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ABSTRACT 

Capillary isoelectric focusing run times were reduced from 30 to 5 minutes through reversing the polarity and shortening the 
separation distance. Complete resolution was only obtained by increasing the concentration of tetramethylethylenediamine in the 
sample solution. Problems previously seen with acidic proteins were shown to be due to anodic drift in the ampholyte gradient, and were 
minimized by increasing the concentration of phosphoric acid in the anode buffer. The inability of the method to tolerate protein 
samples with salt is also discussed. 

INTRODUCTION 

In a previous report [I], we described the devel- 
opment of a method for performing isoelectric fo- 
cusing (IEF) in uncoated capillaries without the 
need for performing salt mobilization, as opposed 
to the traditional method of performing IEF in 
coated capillaries with salt mobilization [2-81. This 
procedure relied upon the maintenance of some 
electroendosmotic flow (EOF), such that proteins 
spent sufficient time in the capillary to focus but 
were mobilized past a stationary detection point by 
residual EOF. Control of EOF was achieved by 
adding methyl cellulose to the sample-ampholyte 
mixture. Furthermore, it was necessary to supple- 
ment the pH 3-10 ampholytes with tetramethyleth- 
ylenediamine (TEMED) so that basic proteins 
would focus in the region prior to the detection 
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point, with the TEMED acting to block the region 
after the detection point [9,10]. A similar method 
has been reported by Thormann et al. [l 11, with the 
difference being that only a small plug of the sam- 
ple-ampholyte mixture is introduced into the capil- 
lary filled with catholyte, as opposed to filling the 
whole capillary with the sample-ampholyte mix- 
ture, as in our case. In their method, it is not neces- 
sary to add TEMED to the ampholytes. 

In this note, we wish to describe two improve- 
ments we have made to our capillary IEF (cIEF) 
method. Firstly, we will describe instrumental 
changes allowing run times to be decreased to less 
than 15 min with no sacrifice in resolution, and to 
about 5 min with some loss in resolution, compared 
to run times of about 30 min previously [l]. Fur- 
thermore, we will show that the problems with poor 
peak shape of acidic proteins are due to pH gradient 
decay, and can be improved by increasing the anode 
buffer concentration. We will also report the maxi- 
mum concentration of salt in the sample which can 
be tolerated before serious loss in resolution is seen. 
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EXPERIMENTAL 

Chemicals 
All chemicals, capillaries and instrumentation 

were as previously reported [ 11. /?-Lactoglobulin 
was from Sigma (St. Louis, MO, USA). 

Capillary isoelectric focusing 
In all cases, the sample was 0.5 mg/ml cyto- 

chrome c, chymotrypsinogen A, /?-lactoglobulin A 
and 0.25 mg/ml myoglobin, 5% Pharmalyte 3-10 
and 0.1% methyl cellulose TEMED concentration 
was in the range 0.5-1.6%. The catholyte was al- 
ways 20 mM NaOH, while the anolyte varied from 
lo-100 mM H3P04. In the salt concentration 
study, the sample was made 5, 10, 25 and 50 mM 
NaCl. The instrument, ISCO Model 3850 (Lincoln, 
NE, USA), was operated in the reverse polarity 
mode, such that the position of the cathode was 40 
cm away from the detection point, and the anode 
was 20 cm further away. In all cases, the applied 
voltage was 24 kV, generating a field of 400 V/cm. 
Detection was at 280 nm. 

RESULTS AND DISCUSSION 

Decreasing migration time 
The migration time of proteins in this method 

depends on which point in the capillary they are 
detected. Due to EOF, the migration direction is 
towards the cathode; the closer to the cathode they 
are detected, the longer the migration time. Thus, 
an apparently easy way to decrease migration time 
is to detect the proteins closer to the anode. How- 
ever, there are several things which must be taken 
into account. First, wherever the detection point is 
in the capillary, it is required that all proteins focus 
on the anodic side of the window for them to be 
detected. The place where proteins focus in the cap- 
illary can be controlled by changing the concentra- 
tion of TEMED. Higher concentrations of 
TEMED block more of the cathodic end of the cap- 
illary, causing proteins to focus closer to the anode. 
Secondly, it is important to detect the proteins at a 
point when they are completely focused. Otherwise, 
they will not be completely resolved. For any set of 
experimental conditions, there is a certain amount 
of time which is required to achieve complete focus- 
ing and resolution. In cases where the highest reso- 

lution is required, the total run time is limited to 
some time greater than this minimum amount of 
time. Of course, one can throw away some resolu- 
tion in order to achieve faster run times. 

