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Abstract

Phosphorylated and nonphosphorylated forms of peptide substrates for protein kinase C (PKC) and calcium-calmodulin
activated kinase Il (CamKII1) were separated by capillary zone electrophoresis. Electrophoresis of the peptide substrates and
products in biologic buffer solutions in uncoated capillaries yielded asymmetric analyte peaks with substantial peak tailing.
Some of the peptides also exhibited broad peaks with unstable migration times. To improve the electrophoretic separation of
the peptides, severa strategies were implemented: extensive washing of the capillary with a base, adding betaine to the
electrophoretic buffer, and coating the capillaries with polydimethylacrylamide (PDMA). Prolonged rinsing of the capillaries
with a base substantially improved the migration time reproducibility and decreased peak tailing. Addition of betaine to the
electrophoretic buffer enhanced both the migration time stability as well as the theoretical plate numbers of the pesks.
Finally PDMA-coated capillaries brought about significant improvements in the resolving power of the separations. These
modifications all utilized an electrophoretic buffer that was compatible with a living biologic cell. Consequently they should
be adaptable for the new capillary electrophoresis-based methods to measure kinase activation in single cells. 00 2001
Elsevier Science BV. All rights reserved.
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1. Introduction

Recently a new strategy (the laser-micropipet) was
developed to measure the activation of enzymes in
small, single mammalian cells [1,2]. For this method
a cell pre-loaded with fluorescent enzyme substrates,
was rapidly lysed by a shock wave generated from a
single laser pulse. The cellular contents were col-
lected into an uncoated capillary, separated by
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electrophoresis, and then detected by laser-induced
fluorescence. The total time needed for cell lysis,
collection of the cellular contents, and initiation of
electrophoresis was under 33 ms. The fast speed with
which these events occurred gave the method a
subsecond temporal resolution (with respect to the
measurement of enzyme activation). Since enzymatic
activity in cells can be modulated on subsecond
timescales and since many enzymes are activated in
response to cellular damage, the fast temporal res-
olution was required to accurately reflect the level of
enzyme activation in the cell just prior to lysis [3,4].
In part the laser-micropipet method attained the fast
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rate of cell sampling by loading the cellular contents
with the surrounding biologic medium directly into
the capillary. The electrophoretic separations were
also performed in the same solution. This buffer was
high in salt (130 mM NaCl) and near neutral in pH
(pH 7.4) and sometimes yielded asymmetric analyte
peaks, peak tailing, loss of resolution, and unstable
migration times for the fluorescent substrates and
products. For these reasons the laser-micropipet
system would benefit from an improvement in the
separation conditions for the enzymatic substrates
and products.

A strength of the laser-micropipet technique is its
potential to perform measurements of multiple
enzymes simultaneously within the same cell. How-
ever to achieve this potential, large numbers of
substrates and products must be successfully sepa-
rated and identified. For one subset of enzymes,
kinases and phosphatases, the substrates are peptides
typically 10—20 amino acids in length and frequently
possess a high net positive charge (often greater than
+4) [5-7]. The combination of the highly charged
peptides with the biologic-based electrophoretic buf-
fer in an uncoated capillary can further degrade
separations. Since the substrates/products and un-
coated capillary walls are generally opposite in
charge, it is likely that interactions between the
substrates/ products and the capillary wall are partly
responsible for the suboptimal separation characteris-
tics. Kinases and phosphatases are key information
transducers in cells; therefore, conditions which
improve the separation of the substrates and products
of these
enzymes would greatly enhance the utility of the new
laser-micropipet technique.

A very large number of strategies have been
employed to overcome capillary wall interactions
with positively charged peptides including manipula-
tion of the buffer composition and the use of
capillary coatings. An enormous body of literature
exists on this topic and the reader is referred to
recent reviews for detailed discussions [8-12]. A
frequently employed tactic is the use of buffers at
either pH extreme and/or the addition of surfactants
to diminish peptide—wall binding. Dawson et al.
established a capillary electrophoresis-based assay
for kinases and phosphatases using peptide substrates
in a phosphate buffer (pH 2.0) [13]. Westerlund and

