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Preface

Throughout the more than 20 years that have followed the beginnings of
capillary electrophoresis (CE), its application to the analysis of proteins
and peptides has continued to be reliable, versatile, and productive. Over
time, CE has matured to become a superb complement to HLPC, and in
many cases has also evolved as an automated and quantitative replacement
for conventional slab gel electrophoresis methods such as SDS-PAGE and
isoelectric focusing.

Within Capillary Electrophoresis of Proteins and Peptides, we have
assembled contributions from researchers who are applying state-of-the-art
CE for protein and peptide analysis, including topics that we believe are of
great potential both in the present and for the future.

In comparison to traditional separation methods, CE represents a
miniaturized analysis technique (especially in its microchip-based format)
that is highly dependent upon the basic fundamentals of effective sample
recovery and high sensitivity detection. With these issues in mind, Chapters
1-4 describe recently developed approaches for both capillary coatings and
analyte detection via laser-induced fluorescence.

Since the discipline of biotechnology has established itself as a primary
platform for the application of CE to the analysis of proteins and peptides,
Chapters 5-7 demonstrate a variety of examples of the specific techniques
that have been applied for the development of biopharmaceuticals and their
commercialization. The methods covered here include also the analysis of
oligosaccharides from glycoproteins.

Studies of the association of proteins with other molecules can provide
insight into the very heart of biological processes. Therefore, a major focus
within both the pharmaceutical industry and academia is the utilization of
CE for the characterization of protein interactions with ligands, other
proteins, and large biopolymers. Chapters 8—11 describe in detail the most
recent approaches for performing affinity capillary electrophoresis for the
evaluation of protein binding, including the use of protein charge ladders.

CE and capillary isoelectric focusing have been providing rapid, high-
resolution separations of proteins. When combined with electrospray mass
spectrometry detection they constitute a powerful analysis system capable
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of supporting complex studies such as those associated with proteomics.
Chapters 12—-15 focus on the use of CE within this exciting field. The use of
CE in microfluidics format is also presented here.

The objective of Capillary Electrophoresis of Proteins and Peptides, by
its breadth, topicality, and forward focus, is to serve as a valuable guide for
researchers across many disciplines. We look forward with great
anticipation to the impact this collection will have, as researchers new to
the field are carried forward in their work by the experts’ step-by-step
guidance and notes provided within these chapters.

Mark A. Strege
Avinash L. Lagu
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Surfactant-Based Methods for Prevention
of Protein Adsorption in Capillary Electrophoresis

Charles A. Lucy, Nicole E. Baryla, and Ken K.-C. Yeung

Summary

Surfactants such as didodecyldimethyl ammonium bromide (DDAB) and 1,2-dilauroyl-sn-
phosphatidylcholine (DLPC) form bilayers at the walls of bare silica capillaries. Once formed,
these bilayers are stable in the absence of surfactant in the buffer. DDAB provides a cationic
bilayer coating which yields a strong reversed EOF and is effective for separation of cationic
proteins. DLPC provides a zwitterionic bilayer coating which is effective for both cationic and
anionic proteins. The electroosmotic flow (EOF) is strongly suppressed in DLPC-coated capil-
laries, thus low mobility proteins are slow to elute, and so the coating is favored for separation
of high mobility proteins.

Key Words

Bilayer coatings; capillary electrophoresis; DDAB; DLPC; double-chained surfactants; pro-
tein adsorption.

1. Introduction

Although capillary electrophoresis (CE) provides rapid, high-resolution
separations of many analytes, there are situations in CE that demand altering
the chemistry at the capillary wall to improve (and even allow) a separation.
For example, protein analysis by CE has been limited because proteins adhere
strongly to the negatively charged capillary wall. Mazzeo and Krull identified
the four characteristics that an ideal coating should exhibit for the separation of
proteins (7).

1. Separation efficiency (in theory, this should approach 1-2 million plates/m).
2. Protein recovery (this should approach 100%).
3. Reproducibility of migration time from run to run and day to day.

From: Methods in Molecular Biology, vol. 276: Capillary Electrophoresis of Proteins and Peptides
Edited by: M. A. Strege and A. L. Lagu © Humana Press Inc., Totowa, NJ

1



2 Lucy et al.

4. Retention of the electroosmotic flow (EOF) so that cationic and anionic proteins
can be separated in the same run.
To these, we would add that the coating should also ideally be.
a. Easy to generate.
b. Inexpensive.
c. Applicable over a wide range of buffer conditions.
d. Should not interfere with detection (i.e., should be compatible with both
optical and mass spectral detection).

Capillary coatings can be categorized as: permanent; dynamic, and semiper-
manent (2). Permanent coatings are discussed in Chapter 2, and typically involve
covalent attachment of polymers such as polyethyleneimine or polyacrylamide
to permanently shield the bulk solution from the silanol groups on the capillary
wall (3-7). Such permanent coatings are used for both EOF suppression and
prevention of protein adsorption. Despite the success of these capillaries,
derivatization procedures can be lengthy, their lifetime may be short, they can
be unstable outside a limited pH range, and reproducibility from capillary to
capillary may be poor. For example, polyethyleneimine has been covalently
attached to the capillary wall (5). The derivatization procedure took longer
than 2 h to perform and the separations were only reproducible for 5 d. The
stability of this coating was improved by crosslinking the polyethyleneimine
to the wall (4,5); however the derivatization procedure took more than 12 h.
Furthermore, the cost associated with permanently derivatized capillaries can
be substantial (>$300 for commercially available permanently coated capillar-
ies) and may not be practical for high-throughput analyses.

As an alternative, dynamic coatings are desirable because of their low cost
and simplicity of application (8). Dynamic coatings are formed by adding an
additive to the background electrolyte. The additive has a strong affinity for
the capillary surface. Thus, it equilibrates between the bulk electrolyte and the
capillary wall, and thus, competes with the protein for adsorption onto the cap-
illary wall. Typical buffer additives used for dynamic coatings are: amines to
oligoamines; neutral polymers (3); and single-chained surfactants (9-11). Near
ideal separation efficiencies and protein recoveries have been achieved with
such dynamic coatings (9,10). However, the additive must be present in the
background electrolyte for the additive to be effective. This may interfere with
the separation and/or subsequent detection of the proteins.

To overcome some of the problems associated with derivatized capillaries
and dynamic coatings, additives that form semipermanent coatings have been
investigated. With semipermanent coatings, a reagent is rinsed through the cap-
illary to form a noncovalent wall coating. Cationic polymers such as Polybrene
(12-14), neutral polymers such as hydroxyethylcellulose and polyvinyl alco-
hol (3), and double-chained surfactants (discussed herein) have been used for
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noncovalent capillary coatings. These additives adsorb strongly onto the capil-
lary surface. After the capillary is coated, the excess additive is flushed out of
the capillary. Capillaries can be coated and regenerated between runs to main-
tain reproducible EOF. Alternatively, if the capillary becomes contaminated,
the coating can be removed and then regenerated. This makes semipermanent
coated capillaries more cost-effective than permanently derivatized coatings.
However, procedures for semipermanent coatings can be time consuming (up
to 2 h [13]) and reproducibility can be poor. For instance, in a recent study of
four poly-cation additives, the EOF decreased by as much as 10% over 25 runs
performed after the initial coating procedure (14). Thus, recoating of the capil-
lary must be performed frequently to achieve adequate reproducibility.

The coatings described in this chapter use double-chained surfactants to form
semipermanent micellar aggregates at the capillary wall which prevent protein
adsorption. These coatings are rapidly formed (<20 min) and their characteris-
tics can be easily modified by changing the surfactant used. The key character-
istics of such semipermanent surfactant coatings are depicted in Fig. 1. To
form a coating, the capillary is equilibrated with a solution containing the sur-
factant (see Fig. 1A). Generally, the concentration of surfactant is greater than
the critical aggregation concentration. Thus, micelles or vesicles are present in
solution and may participate in the actual coating mechanism.

Appropriate selection of the surfactant is critical to the success of the coat-
ing. Ideally, the geometry of the surfactant monomer should be cylindrical in
nature such that the surfactant aggregates to form a bilayer (15). If the surfac-
tant geometry is conical in shape, such as with single-chained surfactants (e.g.,
cetyltrimethylammonium bromide-[CTAB]), the surfactant will aggregate to
form spherical micelles which cannot provide complete surface coverage (16).
Therefore, these coatings are not as effective at preventing protein adsorption.
The geometry of the surfactant is dictated by the area of the head group relative
to the width and length of the hydrophobic tail. The head group area is gov-
erned by electrostatic repulsion between the headgroups of adjacent surfac-
tants in the bilayer. Thus, the headgroup area is affected by the ionic strength
as determined by the buffer concentration and the ion association as deter-
mined by the nature of the buffer.

When the capillary is equilibrated with the surfactant solution (~0.1 mM),
surfactant aggregates onto the capillary wall and forms the bilayer (see Fig. 1A).
The surfactant solution is then flushed out of the capillary, and replaced with the
run buffer, which does not contain surfactant. Under these conditions, the coat-
ings described herein are stable for about 1 h, and so are best viewed as semi-
permanent coatings. The stability of the bilayer coatings is enhanced by factors
that lower the critical aggregation concentration (i.e., higher ionic strength,
longer tail) (7). To maximize reproducibility of migration times, the coating
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Fig. 1. Key attributes of surfactant-based wall coatings in CE. (A) Mechanism of
surfactant aggregation and formation of a bilayer. (B) Aspects of surfactant geometry
that affect structure of surfactant aggregate.

is refreshed before each run. Because surfactants are not present in the actual
separation buffer, this method will be compatible with downstream mass spec-
tral analysis. Ionization interference caused by surfactants was not evident in
the previously reported CE fraction collection—offline MALDI-MS analy-
sis (18).

Procedures for two semipermanent surfactant coatings used for protein sepa-
rations in CE are described later. Didodecydimethyl ammonium bromide
(DDAB) provides a cationic coating which yields a strong reversed EOF and is
effective for separation of cationic proteins (15,16,18). 1,2-Dilauroyl-sn-phos-
phatidylcholine (DLPC) provides a zwitterionic coating which is effective for
both cationic and anionic proteins (19). However, the EOF is strongly sup-
pressed in DPLC-coated capillaries. Thus, low mobility proteins are slow to
elute, and so the coating is favored for separation of high mobility proteins.

2. Materials
2.1. DDAB Cationic Semipermanent Coating
1. 18 MQ Ultrapure water.
2. 0.1 M Sodium hydroxide (BDH, Darmstadt, Germany; see Note 1).

3. 25 mM phosphate buffer prepared from reagent grade ortho-phosphoric acid and
adjusted to the desired pH with sodium hydroxide (see Note 2).
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4.

Snsw

0.1 mM DDAB (Aldrich, Milwaukee, WI) in 25 mM phosphate buffer (buffer
prepared as in item 3 above). DDAB solutions were stable and could be used for up
to 1 mo when prepared and stored in Nalgeneware (see Notes 3 and 4).

DDAB

1 mM Mesityl oxide (Aldrich) in distilled water for EOF measurements (see Sub-
heading 3.3. for procedure) (see Note 5).

Electrophoretic buffer or dilute (<10~3 M) HCI for electrokinetic fraction collec-
tion. (see Note 6).

. Zwitterionic Semipermanent Coating Using DLPC

18 MQ Ultrapure water (Barnstead, Dubuque, IA).

0.1 M Sodium hydroxide (BDH).

20 mM Ultrapure Tris-HCI (Schwartz/Mann Biotech) adjusted to desired pH
using 1 M HCI.

DLPC (Sigma) was used as received.

O

o /lk/\/\/\/\/\
it H O
—}ﬁ/\/olﬁo\)F\/o\‘(\/\/\/\/\/
© o]
DLPC

Calcium chloride dihydrate (Molecular Biology grade, Sigma) added to Tris-HCI
buffer to give a final concentration of 20 mM, as described in Subheading 3.2.2.
1 mM Mesityl oxide (Aldrich) in distilled water for EOF measurements (see Sub-
heading 3.3. for procedure).

. Equipment

High-performance capillary electrophoresis instrument (e.g., Beckman P/ACE
5000 or MDQ (Fullerton, CA) or Agilent PCE instrument (Palo Alto, CA).
Fused silica capillaries, 50 wm id and 360 wum od (Polymicro, Tucson, AZ; (see
Note 7).

Detection: on-column ultraviolet (UV).

Polyethylene solution vials (see Notes 1 and 4).

Sonicator (Bransonic 220, Shelton, CT).

pH meter.



6

Lucy et al.

3. Methods

3.1.
3.1.

P

Cationic Semipermanent Coating Using DDAB
1. Capillary Pretreatment Steps (see Note 8)

10 min (20 psi) with 0.1 M NaOH.

10 min (20 psi) with water.

5 min rinse (20 psi) with 0.1 mM DDAB in buffer.

1 min rinse (20 psi) with the separation buffer to flush out excess surfactant (see
Note 9).

10 min of voltage application (at voltage used for the separation) to condition the
coating, then repeat steps 3 and 4 (see Note 10).

The resultant EOF is strongly reversed. Table 1 indicates the EOF that has been
observed with various buffers.

3.1.2. Separations With DDAB-Coated Capillaries

e

3.2.

3.2

2 min rinse (20 psi) with 0.1 mM DDAB in buffer.

1 min rinse (20 psi) with separation buffer (see Note 9).

Sample injected hydrodynamically (0.5 psi) for 3.0 s.

Voltage is applied with a field strength of =200 V/cm using a 0.17-min rise time.
Data acquisition rate was 10 Hz, the detector rise time was 0.1 s, and direct UV
detection was performed at 214 nm. An example electropherogram of cationic
proteins is shown in Fig. 2.

Zwitterionic Semipermanent Coating Using DLPC

.1. Capillary Pretreatment Steps (see Note 8)
. 5 min (20 psi) rinse with 0.1 M NaOH.

5 min (20 psi) rinse with Nanopure water.

20 min (20 psi) rinse with 0.1 mM DLPC in 20 mM Tris-HCI, pH 7.4, buffer
containing 20 mM CaCl, (prepared as described in Subheading 3.2.2.). At this
point, the EOF is weakly reversed (—1.2 x 10~* cm?/Vs, as determined using the
procedure in Subheading 3.3.2.).

1 min (20 psi) rinse with 20 mM Tris-HCI, pH 7.4, buffer to flush excess DLPC
and calcium from the capillary before protein samples were introduced. The EOF
is strongly suppressed (+0.2-0.5 x 10~ cm?/Vs, as measured using the procedure
in Subheading 3.3.2.).

3.2.2. Preparation of DLPC Coating Solution

1.

2.

Addition of 20 mM CaCl, to the buffer, followed by the addition of the DLPC.
Solution preparation should take place in Nalgeneware (see Note 11).

The solution was sonicated for 10-min periods. Between each 10-min sonication
period there was a 10-min “rest” interval where the solution was stirred at room
temperature to cool (see Note 12).

Repeat the sonicate/stir cycle until the solution is clear. Generally, three soni-
cate/stir cycles are needed.
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Table 1
Typical Electroosmotic Flow Mobilities Observed
With Semipermanent Surfactant Coatings

Buffer Ugor (x 107# cm?/Vs) Reference

DDAB Coatings

10 mM Phosphate pH 7.2 4.7 (15)
25 mM Phosphate pH 4.0 -6.3 (18)
25 mM Formate pH 4.0 -13.0 (18)
25 mM Acetate pH 4.0 -9.5 (18)
DLPC Coatings

20 mM Tris-HCI pH 7.4 with 20 mM Ca** -1.2 (19)
20 mM Tris-HCl pH 7.4 +0.2-0.5 (19)

4

— 1 3
2mAU
] 2

Absorbance

i AL

I | | | I |
0 2 4 8 8 10
Time (min)

Fig. 2. Separation of four basic proteins: (1) a-chymotrypsinogen A, (2) ribonu-
clease A, (3) cytochrome C, (4) lysozyme. CE conditions: 47-cm capillary (40-cm to
detector), UV detection at 214 nm, —10 kV applied; 25 mM phosphate buffer at pH
4.0. Coating procedure: 5 min rinse (20 psi) with 0.1 mM DDAB in buffer followed by
a 1 min rinse (20 psi) with the separation buffer to flush out excess surfactant; between
runs DDAB rinse time is shortened to 2 min. Reprinted in part with permission from
ref. 15. Copyright 2000 American Chemical Society.
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4. Solutions containing DLPC were stored in Nalgene bottles and used within 6 d.

Migration time reproducibility and efficiency of protein separations were com-
promised after this period of time.

3.2.3. Separations With DLPC-Coated Capillaries

1.

Protein samples were injected hydrodynamically for 3 s at 0.5 psi.

2. Voltage is applied with a field strength of 425 V/cm (+425 V/cm for cationic

3.

protein mixtures, —425 V/cm for anionic protein mixtures).

Direct UV detection was at 214 nm. Detector rise time was set to 0.1 s and the
data acquisition rate was set to 10 Hz. An example electropherogram for cationic
proteins is shown in Fig. 3A and anionic proteins is shown in Fig. 3B.

Between runs, the capillary was rinsed with 0.1 mM DLPC in 20 mM Tris-HCI,
pH 7.4, buffer containing 20 mM CacCl, (5 min, 20 psi) followed by 20 mM Tris-
HCI, pH 7.4, (1 min, 20 psi).

3.3. Monitoring EOF

The EOF is a good indicator of the characteristics of the coatings described

earlier. Therefore, explicit procedures are given for monitoring of high EOF
(appropriate for uncoated capillaries and DDAB coated capillaries) and sup-
pressed EOF (appropriate for DPLC-based coatings).

3.3.1. High EOF (>1.5 x 10~* cm?/V/s) Monitoring

b

Equilibrate a capillary with buffer (5 min rinse at 20 psi).

Hydrodynamically inject 1.0 mM mesityl oxide (0.5 psi for 3.0 s).

A constant voltage (~300 V/cm) is applied, and the signal monitored at 254 nm.
The EOF is then calculated using the expression:

L,L
Meop = dt
E
"gor V
where L, is the capillary length from the inlet to the detector, L, is the total length
of the capillary, fgor is the migration time of the mesityl oxide peak, and V is the
applied voltage. By convention, V is positive when the cathode (negative elec-
trode) is positioned at the detection end of the capillary, and negative when the
anode (positive electrode) is at the detector.

3.3.2. Low EOF (<1.5 x 10~* cm?/V/s) Monitoring (20, see Note 13)

1.

Equilibrate a capillary with buffer (5 min rinse at 20 psi).

2. A first 1.0-mM mesityl oxide plug (A in step 1 of Fig. 4) was injected using low

pressure (0.5 psi) for 3.0 s.

. The sample vial is replaced by a buffer vial and low pressure (0.5 psi) is applied

for 2 min to push the first mesityl oxide plug into the capillary.
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Fig. 3. (Top) Separation of cationic proteins at pH 7.4. Peaks, (1) lysozyme, (2) cyto-
chrome c, (3) ribonuclease A, (4) a-chymotrypsinogen A. (Bottom) Separation of anionic
proteins at pH 7.4. Peaks, (5) insulin chain A, (6) trypsin inhibitor, (7) a-lactalbumin.
Experimental conditions: 50-cm capillary (40 cm to detector); temperature, 25°C; sepa-
ration buffer, 20 mM Tris-HCl at pH 7.4; sample, 0.1 mg/mL protein mixture in water;
applied voltage, (Top) +20 kV, (Bottom) —20 kV; direct UV detection at 214 nm.
Coating procedure: 20 min rinse with 0.1 mM DLPC in 20 mM Tris-HCI, pH 7.4,
buffer containing 20 mM CaCl, followed by a 1-min rinse with separation buffer to
remove excess DLPC; between runs, DLPC rinse time was shortened to 5 min. Reprinted
in part with permission from ref. 79. Copyright 2002 American Chemical Society.
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4.

The vial containing the 1.0-mM mesityl oxide is placed at the capillary inlet and
a second mesityl oxide plug is introduced by an identical low-pressure injection
(0.5 psi for 3.0 s), as depicted in step 2 of Fig. 4.

The sample vial is replaced by the buffer vial and 0.5 psi pressure is applied for
2 min to push both mesityl oxide plugs into the capillary. This point is depicted
in step 3 of Fig. 4. The spacing between A and B provides a measure of how far
the pressure push has moved the bands into the capillary.

A constant voltage (200 V/cm) is applied for 3 min (#,, in seconds) causing the
two plugs to move within the capillary, as shown in step 4 of Fig. 4. The shad-
owed bands in step 4 show the position of bands A and B if no EOF were present.
The vial containing the 1.0-mM mesityl oxide is placed at the capillary inlet, and
a third marker was then injected (0.5 psi for 3 s), as in step 5 of Fig. 4.

The buffer vial is repositioned at the capillary inlet and all three bands are pushed
to the detector using 0.5 psi pressure. Detection was at 254 nm. The resultant
response is shown in Fig. 4, in which bands A and B have been shifted from their
hypothetical position if no EOF were present (shadowed peaks).

The EOF mobility is then calculated using (20):

[tc_(tB_tA)_tB]V LV

tvolt t

h

where t,, g, and t are the migration times for peaks A, B, and C (in seconds) and
t,o1: 18 the length of time that the voltage is applied (in seconds). V is the applied
voltage and L, is the total length of the capillary. The low pressure mobilization
velocity m, is expressed by (20):

- L

Tt o+t 2t
p3 inj

delay

where f;,; is the injection time and 4.,y is the time delay of pressure application
from the beginning of data collection. In our experience, f;,; and f4eay (< 1 8) were
found to be insignificant compared to - (>10 min, with uncertainty of 3—6 s) and
so were approximated as zero.

