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Abstract
Fluorescence tends to produce the lowest detection limits for most forms of capillary electrophoresis.
Two issues have discouraged its use in capillary isoelectric focusing. The first issue is fluorescent
labeling of proteins. Most labeling reagents react with lysine residues and convert the cationic residue
to a neutral or anionic product. At best, these reagents perturb the isoelectric point of the protein. At
worse, they convert each protein into hundreds of different fluorescent products that confound
analysis. The second issue is the large background signal generated by impurities within commercial
ampholytes. This background signal is particularly strong when excited in the blue portion of the
spectrum, which is required by many common fluorescent labeling reagents. This paper addresses
these issues. For labeling, we employ Chromeo P540, which is a fluorogenic reagent that converts
cationic lysine residues to cationic fluorescent products. The reaction products are excited in the
green, which reduces the background signal generated by impurities present within the ampholytes.
To further reduce the background signal, we photobleach ampholytes with high-power photodiodes.
Photobleaching reduced the noise in the ampholyte blank by an order of magnitude. Isoelectric
focusing performed with photobleached pH 3–10 ampholytes produced concentration detection
limits of 270 ± 25 fM and mass detection limits of 150 ± 15 zmol for Chromeo P540 labeled β-
lactoglobulin. Concentration detection limits were 520 ± 40 fM and mass detection limits were 310
± 30 zmol with pH 4–8 ampholytes. A homogenate was prepared from a Barrett’s esophagus cell
line and separated by capillary isoelectric focusing, reproducibly generating dozens of peaks. The
sample taken for the separation was equal to the labeled protein homogenate from three cells.

Isoelectric focusing has been a valuable tool for protein analysis, particularly because of the
commercialization of gels with immobilized pH gradients.1 This technology offers outstanding
resolution of proteins to 0.001 delta pI units and is widely employed in biotechnology. The
separation mechanism is orthogonal to that produced by sieving electrophoresis, and isoelectric
focusing is commonly coupled with SDS-PAGE for two-dimensional separations of complex
protein samples.

As in other electrophoretic separations, performing isoelectric focusing in a capillary format
has advantages compared with classic slab-gels. These advantages include the ability to employ
autoinjectors for automated analyses, lower sample loadings, and faster separations. Hjertén
was the first to report isoelectric focusing in a capillary format.2 The performance of capillary
isoelectric focusing is limited by poor detection sensitivity due to the small dimension of the
capillary. Perhaps the most impressive performance has been obtained with mass spectrometric
detection, which has resolved hundreds of proteins from nanograms of cellular lysate.3 Such
experiments are beyond the ability of most labs, which instead employ absorbance detection
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in the ultraviolet portion of the spectrum, and these measurements suffer from the short path
length available for the Beer’s law measurement. Concentration detection limits are in the high
picomolar range and mass detection limits are in the low femtomole range.

Improved detection limits for capillary isoelectric focusing would enable more applications.
In general, the best detection limits for capillary electrophoresis methods are produced by laser-
induced fluorescence. This detection technology is ubiquitous in DNA sequencing by capillary
sieving electrophoresis,4 and single molecule detection limits have been obtained in favorable
cases for multiply labeled oligonucleotides in capillary sieving electrophoresis and highly
fluorescent proteins in capillary zone electrophoresis.5–6

There is a surprisingly small literature for laser-induced fluorescence detection in capillary
isoelectric focusing of proteins. A large fraction of those reports employ the technique for
affinity-based assays.7–12 In those experiments, the affinity reagent is labeled with a highly
fluorescent dye. Those studies usually employed a point-detector near the distal end of the
separation capillary; focused analyte must be mobilized and driven past the detector. Detection
limits are in the picomolar concentration level and the attomole mass level.