co-workers have also separated enkephalin-related
peptides and protein kinase A peptide substrates in a
low pH (pH 2-3), phosphate buffered solution
[14,15]. The acidic pH reduces the charge on the
capillary wall diminishing peptide—wall interactions
and improving the efficiency of the separations.
Another strategy to minimize the adsorption of the
peptides onto the capillary wall has been the use of
buffer solutions with a pH greater than the isoelectric
point of the peptide [16]. Wu and Tsai [17] and
Adamson et al. [18] have developed sensitive meth-
ods to separate protein kinase substrates and their
phosphorylated products in borate-buffered solutions
at basic pH values. Covalently attached or adsorbed
coatings on the capillary wall can also reduce wall
interactions with cationic peptides and proteins. The
acrylamide-coating method of Hjertéen is widely used
through out the field of capillary electrophoresis to
increase the separation efficiency of many different
types of analytes [19]. Gamble et al. utilized capil-
laries coated  with  [(acryloylamino)propyl]-
trimethylammonium to separate phosphopeptides in
an acidic buffer solution [20]. An aternative method
to minimize peptide—wall interactions is the use of
buffer additives which adhere to the capillary wall
reversing or diminishing the surface charge, for
example polyethyleneimine or poly(vinyl acohol)
[20—-22]. While many of these methods result in
excellent separation properties for positively charged
peptides, a feature common to many of the above
techniques is that the electrophoresis buffers are not
compatible with biological cells. Placement of a cell
in a nonphysiologic separation buffer prior to the
measurement (and lysis) will result in cellular dam-
age activating cellular repair processes some of
which utilize kinases and other enzymes [3,4]. Thus
these improvements in electrophoretic conditions
cannot readily be combined with the laser-micropipet
technique to improve the separation of enzyme
substrates.

In the present paper, we sought to develop strate-
gies to improve the separation of cationic peptides
using the laser-micropipet methodology. To mini-
mize the time required for cellular lysis, collection of
the cellular contents, and initiation of electropho-
resis, a key consideration was that the electrophoretic
buffer remain compatible with a living biologic cell.
The cellular contents could then be collected in the
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biologically compatible electrophoretic buffer and
separation initiated immediately. Initially fused-silica
capillaries that were extensively washed in a basic
solution were compared to capillaries that were
rinsed for much shorter times. Betaine, a biologically
compatible buffer additive (at low concentrations)
was aso used to reduce adsorptive interactions
between the peptides and inner wall of the bare
fused-silica capillaries.  Finally  polydimethyl-
acrylamide (PDMA)-coated capillaries were also
evaluated for their ability to improve the separation
characteristics of the peptide substrates and products.
Specifically these modifications were tested for their
ability to decrease peak tailing, enhance separation
efficiency, andimprovemigrationtimereproducibility.

2. Experimental
2.1. Reagents

All fluorescent reagents were obtained from Mo-
lecular Probes (Eugene, OR, USA). All peptides
including phosphopeptides were synthesized by the
Beckman Peptide and Nucleic Acid Facility at
Stanford University. All peptides were amidated on
the carboxyl terminus. N-terminally labeled fluores-
cent peptides was prepared as previously described
[23]. Peptides were labeled with fluorescein by
incubation with fluorescein (-5’ and —6') suc-
cinimydyl ester unless stated otherwise. The PKC
peptide substrate F-PKC (RFARKGSLRQKNV) was
derived from the pseudosubstrate region of PKC [5].
Another PKC  substrate F-NG  (AAKIQ-
ASFRGHMARKK) was derived from the PKC
phosphorylation site on the neurogranin protein [6,7].
The CamKIl peptide substrate F-CamKlIl (KKA-
LHRQETVDAL) was derived form the threonine
286 autophosphorylation site of CamKIl [24]. The
underlined residues are the phosphorylation sites.
The peptides adsorbed readily to glass and poly-
propylene, and so were stored in concentrated
aliquots in siliconized tubes. The concentration of
the fluorescein-labeled peptides was estimated by
comparison of their fluorescence (excitation 480 nm,
emission 520 nm) to that of standards of hydrolyzed
fluorescein succinimydyl ester.