4. Notes

1.

2.

Solutions of strong base attack glass and, therefore, should be stored in polyeth-
ylene containers such as Nalgene vials and bottles (see also Note 4).

Preparation of phosphate buffers from orthophosphoric acid and NaOH is not
critical in this work. More typical recipes using potassium salts could be used.
However, our labs use the H;PO,/NaOH preparation to avoid the presence of
potassium in phosphate buffers as that causes precipitation of SDS in other appli-
cations. H;PO,/NH,OH can be also used as it is more compatible with matrix-
assisted laser desorption/ionization mass spectrometry (MALDI-MS), compared
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to Na* or K*. Nevertheless, the peak efficiency may be slightly different when
different buffer ions or concentrations are used.

. When DDAB is prepared in low pH buffers, it dissolves quite readily. However,

for DDAB to dissolve in neutral pH buffers, stirring for up to 30 min is often
required.

Nalgeneware, rather than glassware, should be used for the preparation and stor-
age of surfactant solutions. Lower efficiency was observed when glass vials were
used. It is speculated that surfactant is lost via adsorption onto the glass surfaces
(see also Note 1).

Mesityl oxide is volatile. This is not of significant concern in the procedures
described herein, where mesityl oxide is solely used as an EOF marker. How-
ever, care must be taken if mesityl oxide is to be used in quantitative measure-
ments. Solutions should be stored in sealed containers in order to maintain the
concentration. When used in open sample vials, solutions should be replaced
daily.

When performing electrokinetic fraction collection in CE, a small amount (e.g.,
5 uL) of conducting solution must be placed in the collection vial to maintain
electrical contact between the electrode and the capillary outlet. The electro-
phoretic buffer is normally used, however, the metal cations (Na* or K*) from the
buffers can suppress the signal in MALDI-MS. The use of a dilute HCI solution
can be used alternatively to minimize the presence of Na* and K*, and, in turn,
enhance the MALDI-MS signal (18). In addition to H*, other nonmetallic cat-
ions such as NH,* and Tris* are also found to be compatible with MALDI-MS.

. The stability of the coating is inversely related to the capillary diameter (i.e., the

coating is less stable in a 75-um capillary than the 50-um capillary described
herein). The greater volume to surface-area of larger diameter capillaries results
in greater reequilibration of the surfactant in the bilayer into the bulk solution.
If a capillary is stored overnight and used the next day, the capillary should be
rinsed with 50 mM sodium dodecylsulfate (SDS) in water (5 min, 20 psi) to
remove the old coating and any adsorbed species. The capillary can then be
recoated by following the steps for capillary pretreatment.

Excessive rinsing of the capillary will gradually wash the bilayer off the capillary
and thus reduce the integrity of the coating.

The peak efficiency observed from a brand-new capillary was typically lower in
the first few runs. After this break-in period, the peak efficiency improves and
stabilizes to the maximum value. The voltage application appeared to shorten
this initial break-in period.

The presence of calcium in the DLPC solution is mandatory. Calcium is a strong
fusogenic agent that helps formation of the bilayer at the capillary wall. Without
calcium, bilayer formation is very slow (>1 h) and surface coverage is incom-
plete (protein adsorption occurs as indicated by low peak efficiency).
Sonication was found to promote dissolution of DLPC in buffer. Without sonica-
tion, the DLPC solution never clears and poor coating formation at the capillary
wall is observed.
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13.

This procedure requires a constant instrument pressure. This is available on
Beckman instruments, but the applied pressure from the Agilent instrument var-
ies by about 5%. A slight modification of the Agilent instrument enhances the
consistency and precision of low EOF determinations (21). The pressure line
connected to the inlet vial is divided into two separate lines using a T-junction.
One tube is connected to the inlet vial as usual. The other line goes outside the
instrument to an on/off valve which is further connected to a variable leak. If the
on/off valve is closed, the instrument pressure control works as normal. When
the valve is open, there is a small leak of air through the valve. The instrument
responds to the pressure drop caused by this leak with more frequent pressure
adjustments, which results in better than 1% constancy in the applied pressure.

Acknowledgments

This work was supported by the Natural Sciences and Engineering Research
Council of Canada and by the Universities of Alberta and Western Ontario.
NEB gratefully acknowledges Postdoctoral Fellowship support from NSERC
and Eli Lilly.

References

1.

Mazzeo, J. R. and Krull, I. S. (1994) Modification of capillaries and buffers for
enhanced separations in capillary zone electrophoresis and capillary isoelectric
focusing of biopolymers, in Handbook of Capillary Electrophoresis (Landers, J.
P., ed.), CRC, Boca Raton, FL, pp. 495-512.

Rodriguez, I. and Li, S. F. Y. (1999) Surface deactivation in protein and peptide
analysis by capillary electrophoresis. Anal. Chim. Acta 383, 1-26.

Horvath, J. and Dolnik, V. (2001) Polymer wall coatings for capillary electro-
phoresis. Electrophoresis 22, 644—655.

Towns, J. K. and Regnier, F. E. (1990) Polyethyleneimine-bonded phases in the
separation of proteins by capillary electrophoresis. J. Chromatogr. 516, 69-78.
Figeys, D. and Aebersold, R. (1997) Capillary electrophoresis of peptides and
proteins at neutral pH in capillaries covalently coated with polyethyleneimine.
J. Chromatogr. B 695, 163—168.

Huang, X. Y., Doneski, L. J., and Wirth, M. J. (1998) Surface-confined living
radical polymerization for coatings in capillary electrophoresis. Anal. Chem. 70,
4023-4029.

Hjerten, S. (1985). High-performance electrophoresis—elimination of
electroendoosmosis and solute adsorption. J. Chromatogr. 347, 191-198.
Righetti, P. G., Gelfi, C., Verzola, B., and Castelletti, L. (2001) The state of the
art of dynamic coatings. Electrophoresis 22, 603—611.

Yeung, K. K.-C. and Lucy, C. A. (1997) Suppression of electroosmotic flow and
prevention of wall adsorption in capillary zone electrophoresis using zwitterionic
surfactants. Anal. Chem. 69, 3435-3441.



14

10

11

12

13

14

15

16

17.

18

19

20

21.

Lucy et al.

Baryla, N. E. and Lucy, C. A. (2000) Simultaneous separation of cationic and
anionic proteins using zwitterionic surfactants in capillary electrophoresis. Anal.
Chem. 72, 2280-2284.

Melanson, J. E., Baryla, N. E., and Lucy, C. A. (2001) Dynamic capillary coatings
for electroosmotic flow control in capillary electrophoresis. Trends Anal. Chem.
20, 365-374.

Yao, Y.J.,, Khoo, K. S., Chung, M. C. M., and Li, S. F. Y. (1994) Determination
of isoelectric points of acidic and basic-proteins by capillary electrophoresis. J.
Chromatogr. A 680, 431-435.

Erim, F. B., Cifuentes, A., Poppe, H., and Kraak, J. C. (1995) Performance of a
physically adsorbed high-molecular-mass polyethyleneimine layer as a coating
for the separation of basic-proteins and peptides by capillary electrophoresis. J.
Chromatogr. A 708, 356-361.

Cordova, E., Gao, J., and Whitesides, G. M. (1997) Noncovalent polycationic
coatings for capillaries in capillary electrophoresis of proteins. Anal. Chem. 69,
1370-1379.

Melanson, J. E., Baryla, N. E., and Lucy, C. A. (2000) Double-chained surfac-
tants for semipermanent wall coatings in capillary electrophoresis. Anal. Chem.
72,4110-4114.

Baryla, N. E., Melanson, J. E., McDermott, M. T., and Lucy, C. A. (2001) Atomic
force microscopy imaging of cationic surfactant wall coatings in capillary elec-
trophoresis. Anal. Chem. 73, 4558-4565.

Yassine, M. M. and Lucy, C. A. Factors affecting the stability of semi-permanent
surfactant coatings in capillary electrophoresis. Anal. Chem., in press.

Yeung, K. K.-C., Kiceniuk, A. G., and Li, L. (2001) Capillary electrophoresis
using a surfactant-treated capillary coupled with offline matrix-assisted laser des-
orption ionization mass spectrometry for high efficiency and sensitivity detection
of proteins. J. Chromatogr. A 931, 153-162.

Cunliffe, J. M., Baryla, N. E., and Lucy, C. A. (2002) Phospholipid bilayer coat-
ings for the separation of proteins in capillary electrophoresis. Anal. Chem. 74,
776-783.

Williams, B. A. and Vigh, G. (1996) Fast, accurate mobility determination method
for capillary electrophoresis. Anal. Chem. 68, 1174—1180.

Porras, S. P. (2002) Non-aqueous solvents in capillary zone electrophoresis: The
effect of methanol and acetonitrile on physicochemical properties of analytes,
Ph.D. thesis, Dept. Chem., Univ. Helsinki, Helsinki, Finland.



2

Capillary Coating for Protein Separation Based on Si-O
and Si-C Covalent Bond Formation for Capillary
Electrophoresis With Laser-Induced Fluorescence
Detection

Hossein Ahmadzadeh, Norman J. Dovichi, and Sergey Krylov

Summary

Protein adsorption to capillary walls is one of the major complications in protein analyses
with capillary electrophoresis (CE). Coating the capillary with different materials is used to
reduce the adsorption. This chapter overviews different approaches used for capillary coating
and concentrates on those utilizing Si-O and Si-C covalent bonds. The apparatus and methods
are presented for capillary coating using Si-O and Si-C chemistry. Furthermore, procedures are
described for monitoring the quality of coating.

Key Words

Capillary electrophoresis; coating; covalent bond; laser-induced fluorescence; protein.

1. Introduction

The theory of capillary electrophoresis (CE) predicts that the efficiencies of
separation for large biological polymers, such as nucleic acids and proteins,
should be on the order of 10° theoretical plates because of their low diffusion
coefficients. In practice, the results are close to the theoretical values only for
nucleic acids, whereas for the proteins, the efficiencies are much below those
estimated. The major reason for low quality of separation of proteins is their
adsorption to the capillary wall, which results in peak broadening. This prob-
lem has hindered method development, and, therefore, the full potential of CE
in protein separation has yet to be realized (I-3). One of the most efficient
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ways to reduce the protein—wall interaction is to coat the inner wall of the
capillary with a layer of an appropriate polymer. Such a polymer should first
eliminate the negative charge (inherent to the silica surface) on the capillary
wall, and second, it should create a hydrophilic layer (that reduces hydropho-
bic adsorption of proteins) on the surface.

Capillaries are typically coated with a polymer in two steps. Initially, a
bifunctional reagent is covalently linked through the first functional group to
silica on the surface of the capillary wall to form a sublayer with another func-
tional group exposed and available for attaching the second layer. Then, a
monomer is bound to the exposed functional group of the bifunctional reagent
and polymerized as a top layer that is covalently linked to the sublayer. Fig. 1
schematically depicts the general strategy of two-layer capillary coating.

Hjerten was the first to apply silane chemistry to coating capillaries for CE
(4). He used a Si-O bond to create a sublayer and polymerized acrylamide
(AA) as a top layer. The disadvantage of such a coating is its susceptibility to
alkaline hydrolysis. Both the Si-O bond and polyacrylamide are hydrolyzed at
pH >8.0. Such hydrolysis results in the destruction of the coating or the forma-
tion of a layer of polyacrylate that is capable of strongly adsorbing proteins and
regenerating the electroosmotic flow (EOF). Novotny used the Grignard
method to change the Si-O bond to a Si-C bond, which is much more resistant
to alkaline hydrolysis (5). This method results in a physically more stable coat-
ing than the silane-coupling chemistry. However, because it still uses poly-
acrylamide, which is hydrolyzed at pH >8.0, this coating is inapplicable to
protein separations at basic pHs.

Righetti et al. introduced and optimized the performance of several novel
polymers of AA substitutes. The monomers studied were dimethylacrylamide
(DMA), N-acryloylaminoethoxyethanol (AAEE), and acryloylaminopropanol
(AAP; 6-19). AAEE and AAP showed much less protein adsorption on the
capillary wall than AA, whereas DMA was more adsorptive for proteins than
AA. These properties are ascribed to the much higher hydrophilicity of AAP
and AAEE compared with DMA. However, despite the use of the hydrophilic
polymers, Righetti’s method still involves a sublayer based on a Si-O bond that
is vulnerable to alkaline hydrolysis. The chemical formulas of the monomers
introduced by Righetti are shown in Fig. 2. The reaction steps in making Si-O
and a Si-C bonds followed by polymerizing a monomer as a top layer are
depicted in Figs. 3 and 4.

In ref. 20 Ahmadzadeh and Dovichi reported coating of capillaries with AA,
DMA, AAEE, and AAP based on either Si-O or Si-C sublayers. The proce-
dures involved either the coupling of a silane bifunctional reagent (3-meth-
acryloxypropyltrimethoxysilane) with the silanol groups (Si-O bond) or silanol
chlorination followed by the Grignard-coupling of vinyl magnesium bromide



Si-O and Si-C Covalent Bond Formation 17

. 4
/| Si-OH + Bifunctional Reagent —» ° A Si-Sublayer

/ /

/ /

é Polymerization ?

/| Si-Sublayer + Monomer —— /| Si-Sublayer-Toplayet
/] /]

/ N/

Covalent bonds

Fig. 1. Schematic diagram showing the strategy for permanent coating.
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Fig. 2. Chemical formulas of the monomers introduced in ref. 20.
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Fig. 3. Chemical equations and reaction steps for coating the capillaries based on
Si-O bond formation and polymerization of a monomer of choice as a top layer.

(Si-C bond). The Grignard-based sublayer has been employed further to com-
pare the performance of all four monomers. The procedures proved to be very
practical for reducing protein adsorption on capillary walls in CE.

As aforementioned, the coating of capillaries can be based either on
silanization or on the Grignard reaction (see Figs. 3 and 4). In the former
method, 0.1 M NaOH is flushed through the capillary (4-5 m long, 50 um id)
for 1 h followed by flushing with water for another hour. Finally, a 4% solution
of 3-methacryloxypropyltrimethoxysilane in a 1:1 mixture of glacial acetic acid
and water should be prepared, and the capillary has to be flushed with this
solution for 20 min. The silanization reaction goes to the completion within 1 h.
Next, the capillary should be flushed with water for 10 min. Ammonium
persulfate (4 uL of freshly prepared, 10%) and tetramethylethylenediamine
(TEMED) (1 uL) should be added to 1 mL of a 3% solution of a monomer.
This undegased solution should immediately be flushed through the capil-
lary. After 1 h, the polymerization reaction is complete and the gel, that is not
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Fig. 4. Chemical equations and reaction steps for coating the capillaries based on
Si-C bond formation and polymerization of a monomer of choice as a top layer.

immobilized on the walls, is flushed out and the capillary is filled with water.
The capillary has to be stored in water, and before doing a CE run the water
inside the capillary ought to be replaced manually with running buffer using a
syringe with a proper fitting.

The instrumentation setup for capillary coating is shown in Fig. 5. The out-
let of a low dead-volume fitting is connected to a 3-cm-long piece of 1/16-in
outer-diameter (od) Teflon tubing. The capillary is threaded through the Teflon
tube, the connector, and the tee. The capillary tip should be located near the
middle of the Reacti-vial inside a disposable vial. For some solvents (like THF)
and some reagents (like vinyl magnesium bromide), this disposable vial has to
be made of glass. When the capillary is inside the disposable vial, which is, in
turn, in the Reacti-vial, the top nut has to be tightened while the capillary is in
place. It is recommended to flush the solutions through the capillary using
nitrogen gas at 20 psi dehydrated with a moisture trap. The coating procedure
has four steps that are described later in this chapter.
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Swagelock tee (1/8 inch)
/ Pressure
regulator
Oven
Moisture trap
1-mL I
disposable vial
\ Nitrogen
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Fig. 5. Apparatus for delivering the reagents into the capillaries for the coating
processes. Nitrogen gas pressure is used to force different reagents through the capil-
lary. The reagents are held in a disposable vial placed inside the Reacti-vial. The fit-
tings are used for the air-tight connection of the capillary to the reagent vials.

2. Materials
2.1. Capillary Coating Based on Si-O Bond Formation

1. Doubly distilled deionized water (see Note 1).

2. Concentrated acetic acid: add 0.5 mL of concentrated acetic acid to 0.5 mL of
water (solution A).

0.1 M NaOH.

4. Silane reagent, 3-methacryloxypropyltrimethoxysilane: add 40 uL of the silane
reagent to 1 mL of solution A (solution B).

A 3% solution of a monomer in water.

TEMED.

7. Ammonium persulfate (APS) 10% in water, freshly prepared.

W

AN

2.2. Capillary Coating Based on Si-C Bond Formation

Doubly distilled deionized water (see Note 1).
Type 4-A molecular sieves (see Note 2).
Thionyl chloride (see Note 3).

1 M Vinyl magnesium bromide (see Note 4).

b S
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Anhydrous THF (see Note 4).

A 3% solution of a monomer in water, freshly prepared.
TEMED.

APS 10% in water.

Y

2.3. Fluorescent Labeling of Proteins and Peptides

1. 2.5 mM Sodium tetraborate (10 mM borate), pH 9.4 (see Note 1).

2. 1 nM Protein solution (see Note 5).

3. Dry 5-furoyl quinoline-3-carboxaldehyde (FQ) 100 nmoles (see Note 6).
4. 25 mM KCN solution in either water or 10 mM borate (see Note 7).
4

. In-House CE With Laser-Induced Fluorescence Detector

1. An in-house constructed CE instrument (see Note 8).

2. A laser-induced fluorescence (LIF) detector based on a sheath-flow cuvet (see
Note 8).

3. Fused-silica capillaries, 50 um id, 150 um od (Polymicro Technologies, Phoe-
nix, AZ).

4. A 0-30 kV dc power supply (CZE 1000, Spellman, Plainview, NY).

5. A 488-nm argon-ion laser to be operated at 12 mW (Model 2211-55 SL,
Uniphase, San Jose, CA or Model Innova 90-4, Coherent, Mountain View, CA).

6. A x6.3 microscope objective (Melles Griot, Nepean, ON, Canada) and a x60, 0.7 NA
microscope objective (Mo-0060LWD, Universe Kokagu, Oyster Bay, NY).

7. An interference filter centered at 615 nm with a 45-nm transmittance window
(Omega Optical, Brattleboro, VT).

8. A photomultiplier tube (PMT) (R1477, Hamamatsu, Middlesex, NJ).

9. A 16-bit data acquisition board (NB-MIO 16 XH-18, National Instruments,
Austin, TX).

10. A personal computer.

2.5. Capillary Coating Apparatus

Fig. 5 shows a simple apparatus that could be constructed to deliver reagents
into the capillary. Reagents should be prepared in 1-mL disposable vials. Each
reagent vial has to be placed inside a 4-mL Reacti-vial. A hole should be drilled
through the lid of the Reacti-vial to accommodate a one-eighth inch stainless
steel Swagelock tee. This tee is held in place with the aid of copious amounts
of Teflon tape. One side of the tee is connected with Teflon tubing to a nitrogen
cylinder. A guard column filled with molecular sieves (type 4-A), as a mois-
ture trap, should be connected to the nitrogen tank to remove the water impu-
rity from nitrogen gas before it is being used to purge the capillaries. The top
side of the Swagelock tee has to be connected to a one-sixteenth inch adaptor.
This adaptor is connected to a low dead-volume fitting for the capillary. For
the temperature-controlled steps, the capillary is placed inside an oven.
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3. Methods
3.1. Capillary Coating Procedures

3.1.1. Method 1: Coating Based on Si-O Bond Formation

3.1.1.1. CAPILLARY PRETREATMENT

1.
2.

3.1

[

Cut a 4-5-m long piece of fused-silica capillary, 50 um id.
Condition the capillary by flushing with 0.1 M NaOH for 3 h using 20 psi nitro-
gen pressure.

. Flush the capillary with water for 1 h using 20 psi nitrogen pressure.

.1.2. SILANE REACTION FOR SI-O BOND FORMATION
. Flush the capillary with silane solution B (see Subheading 2.1.4.) for 1 h using

20 psi nitrogen pressure.

. Flush the capillary with water for 10 min using 20 psi nitrogen pressure.

.1.3. POLYMERIZATION STEP

Cut the capillary into 1-m long sections.

2. Coat each section with a monomer (see Note 9). For this, prepare a 3% solution

of a monomer by diluting the stock solution in water. Add 1 uL of TEMED and
4 uL of 10% ammonium persulfate to 1 mL of the monomer, and then immedi-
ately flush the polymer through the capillary at 60 psi for 5 min.

After 1 h of polymerization, flush the gel that is not immobilized on the capillary
wall out of each capillary and fill the capillaries with water.

Store these coated capillaries in water, and flush the running buffer through them
prior to use (see Note 10).

3.1.2. Method 2: Coating Procedure Based on Si-C Bond Formation

3.1.2.1. CAPILLARY PRETREATMENT

Cut a 4-5-m long piece of fused-silica capillary, 50 um id.

Condition the capillary by flushing 0.1 M NaOH for 3 h at a 20 psi nitrogen
pressure.