Pawlyszin has explored the use of whole-column imaging with fluorescence detection.12–19

Whole column imaging avoids mobilization of proteins across the point detector and
dramatically speeds up the analysis. Impressive results include concentration detection limits
of 10−13 M and mass detection limits of 10−19 mole for the highly fluorescent proteins R-
phycoerythrin and green fluorescent protein.20 Both proteins were detected based on their
native fluorescence. Performance was roughly two-orders of magnitude poorer for labeled
bovine serum albumin in the whole column imagine detector.16

These reports tend to be silent on two important limitations of laser-induced fluorescence as a
detector for capillary isoelectric focusing. First, covalent protein labeling can result in a serious
degradation in separation efficiency. Most fluorescent reagents react with the cationic ε-amine
of lysine residues, converting them to neutral or anionic products and changing their isoelectric
point. There are 2n-1 possible fluorescent products from the reaction with a protein that has n
labeling sites, and these products can generate very complex peaks from a single protein.21–
22 Second, commercial ampholytes tend to produce a very large background signal that can
swamp protein fluorescence. This background signal was first reported by Righetti in 1975 and
was interpreted as being due to nitrogen aromatic compounds produced as a byproduct of
ampholyte synthesis.23

The change in pI upon labeling can be minimized if the label converts the cationic lysine residue
to a cationic fluorescent product. The CY family of dyes has been used for this purpose.24

These highly fluorescent reagents must be used at high concentrations; unreacted reagent and
trace level impurities can generate background signals that confound analysis of minute
amounts of proteins. Alternatively, non-covalent reagents, such as Nanoorange, can also be
used to label proteins, but tend to produce relatively modest detection limits.16 Wolfbeiss
reported the Chromeo family of fluorogenic reagents; these reagents are weakly fluorescent
but produce a relatively highly fluorescent cationic product.25–27 We have employed both
Chromeo P465 and Chromeo P503 for protein analysis by capillary electrophoresis.27–30 The
labeled proteins produced good separation behavior in both submicellar electrophoresis and
isoelectric focusing. While labeled proteins produced low zeptomole detection limits in zone
electrophoresis, their performance in isoelectric focusing has been three orders of magnitude
poorer.30 Proteins labeled with these reagents require excitation in the blue portion of the
spectrum; we employed the 473 nm solid-state laser for excitation for Chromeo P503 labeled
proteins. Unfortunately, all ampholytes tested generated a large background signal when
excited at this wavelength.30
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There are several approaches to reducing the background signal in fluorescence experiments.
In general, there is a dramatic decrease in background signal with longer wavelength excitation.
Impurities can be removed by chemical means, such as oxidation, or by adsorption to activated
charcoal or similar adsorbants.31–32 Finally, impurities can be removed by photobleaching.
32–33

In this paper, we report two innovations that allow capillary isoelectric focusing to be
performed on minute amounts of labeled proteins. We found that the use of the Chromeo P540
dye with excitation at 532 nm and the use of high-power photodiodes to photobleach
ampholytes resulted in an extremely low background signal, producing femtomolar
concentration detection limits, zeptomole mass detection limits, and the ability to analyze a
protein homogenate corresponding to the content of two cells.

Materials and methods
Reagents and materials

Unless stated, all reagents were purchased from Sigma-Aldrich and used without further
purification. Solutions were made with distilled deionized water and vacuum filtered through
a 0.22 μm filter. Biolytes were purchased from Biorad; both Pharmalytes and Biolytes were
treated as described below. Chromeo P540 was purchased from Active Motif. Fused-silica
capillaries with a Guarant coating were purchased from Alcor Bioseparations; all others were
from Polymicro Technologies. Ampholytes were photobleached using a bank of high-power
green light emitting diodes (see Supporting Information for details).

Sample and ampholyte preparation
Protein samples were first dissolved in water at a concentration of 10 mg/mL, aliquoted, and
stored at −20 °C. A new sample was taken each day from the freezer and thawed at room
temperature. Proteins were then labeled with Chromeo P540 with the same procedure described
previously for P503.29–30 Briefly, 5 μL of protein solution was added to 15 μL of borate buffer
(10 mM) and 5 μL of Chromeo 540 dye. The mixture was incubated for 30 min at room
temperature. The reaction was complete when the solution color changed from light purple to
maroon. Once labeled, 475 μL of 1% Tween 20 (v/v) solution was added to quench the reaction.