v-Methacryloxypropyltrimethoxysilane  (MAPS),

N,N,N’,N’-tetramethylethylenediamine  (TEMED),
and ammonium persulfate (APS) were obtained from
Sigma. N,N-Dimethylacrylamide (DMA) and tri-
methylglycine hydroxide inner salt (betaine) were
purchased from Aldrich. Fused-silica capillary tubing
(I.D. 50 wmx365 wm O.D.) was obtained from
Polymicro Technologies. All other reagents and
materials were purchased from Fisher Scientific
(Pittsburgh, PA, USA). ECB, a physiologic extracel-
lular buffer, was composed of 135 mM NaCl, 5 mM
KCl, 10 mM 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES), 2 mM MqgCl,, and 2
mM CaCl, and adjusted to pH 7.4 with NaOH. TBE
buffer was composed of 445 mM Tris base,
44.5 mM boric acid (pH 8.3) and 10 mM EDTA.

2.2. Pretreatment of the inner surface of fused-
silica capillaries

The fused-silica capillary tube was first washed
with water and flushed with 0.1 M NaOH for varying
periods of time as described in the text. The capillary
was then flushed sequentially with water, 0.1 M HCl,
and water for varying times.

2.3. Caypillary electrophoresis

Capillary electrophoresis and fluorescence detec-
tion was performed as described previously with the
following exceptions [2]. The capillary length was
65 cm with an optical window created 54 cm from
the inlet unless stated otherwise. The outlet reservoir
was held at a negative potential of 12 kV and the
inlet reservoir was placed at ground potential unless
stated otherwise. Under these conditions with ECB
as the electrophoretic buffer, the current was ~70
pA. Samples were loaded into the capillary by
gravitational fluid flow, and the volume loaded was
calculated from Poiseulle’s equation, spontaneous
fluid displacement, and diffusion (for 30 wm 1.D.
capillaries only) [25-28]. Typically, buffer solutions
were loaded into the capillary by placing the capil-
lary inlet into the sample solution and elevating the
level of the inlet solution 2 cm above the level of
outlet solution for 7 s. Anaytes were detected by
laser-induced fluorescence as described previously
[2]. Current versus voltage curves were performed
for each new buffer system or capillary coating as
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described previously [25]. The voltages utilized were
aways well within the linear range of the curve to
prevent artifacts due to Joule heating.

24. Linear polydimethylacrylamide coating of
capillaries

Pretreatment and activation of the inner surface of
the capillaries with a methacryl group were per-
formed according to the procedure described by
Hjerten and Kubo [29]. Coupling of linear poly-
acrylamide to the activated inner surface was carried
out by the Hjertén method, with some modifications
[19,29]. Capillaries were first flushed sequentialy
with 0.1 M NaOH (12 h), water (30 min), 0.1 M HCI
(4 h), and water (30 min). The capillaries were then
flushed with 50% methanol (2 h) followed by 100%
methanol (2 h). Finaly, the capillaries were filled
with 5% MAPS in methanol and allowed to stand
overnight a room temperature. After washing the
capillaries with 100% methanol (1 h), 50% methanol
(1 h), and water (1 h), drying in air (30 min), the
capillaries were immediately filled with 3% DMA,
0.5 mg/ml APS, and 0.2% TEMED in TBE buffer
which was previously degassed with nitrogen for 10
min. The capillaries were incubated overnight at
room temperature to completely couple the polymer
to the activated inner surface of the capillaries.
Uncoupled DMA was removed by flushing the
capillaries with water at room temperature.

2.5. Measurement of electroosmotic fluid flow

(EOF)

EOF was measured using the neutral marker,
BODIPY FL propanol (0.1 wM), as described previ-
oudy [30]. New capillaries (65 cmXx50 pm 1.D.X
365 pm O.D.) were rinsed with ECB for 10 min
prior to measurement of EOF. The electroosmoatic
mobility (u,,) Was calculated from the equation:
Meo=Lg4/(Et,) for L, (the capillary length to the
detector), t,,, (the migration time), and E (the field
strength) [25].

2.6. Calculation of the theoretical plates

The theoretical plates (N) were calculated from the
equation: N=27-(t, -h/A)* with the variables defined

as the peak area (A), peak height (h) and migration
time (t,,) [31].