Flush the capillary with water for 1 h using 20 psi nitrogen pressure.

Flush the capillary with methanol for another hour using 20 psi nitrogen pres-
sure.

Dry the capillary in an oven at 140°C for 8 h or overnight by flushing nitrogen
gas through it at a pressure of 5 psi.

3.1.2.2. CHLORINATION OF SitANOL Groups (see NoTe 11)

1.

The following day, while the capillary is inside the oven and nitrogen is flowing
through it, reduce the oven temperature to 65°C and then flush thionyl chloride
under 20 psi nitrogen pressure for 30 min. Check the outflow to identify any
plugged capillaries, and test for acidity using pH paper (see Note 3).
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2.

After 30 min, seal one end of the capillary with a GC septum while the outlet end
remains connected to the vacuum line for an additional 15 min to remove the
excess of thionyl chloride. This step should be done while the capillary is inside
the oven. Then, seal the outlet end of the capillary using a GC septum, and heat
the capillary in the oven for 8 h or overnight (see Note 12).

3.1.2.3. GRrIGNARD REACTION (SI-C BOND FORMATION)

1.

2.

Prepare a fresh solution of 0.25 M vinyl magnesium bromide in dry THF (solu-
tion C) under nitrogen atmosphere (see Note 13).

Submerge a freshly cut inlet end of the capillary into solution C and uncap the
outlet end of the capillary, cut a few centimeters from the outlet end and place it
in a tube containing methanol. Apply nitrogen pressure (20 psi) to the inlet end of
the capillary to rinse it with solution 1 for 30 min (see Note 14).

Cap the capillary at both ends using a GC septum, and heat it for 6-8 h or over-
night at 70°C.

Uncap the capillary and cut 5—10 cm off both ends.

Rinse the capillary with anhydrous THF for 30 min followed by water for another
30 min (see Notes 15 and 16).

3.1.2.4. POLYMERIZATION STEP

. Cut the capillary into 1-m long sections.

Coat each section with a monomer (see Note 9) as top-layer using the following
procedures. Prepare a 3% solution of the monomer by diluting the stock solution
in water. Add 1 uLL of TEMED and 4 uL of 10% APS to 1 mL of the monomer,
and then immediately flush the polymer through the capillary at 60 psi for 5 min.
After 1 h of polymerization, flush the gel out of each capillary using nitrogen and
replace the polymer with water.

Store these coated capillaries in water, and flush a run buffer through them prior
to use (see Note 10).

3.1.3. Method 3: FQ Labeling of Proteins and Peptides (see Note 17)

1.

2.

Add 7.5 uL of 1077 M protein solution to 100 nmol of dry FQ, and then add 2.5 uL.
of 5 mM KCN in water (21).
Stop the reaction after 30 min by adding 740 uL of the run buffer (see Note 18).

3.1.4. Method 4: EOF Mobility Measurement (see Note 19)

To evaluate the quality of coating, measure the EOF for each capillary by

the current monitoring method (20,22) using the following procedures.

1.

2.

Fill the capillary with 10 mM borate at pH 9.4, apply high voltage and monitor
the current.

After the current stabilizes, change the run buffer to 8 mM borate. The current
will decrease and reach a constant value after a certain period of time (Af). Mea-
sure this time (see Note 20).
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Calculate the velocity of EOF (vgop) and the mobility of EOF (ugop) using the
following formulas:

VEOF = L/At (] )
Ugor = Veor/E = LY/ VAt (2)

where L is the capillary length and V is the applied voltage.

4. Notes

1.

Prepare all aqueous solutions with Milli-Q deionized water and filter them using
a 0.2-um filter. Then degas the buffers to prevent the formation of air bubbles
during electrophoresis.

The molecular sieve is a moisture trap for N, gas that is used to deliver the
reagents into the capillary. If not trapped, the traces of water will cause the
precipitation of vinyl magnesium bromide and, hence, plug the capillary.

. Do not return the excess of thionyl chloride to the original bottle. The excess

should be decomposed by the addition of water to the solution under a fume
hood.

THEF is a solvent for vinyl magnesium bromide. It has to be absolutely dry for the
reaction to be successful. Traces of water will cause precipitation inside the cap-
illary and, hence, failure of the process. Keep THF in a desiccator.

. Dissolve the proteins in water if stacking is desired and dissolve it in the run

buffer otherwise.

Prepare a stock solution of 10 mM FQ in methanol; aliquot 10 uL of the solution
into 500-uL microcentrifuge tubes and remove the solvent under vacuum using a
Speed Vac (Savant Instruments Inc., Farmingdale, NY). The dried FQ (100 nmoles)
aliquots should be stored at —20°C. These precautions are necessary because it has
been observed that FQ slowly degrades while in solution even if the solution is
stored at —20°C.

Potassium cyanide is highly poisonous. It reacts rapidly with acids to form lethal
HCN gas. Stock solutions should be made in a basic buffer and an experimenter
should be aware of any change to acidic pH during the experiment. The waste
containing KCN should be neutralized by adding a 1% solution of NaOH fol-
lowed by slowly adding bleach.

An in-house constructed CE-LIF instrument with a detector based on a sheath-
flow cuvet is described in detail elsewhere (21-24). Here we are briefly outlining
the construction of the instrument. Unless otherwise stated, fused-silica capillar-
ies were 40 cm long, 50 um id, and 141 wm od. The electric field was applied to
an inlet end of the capillary from a 0-30 kV dc power supply. The excitation was
provided by the 488-nm line of an argon-ion laser operated at 12 mW. The laser
beam was focused approx 30 um from the outlet tip of the capillary with a x6.3
microscope objective. Fluorescence was collected by a x60, 0.7 NA long-work-
ing-distance microscope objective, filtered with a spatial filter, and a 615 DF 45
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11.

12.
13.

14.

15.
16.

17.

18.

19.

20.

band-pass filter to remove stray and scattered light. Fluorescence was imaged
onto a photomultiplier biased at 1 kV. The photocurrent was passed through a
current-to-voltage converter and a low-pass filter (RC = 47 ms) and then digi-
tized with a 16-bit data acquisition board connected to a personal computer.
This step is valid for each monomer, AA, DMA, AAEE, or AAP.

. If the gel is left inside the capillary for a period longer than 3 h in this step, a gel-

filled capillary that is suitable for capillary gel electrophoresis is obtained. If the
reaction time is too long (much more than 3 h) then the capillaries can be irre-
versibly plugged.

Before the chlorinating step, check the color of thionyl chloride. Replace the
solution with a fresh one if it is faint.

In some cases this step can be repeated to obtain a more rugged coating.

To prepare this solution, add 0.75 mL of dry THF and 0.25 mL of 1 M vinyl
magnesium bromide in THF into a tube filled with nitrogen gas.

If the capillary is plugged and no flow is observed, place the capillary back inside
the oven for a short period of time. If it is still plugged, check for blockage using
a microscope and cut the capillary to appropriate lengths to remove the blocked
parts of the capillary and save the rest.

The Grignard step could be repeated to get more rugged capillaries.

Initially, about 10% of the capillaries could be plugged during the Grignard reac-
tion step. We observed that the failure rate dropped to zero in winter, when the
relative humidity in the laboratory decreased and as experienced was gained in
handling the reagents. Novice experimenters in humid environments may expect
difficulty with this sublayer coating step.

The labeling protocol is a modification of the procedure first introduced by
Novotny in ref. 18.

This FQ-labeled protein, with a final concentration of 10° M, could be used to
evaluate the coated capillaries. In earlier studies, we showed that a 30-min reac-
tion time was optimal for obtaining the highest intensity of the fluorescence sig-
nal (20).

EOF measurements can be used to evaluate the quality of coating; the lower the
EOF mobility the better the quality. For Si-O based coatings, the reduction of
EOF should be in the order of 100 times as compared to uncoated capillaries. For
Si-C based coatings, the EOF should be 1000 times less than that for uncoated
capillaries.

We have proved that this current monitoring method to measure EOF is as accu-
rate as the neutral marker method, especially for coated capillaries (see ref. 20).
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On-Column Labeling Reaction for Analysis of Protein
Contents of a Single Cell Using Capillary Electrophoresis
With Laser-Induced Fluorescence Detection

Hossein Ahmadzadeh and Sergey Krylov

Summary

This chapter presents methods for capillary electrophoresis (CE) fingerprinting of proteins
in a cell extract and in single cells. A custom-made CE instrument with laser-induced fluores-
cence (LIF) detection, used for the analyses, is described. Detailed procedures are given for:
(1) on column labeling of proteins with a fluorogenic reagent, 5-furoyl quinoline-3-
carboxaldehyde, (2) CE separation of labeled proteins, (3) preparation of a protein extract from
cultured cells, and (4) manipulations associated with analyses of proteins in single cells. More
than 20 relevant publications are cited in this chapter to assist the reader with adopting the
presented methods.

Key Words

Capillary electrophoresis; labeling; laser-induced fluorescence; proteins; single cell.

1. Introduction
1.1. Laser-Induced Fluorescence (LIF) Detection

Optical detection systems based on light absorbance and fluorescence are
commonly used in capillary electrophoresis (CE). Typically, on-column detec-
tion is employed in which light is focused on the capillary. Light absorbance
detection is simpler and less expensive; it is used in most commercial CE
instruments. The sensitivity of light absorbance detection in CE, however, is
relatively low because of short optical path lengths determined by the inner
diameters of conventional capillaries (typically less than 100 um) (1). Fluores-
cence detection is more sensitive than light absorbance detection. Fluorescently
labeled amino acids have been reported to be 15 times more sensitive when
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using fluorescence detection as compared to light absorbance detection (2).
However, with conventional lamp light sources for fluorescence excitation, the
gain in sensitivity is not very significant. In contrast, a substantial improve-
ment in sensitivity can be achieved if lasers are used as light sources (3,4).
Using lasers allows pumping much higher light energy into a sample and thus
increasing the yield of fluorescence. It should be noted that if the laser beam
intensity is too high, the analyte may decompose photochemically in a process
called photobleaching, which makes further increase in light intensity sense-
less. Photobleaching is one of the fundamental limitations of LIF detection (7).

In 1985, Zare et al. reported the first application of on-column LIF detection
in CE (5). The researchers used a 325-nm line of a 5-mW helium-cadmium
laser to excite fluorescence of dansyl-amino acids. Fluorescence was collected
with optical fibers, spectrally filtered, and quantified with a photomultiplier
tube (PMT). The reliable detection of femtomole amounts of the analyte was
reported. The major problem of on-column LIF detection is a relatively large
amount of light scattered by the capillary walls. Scattered light contributes to
the background, which, in turn, limits the sensitivity of an on-column LIF
detection system (6). To decrease the background, fluorescence should be mea-
sured in a flow chamber with good optical quality to eliminate or reduce light
scattering. One of the solutions is in the use of square capillaries that are cur-
rently commercially available. Because flat sides of square capillaries produce
much less scattered light than cylindrical walls of traditional capillaries, there
is still significant light scattering on the walls of square capillaries. An alterna-
tive option is to use a postcolumn fluorescence chamber in which the detection
is carried out at a large distance from the chamber walls. In this chapter, we
describe LIF detection in such a chamber, called a sheath flow cuvet, and its
application to the analysis of proteins and peptides.

1.2. LIF Detection in a Sheath-Flow Cuvet

Figure 1 shows a schematic diagram of a sheath-flow cuvet with a capillary
inserted in the cuvet. The cuvet is a 250-um-square chamber that holds the
capillary in its center. The sheath flow enters from the top of the cuvet and
exits from the bottom of the cuvet to the waste reservoir. The velocity of the
sheath flow is chosen to be higher than that of the analyte’s migrating in the
capillary so that the analyte stream is focused hydrodynamically in the center
of the sheath-flow cuvet upon its exiting the capillary. The velocity of the
sheath flow should not exceed a certain level at which the regime of sheath
flow switches from laminar to turbulent. In the absence of turbulence, there is
no mixing of the analyte stream with the sheath fluid except for that caused by
diffusion. The contribution of diffusion to the sample dilution is, however,
negligible owing to a short time (less than 1 s) required for detection.
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Fig. 1. Schematic diagram of a sheath-flow cuvet with a capillary being inserted in
the cuvet (left) and the cross section of the cuvet and capillary showing the sheath-
flow direction and hydrodynamic focusing of the analyte exiting the capillary (right).

LIF detection in a sheath-flow cuvet has several advantages over on-column
LIF detection. Light scattering in a sheath-flow cuvet is significantly reduced
because of the flat windows of the cuvet (7). A large distance from the analyte
stream to the walls of the cuvet allows easy separation of light scattered by
the walls from fluorescence using a diaphragm. Moreover, if the sheath fluid
is the same as the run buffer, then the refractive indexes of two media are the
same and no scattering occurs on the interface between the sheath flow and
the analyte stream. A little amount of scattered excitation light that gets into
the detection optics is filtered with an interference optical filter. Finally, no
contamination occurs inside the cuvet window because the analyte stream does
not have a contact with the optical windows of the cuvet when the sheath fluid
is flowing.

In the 1980s, Dovichi et al. showed that LIF detection in a sheath-flow cuvet
allowed the analysis of extremely low levels of fluorescent analytes. For aqueous
rhodamine-6G, the concentration detection limit was reported to be 8.9 x 1074 M
at two times of the background noise (4). For fluorescently tagged arginine, the
mass detection limit of 1100 molecules was achieved using LIF detection in a
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sheath-flow cuvet (3). Dovichi and Zarrin also used the sheath-flow cuvet as a
light scattering detector for particle size analysis (8—10). The concentration
detection limit was about 1000 particles per mL. Particles as small as 45 nm in
radius were detected using the right-angle collection geometry. Since then, the
sheath flow-based LIF detector has been used routinely in Dr. Dovichi’s labo-
ratory for high-sensitivity detection (6,11-15).

High-sensitivity LIF detection systems found many applications in ultra-
sensitive biological analyses. For example, in DNA sequencing, the total
amount of sequencing sample introduced into the capillary is about 1 attomol.
The amount of each fragment averages perhaps 1 zeptomole (16).

1.3. Fluorescence Labeling Chemistry

Despite being the most sensitive detection technique, LIF suffers from the
limitation that most biologically important molecules are not naturally fluores-
cent. Those that are fluorescent often require UV excitation. For example, aro-
matic amino acids and proteins containing aromatic amino acids require
excitation in the region of 260-300 nm. There are no inexpensive and reliable
UV lasers in this spectral region. That is why the labeling chemistry for fluo-
rescent modification on nonfluorescent molecules plays an important role in
high-sensitivity LIF detection. There are a vast number of publications on the
subject of changing nonfluorescent molecules to fluorescent molecules by
chemical labeling reactions. The Molecular Probes catalog is one of the best
resources, containing more than 5000 references on labeling and detection of a
large number of analytes. The analytes of interest are amino acids, peptides,
proteins, nucleotides, enzymes, and antibodies (17).

When selecting a labeling reagent, it is much more appropriate to choose
first the spectral properties that match wavelengths of commercially available
lasers (18). There are several inexpensive commercial lasers that provide a
number of excitation wavelengths. For example, a KrF laser provides excita-
tion wavelength in the UV region, at 248 nm. A He—Cd laser generates at 325
and 442 nm. A He—Ne laser emits three wavelengths: 543.5, 594, and 633 nm.
Finally, an Ar-ion laser generates several lines, most intensive of which are
488 and 514.5 nm. It is recommended that the labeling reagent chosen to
derivatize a molecule have an excitation wavelength that matches one of the
listed lines of commonly used lasers. Diode lasers that emit in the range of 650
to 700 nm have recently been added to the list of reliable and relatively inex-
pensive lasers. Accordingly, there is currently a great effort in the develop-
ment of new dyes that absorb strongly in the red and emit in the near infrared
regions.

Labeling reagents with strong absorbance in the range of 440 to 600 nm are
still most useful and common. Molecular Probes offers a complete list of this
kind of fluorescent labeling reagents (17). There are labeling reagents for almost
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all of the functional groups, but most of the labeling reagents that are commer-
cially available are amine-labeling reagents. There are few labeling reagents for
other functional groups. For example, 5-bromomethyl fluorescein (5-BrMF)
has been used to label carboxylic acids (1). Here we discuss the use of the
amine-labeling reagent, 5-furoyl quinoline-3-carboxaldehyde (FQ), for on-col-
umn labeling of proteins and peptides.

Protein labeling chemistry suffers from one intrinsic problem. There are
typically many primary amines (lysine side chains) present in a protein mol-
ecule. This problem imposes the possibility of multiple labeling of the protein.
For example, if a protein contains N primary amino groups including lysine
side chains and N-terminal amino group, then a total of 2N-! possible multiple
labeling products can be formed (19-21). Such products result in band broad-
ening and make CE separation of labeled proteins a rather formidable task.
One way to alleviate the multiple-labeling problem is to protect all primary
amino groups with an amine-protecting agent, such as phenyl isothiocyanate.
The result of such a reaction is the phenyl thiocarbamyl derivative (22).
Then, the protein has to be reacted with an acid. Acid cleavage produces a
free N-terminal amino group that could be labeled with an amine-labeling
reagent. This chemistry replaces a positively charged e-amino group of the
lysine side chain with a positively charged phenyl carbamyl group. The overall
charge of the protein remains constant, and solubility is not affected significantly.

The labeling techniques can be categorized into precolumn, postcolumn, and
on-column labeling methods. Precolumn labeling is the most common tech-
nique used for CE. Almost all off-line precolumn labeling approaches use a
large volume of analytes and reagents. In practice, however, a small fraction of
the labeled molecules is injected into the capillary and the rest of the labeled
analyte is wasted. A postcolumn labeling reaction is compatible with a sheath
flow designs. An on-column “T” has been constructed to introduce labeling
reagent for a postcolumn detector during the separation (23-25). The major
drawback of a postcolumn labeling reaction is the slow reaction rate, which
limits the detection limits.

On-column labeling drastically reduces the volume of required analytes and
reagents. In this method, the fluorescent labeling reagents and the proteins are
injected into the capillary and allowed to react to completion under proper
conditions. Then, the capillary is immersed inside the run buffer, high voltage
is applied and the labeled proteins are separated. The amount of proteins and
fluorescent labeling reagents injected into the capillary are typically in the
nanoliter range. Here we are presenting the technique for on-column labeling
of proteins with the FQ amine-labeling reagent.

On-column labeling is especially advantageous when the protein content of
single cells is analyzed. The amount of proteins in a typical eukaryotic cell is in
the range of 1073 mol. It is very hard to process this minute amount of protein
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in the precolumn format because of sample dilution, evaporation, and sample
loss on the walls of a reaction reservoir. The on-column format is, in contrast,
ideally suited for single cells. The capillary plays the role of a reaction reser-
voir of a size comparable with the size of the single cell. Sample evaporation
from the capillary is negligible while sample dilution and sample loss on the
capillary walls can be minimized and well controlled.

2. Materials
2.1. Fluorescent Labeling and Separation of Proteins and Peptides
1. 2.5 mM Sodium tetraborate (10 mM borate), pH 9.4 (see Note 1).
2. 11 mM Sodium pentasulfate (SPS), in 50 mM phosphate buffer at pH 6.8.
3. 1 nM Protein solution (see Note 2).
4. Dry FQ, 100 nmoles (see Note 3).
5. 25 mM KCN, in either water or 10 mM borate (see Note 4).
6. Prepare phosphate-buffered saline (PBS) solution by mixing 8 g of NaCl, 0.2 g of
KH,PO,, and 0.2 g of KCI and diluting the mixture to 1.00 L in distilled water,
pH 6.8.
2.2. In-House CE Instrument With LIF Detector
1. An in-house constructed CE-LIF instrument (see Note 5).
2. A detector based on a sheath-flow cuvet (see Note 5).
3. Fused-silica capillaries, 50 wm id, 150 um od (Polymicro Technologies, Phoe-
nix, AZ).
4. A 0-30 kV dc power supply (CZE 1000, Spellman, Plainview, NY).
5. A 488-nm Ar-ion laser to be operated at 12 mW (Model 2211-55 SL, Uniphase,
San Jose, CA or Model Innova 90-4, Coherent, Mountain View, CA).
6. A x6.3 objective (Melles Griot, Nepean, ON, Canada) and a x60, 0.7 NA micro-
scope objective (Mo-0060LWD, Universe Kokagu, Oyster Bay, NY).
7. An interference filter centered at 615 nm with a 45 nm transmittance window
(Omega Optical, Brattleboro, VT).
8. A photomultiplier tube (PMT) (R1477, Hamamatsu, Middlesex, NJ).
9. A 16-bit data acquisition board (NB-MIO 16 XH-18, National Instruments,
Austin, TX).
10. A computer.
11. An inverted microscope (Model Olympus IX70, Carsen Group, Toronto,
Ontario).
12. An in-house built cell injector (see Note 6).
3. Methods
3.1. Method 1: On-Column Labeling Reaction of Proteins and Peptides

and CE Separation of the Labeled Products

1.
2.

Hydrodynamically inject the mixture of protein and KCN at 11 kPa pressure for 3 s.
Rinse the capillary tip with run buffer twice to minimize contamination.
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Hydrodynamically inject the FQ solution at 11 kPa pressure for 1 s.

Immerse the capillary tip for 30 s in a vial containing run buffer preheated to 65°C.
Immerse the capillary tip in a vial containing run buffer at room temperature.
Perform the CE separation by applying an electric field of 400 V/cm (see Note 7).