The homogenate sample was prepared from an immortalized CP18821 cell line of premalignant
epithelial esophageal cells, kindly donated by Peter Rabinovitch of the Department of
Pathology, University of Washington. Cells were cultured with human recombinant epidermal
growth factor (rEGF) and keratinocyte-serum free medium supplemented with bovine pituitary
extract (BPE) (Invitrogen, Carlsbad, CA). The cells were exposed to 0.25% trypsin (v/v), and
rinsed three times in PBS to remove the media from the cell suspension. Cells were lysed in
1% Triton X (v/v) (100 μL per 1 million cells), sonicated for 20 min, and 20 μL aliquots were
stored at −80 °C. Labeling was performed the same as with standard proteins; a 5 μL aliquot,
equivalent to the homogenate of 50,000 cells, was labeled and diluted to 500 μL after the
reaction was complete.

For all studies, a 4% ampholyte solution was prepared containing either a mixture of 2%
Pharmalytes (3–10), 1% Pharmalyte (4–6), and 1% Biolyte (5–8) in a solution of dd H2O and
1% Tween 20 (v/v) or a 1:1 ratio of Pharmalyte (4–6) and Biolyte (5–8). A protein/ampholyte
solution was made by taking 5 μL of labeled protein, equivalent to a homogenate prepared
from 500 cells, and adding it to 95 μL of the 4% ampholyte solution. Finally, 550 nL of this
solution was used to fill the capillary for analysis, corresponding to the protein content of
roughly 3 cells.
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Instrumentation
Our laser-induced fluorescence instrument has been described in detail elsewhere.34–37

Briefly, a multipurpose injection block was connected to a CZE1000R high-voltage power
supply (Spellman).38 Analytes were detected using a post-column sheath flow cuvette34–37,
39–40. Fluorescence was excited by an 8-mW 532 nm diode-pumped solid-state laser beam
(Crystalaser), collected with an M-PLAN 60x, 0.7 NA microscope objective, and filtered with
a 550–600 nm bandpass filter. Light was detected by an avalanche photodiode single-photon
counting module. Voltage programming and fluorescence measurement were controlled by
LabView software.

Capillary coating procedure
Separation was performed either on a Gaurant coated capillary that had a length of 24 cm and
an ID/OD of 50/150 μM or on an acrylamide-coated capillary that had a length of 28 cm and
an ID/OD of 50/150 μm.41–42 Before each experiment the Gaurant capillary was rinsed with
citric acid (100 mM) for 5 min at 5 psi followed by dd H2O for 5 min at 5 psi.

Hjertén’s method was used to prepare acrylamide-coated capillaries. 42 The capillary was
attached to a locally constructed gas-handling system that uses N2 gas to purge solutions at 30
psi. For the first step in the coating procedure, a capillary was rinsed with 1M NaOH for 1 hr.
Distilled water was then rinsed through the capillary for 10 min, followed by 1% (w/v) acetic
acid for 2 hrs. Next, a 1:1 ratio of 3-(trimethoxysilyl) propyl methacrylate (MAPS) and
methanol was purged at 10 psi for 1 hr. Both ends of the capillary were placed in
MAPS:methanol solution for the next 18 hrs. On day two, the capillary was rinsed with
methanol for 1 hr at 10 psi. A freshly prepared solution containing 4% (w/v) acrylamide, 0.1%
(v/v) TEMED, and 0.1% (w/v) of ammonium persulfate was flushed through the capillary for
10 min at 10 psi. Both ends of the capillary were left in the acrylamide solution for 18 hrs. On
day three, the capillary was rinsed with distilled water for 10 min at 10 psi and stored in water
until use. Between runs the acrylamide-coated capillary was rinsed with 3 M HCl for 5 min at
5 psi followed by distilled water for 5 min at 5 psi before use.43

cIEF procedure
The anode end of the capillary was placed in phosphoric acid (10 mM, pH 2) and the cathode
end was placed in a cuvette where the sheath flow was sodium hydroxide (40 mM, pH 12).
The capillary was filled with analyte in a 4% ampholyte solution by purging the solution
through the capillary for 2 min at 5 psi. Focusing voltage was held constant at 833 V/cm for
7.5 min. Chemical mobilization at the cathode was used for migration of the proteins by
changing the sheath flow buffer from sodium hydroxide to a zwitterionic solution (10 mM
aspartic acid, pH = 2.5); the field strength remained at 833 V/cm during mobilization.

Laser Power study
To study the effect of laser power on the fluorescence intensity, samples were continually
infused into the sheath flow cuvette detector. Laser power was adjusted by rotating a polarizing
filter placed in the optical path.