3. Results and discussion

3.1. Electrophoresis of kinase substrates and
products after prolonged washing with base

Typically, fused-silica capillaries were prepared
for use by flushing with deionized water (15 min),
0.1 M NaOH (2 h or 30 min), deionized water (15
min), 0.1 M HCI (30 min), and deionized water (15
min) using a vacuum-based flow system [17,32].
Prior to use the capillaries were flushed with ECB.
Capillaries were always washed between electro-
phoretic runs [~2 min (~18 pl) of each 0.1 M
NaOH, water, 0.1 M HCI, water, and ECB]. Many
(athough not all) peptide substrates exhibited
asymmetric peaks with tailing, inconsistent migration
times, and variable peak areas (Fig. 1A and B). Of
the four peptides shown in Fig. 1A and B, the
phosphorylated form of F-CamKlIl (PF-CamKIl)
possessed the most variability in peak area and the
most variable migration time with an RSD of 7.1%
(n=6).

Cifuentes and co-workers have demonstrated that
improved separations can be obtained by increasing
the concentration of base used to rinse the fused-
silica tubing [32,33]. The higher quality separation is
likely due to many factors one of which may be the
removal of surface contaminates. Other factors such
as a more uniform display of silanols may also
contribute to more consistent surface properties. For
these reasons, the fused-silica capillary was first
washed with water (15 min) and then flushed with
NaOH (0.1-0.5 M, 2-24 h). The capillary was then
washed sequentially with water (15 min), 0.1 M HCI
(2 h), and water (15 min). These wash steps were
only performed prior to the first electrophoretic run.
Between electrophoretic runs the capillaries were
washed briefly (~2 min of each 0.1 M NaOH, water,
0.1 M HCI, water, and ECB). Longer initial wash
times with base yielded greater migration time
reproducibility possibly due to a more consistent
EOF (Fig. 1C and D). The RSD of the migration
time for PF-CamKII was less than 3.5% (h=6). The
increased wash time also decreased peak tailing for
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Fig. 1. Electropherogram of the four peptides: F-PKC, phos-
phorylated F-PKC (PF-PKC), F-CamKIll, and phosphorylated
F-CamKIl (PF-CamKIl). A mixture of the peptides [0.6 nl of
F-PKC (4 nM), PF-PKC (0.5 nM), F-CamKll (3 nM), and
PF-CamKI1 (12 nM)] was loaded into a capillary (65 cmXx50 pwm
1.D.X360 pm O.D.) and separated by application of —12 kV to
the outlet reservoir while the inlet was held at ground potential.
The detection window was placed 54 cm from the inlet end of the
capillary and the electrophoretic buffer was ECB. Prior to
electrophoresis, capillaries received the standard pretreatment (A,
B) or extensive washing (24 h) with base (C, D). Electropherog-
rams of the first (A, C) and fifth (B, D) electrophoretic runs are
displayed. The peak identities determined by electrophoresing
single species were F-PKC (peak 1), PF-PKC (peak 2), F-CamKI|
(pesk 3), and PF-CamKI1 (peak 4). The split peak for PF-CamKIlI
is due to the partial separation of the fluorescent peptide isomers
(see Section 3.2).

al four peptides and most significantly for F-PKC,
the peptide with the greatest positive charge (Fig. 1C
and D). Increasing the concentration of base did not
further improve the separation characteristics. While
the EOF in capillaries varied considerably for differ-
ent lot numbers of capillary tubing, with in a lot the
capillaries washed with 0.1 M NaOH for 30 min
possessed a greater EOF than those washed for 12 h
or longer (Table 3). Traditionally the peak tailing
seen with basic peptides has been attributed to
interactions of the peptides with the ionized silanol
groups on the capillary walls [8]. However, the
prolonged washing in base is extremely unlikely to
have decreased the number of silanol groups. Conse-
quently the diminished peak tailing after prolonged
washing in base is most likely attributable to altera-
tions in peptide interactions with groups other than
the ionized silanols. Prolonged washing in base may

remove surface contaminants that interact with the
peptides. All subsequent experiments utilized capil-
laries that were washed for over 12 h in 0.1 M
NaOH.