In the previously reported separations [l], the to- 
tal separation distance, that is, the distance from 
anode to detection point, was 40 cm, with a total 
capillary length of 60 cm. The instrument we are 
using requires a minimum capillary length of about 
40 cm from the “hot” electrode (+ or -) to the 
detection point, and a minimum capillary length of 
20 cm from the detection point to the ground elec- 
trode. Thus, shortening the separation distance and 
the run time could only be achieved by reversing the 
polarity and making the ground electrode the anode 
and the “hot” electrode the cathode. This leads to a 
separation distance of 20 cm, half of that previously 
used. 

When the optimal conditions from the previous 
set-up are used in the reverse polarity set-up, the 
separation in Fig. 1 is obtained. Note that the mi- 
gration time of the peak corresponding to pZ 6.8, 
peak 4, is about 6 min, compared to 21 min in the 
previous set-up [l]. However, the peaks are broader 
than in the previous case and resolution is incom- 
plete between the peaks corresponding to ~17.2 and 
6.8, peaks 3 and 4. Furthermore, chymotrypsinogen 
A, peak 2, shows up as only one peak, whereas be- 
fore there were several minor peaks of lower pZ just 
after the main peak. The broader peaks and lower 
resolution can be explained by assuming that the 
proteins have not yet fully focused. This suggests 
that the concentration of TEMED should be in- 
creased, with all other conditions the same. 

Fig. 2. shows the same separation as in Fig. 1, 
with the exception that the TEMED concentration 
has been increased from 1.0 to 1.2%. Note that the 
migration time of the peak corresponding to pZ6.8, 
peak 4, has increased from 6 to 8.5 min, and that the 
peaks are much sharper and better resolved, as was 
expected. Theoretical plates for the peaks in Fig. 2 
range from 200 to 400 000. However, since IEF is 
not an equilibrium-based separation technique, it is 
really inappropriate to report plates for the peaks. 

When even higher concentrations of TEMED 
were used, better resolution and longer run times 
were achieved. At higher concentrations of 
TEMED, the proteins are focusing closer to the 
anode, further and further away from the detection 
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Fig. 1. clEF of protein mixture using reverse polarity set-up. Capillary: 75 nrn I.D., uncoated, 60 cm total length, 20 cm anode to 
detection. IEF: anolyte 10 mM H,PO,, catholyte 20 mM NaOH, voltage 24 kV. Detection: UV, 280 nm. Sample: 0.5 mg/ml cyto- 
chrome c, chymotrypsinogen A and /?-lactoglobulin A, 0.25 mg/ml myoglobin, 5% Pharmalyte 3-10, 1.0% TEMED, 0.1% methyl 
cellulose. Peaks: I = cytochrome c, pZ9.6; 2 = chymotrypsinogen A, pZ 9.1; 3 = myoglobin, p17.2; 4 = myoglobin, p16.8. 

window. Thus, changing the TEMED concentra- 
tion is a convenient way of changing run time and 
resolution. Faster run times can be achieved by low- 
ering the concentration of TEMED, with a sacrifice 
in resolution. Better resolution can be achieved with 
higher concentrations of TEMED, at the expense of 
longer run times. However, there is a limited win- 
dow of TEMED concentration which can be used. 
If the TEMED concentration is too low, some basic 
proteins may focus past the detection point. If the 
concentration is too high, excessive current will be 
generated, leading to problems with joule heating. 
We have found that TEMED concentrations of 
0.5-1.6’S can be employed with the 20-cm separa- 
tion distance. 

Improved separation oj’acidic proteins 
In both Figs. 1 and 2, it is very difficult to deter- 

mine which peak, if any, corresponds to fi-lactoglo- 
bulin A, pI 5.1. One could argue that within the 
time frame monitored, /3-lactoglobulin A did not 
migrate past the detection point. In Fig. 2, a plot of 
migration time vs. pI was linear with r2 = 0.997. 
Based on the equation for this line, the expected 
migration time for fi-lactoglobulin was 11 min. This 
assumes that all proteins are moving with the same 
velocity, which would be true if EOF was the sole 
source of mobilization in the capillary. However, as 
has been discussed and studied extensively [12-141, 
ampholyte gradients are known to suffer from pH 
gradient decay, whereby the basic end of the gra- 
dient migrates towards the cathode (cathodic drift) 
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Fig. 2. cIEF of protein mixture using reverse polarity set-up, 1.2% TEMED. Conditions as in Fig. 1, except 1.2% TEMED. Peaks as in 
Fig. 1. 

and the acidic end migrates toward the anode 
(anodic drift). We must assume that pH gradient 
decay is also occurring in our system [ 151. Thus, the 
assumption that all proteins are migrating with the 
same velocity is not correct. Basic proteins will mi- 
grate with the additive sum of EOF and any cath- 
odic drift, since they are in the same direction. Neu- 
tral proteins will migrate with EOF predominantly. 
Acidic proteins experience EOF toward the cathode 
and, in opposition to that, anodic drift toward the 
anode. 