3.2. Method 2: Preparation of Protein Extract From the Cells

Wash about a million cells with PBS buffer 5 times.

Resuspend the cells in 100 uL of water.

Sonicate the cells for 20 min.

Centrifuge the suspension at 600g for 10 min.

Mix 3 uL of the supernatant with 2 uL of a 10 mM solution of KCN.

SNk w

G

3.3. Method 3: On-Column Labeling Reaction of the Proteins Extracted
From the Cells and CE Separation of the Labeled Products

1. Hydrodynamically inject the mixture of protein extract and KCN (prepared in
Subheading 3.2.) at 11 kPa pressure for 3 s (the injected volume is 250 pL).

2. Rinse the capillary tip with run buffer to minimize contamination.

3. Hydrodynamically inject a 10 mM FQ solution at 11 kPa pressure for 1 s.

4. Immerse the capillary tip in a vial containing run buffer preheated to 65°C and
incubate for 3 min.

5. Perform the CE separation by applying an electric field of 400 V/cm (see Note 7).

3.4. Method 4: On-Column Labeling Reaction and CE Separation
of the Protein Content of Single Cells

1. Place 50 uL of cell suspension (1010’ cells per 1 mL of PBS containing 2.5 mM
NaCN) on a microscope glass slide and let the cells to settle down.

2. Observe the cells through an inverted microscope.

3. Place a capillary in a vertical position over a cell of choice and inject the cell into
the capillary by a pulse of partial vacuum (11 kPa) applied to the distal end of the
capillary.

4. Inject a plug of 10 mM FQ solution by a I s pulse of partial vacuum applied to the
distal end of the capillary. The capillary tip should be placed in a vial containing
the SPS running buffer, and the vial should be placed in a 65°C ultrasound bath
for 30 s to lyse the cell. After lysis and labeling reaction are complete, perform
the separation at an electric filed of 400 V/cm.

4. Notes

1. Prepare all buffers with Milli-Q deionized water and filter using a 0.2-um filter.

2. Dissolve the protein in water if stacking is desired, otherwise dissolve it in buffer.

3. Prepare a stock solution of 10 mM FQ in methanol; aliquot 10 uL into 500 uL.
micro centrifuge tubes and remove the solvent under vacuum using a Speed Vac
(Savant Instruments Inc., Farmingdale, NY). The dried FQ aliquots, which are
100 nmol each, should be stored at —20°C. These precautions are necessary since
it is observed that FQ degraded slowly in solution even if the solution was stored
at —20°C.
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Potassium cyanide is highly poisonous. It reacts rapidly with acids to form lethal
HCN gas. Stock solutions should be made in a basic buffer and the experimenter
should be aware of any change to acidic pH during the experiment. Neutraliza-
tion of the waste containing KCN should be made by addition of 1% NaOH solu-
tion followed by slow addition of bleach.

Experiments were carried out using an in-house constructed CE-LIF instrument
with a detector based on a sheath-flow cuvet (1,3,11,12,26). Unless otherwise
stated, fused-silica capillaries were 50 um (ID), 150 um od. Electrophoresis was
carried out with a 0-30 kV dc power supply. The excitation of fluorescence was
provided by the 488-nm line of an Ar-ion laser operated at 12 mW. The laser
beam was focused approx 30 um from the tip of the capillary with a x6.3 objec-
tive. Fluorescence was collected by a x60, 0.7 NA microscope objective. An
interference filter centered at 615 nm with a 45-nm transmittance window was
used to remove stray light scattered light. Fluorescence was imaged onto a PMT
biased at 1000 V. The photocurrent was passed through a current-to-voltage con-
verter and a low-pass filter (RC = 47 ms) and then digitized with a 16-bit data
acquisition board connected to a Macintosh computer.

A cell injector is a multifunctional device that facilitates: (1) cell injection,
(2) CE separation of cellular component, as well as (3) cleaning the capillary.
The details on its construction are described elsewhere (27).

Positive polarity for uncoated capillary and negative polarity for a coated capillary.
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Covalent and Noncovalent Labeling Schemes
for Near-Infrared Dyes in Capillary Electrophoresis
Protein Applications

John Sowell, Jozef Salon, Lucjan Strekowski, and Gabor Patonay

Summary

Capillary electrophoresis (CE) is experiencing increased use in the field of separation sci-
ence. Part of its growing popularity of capillary electrophoresis can be attributed to the high
efficiency of the separations achievable with the technique, making it an attractive tool for
bioanalytical applications. Laser-induced fluorescence (LIF) is a common detection method
for CE. One of the problems frequently experienced when using visible LIF detection is matrix
autofluorescence which has the effect of degrading the overall sensitivity of the technique.
However, the use of near-infrared (NIR) laser induced fluorescence nearly eliminates matrix
autofluorescence, as very few molecules have intrinsic fluorescence in this region. This chapter
describes the use of covalent and noncovalent labeling schemes for tagging biomolecules with
near infrared dyes. To fully appreciate the advantages that the NIR LIF technique can supply,
we also review applications that employ detection schemes other than NIR LIF. Specific applica-
tions to be discussed include drug—protein studies by CE, as well as capillary electrophoretic
immunoassays.

Key Words

Capillary electrophoresis; capillary electrophoretic immunoassay; covalent; drug binding
constant; dye displacement; human serum albumin; labeling; laser-induced fluorescence; near
infrared; noncovalent.

1. Introduction

One of the most common detection schemes used in protein analysis is laser-
induced fluorescence (LIF). Fluorescence detection schemes offer high sensitiv-
ity and selectivity because the fluorophore is attached to the species of interest
and, therefore, functions as a reporter molecule. The majority of fluorescence
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detection schemes use visible fluorophores, with the fluorescein—Ar-ion laser
couple being one of the most popular. However, a problem often encountered
with visible LIF is autofluorescence from the sample matrix. Autofluorescence
arises from the intrinsic fluorescence that many biological compounds have in
the visible region of the spectrum. The presence of matrix autofluorescence
degrades both sensitivity and selectivity, often preventing low concentration
applications that are actually the most important in bioanalytical and biomedi-
cal applications.

Very few biological molecules possess intrinsic fluorescence in the near-
infrared (NIR) region of the spectrum (650-1100 nm). Consequently, because
of the absence of interfering photocounts, NIR LIF detection can potentially
improve sensitivity and selectivity. The improvements in detection limits avail-
able with NIR LIF detection arise from the lack of intrinsic fluorescence of
matrix compounds in this region of the spectrum. Because of this lack of inter-
ference, detection becomes detector limited as opposed to background limited,
which is the case in the lower wavelength region. The NIR region is, therefore,
well suited for protein analysis and bioanalytical applications where
autofluorescence of biological compounds is a concern at shorter wavelengths.
Additional improvements in sensitivity arise from decreased light scatter. Light
scatter is dependent on the wavelength of detection by 1/A*. As a result, a typi-
cal detection wavelength of 820 nm offers a sixfold reduction in scatter over
detection at 500 nm.

The development of bioanalytical NIR fluorescence applications during the
past decade can be attributed to advances in solid-state technology. Because of
its high intensity and narrow bandwidth, the laser is the most common excita-
tion source used in fluorescence detection schemes. Visible lasers, such as the
Ar-ion, are often expensive, bulky, and have limited operational lifetimes.
Diode lasers are the sources most often used with NIR LIF detection and do
not have any of these disadvantages. They are rugged, inexpensive, compact,
and have long operational lifetimes, although they require additional optics.
The typical signal transducer for visible fluorescence detection is the photo-
multiplier tube (PMT). Although red-sensitive PMTs are available, they are
often quite expensive and have limited lifetimes. Avalanche photodiodes
(APD) make a much more attractive choice, offering high quantum yields in
the NIR. Additionally, APDs are inexpensive, rugged, compact, and have long
operational lifetimes. The complementary nature of diode lasers and APDs
combined with the desirable photophysical properties of NIR dyes make for an
attractive technique for protein applications. To fully appreciate NIR LIF
advantages and utility, we will first review general capillary electrophoresis
(CE) theory and applications.
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1.1. Introduction to CE

CE is generally an important analytical method owing to the high speed and
efficient separation of such analytes as proteins, peptides, sugars, and many
others (I-3). The speed of the separation depends on high electric fields and, in
some cases, short column lengths. The current trend is toward increasing the
speed of the separation by miniaturization of the columns in length and inter-
nal diameter, which reduces injection volumes of the analytes and results in
minimal zone variance. Detection by the small injection volumes for CE
coupled to LIF has become very applicable because of the high sensitive detec-
tion and availability of a wide scope of fluorescent tags and lasers. Detection
limits for CE-LIF have been reported from attomole to zeptomole and even to
single molecules (4,5).

The work of an ultraviolet light-emitting diode (LED)-induced fluorescence
was first carried out by Hillebrand et al. (6), who separated and detected within
femtomole range a mixture of amino acids labeled with fluorescamine. A UV-
LED with emission maximum at 370 nm (AA = 12 nm) was used as an excita-
tion source for fluorescamine-derivatized analytes. A scheme of the
experimental setup is shown in Fig. 1.

In the past few years, some researchers have published articles showing the
utility of LED detection in CE by using labeling dyes that absorb in the visible or
near UV region. Some of the disadvantages linked to LED in CE are that the
diverging beam of an LED cannot be focused to a micrometer spot size as
could a laser beam in LIF. Another problem is the signal-to-noise ratio (S/N) in
the measurement. The limits of detection (LODs) achieved in the experiment
were in the femtomole range. However, the LODs observed on commercial CE
equipment with LIF detection usually fall in the attomole range (7), which is
three orders of magnitude lower. Despite this, LED-induced fluorescence detec-
tion in CE is useful for routine analyses of proteins, peptides, and amino acids,
considering the relatively low optical power of the source, as compared to la-
sers. However, it is clear that because of the optical considerations discussed
above, low detection limits are limited by the method.

In 1998, Vicki et al. (8) described the use of nonaqueous capillary electro-
phoresis (NACE) with LIF to improve detection sensitivity. The nonaqueous
solution is helpful in lowering detection limits owing to the minimization of
quenching effects. Quenching can occur by different mechanisms. Collisional
quenching occurs when the excited-state fluorophore is deactivated upon con-
tact with another molecule in solution (such as O,, halogen, amine, or
acrylamide), which is called the quencher (9). There are two main types of
quenching, dynamic and static. Dynamic quenching may occur when an excited
molecule undergoes a collision with a quencher, producing a nonradiative
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Fig. 1. Scheme of the LED-based fluorescence detection. (1) LED; L1, L2 quartz
lenses; F1 a low- and F2 a high-pass filter; (2) capillary detection window; (3) micro-
scope objective; (4) photomultiplier (PMT); (5) amplifier; (6) boxcar; (7) computer;
(8) generator. Used with permission from ref. 6.

energy transfer. This type of quenching depends on the temperature and vis-
cosity of the medium. By increasing the temperature and decreasing the vis-
cosity, a collision appearance is reinforced. Long-range quenching is also a
nonradiative energy transfer, in which dipole interactions between the
fluorophore and quencher occur (10). In order to avoid quenching of a sample,
which results in poor detection limits, degassing techniques such as the
purge and freeze-pump-thaw methods, or additives in the buffer such as
micelles and organic solvents (11,12) are often used. The detection limit
results for 8-aminonapnthalene-1,3,6-trisulfonic acid (ANTS)-derivatized
maltotriose by using the nonaqueous buffers (N-methylformamide [NMF] and
formamide) and degassed techniques were used.

The addition of organic solvents affects the viscosity and polarity of the
medium. Commonly, a more viscous and less polar medium can minimize
dynamic and long-range quenching. In Fig. 2, the viscosity and polarity val-
ues of formamide and NMF are compared against water. At higher viscosity,
the mobilities of the fluorophore and the possible quenchers are decreased
which reduces the probability of a collision that could result in dynamic
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Fig. 2. Viscosity and polarity trends for the detection limit of ANTS-derivatized
maltotriose. Used with permission from ref. §.

quenching. Long-range quenching is also minimized because of a decrease in
polarity of the nonaqueous media. When fluorophores are attached to large
biomolecules, quenching effects are less important because the biomolecules
shield the fluorophores from collisional deactivations.

Recently, researchers have been interested in the NIR as a viable alternative
to visible fluorescence in many bioanalytical applications. Work with dyes that
fluoresce in the NIR region (~670-1000 nm) possess many advantages over
visible fluorescence, owing to significant reductions in scattering effects
(6x greater at 520 vs 820 nm), mostly absent background fluorescence, and
low detector noise.

One of the major advancements in NIR fluorescence detection has been
incorporation of semiconductor diode lasers for LIF detection. The main
advantages of using a semiconductor laser as an excitation source are its low
cost, long usable life, stable output, and relatively high powers in the near-IR.
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The entire diode laser assembly is small (several cm) and can be run using a
simple dc battery. An example of the diode-based near-IR LIF detector is
shown in Fig. 3 (13).

Work has been done involving the separation and detection of six amino
acids labeled with the NIR dye NN382 (compound 9 in Fig. 6) (obtained from
Li-Cor), which contains an isothiocyanate group for covalent attachment of the
dye to a primary amine (13). Four polar sulfonate groups not only increase
aqueous solubility but also enhance the photochemical stability of the dye (14).

Ummadi and Weimer have successfully developed a quantitative and sensi-
tive method to monitor the metabolism of amino acids during bacterial growth
of Brevibacterium linens BL2 in a chemically defined medium (CDM) under
the CE-LIF conditions needed to achieve an optimal and sensitive separation
using precolumn amine derivatization with CBQCA (14). The experiment
involves micellar electrokinetic capillary chromatography (MEKC) using a
borate buffer with sodium dodecyl sulfate (SDS) and tetrahydrofuran (THF)
additives. MEKC is a technique that involves the use of charged micelles to
separate charged and uncharged molecules by means of a pseudomicellar phase
that is created through hydrophobic interactions between solute molecules and
detergent. The CE/MEKC method (17) was used to identify 18 CBQCA-
derivatized amino acids (see Fig. 4). Seventeen of them were quantitated at
attomolar concentrations (see Table 1).

Johansson and et al. (18) have described a technique for real-time imaging
through optical fiber array-assisted LIF of capillary electrophoretic enantiomer
separations. An optical fiber array was constructed for collection and transport
of the fluorescence along the capillary to the charge-coupled devive (CCD)
camera to detect the achiral separation of dansyl-pL-amino acids (DNS-Aas) in
a capillary during an electrophoretic run.

The separation conditions of enantiomers using natural p-cyclodextrins
added to a phosphate buffer containing a small amount of organic modifier
were similar to conditions developed by Ward et al. (18). In order to get a
faster enantiomer separation, the method was modified by using a shorter cap-
illary, buffer pH was lowered, and the (3-cyclodextrin concentration was raised.
The experiment was carried out in darkness to prevent interference from ambi-
ent light, thereby increasing the exposure time and subsequently lowering the
limit of detection.

Biomolecule labeling can be difficult if the biomolecule of interest does not
have a reactive moiety for attachment of a fluorophore, or if the reactive moi-
ety has an important role in the biomolecular activity. In these cases,
noncovalent labeling may be a viable alternative. The main disadvantage of
noncovalent labeling is the reversibility of the label-biomolecule interaction.
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Fig. 3. Block diagram of the diode-based near-IR LIF detection system. M, mirror;
L, laser focusing lens; C, capillary; BD, beam dump; MO, collection microscope
objective; MO2, focusing microscope objective; SPAD, single photon avalanche diode;
DISC, discriminator; MCS, multichannel scaler. Used with permission from ref. 13.

1.2. Noncovalent Labeling Scheme for NIR Dyes
1.2.1. Design and Synthesis of NIR Dyes for Labeling of Proteins

Several classes of organic molecules and metal complexes exhibit absorption
and fluorescence in the NIR region of the electromagnetic spectrum (>650 nm)
(20-25). Of these, cyanine dyes have been developed as practical bioanalytical
reagents, because of their relative ease of synthesis, high extinction coeffi-
cients (up to 300,000 M~'cm), and acceptable fluorescent quantum yields (up
to 50%) and Stokes’ shifts (up to 50 nm). The general structure of cyanine dyes
is given in Fig. 5. The molecules contain two heterocyclic moieties A and B (in
most cases, nitrogen heterocycles) joined by an odd number of methine (CH)
groups in which (m+1) =& electrons are distributed over m atoms (20). This
produces a delocalized cation across the polymethine chain where the heterocy-
clic end units act both as an electron donor and an electron acceptor. Depending
on the nature of the heterocyclic groups and the length of the polymethine chain,
this unique electronic feature gives this class of cyanines a wider absorption
span than any other known class of dyes. In general, the extension of the
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Fig. 4. Optimum conditions for separation of an amino acid standard solution using
6.25 mM sodium borate, 150 mM SDS, 10 mM THF (pH 9.66) buffer and run condi-
tions of 24 kV, 25°C. 1 Ser, 2 Gln, 3 Met, 4 Asn, 5 Thr, 6 Tyr, 7 Ala, 8 Gly/Val, 9 His,
10 Pro, 11 Cys, 12 Ile, 13 Phe, 14 Leu, Nle, 15 Glu, 16 unknown, 17 Arg, 18 Asp.
Used with permission from ref. 14.

polymethine chain by a vinyl group (two CH units) produces a bathochromic
shift of about 100 nm, and starting with certain pentamethine derivatives (n =2
in Fig. 5) the absorption and fluorescence are observed in the NIR region (23).
Unfortunately, the length extension of the polymethine chain also results in a
dramatic decrease of the dye stability in solution, especially in the presence of
molecular oxygen under normal light conditions. For the most part, the insta-
bility is a result of self-stacking of planar molecules in solution, especially in
aqueous solution, to form hypsochromic oligomers called H-oligomers (20).
These aggregates show blue-shifted absorption bands. It is now understood
that H-oligomer formation leads to a triplet dye species that allows endog-
enous triplet oxygen to undergo intersystem crossing via energy resonance
transfer from its triplet ground state (?0,) to the destructive singlet species
('0,). A reaction of 'O, then destroys the chromophore.
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Table 1
CBQCA Derivatization of Amino Acids in CDM
Lowest

Rate of detectable
Amino Time for complete  Stability time  derivatization  concentration
acid derivatization (h) (h) (uM/h) (aM)?
1. Ser 12 34 79 0.8
2. Gln 12 34 57 0.6
3. Met 6 24 22 0.1
4. Asn 12 34 63 0.6
5. Thr 14 34 60 0.7
6. Tyr 12 28 23 0.2
7. Ala 12 34 94 0.9
8. Gly/Val 12 24 182 1.1
9. His 6 34 54 0.3
10. Pro 12 34 145 1.5
11. Cys 20 34 8 0.1
12. Ile 12 34 13 0.1
13. Phe 12 34 10 0.1
14. Leu 12 36 13 0.1
Nle 6 34 24 ND
15. Glu 12 28 227 2.3
16. Unknown 12 34 — ND
17. Arg 12 34 24 0.3
18. Asp 12 34 63 0.6

“This is the lowest detection limit of S/N = 5.
Reproduced with permission from ref. 4.

There are two practical ways of decreasing H-aggregation of cyanines in
solution, thereby increasing their stability. One approach is to introduce bulky
or flexible substituents at the chromophore so that the aggregation is inhibited
by steric factors. For electrostatic reasons, the aggregation is also strongly inhib-
ited for dyes substituted with a number of anionic groups, normally sulfonate
groups (SO37) (26). These two approaches are further exemplified by the struc-
tures of highly stable dye labels 7 and 9 (see Fig. 6). Dye 7 shows strong
noncovalent binding with proteins, whereas the isothiocyanate group (N=C=S)
at 9 (NN382) allows for a covalent attachment of the NIR chromophore to a
protein by the reaction of the isothiocyanate functionality with a primary amine
group on the protein. In order to minimize aggregation of the dyes 7 and 9,
their end-heterocyclic units contain a bulky C(CHj), moiety and are substi-
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n = 0: moenomethine cvanines
n = 1: trimethine cvanines

n = 2: pentamethine cyanines
n = 3: heptamethine cyanines

Fig. 5. A general structure of cyanine dyes.

tuted with a flexible, anionic sulfonatobutyl group ([CH,]4SO5"). The aggrega-
tion is further discouraged by the presence of a nonplanar trimethylene bridge
(CH,CH,CH,) at the polymethine chain. As an added benefit, this structural fea-
ture increases rigidity of the chromophore/fluorophore resulting in an increased
efficiency of fluorescence in comparison to the dyes without the trimethylene
bridge. Dye 7 has a net charge of —1, whereas 9 is trianionic in solution.

In the synthesis of 7 (see Fig. 6), an indolenine 1 is quaternized by the reac-
tion with 1,4-butane sultone and the resultant inner salt 3 is then condensed
with bis(Schiff base) 6 derived from cyclohexanone (5) (27). The direct pre-
cursor 8 to isothiocyanato-functionalized dye 9 is obtained in a similar way
starting with a sodium sulfonate analog 2. Dye 9 is obtained by treatment of 8
with sodium 4-isothiocyanatophenoxide. An alternative procedure for 9 may
involve the synthesis of a 4-aminophenoxy-substituted dye derived from 8 fol-
lowed by transformation of the free amino group into the isothiocyanate group
by treatment with thiophosgene (27).