3.2, Betaine as a buffer additive for the separation
of kinase substrate peptides

While prolonged rinsing of the capillary with base
improved the separation characteristics for most
substrate peptides, it was not sufficient for every
peptide. A peptide substrate of PKC derived from the
neurogranin protein (F-NG) consistently migrated as
a very broad bifurcated peak (Fig. 2A). To improve
the migration properties a variety of buffer additives
that were biologically compatible were considered.
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Fig. 2. Electropherogram of the peptide F-NG with and without
betaine. F-NG (0.6 nl of 16 nM) was loaded into a capillary (65
cmX50 pwm 1.D.X360 pm O.D.) and separated by application of
—12 kV to the outlet reservoir while the inlet was held at ground
potential. The detection window was placed 54 cm from the inlet
end of the capillary and the electrophoretic buffer was ECB with
varying concentrations (A, 0 mM; B, 10 mM; C, 100 mM; D,
1 M) of betaine.
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Zwitterions were particularly attractive since they do
not contribute to the conductivity of the electro-
phoretic buffer, but can dill associate with the
negatively charged capillary surface or with the
positively charged peptides to minimize peptide—
wall interactions. An additional advantage is that
electroosmotic pumping can frequently be main-
tained with these buffer additives. Several additional
factors were considered in the selection of the
zwitterion for this study. The compound must be
Zwitterionic at neutral pH, have a high solubility in
biologic buffers, and not traverse the plasma mem-
brane of cells, i.e, it must be hydrophilic. Betaine
was used as buffer additive since it possesses al of
the desired features. Bushey and Jorgenson have
used betaine as buffer additive to separate lysozyme
and o-chymotrypsinogen A [34]. F-NG was elec-
trophoresed in ECB with different concentrations of
betaine (Fig. 2). As the concentration of betaine was
increased the peaks sharpened dramatically, most
likely due to a decreased binding of the peptide to
the wall of the capillary (Table 1). The multiple
peaks apparent on the F-NG electrophoretic trace at
high betaine concentrations are due to contaminants
in the F-NG sample as well as the two isomers of
fluorescein used to label the peptide. The contami-
nants are most likely the result of errors during
peptide synthesis or incomplete removal of protect-
ing groups on the amino acid side chains during
cleavage of the peptide from the synthetic resin.
Peak sharpening was also observed for other sub-
strate peptides electrophoresed in the presence of
betaine (Fig. 3). As little as 1 mM betaine substan-
tially increased the number of theoretical plates (N)

Table 1
Theoretical plate numbers achieved with betaine
[Betaine] F-PKC PF-PKC F-CamKI|I PF-CamKI|
(mM)

0 53 100 227 600 72 100 130 600

1 176 700 261 400 109 400 132 800

10 148800 245400 95 800 174 900

100 151 900 266 000 97 300 187 600

For the bifurcated peak (F-PKC, peak 1, Fig. 3) and the peak
with a shoulder (F-CamKll, peak 3, Fig. 3), the height of the
major peak, and the area of the combined peaks was utilized to
calculate an apparent N. For PF CamKI| the first of the two peaks
(pesk 4, Fig. 3) was utilized to calculate N.
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Fig. 3. Electropherogram of the peptides F-PKC, PF-PKC, F-
CamKll, and PF-CamKI|I in the absence and presence of betaine.
A mixture of the peptides [0.6 nl of F-PKC (4 nM), PF-PKC (0.5
nM), F-CamKIl (3 nM), and PF-CamKll (12 nM)] was loaded
into a capillary (65 cmXx50 pm 1.D.X360 wm O.D.) and separated
by application of —12 kV to the outlet reservoir while the inlet
was held at ground potential. The detection window was placed 54
cm from the inlet end of the capillary and the electrophoretic
buffer was ECB without (A, 0 mM) or with (B, 10 mM) betaine.
The pesk labels are identical to those of Fig. 1.