Data processing
Data were collected at 10 Hz. The data were corrected for photodetector nonlinearity before
further processing.44 The corrected data were treated with a 5-point median filter to remove
spikes caused by the passage of particles through the laser beam and then smoothed by
convolution with a Gaussian function that had either a forty-point (4.0 s) or sixty-point (6.0 s)
standard deviation.
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Results and discussion
Laser power optimization

The photostability of Chromeo P540 has not been reported previously. We continuously
infused a solution of 1.3-nM labeled β-lactoglobulin and measured the fluorescence signal as
a function of laser power, which was adjusted by means of a polarizing filter. We fit the
photobleaching signal to a simple three-level saturation model, Supporting Information. The
saturation behavior was similar to Chromeo P503 labeled proteins; 17 3-mW of laser power
generated a signal one-half of the limiting signal.

Ampholyte photobleaching
Righetti has published extensively on ampholyte properties,45–51 and has reported that the best
resolution comes from mixing ampholytes from different manufacturers and different pH
ranges. For this study, we prepared two mixtures of ampholytes: the first covered a relatively
narrow range pH 4–8 and was prepared by mixing Biolyte pH 5–8 ampholytes with Pharmalyte
pH 4–6 ampholytes. The second mixture spanned a wider pH range and was prepared by mixing
both of those ampholytes solutions with Pharmalyte pH 3–10 ampholytes. All ampholytes
generated very strong background signals in our laser-induced fluorescence detector. This
background was not associated with the labeling reagents; we observed no change in
fluorescence when the ampholytes were treated with the reagent.

We investigated a number of methods to reduce the background signal from ampholytes,
including treatment with oxidizing agents, use of activated charcoal to selectively remove
impurities, and photobleaching with a UV hand lamp. None of these methods was particularly
useful in reducing the background signal to acceptable levels, and some resulted in increased
background fluorescence.

Background signals in fluorescence experiments tend to decrease at longer wavelengths. The
use of 532-nm excitation for the Chromeo P540 labeled proteins reduced the background signal
by an order of magnitude compared to our earlier results with Chromeo P504, which required
excitation at 473 nm.30

To photobleach the fluorescent impurities present within the ampholytes, we surrounded a 1-
cm2 fluorescence cuvette with a bank of high-power green light emitting diodes. The spectra
of these diodes peak near the 532 nm fluorescence excitation wavelength. Importantly, the
diodes do not emit in the infrared portion of the spectrum and do not heat the solution. To
determine the kinetics of photobleaching, a cuvette was filled with a mixture of ampholytes
and placed in the ampholyte tanning booth. A 25-μL volume aliquot was removed periodically,
diluted to 4%, and used to generate a capillary isoelectric focusing profile, Figure 1. The
untreated ampholytes generate a strong background signal. Photobleaching reduced the
background to 1/3 of its initial value and reduced the noise in the background signal by an
order of magnitude. The narrow range ampholytes photobleached quickly; the background
signal was reduced to negligible levels after 30 min. Addition of the Pharmalyte pH 3–10
ampholytes resulted in a much more photostable solution; five hours illumination was required
to reduce the background to negligible levels, Supporting Information. Photobleaching
produced a stable product; after 48 hrs in the dark, no fluorescent products returned. The
background signal was similar to that produced by distilled water and presumably was due to
weak Raman signal passing through our bandpass interference filter.

Limit of detection
We characterized the performance of Chromeo P540-labeled β-lactoglobulin in isoelectric
focusing with the two different ampholytes mixtures, Figures 2 and 3. In both cases, the
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ampholytes were photobleached to completion, producing a very low and featureless
background signal. In both cases, the calibration curve was linear across the narrow
concentration range tested (r>0.999).

The calibration curve for the pH 4–8 range ampholytes produced concentration detection limits
(3 s) of 520 ± 40 fM and mass detection limits of 310 ± 30 zmol. The calibration curve for the
pH 3–10 range ampholytes produced concentration detection limits (3 s) of 325 ± 25 fM and
mass detection limits of 180 ± 15 zmol. The wider range ampholytes had a steeper pH gradient,
which resulted in sharper peaks and slightly improved detection limits compared to the narrow
range ampholytes.

