than recognized. Furthermore, it is a 
disturbing fact that such patterns could easily be mis- 
interpreted as indicating true heterogeneity. For- 
tunately, however, with certain precautions, fractiona- 
tion provides an unambiguous method for distinguish- 
ing between interaction and heterogeneity. 

Throughout this study we have been impressed by the 

reliability of moving-boundary electrophoresis as a 
guide in designing the zone experiments. This, along 
with the results of the zonal analyses, gives experimental 
credence to the theoretical conclusion that the same 
caution must be exercised in interpreting zone electro- 
phoretic patterns as moving-boundary patterns. 
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CORRECTION 

In the paper entitled Biosynthesis of Uridine Di- 
phosphate D-Xylose. 11. Uridine Diphosphate D- 

Glucuronate Carboxy-lyase of Cryptococcus faurentii, 
by Helmut Ankel and David Sidney Feingold, in 
Volume 5, No. 1, p 182, January 1966, the following 
correction should be made: p 184, left column, line 10 
should read “efficiently stirred and 0.9 ml of 0.5 M 
MnC12 was added.” 
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