The discussed displacement reaction of chlorine atom from 8 and similar
dyes involves an Sgy1 mechanism and, accordingly, it is efficient with nucleo-
philes that are good single-electron donors such as phenols or benzenethiols
(28,29). This displacement reaction proceeds smoothly in solvents that support
the single-electron-transfer (SET) process, such as N,N-dimethylformamide
(DMF) or dimethyl sulfoxide (DMSO), and is completely inhibited in aqueous
solution. In particular, the lack of reactivity of the chloro-substituted dye 7 in
aqueous solution allows for this agent to be used as a noncovalent label for
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Fig. 6. Synthesis of dyes 7 and 9.

proteins. The Sgy1 process can also be used for dechlorination of chloro-
substituted dyes by treatment with a phosphine (PRs) or an aliphatic thiol
(RSH) (30).

The current interest in covalent labeling of proteins with an NIR chro-
mophore/fluorophore has been stimulating the synthesis of many
functionalized dyes that can selectively be attached to a primary amino group
(31-35) or a thiol group (36,37) of the protein. The isothiocyanate function
and the esters derived from N-hydroxysuccinimide (NHS) are selective toward
a primary amine. Other dyes (36,37) are substituted with reactive groups that
are said to undergo a selective reaction with a thiol. So far, few of these
functionalized dyes have been rigorously tested in bioanalytical applications.
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1.2.2. Noncovalent Labeling in CE With NIR LIF Detection
to Study Ligand Binding to Human Serum Albumin (HSA)
by NIR Dye Displacement

Drug—protein binding is an important process that ultimately determines the
fate of a drug once introduced to the body. Drug—protein interactions influence
various pharmacological properties such as toxicity, distribution, activity, and
excretion. These interactions may be highly specific as is the case with thyrox-
ine and thyroxine binding globulin (38,39). Alternately, the binding may be
more general in nature, such as the interaction of many pharmaceutical agents
with human serum albumin.

In addition to affecting the pharmacological properties mentioned above,
competition among different drugs for the same binding site on a protein may
lead to drug—drug interactions. Effects of drug—drug interactions can include
increased toxicity and increased/decreased efficacy. Competition may also
occur with drugs and endogenous compounds, an example being the displace-
ment of drugs bound to human serum albumin by fatty acids and bilirubin
(40-43). Drug stereochemistry is also an important property in protein—drug
interactions. Because drug—protein binding may be stereoselective, drug
chirality may affect the above mentioned pharmacological properties.

In the past, the most common methods used to study drug—protein interac-
tions were dialysis and ultrafiltration (38,40,43). These methods have several
disadvantages. Time is a drawback with dialysis in that days are required for
analysis. If the system is unstable over this period of time, then problems arise.
Additionally, corrections for free and bound analyte concentrations need to be
made in order to correct for analyte adsorption onto the dialysis membrane.
Although ultrafiltration is a much faster method, problems still exist with
analyte measurement, as well as temperature control.

Because of these problems, much work has been done to find better methods
for the study of drug—protein interactions. Many of the newer approaches are
CE based. Because of their increased throughput and ease of measurement these
methods are more convenient.

Generally, the traditional CE-based methods for binding constant studies
necessitate the use of multiple runs (at varying concentrations of either drug or
protein) for the determination of a binding constant. Consequently, they tend
to be time intensive and consume large amounts of reagents. In some applica-
tions, such as the screening of combinatorial libraries, these characteristics are
unsuitable. A sensitive, high-throughput method that requires very little analyte
is required. For these reasons, a CE-based NIR dye displacement technique for
drug—protein binding constant determinations was developed. Drug binding to
subdomain IIIA, or site II, of human serum albumin was investigated. The
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method is sensitive, uses very little reagent, allows for the determination of a
binding constant in a single run, and is amenable to automation.

Most LIF detection schemes use a fluorophore that is covalently attached to
the analyte. However, derivatization reactions are often time consuming and
may require rigorous control of pH in order to achieve satisfactory labeling
efficiency. For example, dyes substituted with an isothiocyanate functionality
that is reactive toward primary amines are often used for covalent tagging of
proteins and peptides. However, amine groups on proteins will only be
deprotonated at elevated pH levels that are often not suitable when working
with biological samples. A trade-off exists between labeling efficiency and
maintaining the structural integrity of the analyte. Another disadvantage with
covalent labeling is that the labeled analyte molecules often have different num-
bers of dye molecules attached to them. This heterogeneous dye—analyte sto-
ichiometry leads to band broadening (44). Furthermore, purification steps are
required when doing covalent labeling to remove excess unreacted dye. On the
other hand, noncovalent labeling schemes are significantly faster, generally
requiring only a couple of minutes, as opposed to hours or even days for cova-
lent labeling. Control of pH may not be necessary. Additionally, if the stoichi-
ometry of the labeling reaction is known, purification steps may not be
necessary.

An example of noncovalent labeling of a protein with a NIR fluorophore is
presented using a NIR dye (see Fig. 6, dye 7) and human serum albumin (HSA).
The experiments include analysis of the stoichiometry of the dye—albumin
interactions and determination of a binding constant. Additionally, a method
allowing for the determination of drug—albumin binding constants is dis-
cussed, as follows.

1.3. Covalent Labeling for Competitive CE-Based Immunoassay
for Albumin With NIR LIF Detection

1.3.1. Overview

Immunoassays are widely used analytical tools which take advantage of the
highly specific interaction between an antibody and antigen. Immunoassays
are used in a wide variety of clinical, medical, environmental, and biochemical
applications. The efficacy of the technique relies on two properties of antibod-
ies: high specificity for the target ligand and the strength of the antigen—anti-
body binding. The high specificity of antibodies allows for the determination
of trace amounts of antigen, often in the presence of multiple interfering com-
pounds present at much higher concentrations. The high binding constant val-
ues allow for accurate quantitation of antigen. The combination of these two
characteristics results in a very powerful analytical tool.
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One of the advantages of the immunoassay technique is the flexibility afforded
by a wide range of available formats. Usually, immunoassays are carried out in
either competitive or noncompetitive formats. Competitive assays are done by
labeling either the antibody or antigen depending on what the analyte is. If the
analyte is an antibody, antigen is coated on the surface of the microtiter plate.
Labeled antibody is then added. Finally, unlabeled antibody from the sample is
introduced. The labeled and unlabeled antibody binds competitively for a lim-
ited number of sites, i.e., the antigen coated on the surface of the plate. The
amount of analyte present is determined through a change in the signal (see
Fig. 7). Alternatively, if the analyte is an antigen, then labeled antibodies are
fixed to a solid support. Labeled antigen is then added. Finally, unlabeled anti-
gen from the sample is added (see Fig. 8). The amount of antigen present in the
sample is determined by the change in signal. In general, signal strength decreases
with increasing analyte concentration.

Noncompetitive assays operate on a different principle, a limiting amount
of one reagent binding to an excess of another reagent. Most often, the solid
support is saturated with antigen. Excess antigen is removed through a wash-
ing step. The sample antibody is then added, followed by another washing step.
Finally, a second antibody (which has a label) specific for the primary anti-
body is added (see Fig. 9). Unlike competitive assays, signal intensity increases
with increasing analyte concentrations. There exists a multitude of variations
on these two basic formats.

1.3.2. Immunoassay Detection Systems

Although many analytes studied by immunoassays are detectable by UV/
Vis absorption, this method of detection is not sensitive enough for most appli-
cations. As a result, immunoassays must incorporate some form of labeling in
order to achieve the desired sensitivity. There are several requirements that the
labeling method should meet. The derivitation procedure should be fast and
simple. Additionally, the incorporated label should not interfere with antigen—
antibody recognition. The most popular labeling methods currently used with
immunoassays are radioactive, enzyme, and fluorescent labels.

1.3.3. Radioactive Labels

Radioactive labeling was one of the first labeling techniques used for immu-
noassays. A radioactive element is incorporated into the structure of the anti-
gen or antibody and is used as a tracer. The energy emitted by the radioactive
decay is used to generate a signal. Typical radioactive tracers include '*°1, *H,
>Co, and '“C. There are several drawbacks when using radioactive labels.
Safety, limited shelf life, and disposal of radioactive compounds are obvious
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2) Labeled Antibody Added
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3) Unlabeled Antibody from Sample
Introduced

Fig. 7. Schematic of competitive immunoassay where antibody is the analyte of
interest.

issues. Radioactive decay may be harmful to the labeled compound as well.
Radioactive labeling is less suitable for CE applications, although it is still
used in other immunochemistry applications.

1.3.4. Enzyme Labels

Enzyme labels are probably the most widely used labeling scheme in immu-
noassay today. The principle involves the capacity of the enzyme to act as a
catalyst. First, an enzyme is attached to the desired compound. Second, all of
the appropriate immunochemistry is carried out, i.e., antigen addition, and so
on. Finally, a substrate is added. The enzyme label present converts the sub-
strate into a detectable product. The product is generally colored, fluorescent,
or chemiluminescent. A single molecule of enzyme may convert a large num-
ber of the substrate molecules, thereby increasing the signal strength and con-
sequently, the sensitivity of the assay.
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1) Antibody Coated on Surface

VYV

2) Labeled Antigen Added

XYEVRVAY

3) Unlabeled Antigen from Sample
Introduced

Fig. 8. Schematic of competitive immunoassay where antigen is the analyte of interest.

The two most common enzymes used as labels are alkaline phosphatase and
horseradish peroxidase. Horseradish peroxidase is oxidized when reacted with
hydrogen peroxide. Upon oxidation, it undergoes a reaction with another sub-
strate, forming a colored or fluorescent product, depending on the substrate
used. Alkaline phosphatase catalyzes the hydrolysis of phosphate esters from
primary alcohols, phenols, and amines. The hydrolysis products are then detected.

Whereas enzyme linked immunoassays overcome many of the problems
associated with radiolabeling, they do have disadvantages. Attachment of an
enzyme, typically in the range of 50-100 KDa, may interfere with antibody—
antigen interactions. Additionally, the conditions during the signal genera-
tion stage need to be carefully controlled, as enzyme immunoassays are
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Fig. 9. Schematic of noncompetitive immunoassay.

sensitive to changes in temperature and pH. In addition, the enzyme reaction
normally requires more time than is available for CE applications.

1.3.5. Fluorescent Labels

Although still not used as widely as enzyme labels, fluorescent labels are
fast becoming the signal generation method of choice for immunoassays.
Whereas some enzyme labels can produce fluorescent products, most produce
nonfluorescent substrate products, necessitating the use of absorbance detec-
tion. Because of the high background noise associated with absorbance detec-
tion, the method is inherently less sensitive than fluorescent detection. Because
of their smaller size, fluorescent labels are also less likely to interfere with
antigen—antibody interactions than enzyme labels. The ideal fluorescent label
should have the following characteristics: a high molar absorptivity and quan-
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tum yield, a large Stoke’s shift in order to minimize light scattering effects,
quick and efficient coupling reaction, good solubility under physiological con-
ditions, low noncovalent affinity for biomolecules, photostability and small
size. Variations of the basic fluorescence immunoassay may be used to over-
come some of the disadvantages of fluorescent detection. Some of these varia-
tions include fluorescence polarization, time-resolved fluorescence, and
fluorescence energy transfer.

To date, nearly all immunochemical techniques using fluorescent labels have
used visible fluorophores. Owing to the often complex nature of the matrix in
immunoassays, background autofluorescence is a problem. The high back-
ground noise results in loss of sensitivity. On the other hand, the photophysical
characteristics of NIR dyes make them well suited for immunochemical appli-
cations. Whether working with environmental or biological samples,
autofluorescence in the NIR region is almost nonexistent. As a result, back-
ground noise is eliminated and sensitivity is improved.

1.3.6. CE-Based Immunoassays

CE-based immunoassays with LIF detection are seeing increased use in
clinical, biopharmaceutical, and environmental chemistry. The advantages over
conventional immunoassays are high-speed, high-resolution separations in a
minimal detection volume, and the ability to simultaneously determine mul-
tiple analytes. Immunoassays are analytical techniques which work on the spe-
cific reaction between an antibody (Ab) and an antigen (Ag). Antibodies are
glycoproteins that consist of two distinct regions, the Fab region and the Fc
region. The Fab region is responsible for Ag recognition and binding. One of
the advantages of immunoassays is that the technique can be performed in vari-
ous formats. Commonly, immunoassays are carried out in either the competi-
tive or noncompetitive format, or even on-line.

Competitive assays are based on the fact that the use of at least one reagent
is limited (45). The labelled reagent (Ab” or Ag”) together with analyte (Ab or
Ag) bind to the limited reagent (Ab or Ag), which may result in examples 1 and
2. Both Kennedy and Chen have done work

Ab + Ab” + Ag(limited) = Ab-Ag + Ab"-Ag + Ab + Ab" (1)

Ag+ Ag" + Ab(limited) = Ab-Ag + Ab-Ag" + Ag + Ag" 2)

with competitive CEIA (46,47). Quantitation is done through changes in
peak areas.

Ab + Ag” (excess) = Ab-Ag” + Ag” (excess) 3)

Ag + Ab” (excess) = Ab"-Ag + Ab” (excess) 4)
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Noncompetitive CEIA involves the separation of Ab—Ag complexes from
free, labeled Ab or Ag. Thus, there are two possible formats as shown in Eq. 3
and 4. Quantitation is done through changes in signal strength, i.e., changes in
peak area. Schulz has worked a good deal with insulin using noncompetitive
capillary electrophoretic immunoassays (CEIA) (46).

In most CEIA experiments, the immunoreaction is performed off-line. On-line
analysis provides for greater automation of the technique. For example, Tao and
Kennedy (47) have developed an on-line competitive immunoassay to monitor
insulin concentration in a flowing stream.

CE has proven to be a powerful technique for the separation of large bio-
logical molecules such as proteins (48). When detection schemes such as LIF
are used, CE can achieve detection limits in the low pmol range, comparable to
or better than most conventional immunoassays. Single molecule detection is
even possible when enzyme amplification is used in conjunction with LIF (49).
Owing to its superior separation efficiency and high detection sensitivity, CE
has the ability to rapidly separate free Ab and Ag from bound Ab and Ag.
Capillary electrophoresis-based immunoassays combine immunological rec-
ognition, on-line quantitation, microscale analysis, and automation, offering
distinct advantages over conventional, solid-phase immunoassays (4). In addi-
tion to the speed of analysis, CEIA have several other advantages: CEIA (1)
consumes much less reagent, (2) is much less labor intensive in that tedious
washing and rinsing steps are eliminated, (3) allows for the simultaneous detec-
tion of multiple analytes, (4) allows for direct visualization of immunocomplex
formation, and (5) utilizes the wide range of detection methods that are also
available for CE. Finally, precision is improved with CEIA. With conventional,
solid-phase immunoassays, it is impossible to control the orientation of the
antibody/antigen during the coating process. Some of the antibodies may adhere
to the support in such a way as to make their recognition site inaccessible to
antigen. As aresult, overall precision suffers. However, CEIA avoids this prob-
lem since the immunoreaction is carried out in solution.

2. Materials
2.1. Noncovalent Labeling

2.1.1. Chemicals

1. Human serum albumin, boric acid, warfarin, sodium dibasic phosphate, phos-
phoric acid, ibuprofen, fenoprofen, ketoprofen, quinidine, chlorpromazine,
naproxen, sulfisoxazole, imipramine, clofibrate, tryptophan and sodium hydrox-
ide were obtained from Sigma (St. Louis, MO).

2. 200 mM Borate buffer, pH 8.5, was prepared by dissolving the appropriate
amount of boric acid in nanopure grade water (Barnstead model D4571 ultrapure
water system). The pH was adjusted by the addition of 0.5 N sodium hydroxide.
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100 mM Phosphate buffer, pH 7.2 was prepared by dissolving the appropriate
amount of sodium phosphate in water. The pH was adjusted by adding phospho-
ric acid.

Protein, dye, and drug solutions were prepared by dissolving the appropriate
amount of each reagent into 100 mM, pH 7.2 phosphate buffer.

All solutions were stored in the dark at 4°C prior to use.

2.1.2. Apparatus

1.

2.2,

2.2

All CE experiments were performed using a modified P/ACE 5000 capillary elec-
trophoresis instrument (Beckman Instruments, Inc., Fullerton, CA). The instru-
ment was interfaced with a proprietary microscope and laser assembly. The laser
assembly consisted of a diode laser focused directly onto a fiber optic cable. The
arrangement gave roughly 4 mW of power at the capillary interface. Detection
was accomplished via a Peltier-cooled, three-stage avalanche photodiode. Three
band-pass filters (820 = 10 nm) were used in order to minimize background noise.
The APD signal was demodulated by a lock-in amplifier. The signal was filtered
before it arrived at a Beckman 406 A/D converter. The signal was then analyzed
by a personal computer.

Fluorescence measurements were performed on an ISS K2 multiphasic fluorom-
eter (ISS, Champaign, IL).

Absorbance measurements were performed on a Perkin-Elmer Lamda 20 (Perkin-
Elmer, Norwalk, CT) UV/Vis/NIR spectrophotometer.

Covalent Labeling

.1. Chemicals

Sodium phosphate, boric acid, HSA, and monoclonal HSA antibodies were pur-
chased from Sigma.

The NIR dye NN382 was a gift from LI-COR (Lincoln, NE).

All water used was nanopure grade (Barnstead Model D4751).

Derivatization buffer was prepared by dissolving the appropriate amount of phos-
phate buffer into water and adjusting the pH with sodium hydroxide.

Run buffer was prepared by dissolving the appropriate amount of boric acid into
water. The proper pH was achieved through addition of sodium hydroxide.
Final run buffers were filtered through 0.45-um nylon membrane filters and soni-
cated for 10 min prior to use.

2.2.2. Preparation of NN382-HSA Conjugate

1.

2.

HSA was labeled with the NIR dye NN382 to allow for visualization and
quantitation.

The labeling procedure consisted of adding 1 mg of NN382 and 1 mg of HSA to
1 mL of 100 mM, pH 9.5, phosphate buffer (see Note 1).

The mixture was stirred for 1 h, purified (see Subheading 2.2.3.) and then
quenched by addition of 25 mL of phosphate buffer, 100 mM, pH 7.2.

The labeled HSA was stored at 4°C prior to use.
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2.2.3. Purification of NN382-HSA

1.

Snsw

Because of the excess of dye used in the labeling procedure, it was necessary to
purify the NN382-HSA preparation in order to remove the free dye (see Note 2).
Purification was done via size exclusion chromatography using a PD10 column
(Amersham Pharmacia Biotech, Sweden).

The column was equilibrated with 25 mL of 100 mM, pH 7.2, phosphate buffer.
The NN382-HSA sample, 2.5 mL, was then introduced to the column.

The sample was then eluted with 3.5 mL of phosphate buffer.

The efficiency of dye removal was tested via electrophoresis. No free dye peak
was observed after purification.

2.2.4. Preparation of Monoclonal Albumin Antibody

1.

Stock antibody solutions were prepared by addition of 25 uL of 4.4 mg/mL of
monoclonal HSA antibody to 25 mL of Tris-HCI buffered saline, pH 8.3.

2. The antibody mixture was stored at 4°C prior to use.
3. Methods
3.1. Noncovalent Labeling
3.1.1. CE
1. All experiments were performed at 23°C.
2. The primary electrophoresis run buffer was 200 mM borate acid, adjusted to a pH
of 8.5.
3. All buffers were sonicated and filtered prior to use.
4. All separations were performed using fused silica capillaries with a polyimide
coating (Polymicro Technology, Phoenix, AZ).
5. Total capillary length was 57 cm, with injection-to-detection length of 50 cm.
The id of the capillary was 50 um.
6. At the beginning of each day, the capillary was rinsed with 1 N sodium hydrox-
ide, followed by 15-min rinses with water and run buffer.
7. All samples were introduced by pressure injection (5 s at 0.5 psi).
8. Voltage (15 kV) was applied over a 30-s ramp time (see Note 3).
9. Following each run, the capillary was rinsed with run buffer for 5 min.

3.1.2. Noncovalent Labeling and Dye Displacement Procedure

1.

2.

The noncovalent labeling of HSA with NIR dye was carried out by mixing
aliquots of the protein and dye solutions.

The mixture was then vortexed for 2 min (see Note 4) prior to injection. Various
dye—protein ratios and concentrations were used in order to investigate the utility
of the dye as a noncovalent label for HSA.

Dye displacement experiments were performed by adding an aliquot of the appro-
priate drug solution to an equilibrated dye—protein solution.

This solution was then vortexed for 2 min prior to injection.
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5. Enantioselective binding studies were performed by adding aliquots of either
D- tryptophan or L-tryptophan to an equilibrated mixture of dye—protein solution.
6. This solution was vortexed for 2 min prior to injection.