obtained for many of the substrates (Table 1).
Betaine also improved the reproducibility of the
migration time of the peptide substrates. Without
betaine the RSD of the migration time of F-NG,
F-PKC, PF-PKC, F-CaMKIl and PF-CaMKIl was
between 2 and 4% (Table 2). When betaine (10 mM)
was added to the buffer the RSD was decreased to
1.7% or less. The improvement in the number of
theoretical plates and the migration time stability,
was most likely due to a decrease in the interactions
of the peptides with the capillary wall. At a con-
centration of 1 M betaine the EOF was decreased
compared to that at 100 mM betaine or without
betaine (Table 3). The modest decrement in EOF at
very high betaine concentrations was also observed
by Bushey and Jorgenson [34]. The dightly
lengthened migration time at high betaine concen-
tration was most likely due to the slower EOF. At
intermediate betaine concentrations (10, and 100
mM) the migration times of the components of the
F-NG sample were shortened (Fig. 2). This result
was reproducible. The reason for the faster migration
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Table 2
Peptide migration time reproducibility (RSD) (%, n=6)
[Betaing] (MM) F-PKC PF-PKC F-CamKI| PF-CamKI| F-NG
0 2.2% 3.5% 2.7% 3.4% 3.7%
10 0.7% 0.89% 1.7% 1.6% 1.7% (n=4)

Conditions were as described in Fig. 3. RSD is the relative standard deviation. When a group of poorly resolved peaks were present on the

electropherogram, the average migration time of the peaks was utilized.

Table 3

Electroosmotic fluid flow

Capillary pretreatment [Betaing] in Capillary coating Lot 17 Lot 2°

with 0.1 M NaOH electrophoretic buffer [(10™* em?/(V 9)] [(10™* ecm?®/(V 9)]

1h 0 - 2.8+0.2 2.9+0.02

12 h 0 - 24+0.1 2.6+0.08

12 h 100 mM - 2.3£0.05 2.6+0.01

12 h 1M - 2.1+0.01 2.3+0.03
Coating 1* Coating 2*

12 h 0 PDMA 0.79+0.01 0.37£0.01

#The EOF was measured for capillary tubing from two different lots or for two different PDMA-coated capillaries.

velocities at intermediate betaine concentrations is
not understood. Since the EOF (at intermediate
betaine concentrations) was similar to that without
betaine (Table 3), the faster velocities were mostly
likely the result of betaine interacting with the
peptide rather than the capillary wall.

In many of the electropherograms, the peptide
peaks actually appear as a bifurcated pesk, i.e., two
poorly resolved peaks (Figs. 1-3). This is most
noticeable in Fig. 3B for PF-CaMKIl. In this in-
stance the two peaks are nearly resolved to baseline.
Since the peptides were labeled with two isomers of
fluorescein succinimydyl ester (fluorescein-5 suc-
cinimydyl ester and fluorescein-6 succinimydyl
ester), we suspected that these two poorly resolved
peaks represented the two isomers of the fluorescein-
labeled peptide. To determine whether this was
indeed the case, peptides were also labeled with a
single isomer (fluorescein-5 succinimydyl ester).
Peptides labeled with the single isomer of fluorescein
succinimydyl ester always migrated as a single peak
with a migration time coincident with one of the
peaks of the mixed isomer peptide (Fig. 4). These
results suggested that the two poorly resolved peaks
on the electropherograms represent the two isomers
of fluorescein-labeled peptide.
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Fig. 4. Electropherogram of PF-CamKI| labeled with single (5,
panel A) or mixed (5 and 6, panel B) isomers of fluorescein
succinimydyl ester. PF-CamKII [100 pl of single isomer (9 nM)
or mixed isomer (12 nM)] was loaded into a capillary and
separated by electrophoresis in ECB containing 500 mM betaine.
Electrophoresis was initiated by application of —18 kV to the
outlet end the capillary (60 cmXx30 pwm 1.D.X360 pm O.D.) while
the inlet end was held at ground potential. The distance from the
inlet end to the detection window was 49 cm.
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3.3 Linear PDMA-coated capillary for peptide
separation