The clear solution to the problems with acidic 
proteins is to minimize any anodic drift. In a recent 
paper by Mosher and Thormann [12], it was point- 
ed out that the extent of drift in ampholyte systems 
strongly depends on the phosphoric acid and sodi- 
um hydroxide concentrations. In all of our work, 
we have used 10 mM phosphoric acid and 20 mM 
sodium hydroxide, as was most commonly used in 

other cIEF separations [2-81. According to the 
work of Mosher and Thormann, this ratio of con- 
centrations leads to both cathodic and anodic drift, 
with the anodic drift being much worse. This would 
explain the poor peak shapes and inability to detect 
acidic proteins in our system. The solution, again 
according to the work of Mosher and Thormann, is 
to use higher concentrations of phosphoric acid, 
which will minimize anodic drift while increasing 
cathodic drift. 

It is clear that the concentration of phosphoric 
acid must be optimized to successfully separate 
acidic proteins in our system. The concentration 
must be high enough to minimize anodic drift, but 
not so high that it increases cathodic drift to the 
point that basic proteins are detected when they 
have not yet fully focused and resolved. 

Holding all other conditions the same as in Fig. 2, 
we have investigated phosphoric acid concentra- 
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Fig. 3. cIEF of protein mixture using reverse polarity set-up, 25 mM H,PO,. Conditions as in Fig. 1, except 1.2% TEMED and 25 mM 
H,PO,. Peaks: 1 = cytochrome c, p19.6; 2 = chymotrypsinogen A, pI9.1; 3 = myoglobin, p17.2; 4 = myoglobin, p16.8; 5 = 

” - 

a-lactoglobulin A, p15.1. 

tions of 10, 15, 20, 25, 30, 50 and 100 mM. Fig. 3 
shows the same separation in Fig. 2, with the excep- 
tion that the concentration of phosphoric acid was 
25 mM. A full scale peak at 12 min is now seen, 
peak 5, which corresponds to /3-lactoglobulin A. 
We have found that concentrations of phosphoric 
acid ranging from 20 to 30 mM give about the same 
results, with lower concentrations giving no peak 
and higher concentrations leading to poor resolu- 
tion in the basic region of the gradient. 

Notice that the peak corresponding to fl-lactoglo- 
bulin A is much broader than the basic and neutral 
protein peaks. This is most likely due to the fact 
that it is not moving with the same velocity as the 
other peaks, since the width of a peak in this system 
is a function of the speed with which a protein mi- 
grates past the detection point. At best, it would be 
expected that the fastest an acidic protein like j?-lac- 
toglobulin A could move is the speed of EOF. It is 

unlikely that a protein as acidic as fl-lactoglobulin 
A would experience any cathodic drift, as the basic 
and neutral proteins do. From the data in Fig. 3, a 
plot of migration time vs. pl gave r2 = 0,951 when 
the migration time of /I-lactoglobulin A was includ- 
ed and y2 = 0.997 when not included. This also 
suggests that /3-lactoglobulin is not migrating at the 
same speed as the other proteins. 

This less than ideal peak shape and separation of 
acidic proteins is a problem which may be overcome 
by using capillaries which show EOF in the direc- 
tion toward the anode, i.e., capillaries which have 
been modified with a cationic sufactant. In this case, 
EOF and anodic drift will be in the same direction. 
However, then there will be a problem with basic 
proteins. Thus, using EOF-driven cIEF, it may nev- 
er be possible to achieve optimal resolution 
throughout the entire pH gradient. Nevertheless, it 
is possible to do all proteins, acidic. neutral and 
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basic, using one set of experimental conditions. It is 
clear that cIEF is a unique and informative way to 
study the anodic and cathodic drift associated with 
ampholyte gradients. 

EfSect of salt concentration 
In applying the method to samples of recombi- 

nant proteins for characterization, we have found 
that salt in the protein sample can greatly affect the 
separation, usually leading to higher initial focusing 
current and poor separation. It is well known that 
IEF is intolerant to salt. We wished to determine 
the maximum salt concentration which could be 
tolerated by our method. Using the same conditions 
in Fig. 3, we found that when the concentration of 
NaCl in the sample exceeded 10 mM, the separation 
was totally lost. Thus, it is imperative that samples 
be desalted prior to separation using this method. 
The same has also been said when using other cIEF 
methods [9]. 

CONCLUSIONS 

We have described a simple way to decrease run 
times in the cIEF method from 30 min to as low as 5 
min, with some sacrifice in resolution. Previous 
problems with the poor separation of acidic pro- 
teins have been shown to be due to anodic drift 
present in the ampholyte gradient, and were mini- 
mized by increasing the concentration of phosphor- 

ic acid. Finally, it has been shown that a maximum 
of 10 mM salt can be tolerated by this method. 
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