3.1.3. Utility of NIR Dye as a Noncovalent Label

As previously mentioned, the use of noncovalent labeling offers several
advantages over covalent labeling schemes. The suitability of the dye as a
noncovalent label for HSA was investigated. As the concentration of protein
is increased, with respect to a fixed dye concentration, the labeled protein peak
increases while the free dye peak decreases, suggesting that the dye is indeed
suitable as a noncovalent label for HSA. (See Fig. 10)

3.1.3.1. OPTIMIZATION OF SEPARATION CONDITIONS

The electrophoretic conditions were systematically optimized such that free
dye and dye-labeled albumin were resolved. It was necessary to choose a run
buffer that did not result in Joule heating, because excessive heating over the
time scale of the separation could affect dye-protein and drug—protein interac-
tions (see Note 5). Boric acid met this criterion. The optimum ionic strength of
the run buffer was determined by varying the ionic strength of the run buffer
from 25 to 250 mM. Free dye and dye-labeled protein were consistently resolved
in a reasonable amount of time using a concentration of 200 mM boric acid.
Protein separations done with CE have the potential to be problematic owing to
protein adsorption onto the capillary wall (50). The use of run buffers with pH
values greater than the isoelectric point of the protein has been shown to mini-
mize protein adsorption to the capillary wall. Boric acid buffers with pH values
from 6.0 to 9.5 were tested, and it was found that a run buffer with pH 8.5
provided the best results (see Note 6). Buffers on the extreme ends of physi-
ological pH were avoided because albumin undergoes pH-dependent confor-
mational changes under these pH conditions (51).

3.1.3.2. CALCULATION OF STOICHIOMETRY AND BINDING
of NIR Dye—=HSA CompLEX

The peak splitting was sometimes observed with the protein peak, suggest-
ing that there may be multiple dye—protein species present, with the dye bind-
ing to the protein via hydrophobic (50) and/or coulombic interactions (52).
Dovichi et al. have demonstrated that excessive peak width such as this is
caused by the partial resolution of multiple species (43). Despite the likely
presence of multiple dye—protein species, a number of techniques were used to
gain some insight into the nature of the dye—protein interaction; specifically,
the stoichiometry of the complex and the dye binding constant was determined.
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Saturable binding curves, using both fluorescence and absorbance, were
constructed. A fluorescence binding curve is shown in Fig. 11. It shows the
change in fluorescence intensity of a fixed dye concentration, 5 x 107° M, rela-
tive to increasing concentrations of human serum albumin. A binding constant
of 5.5 x 10° M~ was calculated. A definitive stoichiometry could not be deter-
mined from the binding curve. Consequently, a Job’s plot was used to deter-
mine the primary form of the dye—-HSA complex (see Fig. 12). The total
concentration of the dye and HSA remained constant; however, the mole frac-
tion of the dye was varied. The fluorescence intensity as a function of dye mole
fraction was monitored. The maximum of the Job’s plot represents the primary
stoichiometric form present. The Job’s plot shows a 1:1 stoichiometry between
dye and protein. This is in agreement with the data obtained with the binding
curve study in that the fluorescence intensity levels off close to the area where
the dye concentration is approximately equal to the protein concentration. It
should be noted that this stoichiometry is only for the predominant form of the
dye—albumin complex. It is likely that multiple stoichiometries exist.

3.1.3.3. DYE DISPLACEMENT ASSAY

When a ligand or drug is introduced into an equilibrated mixture of dye and
protein, there exists two ways in which the dye and protein can interact. Non-
competitive interactions occur when the dye and drug bind at different loca-
tions on the protein. Fig. 13 illustrates the noncompetitive binding of warfarin.
Upon addition of warfarin, a third peak appears, presumably because of the
formation of a dye—warfarin—protein complex. The appearance of this complex
suggests that warfarin and the dye bind at different locations on the protein.
Whereas noncompetitive interactions do not allow for the determination of
binding constants, they do provide some indirect information concerning the
binding site of the dye. Warfarin is known to bind at site I, or subdomain IIA,
on HSA. Owing to the fact that the dye and warfarin do not exhibit a competitive
type interaction, it is reasonable to assume that the dye does not bind at site I.

The dye displacement technique is based on the principle that drug binding
to albumin may be monitored through competitive interactions between the
NIR dye and drug introduced (see Note 7). A drug is introduced into an equili-
brated mixture of dye and protein. The drug and dye bind at the same location
on the protein and, because of a shortage of binding sites relative to drug and
dye population, they compete for binding. Consequently, drug binding may be
monitored through changes in either the free dye concentration or the amount
of dye bound to protein, both of which are easily measured. The electrophero-
gram in Fig. 14A shows dye labeled protein and free dye. The electrophero-
grams in Fig. 14B and C have the same concentration of dye and protein as in
Fig. 14A; however, quinidine (B) and ketoprofen (C), have been added.
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Fig. 10. Schematic for noncovalent labeling of HSA with NIR dye.
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Fig. 12. Job’s plot of NIR dye and albumin. Used with permission from ref. 56.

Ketoprofen and quinidine are known to bind at site II, or subdomain IIIA, of
HSA. It can be seen that as the drug is introduced, the peak area of the labeled
protein peak decreases and the peak area of free dye increases. This suggests
that upon introduction of drug into the system, the drug displaces a portion of
dye from the protein, explaining the changes observed in the peak areas. The
degree to which the dye is displaced from the protein upon introduction of
drug is directly related to the association constant of the drug. It can be seen
in Fig. 14 that ketoprofen (K, = 3.8 x 10% M~!) displaces more dye than quini-
dine (K, =7.9 x 10* M~1). Using this relation, it is possible to construct a graph
that allows for the determination of binding constants of drugs that bind to
subdomain IITA of human serum albumin. Four compounds were chosen
based on their wide range of binding constants, ketoprofen, quinidine, clofi-
brate (K, = 7.6 x 103> M) and imipramine (K, = 1.9 x 10°> M~'). The graph is
a plot of % dye bound as a function of binding constant. The binding constants
of ibuprofen and naproxen were calculated with the dye displacement assay.
K, values of 1 x 10 M~' and 8 x 103 M~!' were obtained for ibuprofen and
naproxen, respectively. The calculated K, values for these drugs are in agree-
ment with results found in the literature (54-56). Although the plot is linear
over the K, values, sensitivity is lost when drugs with K, values greater than or
less than an order of magnitude of the dye’s binding constants are used. When
drugs with these values are used, the ends of the graph level off, and the plot
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Fig. 13. Electropherograms illustrating noncompetitive binding of warfarin to albu-
min. Separation conditions: 200 mM boric acid, pH 8.5, 15 kV, 30 s ramp time, and 5 s
pressure injection (0.5 psi). Used with permission from ref. 56.
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resembles a binding curve. Consequently, the effective range of the technique
is determined by the binding constant of the dye.

3.1.3.4. ENANTIOSELECTIVE BINDING

It is recognized that enantiomers of drugs may bind to albumin to varying
degrees (38—-40). Because the biological activity of enantiomeric forms of a
drug may be significantly different, it was of interest to determine if the method
described could be used to monitor enantioselective binding to albumin. Tryp-
tophan was chosen as a test compound because its enantiomers have binding
constants significantly different from albumin. The electropherogram in Fig. 15A
shows the dye and dye-labeled protein. In Fig. 15B-C, p-tryptophan and L-tryp-
tophan were added, respectively. It can be seen that the L-tryptophan displaces
more dye than the p-tryptophan, as predicted. In order to better illustrate the
enantioselective binding of tryptophan, a large excess of the ligand was used in
the experiments.

3.3. Covalent Labeling
3.3.1. CE

1. All experiments were performed on a modified Beckman P/ACE 5000 CE at
23°C.

2. The electrophoresis run buffer consisted of 200 mM boric acid, pH 8.5.

3. All separations used fused silica capillaries coated with polyimide (Polymicro
Technology, Phoenix, AZ).

4. The capillaries were 57 cm in length with an id of 50 wm (see Note 8).

5. At the beginning of each day, the capillary was rinsed with 1 M sodium hydrox-
ide for 30 min, followed by 15-min rinses with deionized water and run buffer.

6. The samples were introduced by pressure injection (5 s at 0.5 psi). The injected
volume was 7 nL.

7. The applied voltage was 15 kV, with a 30-s ramp time (see Note 3).

8. Following each run, the capillary was rinsed for 2 min with water and run buffer,
respectively.

3.3.2. Noncompetitive Imnmunoassay

A noncompetitive assay was done by mixing 250 uL. of 65 nM NN382-HSA
with 250 uL of 0-65 nM HSA antibodies. All dilutions were made using phos-
phate buffer. pH 7.2. The solutions were vortexed for 5 min on slow speed at
room temperature prior to injection (see Note 9).

The first step in the development of the competitive CEIA for HSA was to
determine if the antibody—antigen recognition still existed after the labeling
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Fig. 14. Electropherograms illustrating competitive binding of various drugs to
albumin. Separation conditions: 200 mM boric acid, pH 8.5, 15 kV, 30 s ramp time,
and 5 s pressure injection (0.5 psi). Used with permission from ref. 57.

procedure. A noncompetitive immunoassay format was used to ascertain this.
The electropherograms for the noncompetitive assay for HSA are shown in
Fig. 16 A-C. Figure 16A is an electropherogram of NN382-HSA. Upon addi-
tion of HSA antibody solution, the peak area of NN382-HSA decreases and a
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Fig. 15. Electropherograms showing enantioselective binding. Separation condi-
tions: 200 mM boric acid, pH 8.5, 15 kV, 30 s ramp time, and 5 s pressure injection

(0.5 psi).

new peak appears, presumably because of the formation of the
immunocomplex. The trend continues with increasing concentrations of HSA
antibody. These results suggest that the dye does not interfere greatly with

antibody—antigen recognition.
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Fig. 16. Electropherograms for noncompetitive immunoassay for albumin. Separa-
tion conditions: 200 mM boric acid, pH 8.5, 15 kV, 30 s ramp time, and 5 s pressure
injection (0.5 psi).

3.3.3. Competitive Immunoassay

Competitive immunoassays were performed by mixing 65 nM NN382-HSA,
65 nM HSA antibody, and 0—100 uM HSA. All dilutions were made using
phosphate buffer, pH 7.2. The solutions were vortexed for 5 min on slow speed
at room temperature prior to injection.
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Once it had been determined that the integrity of antibody—antigen interac-
tion was intact, the next step was the competitive immunoassay. The detection
limit of the assay was determined to be 500 pM, nearly a two orders of magni-
tude improvement over what has been achieved in the past (14). Note that the
effective range of the assay may be changed by altering the initial concentra-
tions of NN382-HSA and HSA antibody. The electropherograms for the com-
petitive immunoassay are shown in Fig. 17A-D. Fig. 17A is an electropherogram
of a trace amount of free NN382-HSA and the immunocomplex. Upon addition
of unlabeled HSA, the peak area of the NN382-HSA peak increases, whereas
the peak area of the immunocomplex decreases. Again, this trend continues
with increasing concentrations of unlabeled HSA (see Fig. 17B-D). The
change in peak areas occurs owing to the competitive interaction between
labeled and unlabeled HSA. Upon addition of unlabeled HSA, NN382-HSA
is displaced from the antibody to some extent, explaining the decrease in the
immunocomplex peak and the increase in the free NN382-HSA peak. Using
this relation, a curve was constructed in order to determine the concentration of
HSA in an unknown sample. The graph was made by plotting percent bound
NN382-HSA vs log [HSA] (see Fig. 18).

3.4. Conclusion

Although covalent labeling is still used in most bioanalytical applications of
NIR dyes, noncovalent labeling has many advantages. The labeling procedure
is fast and sample clean-up may not be necessary. Additionally, rigorous con-
trol of pH is not required, making noncovalent labeling quite attractive when
working with biological matrices, with their inherent pH sensitivity. One of the
methodologies presented in this chapter utilizes a noncovalent labeling scheme
for the development of a dye displacement assay for the determination of drug
binding constants to HSA. The method developed allows for the determination
of binding constants in a single run. The method is fast and sensitive, uses little
reagent, and is amenable to automation.

As seen in the literature, most bioanalytical applications of NIR dyes still
use covalent labeling schemes. Covalent labeling schemes eliminate the equi-
librium between the dye and the target. They also allow for a much higher
degree of specificity. CEIAs using NIR LIF detection is a method that exem-
plifies the advantages of using NIR dyes for bioanalytical applications. The
technique combines the high selectivity of immunoassays, the high separation
efficiency of CE and the high sensitivity of NIR LIF detection.

Although there are multiple advantages to CEIAs, they are not without draw-
backs. One of the major problems is the labeling scheme. It should be noted
that this problem is not unique to NIR dyes; indeed, it applies to all fluorescent
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Fig. 17. Electropherograms for competitive immunoassay for albumin. Separation
conditions: 200 mM boric acid, pH 8.5, 15 kV, 30 s ramp time, and 5 sec pressure
injection (0.5 psi).
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Fig. 18. Calibration curve for determination of albumin concentration.

probes. Most often, fluorescent dyes used for protein labeling contain an
isothiocyanate functionality that is reactive toward primary amines. Conse-
quently, elevated pH levels must be used in the labeling procedure (exceeding
the value of the pK, of the amine). Unfortunately, many proteins do not toler-
ate these elevated pH values so that there is a limit as to how high the pH may
be taken during the derivatization reaction. As a result, labeling efficiency suf-
fers and a heterogeneous dye—protein stoichiometry exists. This heterogeneous
dye—protein stoichiometry leads to band broadening in chromatographic—type
applications. The extent of this problem is directly related to the size of the
protein.

An alternative approach would be to use dyes that have functionalities that
target less prevalent groups, such as thiols. Because thiols are not nearly as com-
mon on proteins as amines, the final stoichiometry of the dye—protein is signifi-
cantly decreased, thereby eliminating excessive peak broadening. This would
allow for the possibility of doing multiple analyte CEIA in a single run. Addi-
tional applications could be single, site-specific molecular probes, as well as
energy transfer applications.

4. Notes

1. NN382 has an isothiocyanate functionality that is reactive toward primary
amines. Elevated pH levels must be used to deprotonate amines. However, many
proteins are not stable at elevated pH values. Consequently, a trade-off exists
between labeling efficiency and protein stability.
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Unreacted dye must be removed from the labeled protein solution owing to the
fact that the excess dye could potentially noncovalently interact with both pro-
tein and antibody.

When separating noncovalent complexes via CE, excess heat should be avoided
at all costs. Heat has the potential to induce dissociation of the complex. An
extended ramp time reduces shock to the sample.

In order for the data to be consistent, the solution must be vortexed until it has
achieved equilibrium. Otherwise, kinetic effects will be observed.

As mentioned in Note 3, excess heat should be avoided when separating
noncovalent complexes owing to induced dissociation. As a result, buffers that
generate little current under the separation conditions are ideal.

When working with proteins, buffer pH is potentially very important. If the
application requires that the protein’s conformation remain intact, physiologi-
cal conditions should be mimicked as closely as possible. A knowledge of how
a protein behaves as a function of pH is necessary.

The dye displacement technique for binding constant determination assumes a
1:1 drug:protein binding ratio.

Capillary length is a potentially important parameter when doing CEIA. When
performing CEIA, the immunocomplex is dissociating, to some extent, over the
time-scale of the separation. Dissociation has the effect of decreasing the sensi-
tivity of the measurement. It follows that shorter capillaries will give better sen-
sitivity. However, decreasing the length of the capillary reduces the efficiency of
the separation and therefore, degrades resolution. When doing CEIA, or poten-
tially any noncovalent complex separation, a trade-off exists between sensitivity
and resolution. It should be noted that the degree of dissociation over the time
scale of a separation is dependent on the binding constant of the species involved.

. The antigen—antibody mixture was vortexed for 5 min to ensure that equilibrium

was established. If equilibrium is not established, kinetic effects will be observed.

References

1

2.

Swartz, M. E. (1993) Capillary electrophoretic determination of inorganic ions in
a prenatal vitamin formulation. J. Chromatogr. 640, 441-444.

Schwartz, H. E., Ulfelder, J. K., Chen, F. A., and Pentoney, S. L. (1994) The
utility of laser-induced fluorescence detection in applications of capillary electro-
phoresis. J. Capil. Electorophor. 1, 36-54.

Gegendre, B. L., Williams, D. C., Soper, S. A., Erdmann, R., Ortmann, U., and
Enderlein, J. (1996) An all solid-state near-infrared time-correlated single photon
counting instrument for dynamic lifetime measurements in DNA sequencing appli-
cations. Rev. Sci. Instrum. 67, 3984-3989.

Cheng, Y. F. and Dovichi, N. J. (1988) Subattomole amino acid analysis by cap-
illary zone electrophoresis and laser-induced fluorescence. Science 242, 562-564.
Lee, Y. H., Maus, R. G., Smith, B. W., and Winefordner, J. D. (1994) Laser-
induced fluorescence detection of a single molecule in a capillary. Anal. Chem.
66, 4142-4149.



Covalent and Noncovalent Labeling Schemes 73

6

10.
11.

12.

13

14

15

16

17

18.

19.

20.
21.
22.
23.

24.

Hillebrand, S., Schoffen, J. R., Mandaji, M., et al. (2002) Performance of an ultra-
violet light-emitting diode-induced fluorescence detector in capillary electro-
phoresis. Electrophor. 23, 2445-2448.

Kist, T. B. L., Termignoni, C., and Grieneisen, H.-P. H. (1994) Capillary zone
electrophoresis separation of kinins using a novel laser fluorescence detector.
Braz. J. Med. Biol. Res. 27, 11-19.

. Vicki, L., Ward, M., and Khaledi, G. (1998) Nonaqueous capillary electrophore-

sis with laser induced fluorescence detection. J. Chromatogr. B 718, 15-22.
Lackowicz, J. R. (1999) Principles of Fluorescent Spectroscopy. Kluwer Aca-
demic, New York.

Ingle, J. D. and Crouch, S. R. (1998) Spectrochemical Analysis. Prentice-Hall,
Upper Saddle River, NJ, ch. 12.

Davis, G. A. (1972) Dansylglycine as a fluorescent probe for aqueous solutions of
cationic detergents. J. Am. Chem. Soc. 94, 5089-5090.

Hinze, W. L. (1979) Solution Chemistry of Surfactants. Plenum, New York.
Legendre, B. L., Dixie, L., Moberg, D. C., and Soper S. A. (1997) Ultrasensitive
near-infrared laser-induced fluorescence detection in capillary electrophoresis
using a diode laser and avalanche photodiode. J. Chromatogr. A 779, 185-194.
Ummadi, M. and Weimer B. C. (2002) Use of capillary electrophoresis and laser-
induced fluorescence for attomole detection of amino acids. J. Chromatogr. A
964, 243-253.

Berquist, J., Vona, M. J., Stiller, C.-O., and O’Connor, W. T. (1996) Capillary
electrophoresis with laser-induced fluorescence detection: a sensitive method for
monitoring extracellular concentrations of amino acids in the periaqueductal grey
matter. J. Neurosci. Methods 65, 33-42.

Strickland, M., Weimer, B. C., and Broadbent, J. R. (1996) Capillary electro-
phoresis of Cheddar cheese. J. Chromatogr. A 731, 305-313.

Johansson, T., Petersson, M., Johanssons, J., and Nilsson, S. (1999) Real-time
imaging through optical fiber array-assisted laser-induced fluorescence of capil-
lary electrophoretic enantiomer separations. Anal. Chem. 71, 4190-4197.

Ward, T. J., Nichols, M., Sturdivant, L., and King, C. C. (1995) Use of organic
modifiers to enhance chiral selectivity in capillary electrophoresis. Amino Acids
8, 337-344.

Tyutyulkov, N., Fabian, J., Mehlhorn, A., Dietz, F., and Tadjer, A. (1991)
Polymethine Dyes: Structure and Properties. St. Kliment Ohridski University
Press, Sofia, Bulgaria.

Hamer, F. M. (1964) The Cyanine Dyes and Related Compounds. Wiley, New York.
Dachne, S., Resch-Genger, U., and Wolfbeis, O. S. (1998) Near Infrared Dyes for
High Technology Applications, NATO ASI series. Kluwer Academic, Dordrecht,
The Netherlands.

Peters, A. T. and Freedman, H. S. (1995) Modern Colorants: Synthesis and Struc-
ture. Blackie Academic and Professional, Glasgow, UK.

Fabian, J., Nakazumi, H., and Matsuoka, M. (1992) Near-infrared absorbing dyes.
Chem. Rev. 92, 1197-1226.

Katritzky, A. R. and Sabongi, G. J. (eds.) (1990) Infrared Absorbing Dyes. Ple-
num, New York.



74

25

26.

217.

28.

29.

30

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

Sowell et al.

Rao, T. V. S., Huff, J. B., and Bieniarz, C. (1998) Supramolecular control of
photophysical properties of cyanine dyes. Tetrahedron 54, 10,627-10,634.
Lipowska, M., Patonay, G., and Strekowski, L. (1993) New near-infrared cyanine
dyes for labeling of proteins. Synth. Commun. 23, 3087-3094.

Strekowski, L., Lipowska, M., and Patonay, G. (1992) Facile derivatizations of
heptamethine cyanine dyes. Synth. Commun. 22, 2593-2598.

Strekowski, L., Lipowska, M., and Patonay, G. (1992) Substitution reactions of a
nucleofugal group in heptamethine cyanine dyes. Synthesis of an isothiocyanato
derivative for labeling of proteins with a near-infrared chromophore. J. Org.
Chem. 57, 4578-4580.

Lipowska, M., Patonay, G., and Strekowski, L. (1995) A novel near-infrared cya-
nine dye for bioanalytical applications. Heterocycl. Commun. 1, 427-430.
Flannagan, J. H., Khan, S. H., Menchen, S., Soper, S. A., and Hammer, R. P.
(1997) Functionalized tricarbocyanine dyes as near-infrared fluorescent probes
for biomolecules. Bioconjugate Chem. 8, 751-756.