Separation of standards
A mixture of β-lactoglobulin and ovalbumin was subjected to isoelectric focusing with
untreated and photobleached ampholytes, Supporting Information. The isoelectric focusing
profiles for the proteins were identical; the background signal was much noisier for the
untreated ampholytes.

Homogenate study
In our previous experiments, impurities in the ampholytes interfered with the analysis of dilute
cellular homogenates. Relatively high concentration homogenates were required to generate a
signal above the background, which led to problems with protein precipitation. These
precipitates generated significant noise spikes.

The improved signal-to-noise produced by the use of Chromeo P540 with photobleached
ampholytes allowed analysis of quite small amounts of cellular homogenate. In these
experiments, the protein content of roughly 3 cells was aspirated into the capillary for analysis,
with the exception of one experiment that used a more dilute solution, data below. Only a
relatively few spikes were observed, typically in the 14–16 minute region.

Figure 4 presents the capillary isoelectric focusing data generated from four samples in the pH
3–10 ampholyte mixture, generated over two days. In general, the focusing patterns show a
broad envelope between 15–22 minutes, with a set of reproducible peaks, presumably caused
by high-abundance components within the homogenate. Note that one sample was diluted by
a factor of two; the protein content of that sample is slightly larger than the protein content of
a single cell. The signal from that sample was multiplied by a factor of two to reflect the dilution.

Figure 5 presents two electropherograms generated with pH 4–8 ampholytes. Higher resolution
is observed for these data than that of figure 4, as expected for the narrower pH range. Again,
the electropherograms are reproducible. Perhaps 40 to 50 peaks can be observed in the
electropherogram. Faster-migrating components with higher pI generate much sharper peaks
than β-lactoglobulin, Supporting Information. 30

Conclusion
Isoelectric focusing with laser-induced fluorescence detection is shown to produce zeptomole
mass detection limits for β-lactoglobulin and is capable of detecting the protein content from
a few cells. However, significant effort will be required for single cell analysis. In the
homogenate experiment, we employed ultrasonic disruption to lyse cells. In general, alternative
methods are required for cellular disruption in single cell experiments, typically by treatment
with surfactants.52,53 Our earlier experience has been with anionic surfactants for cell lysis;
unfortunately, these surfactants are not compatible with isoelectric focusing. It will be
necessary to employ nonionic or zwiterionic surfactants for lysis and protein solubilization.
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There are several modifications that can be envisioned for the experiment. Fluorescently
labeled peptides have been proposed as standards in capillary electrophoresis.54 These
standards could be prepared with dyes whose emission differs from Chromeo P540, and a two-
color fluorescence detection could be used to discriminate the signal from standards and
samples.55

It obviously would be desirable to couple capillary isoelectric focusing with capillary sieving
electrophoresis for two-dimensional protein separations.56–57 Also, it would be intriguing to
replace the fluorescence detector with a high-sensitivity refractive index detector or native
fluorescence detector to perform label-free analysis.58–60

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Isoelectric focusing profile of pH 4–8 ampholyte blanks. The top curve is the untreated blank,
the middle curve is after 2 minutes of photobleaching, and the bottom trace is after 30 minutes
of photobleaching. Isoelectric focusing was performed in a Gaurant-coated capillary. Data not
offset.
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Figure 2.
Capillary isoelectric focusing analysis of Chromeo p540-labeled β-lactoglobulin in
photobleached pH 4–8 ampholytes. Isoelectric focusing was performed in a Gaurant coated
capillary. Data offset for clarity.
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Figure 3.
Capillary isoelectric focusing analysis of Chromeo p540-labeled β-lactoglobulin in
photobleached pH 3–10 ampholytes. Isoelectric focusing was performed in an acrylamide-
coated capillary. Data offset for clarity.
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Figure 4.
Capillary isoelectric focusing analysis of protein homogenate in pH 3–10 ampholytes. The
amount of labeled protein taken for analysis corresponds to the content of ~3 cells, except for
the top trace, which had been diluted by a factor of two; the data were multiplied by a factor
of two to correct for the dilution. Separations performed in a Gaurant-coated capillary. Data
offset for clarity.
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Figure 5.
Capillary isoelectric focusing analysis of protein homogenate in pH 4–8 ampholytes. The
amount of labeled protein taken for analysis corresponds to the content of ~3 cells. Separations
were performed in a Gaurant coated capillary. Data offset for clarity.
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