Deactivation of silanol groups on the capillary
surface by covaent attachment of a neutral polymer
chain can result in a significant reduction in analyte
adsorption onto the wall and consequent improve-
ments in resolution. Dovichi introduced a series of
N-substituted acrylamide coatings for separation of
akaline proteins [35]. For example, covalent linkage
of dimethylacrylamide (DMA) produces a highly
stable and hydrophobic coating, polydimethyl-
acrylamide (PDMA), resulting in substantialy less
protein adsorption onto the capillary wall. Capillaries
coated with PDMA were tested for their ability to
separate peptide substrates for protein kinase C
(PKC). F-PKC was electrophoresed in uncoated or
PDMA-coated capillaries. Electropherograms ob-
tained with the bare capillaries possessed two poorly
resolved peaks as described previously; however,
electropherograms from the PDMA-coated capil-
laries displayed two well separated peaks (Fig. 5).
The peptide isomers were resolved to baseline in the
coated capillaries. Electrophoresis of F-NG in the
PDMA-coated capillaries also resulted in separations
with a much higher resolution compared to that of
bare capillaries (Fig. 6A). Five peaks were now
present on the electropherogram of F-NG, suggesting
that the sample actually contained multiple different
impurities. For comparison F-NG migrated as three
peaks in uncoated capillaries with 1 M betaine in the
electrophoretic buffer. Thus the separation efficiency
of the PDMA-coated capillaries was also superior to
that of uncoated capillaries combined with betaine
(compare Fig. 3D to Fig. 6A). However, a significant
drawback of electrophoresis in the PDMA-coated
capillaries was the very long migration times — 5000
sversus ~780 s in the uncoated capillaries. Since u,,
was much lower than in the coated capillaries
compared to the bare capillaries (Table 3), the longer
migration time was due to the loss of EOF. Another
consequence of the greatly diminished EOF in
PDMA-coated capillaries was that analytes of oppo-
site charge did not migrate in a common direction
unless additional forces were applied. When F-Cam-
KIl (net positive charge) and PF-CamKII (net nega-
tive charge) were loaded into a capillary and elec-
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Fig. 5. Electropherogram of F-PKC in an uncoated (A) or PDMA-
coated (B) capillary. F-PKC (0.6 nl of 4 nM) was loaded into a
capillary (65 cmx50 pwm 1.D.X360 wm O.D.) and separated by
application of —12 kV to the outlet reservoir while the inlet was
held at ground potential. The detection window was placed 54 cm
from the inlet end of the capillary and the electrophoretic buffer
was ECB.

trophoresed, only one peak was present on the
electropherogram. When a hydrodynamic force was
applied to the capillary during electrophoresis (by
raising the fluid level surrounding the inlet end 8 cm
over that surrounding the outlet end), two peaks were
identifiable (Fig. 6B). N was 8100 (F-CamKIlI) and
8500 (PF-CamKll). While the addition of hydro-
dynamic fluid flow forced both peptides to migrate in
the same direction, the parabolic pattern of fluid flow
diminished the efficiency of separation.

4. Conclusion

We have demonstrated that several simple modi-
fications to the electrophoretic conditions used with
the laser-micropipet technique can greatly enhance
the RSD of substrate/product migration times, in-
crease the theoretical plate number of the peptide
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Fig. 6. Electropherogram of F-NG or F-CamKII and PF-CamKIlI
in a capillary coated with PDMA. (A) F-NG (0.6 nl of 16 nM)
was loaded into a capillary (65 cmXx50 um 1.D.X360 um O.D.)
and separated by application of —12 kV to the outlet reservoir
while the inlet was held at ground potential. The detection window
was placed 54 cm from the inlet end of the capillary and the
electrophoretic buffer was ECB. (B) F-CamKIl and PF-CamKII (3
nl of 2 nM each) was loaded into a capillary (43 cmXx50 pm
1.D.X360 pm O.D.) and separated by application of +6.7 kV to
the outlet reservoir while the inlet was held at ground potential.
The detection window was placed 25.5 cm from the inlet end of
the capillary and the electrophoretic buffer was ECB. Both
peptides were labeled with a single isomer of fluorescein. The
fluid level surrounding the inlet of the capillary was 8 cm higher
than that around the outlet during electrophoresis. The peak
identities determined by electrophoresing single species were
PF-CamKII (peak 1) and F-CamKlI (peak 2).

peaks, and improve the resolving power of the
method. These alterations include more extensive
pretreatment of the capillary with base which may
act by decreasing the presence of surface contam-
inants. Adding betaine to the electrophoretic buffer
or PDMA-coating of the capillaries enhanced the
separations by diminishing undesirable interactions
between the substrates/products and the capillary
walls. In addition all of these modifications are
compatible with a living biologic cell, and
consequently should be easily combined with the
laser-micropipet method broadening the range and
numbers of enzyme substrates that can be utilized
with the technique.
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