Strekowski, L., Mason, C., Lee, H., and Patonay, G. Synthesis of water-soluble
near-infrared cyanine dyes functionalized with [(Succuinimido)oxy]carbonyl
group. Heterocycl. Commun., in press

Strekowski, L., Mason, C., Lee, H., et al. Synthesis of a functionalized cyanine
dye for covalent labeling of biomolecules with a pH-sensitive chromophore. J.
Heterocycl. Chem., in press.

Strekowski, L., Gorecki, T., Mason, J., Lee, H., and Patonay, G. (2001) New
heptamethine cyanine reagents for labeling of biomolecules with a near-infrared
chromophore. Heterocycl. Commun. 7, 117-122.

Strekowski, L., Lipowska, M., Gorecki, T., Mason, C., and Patonay, G. (1996)
Functionalization of near-infrared cyanine dyes. J. Heterocyclic Chem. 33,
1685-1688.

Ernst, L. A., Gupta, R. K., Mujumdar, R. B., and Waggoner, A. S. (1989) Cyanine
dye labeling reagents for sulthydryl groups. Cytometry 10, 3—10.

Gruber, H., Kada, G., Pragl, B., et al. (2000) Preparation of thiol-reactive Cy5 deriva-
tives from commercial Cy5 succinimidyl ester. Bioconj. Chem. 11, 161-166.
Retoff, S. and Larsen, P. R. (1989) Endorcrinology, Vol. 1. Saunders, Philadel-
phia, PA.

Westphal, U. (1971) Steroid Protein Interactions. Springer-Verlag, New York.
Kwong, T. C. (1985) Free drug measurements: methodologies and clinical sig-
nificance. Clin. Chim. Acta 151, 193-216.

Svennson, C. K., Woodruff, M. N. Baker J. G., and Lalka, D. (1986) Free drug
concentration monitoring in clinical practice. Rational and current status. Clin.
Pharmacokin. 11, 450-469.

Barre, J., Didey, F., Delion, F., and Tellerment, J. P. (1998) Problems in therapeu-
tic drug monitoring. Ther. Drug Monit. 10, 133—-143.

Levy, R. H. and Schmidt, D. (1985) Utility of free level monitoring of antiepileptic
drugs. Epilepsia 26,199-205.



Covalent and Noncovalent Labeling Schemes 75

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Craig, D. B., and Dovichi, N. J. (1998) Multiple labeling of proteins. Anal. Chem.
70, 2493-2494.

Bao, J. J. (1997) Capillary electrophoretic immunoassays. J. Chromatogr. B 699,
463-480.

Chen, F. T.-A. and Pentoney, J. (1994) Characterization of digoxigenin—Ilabeled
B phycoerythrin by capillary electrophoresis with laser induced fluorescence
detection. Application to homogenous digoxin immunoassay. J. Chromatogr.
680, 425-450.

Schultz, N. M. and Kennedy, R. T. (1993) Rapid immunoassay using capillary
electrophoresis with fluorescence detection. Anal. Chem. 65,3161-3165.

Tao, L. and Kennedy, R. T. (1996) On line competitive immunoassay for insulin
based on capillary electrophoresis with laser induced fluorescence detection. Anal.
Chem. 68, 3899-3906.

Towns, J., Bao, J., and Reigner, F. E. (1992) Synthesis and evaluation of epoxy
polymer coatings for the analysis of proteins by capillary zone electrophoresis. J.
Chromatogr. 599, 227-237.

Xue, Q. and Yeung, E. S. (1995) Differences in chemical reactivity of individual
molecules of an enzyme. Nature 373, 681-683.

Legendre, B. L. and Soper S. A. (1996) Binding properties of near IR dyes to
proteins and the separation of the dye/protein complexes using capillary electro-
phoresis with laser induced fluorescence detection. Appl. Spectrosc. 50, 1196.
Peters, T. (1996) All About Albumin: Biochemistry, Genetics and Medical Appli-
cations. Academic, San Diego, CA.

Sauda, K., Imasaka, T., and Ishibashi, N. (1986) Determination of protein in hu-
man serum by high performance liquid chromatography with semiconductor laser
fluorometric detection. Anal. Chem. 58, 2649-2653.

Hage, D. S., Noctor, T. A., and Wainer, I. W. (1995) Characterization of the pro-
tein binding of chiral drugs by high performance affinity chromatography, inter-
actions of R- and S-ibuprofen with human serum albumin. J. Chromatogr. A 693,
23-32.

Boga, O. and Borga, B. (1997) Serum protein binding of nonsteroidal anti-inflam-
matory drugs: a comparative study. J. Pharmacokinet. Biopharm. 25, 63-77.
Sakai, T., Maruyama, T., Sako, T., et al. (1999) Stereoselective serum protein
binding of ketoprofen in liver diseases. Enantiomer 4, 477-482.

Sowell, J., Agnew-Heard, K., Mason, J. Ch., Mama, Ch., Strekowski, L., and
Patonay, G. (2001) Use of noncovalent labeling in illustrating ligand binding to
human serum albumin via affinity capillary electrophoresis with near-infrared
laser induced fluorescence detection. J Chromatogr. B 755, 91-99.

Sowell, J., Mason, J. Ch., Strekowski, L., and Patonay, G. (2001) Binding con-
stant determination of drugs toward subdomain IITA of human serum albumin by
near-displacement capillary electrophoresis. Electrophoresis 22,2512-2517.






5

Capillary Electrophoresis in the Analysis and Monitoring
of Biotechnological Processes

Vadim Klyushnichenko

Summary

Capillary electrophoresis (CE) became a versatile technique for analysis of biological mac-
romolecules. We have applied capillary zone electrophoresis (CZE) and SDS-gel CE for the
characterization of recombinant proteins during development of major bioprocessing steps,
including fermentation, hybridoma cell cultivation, chromatographic purification, and chemi-
cal transformation. Rapid SDS-gel CE was developed for the fast analysis of fermentation broth
and hybridoma cell culture. The total analysis time was reduced to 4.5 min. We have developed
system for fraction collection, which allows analyzing separated proteins by MALDI-TOF-
MS. The main advantages of applied techniques were high resolution and selectivity, fast analy-
sis, and high accuracy.
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monoclonal antibodies; insulin; MALDI-TOF-MS; NADP*-dependent formate dehydrogenase;
optimization; proinsulin; rapid SDS-gel CE; recombinant proteins; SDS-gel CE; SDS-polymer
capillary electrophoresis (SDS-polymer CE).

1. Introduction

The growing number of therapeutic recombinant proteins constantly requires
new quantitative analytical methods with high variability of techniques, fast
development, high reproducibility and simplicity of developed techniques,
application of different on-line detectors instead of staining and destaining,
high accuracy and sensitivity, the possibility of combination with other ana-
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lytical techniques, and relatively low cost of operation. Capillary electrophore-
sis (CE) is becoming a more and more popular analytical tool for fast and quan-
titative analysis of recombinant proteins.

The strategies for analysis of proteins and peptides include regular and
reversed-charge capillary zone electrophoresis capillary zone electrophore-
sis (CZE and RC-CZE) (1), capillary isoelectro focusing (CIEF), micellar
electrokinetic chromatography (MEKC), sodium dodecyl sulfate-gel capillary
electrophoresis (SDS-gel CE), isotachophoresis (ITP) (2), and their combina-
tion with high-performance liquid chromatography (HPLC), matrix-assisted
laser desorption/ionization—time-of-flight mass spectrometry (MALDI-TOF-
MS), and electrospray ionization—mass spectrometry (ESI-MS) (3,4). In par-
ticular, the combination of CE and MS has been successfully applied to the
analysis of heterogeneity of glycoproteins expressed in mammalian cells (5,6),
enzymatic removal of carbohydrate chains (7,8), the analysis of modified (9)
proteins or biotechnology derived proteins (10,11), direct analysis of isoforms
(12) and cytokine fragments (13), and to peptide mapping (14).

Compared to chromatographic techniques, CE provides a higher sensitivity
to the analysis, which may even be increased by special capillary design, com-
binational approaches (15,16), or type of detection (17). Easy calibration makes
this method quantitative and directly applicable to quality assessment of recom-
binant proteins, for monitoring of complex reactions (18-20), and in-process
testing during cell cultivation, purification, and formulation (21-23).

In the current work, we summarize our experience with rapid and quantita-
tive analysis of recombinant therapeutic proteins, expressed in large quantities
in bacterial or mammalian systems. Subsequent purification of these proteins
by chromatographic methods generates high-purity products with low levels of
contaminants. Development of methodology for CE separation makes this
method a highly efficient, widely applicable technique that can be enhanced by
combined analytical techniques.

2. CZE in the Analysis of Step-by-Step Production
of Recombinant Human Insulin

CZE is currently one of the most commonly used CE techniques for rapid
analysis of proteins. Charged proteins are moving with different velocities in
the electrophoretic buffer, based on their electrophoretic mobility, which depend
on the protein size and charge at particular pH.

The aim of this work was the development of an analytical HPLC—CE sys-
tem for each step of the technology of recombinant human insulin production
from Escherichia coli. Here we show the advantages of CE separations, with
the indirect comparison with HPLC.
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2.1. Main Steps for Production of Recombinant Human Insulin

This technology consists of five main steps (see Table 1), accompanied by
considerable transformation of protein molecules in terms of size, secondary
structure, and charge (see Fig. 1; 24). Recombinant proinsulin fusion protein
(rPFP, Step 1) produced by recombinant cells was converted to denatured pro-
insulin (dP) by reaction with BrCN (Step 2) with opened and chaotically closed
six -SH groups. After reaction of sulfitolysis, proinsulin-S-sulfonate (P-SSO3,
Step 3) was reduced to a proinsulin molecule with three correct S—S bridges in
the presence of 3-mercaptoethanol (Step 4). During the final Step 5, proinsulin
was converted to recombinant human insulin (rHI) under the influence of
trypsin (25).

There are several chromatographic separations between each technological
step, including final RP-HPLC analysis of the final product. Each transforma-
tion was analyzed by different types of CE and HPLC in order to compare
applicability of these two methods and build a unique analytical system (see
Table 1). Although we have developed a combined HPLC-CE system, elec-
trophoretic analysis was particularly effective in those conditions, where HPLC
analysis was not effective because of the low resolution or sensitivity.

2.2. CZE in the Step-by-Step Monitoring

In the first step of the technology, direct analysis of purified rPFP by CZE
was not effective, owing to high agglomeration of protein and formation of
soluble aggregates (see Fig. 2). Because of their heterogeneity and high vari-
ability of charge to mass ratio, it was almost impossible to identify the peak of
monomeric rPFP. It is interesting that we did not see the high variability of
aggregates, by size-exclusion HPLC. Only after we treated the sample of rPFP
with 2-mercaptoethanol (2-ME) did all forms of the protein convert to mono-
mer, which a forms a monopeak (see Fig. 3). After the treatment of real cell
extract with 2-ME, we were able to identify rPFP peak and proteins contami-
nating the host cell (see Fig. 4). Patrick and Lagu demonstrated the same
approach in the analysis of rPFP by size-exclusion HPLC (26). In the mean-
time, MECC separation of rPFP, monomerized by 2-ME, resulted in peak
broadening, which excluded the possibility of analysis. Depending on the dis-
tribution of molecular weight and concentration of contaminating cell pro-
teins, the SDS-polymer CE may be applicable for this kind of analysis,
although the molecular weight of the proteins should differ by at least two
times for clear separation.

Another useful feature of CE is its higher sensitivity, compared to HPLC,
which allows better quantification of protein impurities or products of degra-
dation at extremely low levels. For example, according to the requirements of
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Table 1
Main Steps of the Technology for the Production
of Recombinant Human Insulin

Main" and Molecular mass ~ Analytical
No. Step by-products (kD) methods
1 Isolation of rPFP 17 SE-HPLC
fusion protein ~ Dimeric rPFP 34 CZE
HMWP 40-70
2 Proinsulin Denatured proinsulin 9 SE-HPLC
denaturation rPFP 17
HMWP 70
3 Proinsulin Proinsulin-S-sulfonate 9.5 RP-HPLC
sulfitolysis Incompletely sulfonated
proinsulin 9-9.3 CZE
RPFP 17
Fusion protein-S-sulfonate 17.5
4 Proinsulin Proinsulin 9 SE-HPLC
renaturation Structural analogs
and oligomers 9, 18-36 CZE
5 Insulin Insulin 5.8 SE-HPLC
production Insulin analogs 5.7 RP-HPLC
Insulin derivatives 5.7 CZE
Proinsulin MECC
LMWP-HMWP 6-36

“Main products are in bold.
HMWP, high-molecular-weight proteins; LMWP, low-molecular-weight proteins.

U.S. and British pharmacopoeias, the amount of recombinant proinsulin in
purified insulin should be less than 0.1% (27,28). The efficiency of HPLC is
limited in this application by several thousand theoretical plates and high noise-
to-peak ratio, which makes the analysis of such small amounts of impurities by
HPLC virtually impossible. It is also difficult to quantify such impurities by
slow immunoassays and polyacrylamide gel electrophoresis (PAGE) with over-
loaded lanes.
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Fig. 1. Transformation of fusion protein into insulin: 1, rPFP; 2 , transformation of
rPFP to linear proinsulin and protein A fragment; 3 and 4 , formation of recombinant
human proinsulin (rHP); 5, C-peptide restriction out of rHP molecule, accompanied
by the formation of recombinant human insulin (rHI). Reprinted with permission
from ref. 25.

After optimization of buffer type and pH, we have established optimal condi-
tions for separation of insulin and proinsulin with high selectivity (see Fig. 5).
Even when the capillary was overloaded with real sample of purified insulin,
the peak of proinsulin was detected at the same retention time (see Fig. 6).
Despite the fact that the insulin peak was broad and contaminated with other
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Fig. 2. Separaton of oligomers of rPFP by CZE. Reprinted with permission from
ref. 25.
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Fig. 3. Analysis of pure rPFP, treated with 2-mercaptoethanol (ME). Peaks were
identified by migration time of standards: 1, ME; 2, rPFP. Reprinted with permission
from ref. 25.

minor derivatives, the resolution between the insulin and proinsulin peaks was
high, as was the selectivity of separation. The level of proinsulin in the mixture
was less than 0.1%, although close to the detection limit.

Despite wide commercialization of different types of technologies for pro-
duction of recombinant human insulin, the further optimization of the process
is continuing in many countries, because of the strategic importance of this
protein in pharmaceutical development (29).
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Fig. 4. Analysis of cell extract, containing rPFP. Peaks 1 and 2 are like in Fig. 3.
Peak 3, contaminating proteins. Reprinted with permission from ref. 25.
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Fig. 5. Model separation of rHP and rHI by CZE under optimal conditions. Peaks
were unidentified by migration times of standards: 1, internal marker of electroos-
motic flow; 2, rHP; e, rHI; injection by voltage +5kV during 1.1s. Protein concentra-
tion: 0.3 mg/mL. Analysis was performed using Applied Biosystems 270A CE system.
Conditions: fused silica capillary, supplied by Beckman, id 100 um, 52-cm length,
40-cm effective length; temperature 28°C; voltage 20 kV; buffer 0.03 M Na-Phos-
phate (pH 11.2); detection UV-214 nm. Reprinted with permission from ref. 25.
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Fig. 6. Determination of minor impurity of rHP in rHI (purified by RP-HPLC), by
CZE. 1, internal marker of electroosmotic flow; 2, rHP; 3, rHI; 4, diarginine insulin;
5, arginil-(AO)-insulin; 6, desamido insulin. Conditions same as in Fig. 5, except injec-
tion was done by voltage +5 kV during 8 s. Reprinted with permission from ref. 25.

2.3. Optimization of CZE

Many parameters can be used for optimizing CZE separation. Most com-
mon are type of buffer, pH (30), ionic strength, organic solutions, denaturing
agents (31), temperature, length and id of the capillary (32), type and time of
injection, protein microheterogeneity, protein—capillary wall interactions (33),
and others. Frequently, it is very important to have maximal separation of
model compounds, because the resolution and selectivity of the separation of
real mixtures is lower owing to contamination with impurities.

We have optimized CZE separation of insulin and proinsulin using a stan-
dard approach: adjusting the pH value of the phosphate buffer and thus provid-
ing a maximal difference between the charges of the proteins (see Fig. 7) (34).
According to our data, the best selectivity was found at pH 7.0-11.2, whereas
the optimal time was 15-25 min. The resolution between peaks was higher at
basic pH, and optimal pH of the buffer was determined to be pH 11.2.

In another experiment, we have studied the influence of conductivity and
pH of Na-phosphate buffer upon the number of theoretical plates of the proin-
sulin peak (see Fig. 8). The parabolic form of 3D plot with main maximum at



Monitoring of Biotechnological Processes 85

t (min)
o _ 160
1.8t : ’
1.6} NN
14} “40
124 .
1.0b e e e, , eee]
&-/“ ,30
{1420
P10
i i i i i 1 ! i

2 4 6 8 10 pH

Fig. 7. Effect of buffer pH on: /, selectivity of CZE separation of insulin and proin-
sulin; and 2, the migration time of insulin. Conditions: fused silica capillary, supplied
by Beckman, id 100 wm, 52-cm length, 40-cm effective length; temperature 28°C;
voltage 10 kV; buffer 0.01-0.03 M Na-phosphate pH 2.5-5.0 and 7.0-12.0); conduc-
tivity approx 4 mS/cm; concentration of protein in sample 0.1 mg/mL; injection by
voltage at +5 kV during 0.1 s; detection UV-214 nm.

pH 11.2 and conductivity at 4 mS makes clear the conditions for the sharpest
peak of proinsulin. If several analyzed proteins have similar nature, like insu-
lin, proinsulin, and desamido insulin, the most effective conditions for their
separation should be found from their independent plots.

2.4. Materials

I.
2.
3.

Water was purified on Milli-Q system (Millipore, MA).

0.1 M Na-borate buffer, pH 9.3.

0.01-0.03 M Na-phosphate buffer, pH 2.5-5.0 and 7.0-12.0); conductivity approx
1-10 mS/cm.

All buffers were filtered through GVWP filters (Millipore) and degassed for
20 min.



86

Klyushnichenko

Nx 1073

SR

Fig. 8. Effect of conductivity x and pH of buffer solution on the selectivity of CZE
of proinsulin. Experimental conditions: fused silica capillary, supplied by Beckman,
id 100 wm, 52-cm length, 40-cm effective length; temperature 20°C; voltage +10 kV;
buffer 0.03 M Na-phosphates, pH 7.0—-12.0; concentration of protein in sample 0.1 mg/
mL; injection by voltage at +5 kV during 0.1 s; detection UV-214 nm. N is the number of
theoretical plates.

2.5. Methods

1.

2.

Analysis was performed using the Beckman PACE 2010 system (except where
stated otherwise).

Fused silica capillary, supplied by Beckman, id 100 um, 87-cm length, 80-cm
effective length.

Conditions: temperature 28°C; voltage 10 kV; buffer 0.1 M Na-borate, pH 9.3;
concentration of protein in sample 1 mg/ml; injection by voltage at +5 kV dur-
ing 5 s.

Detection: on column UV-214 nm.

Reductive degradation of protein samples by 2ME was performed with heating at
100°C for 1-3 min.

For the separation, we used specimens of insulin, proinsulin, denatured proinsu-
lin, proinsulin-S-sulfonate, and fusion rPFP, obtained from different steps of the
preparation of recombinant human insulin at Shemyakin and Ovchinnikov Insti-
tute of Bioorganic Chemistry, Russian Academy of Sciences. For identification
of human insulin we used a standard specimen (Atlanta, GA, cat. no. 83/500,
Chemie- und Hadelsgesellshaft, Heidelberg, Germany).

. For optimization of pH CZE separations we have used a fused silica capillary,

supplied by Beckman, id 100 um, 52-cm length, 40-cm effective length.
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8. Conditions: temperature 28°C; voltage 10 kV; buffer 0.01-0.03 M Na-phosphate,
pH 2.5-5.0 and 7.0-12.0; conductivity approx 1-10 mS/cm; concentration of
protein in sample 0.1 mg/mL; injection by voltage at +5 kV during 0.1 s; detec-
tion: on column UV-214 nm.

2.6. Notes

1. There are certain limitations for the sample preparation of insulin and insulin-
containing proteins. Insulin is a hydrophobic protein with isoelectric point (p/)
close to 5.2. This protein is practically insoluble in aqueous solutions at neutral
pH. The solubility of insulin increases at both acidic (pH < 2.0) or basic (pH >8.0)
extreme conditions, where the stability of protein itself may be affected during
long treatment. Therefore, the prepared samples should be separated immediately.

2. Proinsulin and its derivatives, as well as rPFP, have broader ranges of solubility.
However, they should be treated in the same way as insulin for better comparison
of separation results.

3. Analysis of Hybridoma Cell Culture Process by SDS-Polymer CE

SDS-polymer CE is a fast, powerful, and sensitive method for qualitative
and quantitative analysis of biopolymers. Comparison of SDS-polymer CE with
regular SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and SE-HPLC
shows that the capillary format can be faster (it does not require staining and
destaining) and automated with on-line detection (35). It requires only small
sample and buffer volumes (36,37), and allows for detection of small differ-
ences in the molecular mass of aggregated proteins (38,39). There are many
parameters to consider in order to develop high-performance analysis. Differ-
ent types of polymers have been used in the separation medium to optimize
SDS-polymer CE (40). In order to minimize electro-osmotic flow (EOF), the
inner surface of the capillary should be modified by linear polyacrylamide
through Si-O-Si-C or Si-C linkages (41,42). Depending on the type of modifi-
cation, and the stability of the surface, the quality and stability of analysis show
significant differences (43,44). Such parameters as temperature id and length
of the capillary, and the applied electric field are also important for the effi-
ciency of protein separation and the life span of the column (45).

The objective of this work was the monitoring of real biotechnological pro-
cess by adopting SDS-polymer CE in order to carry out on-line analysis and to
obtain data to regulate the process (46). During cultivation of hybridoma cells,
there is a change in the concentration of proteins contained in the medium and
the main product (IgG). Great differences between the pure protein peak and
the peak of the same protein in a complex medium are observed, the latter
usually being more complex and wider. In order to optimize SDS-polymer CE,
sample preparation, injection application of real fermentation broth, and some
modification of SDS-polymer CE for fast analysis had to be considered.
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3.1. Calibration of Capillary

Semilinear calibration curves in the range 14-200 kDa were obtained by
running proteins with different molecular mass (see Fig. 9). Because of the
complex nature of proteins, they can differ in terms of charge, hydrophobicity,
structure, and composition (glycoproteins), and they may interact with SDS
molecules, polymer, and capillary wall, and this may effect their migration in
SDS-polymer solution (47).

3.2. Sample Injection

One of the main advantages of CE is the possibility of analyzing small vol-
umes of sample placed into special vials for automated injection. The volume
injected from the vial (with the 5-50 uL of the sample) into the capillary is
usually 0.1-0.2 pL, for a total capillary volume of 0.5-2.0 uL.. We have observed
that peak heights after multiple injection of protein are different in the case of
injection from a single or from different vials containing 50 uL of the protein
solution (see Fig. 10).

Upon injection from the single vial, the height of the next peak was always
up to 25-30% lower. We have found that this occurs because small droplets of
polymer buffer are transferred by the end of the capillary along with the poly-
mer solution (see Fig. 11). The peak height does not decrease if the injection
comes from different vials.

3.3. Analysis of the Main Protein Components

The cell media for the hybridoma cultures consists initially of the main pro-
tein components: bovine serum albumin (BSA), transferrin, and insulin. The
concentration of IgG increases during the cultivation period. In order to deter-
mine each component correctly with changing concentration, we have ana-
lyzed their electrophoretic properties and stability under identical conditions.
BSA used for cell cultivation exhibits one major and three minor peaks (see
Fig. 12).

Transferrin exhibits a double peak with molecular mass 74-80 kDa and
insulin appears as a peak close to the peak of low molecular mass substances
(sees Fig. 13). BSA and transferrin were relatively stable. Their peaks did
not change during storage under different conditions.

Degradation of pure IgG (obtained at the Institute of Enzyme Technology)
to three peaks was observed after storage of protein solution and attributed to
proteolytic degradation owing to microbial contamination (see Fig. 14). The
decomposition of the main peak and the appearance of some additional peaks
of lower molecular mass were observed (see Fig. 14A-D).
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Fig. 12. Analysis of BSA by SDS-polymer CE. Capillary length 27 cm; 20 cm
effective length; voltage 8.1 kV; electrokinetic injection for 20 s, 5 kV.
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Fig. 13. Separation of pure proteins by SDS-polymer CE following electrokinetic
injection for 20 s. Voltage 5 kV. Other conditions as in Fig. 12.

After reductive degradation with 2ME IgG exhibits two peaks, H- and L-chains,
corresponding to the proteins with 25 and 50 kD (see Fig. 14E). Thus, it was
possible to identify the first peak (14.5 min), as an L-chain and assume that the
group of three peaks (19-22 min) was IgG and degraded IgG after the loss of
one and two L-chains (sees Fig. 14B-D). IgG degradation by microbial con-
tamination during storage of protein solution at room temperature for zero, 24,
and 48 h was also observed by CZE (see Fig. 15), and the decrease in the main
peak (IgG) area and the appearance of the sharp peak at 18 min were also
observed. In the meantime, the SDS-polymer CE provided better resolution
and identification of newly appearing compounds (see Figs. 14 and 15).

3.4. Sample Injection and Peak Area Calibration

A calibration curve of a peak-vs-protein concentration was established for
IgG, insulin, BSA, and transferrin to provide a basis for the analysis of real
samples from the cell broth (see Fig. 16). The time of injection was varied
from between 10 and 99 s by pressure or electrokinetic mode. For injection by
pressure, the most suitable range was 20-60 s. For short pulses of injection, the
resolution is higher, but the peak area is smaller and the noise level is higher.
On electrokinetic injection the resulting resolution and peak area were higher
(see Fig. 13). The protein concentration used for calibration varied between
0.01-1.00 mg/mL. At protein concentration lower than 0.01 mg/mL the peak-
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Fig. 14. Analysis of proteolytic degradation of IgG during storage of the protein
solution at room temperature. A, 0 h; B, 24 h, C, 48 h; D, 72 h; E, 1gG after reductive
degradation by 2-ME with heating. Conditions of separation: coated capillary 37-cm length;
12 kV; electrokinetic injection 40 s, SkV. Abbreviations: Lc, light chain; He, heavy chain.

Fig. 15. CZE analysis of the proteolytic degradation of IgG. A, 0 h; B, 24 h; C, 48 h.
Conditions of separation: 0.1 M Na-borate buffer, pH 9.0; bare silica capillary 60 cm

in length; voltage 10 kV.

to-noise ratio was found to be lower than 6/1 for separation of pure proteins
and 3/1 in the case of fractions from culture broth. Thus, for correct quantita-
tive measurement of proteins in process samples, preconcentration may be ben-

eficial.

3.5. Sample Preparation for CE

The concentration of each protein component of initial cell culture media
and at the end of cultivation is usually very small and it is hard to quantify
them properly without sample concentration (see Table 2).
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Table 2

Initial and Final Concentration of Main Protein Components
in the Cell Culture Broth

Initial protein concentration Final protein concentration

Protein in the medium (mg/L) in the cell broth (mg/L)
Insulin 1 Lower
BSA 100 80-90
Transferrin 4.3 4
IgG 1-5 10-200
Other proteins

and peptides 0 0-20-100

Previously, the IgG concentration in cell culture was determined by affinity
HPLC and there were some problems evident with measurements carried out
under different conditions. SDS-polymer CE usually gives higher values as it
does not discriminate between native and denatured forms of the protein. Dur-
ing IgG production, both the media proteins and IgG are partially degraded. In
addition, a small amount of the cell proteins and peptides are released in the
cell culture broth. These new components could also be detected by SDS-poly-
mer CE. Two techniques for sample preconcentration were compared, using
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identical samples: (1) ultrafiltration of microfiltered culture by centrifuga-
tion by Centricon-10 filters, and (2) precipitation in an ethanol-chloroform
solution.

Concentration by Centricon filters was performed using centrifugation, accord-
ing to the instructions of the supplier (Amicon Division, W. R. Grace & Co.,
Beverly, MA). Pefablock (Pentapharm, Basel, Switzerland) and EDTA (Merck,
Darmstadt, Germany) were used for protease inhibition. For further protein
concentration, we have used ethanol-chloroform precipitation: 1 vol of sample
was added to 1 vol of methanol and one-quarter vol of chloroform (relatively to
sample volume), mixed by vortexing and centrifuged for 10 min at 12,000g.
After centrifugation, the protein should be in interphase in the form of a film
between two liquids. The upper phase should be removed by a Hamilton
syringe or pipet and one vol of methanol added for mixing and centrifuga-
tion under the same conditions. The supernatant was removed and the sedi-
ment was dried in air and dissolved in 0.1 M Tris-HCI, 1% SDS, pH 6.6. Before
analysis, all buffers and samples were degassed and filtered through 0.22-0.45 wm
filters.

There are two important aspects of sample concentration by ethanol-chloro-
form precipitation: (1) after the first centrifugation, care should be taken not to
damage the protein film formed at the interphase upon removal of the top phase;
(2) after the second centrifugation and liquid removal, before addition of SDS
buffer, the protein sediment should not contain residual liquid or be over dried.

Usually it is very difficult and time consuming to dissolve dried protein,
even in SDS solution. For better protein dissolution in SDS buffer, the sample
may be heated up to 95°C for 5-30 min in a tightly closed tube. After cooling
in ice, the tube should be centrifuged for 1 min at 2500g in order to collect all
small droplets that have evaporated and condensed on the walls liquid. With-
out the heating step large proteins may not be completely dissolved. The
final solution should be clear and easily passed through a microcellulose fil-
ter (0.22 wm).

Using unconcentrated cell culture we observed a BSA peak and only traces
of IgG (see Fig. 17A). In front of BSA, a broad peak of a probably nonprotein
nature is observed. After concentration of sample four times by ultrafiltration,
resolution between peaks is decreased, the peaks become wider, noise is grow-
ing, and it becomes difficult to analyze small peaks. The concentrated solution
was found to be unstable, so in a few hours of storage it was impossible to
obtain meaningful results, even at higher concentration of SDS and in the pres-
ence of such protein stabilizers as EDTA and Pefablok. Precipitation technique
with ethanol-chloroform was more effective. The resolution did not decrease,
and we could analyze small peaks. Accurately concentrated solution was stable,
with reproducible patterns after storage for 4 d (see Fig. 17B). The most effec-
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Fig. 17. Separation of proteins from hybridoma cell cultivation. (A) unconcentrated

culture medium. (B) culture broth, concentrated five times with ethanol-chloroform
precipitation, after 4 d of cell cultivation.

tive level of concentration by this technique is 5-10 times, depending on initial
protein concentration. It should noted, that even under these conditions the
initial concentration of insulin is not high enough for accurate quantitative
analysis.

3.6. Analysis of Cell Cultivation
3.6.1. Batch Cultivation

After development of analytical methodology for SDS-polymer CE we have
applied this tool for analysis of hybridoma cell cultivation (see Fig. 18). After
12 d of cultivation, the concentration of IgG was much higher and many low
molecular weight proteins were detected (see Fig. 18C).

During a batch cell-cultivation process, the samples were analyzed each day
by SDS-gel CE and by affinity chromatography (see Fig. 19) to quantify the
mAb by an independent method. Cell-growth started after inoculation with
2.5 x 10° cells/mL and the 24-h lag phase (see Fig. 19B). In the next 3 d, cells
grew exponentially with low cell-specific Ab production. After 96 h of culti-
vation, the cells entered the stationary phase, which lasted for 5 d. During
this time, the cell-specific Ab production was high and the Ab concentration
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Fig. 18. SDS-gel CE analysis of protein compounds in the batch cell culture broth:
(A) 1st, (B) 5th, (C) 12th d, (D) separation of the model proteins. Conditions of separa-

tion: coated capillary 27-cm length, 8.1 kV; electrokinetic injection 40 s, 5 kV.
Reprinted with permission from ref. 53.

exceeded 80% of its maximum value. In the last 3 d, of culture, the starving
phase, cell viability decreased dramatically. Within this period of time, Ab
concentration increased, mainly by the release of preformed Ab from the cells.

All three phases (exponential growth, stationary phase, and starving phase)
could be distinguished in the CE measurements. There was a slight increase of
Ab concentration during the first 4 d of cultivation (lag and exponential phase)
followed by 5 d of exponential increase of Ab concentration (stationary phase).
During the last 3 d of cultivation, Ab concentration increased only slightly
(starving phase). The BSA concentration decreased slightly during the station-
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Fig. 19. Analysis of hybridoma cell cultivation in batch mode: (A) viable and
total cell concentration and IgG concentration measured by affinity HPLC; (B) SDS-
gel CE analysis of whole broth. Conditions as in Fig. 17. Reprinted with permission

from ref. 53.

ary phase, whereas the transferring concentration stayed constant up to the
ninth day. Because of the new peaks appearing near the transferrin position, it
was difficult to quantify the transferrin during the later stages of growth. The
protein concentration profile, measured by CE was similar to one measured by

affinity HPLC (see Fig. 19).
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3.6.2. Continuous Cultivation

The same analytical methods were employed for the analysis of the cell
cultivation in continuous mode (see Fig. 20). The bioreactor was inoculated
with 5 x 103 cells per mL reactor volume. After 9 d of growth, cell density
reached a steady-state concentration of 1.7 x 108 cells per mL carrier. During
this period of cultivation, antibody concentration increased. Owing to the
exponential increase of the medium feed rate, there is a decrease in IgG
concentration after d 3. After the addition of an inhibitor to the media (4 mM
lactate), the cell density dropped to reach another steady-state value on d 17.
Addition of even higher concentrations of the inhibitor (8 mM) led to a steep
decrease in cell numbers at the end of the cultivation. These two steps of
inhibition are clearly observed by SDS-gel CE analysis. The Ab concentra-
tion decreased after additions of inhibitor by a factor of two, whereas the
concentration of BSA and transferrin did not change.

3.7. Materials

1. 1.0 M HCI was used for the rinsing of capillary.

2. 0.1 M Na-borate buffer, pH 9.0, was used for CZE separation.

3. Proteins for SDS-polymer capillary calibration (14-200 kDa) were supplied by
Beckman, Fullerton, CA).

4. Orange G (Beckman) was used as a low-molecular-weight marker.

5. IgG (150 kD) was purified at the Institute of Enzyme Technology, by standard
methods.

6. Other proteins used in the experiment: insulin (5.6 kD), BSA (67 kD), and trans-
ferrin (78-85 kD) were obtained from Gibco-BRL (Eggenstein, Germany).

7. Before analysis, all buffers and samples were degassed and filtered through a
0.22-0.45-um filter.

3.8. Methods

1. All CE separations were performed with a P/ACE 2100 device for CE (Beckman).

2. Prior to each analytical run a bare silica capillary with modifications according to
Hjerten ([48]; 37- or 47-cm length [30- or 40-cm effective length] x 100 um id x 375
um od) was rinsed with 1.0 M HCI and water for 2 min each, followed by filling with
the SDS-polymer solution (¢CAP SDS 14-200, Beckman) for 5 min.

3. The column temperature was maintained at 20°C by circulating a coolant to mini-
mize band diffusion and ensure effective size separation.

4. Electrophoretic runs were conducted at 300 V/cm using the SDS-polymer solu-
tion (Beckman).

5. For SDS-Polymer separations we used the following conditions:

a. Capillary length, 27 cm; 20-cm effective length; voltage 8.1 kV; electroki-
netic injection for 20 s, 5 kV;
b. Coated capillary 37-cm length; 12 kV; electrokinetic injection 40 s, SkV.
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Fig. 20. Analysis of hybridoma cell cultivation in continuous mode: (A) immobi-
lized suspended cells and flow-rate; (B) SDS-Gel CE analysis of whole broth. Condi-
tions as in Fig. 16. Reprinted with permission from ref. 53.

6. For CZE analysis of IgG under basic conditions, an uncoated capillary of 57 cm
(50-cm effective) length was used.

7. Reductive degradation of protein samples by 2ME was performed with heating at
(100°C) for 1-3 min.
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3.9. Cell Culture

The cell culture was performed as a batch with continuous fermentation in a
1-L spinner flask (Techne, Cambridge, GB) using a mouse—mouse hybridoma
cell line secreting a mAb (IgG2A). At the start the vessel was inoculated with
a cell density of 2 x 103 cells/mL. The culture medium consisted of a 3:1 mix-
ture of DMEM and Ham’s F-12 supplemented with various amino acids (all from
Serva, Heidelberg, Germany), fatty acids, vitamins, trace-elements, 100 mg/L. BSA,
1 mg/L insulin, 4.3 mg/L transferrin (all from Gibco-BRL, Eggenstein, Germany).
Samples were taken daily. Cell counting and viability determination was done
using a hemacytometer and Erytrosin-B staining. Glucose measurements were
performed by Ebio-compact (Eppendorf, Heidelberg, Germany). The Ab con-
centration was also determined using a HPLC system (Pharmacia-LKB,
Freiburg, Germany) with a ProAnaMabs column (Hyclone, Aalst, Belgium).
Samples for hybridoma cell cultures were supplied by Mr. Holger Heine and
Dr. Manfred Bizelli IBT-II, KFA, Juelich, Germany). Conditions for cell cul-
tivation have been described previously (49).

3.10. Notes

The major limitation for the analysis of cell culture by CE is the low protein
concentration. There are several methods for sample concentration, each of
which has its own limitations.

1. Proteins concentrated by adsorption on the column or filter may not be recovered
properly. The elution buffer may affect the quality of the resulting CE separation.

2. Total concentration of cell culture extract by Centricon or Unicon concentration
cells may cause the concentration of other high-molecular-weight compounds
together with proteins, which affects the quality of signal background. The proper
protein concentration should also separate other compounds, and eliminate high
concentration of salt and organic solutions to simplify further CE separation.

3. The ethanol-chloroform precipitation is an effective means of protein concentra-
tion, although it affects the 3D structure of proteins.

4. Customized CE Techniques

4.1. Off-Line Coupling of the CZE and MALDI-TOF-MS in the Analysis
of Cell Culture

Despite sharp peaks and high resolution of protein peaks, frequently the accu-
racy of CE is not enough. Even with SDS-polymer CE, it is hard to define exact
molecular mass of the protein because of interaction of protein molecule with SDS.
We have solved this problem by off-line coupling CE with MALDI-TOF-MS (50).

The harvest obtained at the end of the batch fermentation, discussed in the
previous subsection, was analyzed by MALDI-TOF-MS (see Fig. 21). We can
identify the peaks with molecular mass 66633 as BSA, 124993 as dimer of
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Fig. 21. MALDI-TOF-MS of the last harvest after batch cultivation. Reprinted with
permission from ref. 53.

BSA, 33439 and 22310 as double- and triple-charged BSA; 147936 as IgG,
74623 as double-charged IgG, 124993 as IgG missing one L-chain, 23392 as
L-chain, and 12566 and 13710 are unknown proteins. One of the difficulties
using MALDI-TOF-MS analysis for mixtures is the different response of pro-
teins during vaporization, which depends also on the molecular mass. By SDS-
gel CE analysis, the concentration of IgG in the sample was higher than BSA
(see Fig. 18, C), but in the MS plot the IgG appears as a small peak; whereas in
the SDS-gel CE analysis many peaks with molecular mass 10-50 kD appear,
which appear as baseline noise in the MALDI-TOF-MS scan. The problem of
the difference in response could possibly be solved by changes in the sample
preparation (51).

The main difficulty in the use of CE as SDS-gel CE or isoelectric focusing
and MALDI-MS is the low compatibility of CE buffer additives, such as
salts, gel, or ampholyte, with the operating conditions for MS (52). In order to
avoid these effects, the separation of the harvest was performed by CZE in a
coated capillary in 0.1 M NH4OAc buffer (pH 3.5) (see Fig. 22). The proteins
from the cell culture media were concentrated 10 times by ethanol-chloroform
precipitation and dissolved in 50% CH;CN, 0.1% TFA. The reasons to choose
this buffer are: the protein was dissolved in acidic media with high concentra-
tion, the separation of the complex mixture in acidic buffer was better than
under basic conditions, and the volatile acid could be evaporated after collec-
tion of the fraction during the preparation of the sample for MS.
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Fig. 22. Separation of proteins in the cell broth after batch cultivation by CZE.
Conditions of separation: coated capillary 57-cm length, 0.1 M NH,Oac, pH 3.5;
injection by pressure 99 s. Reprinted with permission from ref. 53.

One of the main peaks, indicated in Fig. 22, was collected in a special vial in
several consecutive separations from the same sample. The customized vial
was constructed from the commercial one for protein injection (Beckman) by
inserting a metal membrane in the center as shown in Fig. 23. The 0.1-mm
stainless-steel membrane with platinum coating was permanently fixed in the
vial with cyanoacrylate glue. This membrane separates the volume of electro-
lyte buffer from the electrode plus a minimum amount of buffer to allow frac-
tion collection. There are two aims of the construction: to prevent dilution of
the fraction and to allow adsorption of collected proteins on the electrode.
Using the modified vial, the protein-containing fraction could be collected in
1-5 uL of the buffer. The short part of the capillary should be 3—5 mm longer
than the electrode in order to reach the deepest point of the vial filled with 1-
5 uL of the buffer. The addition of small droplet of mineral oil may also
prevent the evaporation of the buffer with collected protein peak (53).

Matrix (1 uL; 20 mg/mL in CH5CN, 0.1% TFA) for the MALDI operation
was added to the vial and after mixing the solution was used to carry out the
MS analysis (see Fig. 24). The peak was identified as pure BSA (mol mass
66469). M/z 33367 and 132905 correspond to the double-charged species and
the dimer of BSA, respectively. The results demonstrate that, in principle, a
coupling of CZE and MALDI-TOF-MS is possible. Other peaks could be ana-
lyzed upon improved sensitivity of MALDI-MS and enhanced resolution of
the CZE separation.
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printed with permission from ref. 53.
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The MALDI-TOF-MS measurements were performed with an instrument
constructed in the Institute of Laser Medicine (Dusseldorf University) in the
linear TOF mode with a laser beam wavelength A = 337.1 nm (54). The samples
were prepared in 2,5-dihydroxybenzoic acid with 10% of 2-hydroxy-5-
methoxybenzoic acid as described by Karas (55). All chemicals used were at
least analytical grade if not stated separately.

4.2. Rapid SDS Gel CE

In commercial instruments the capillary has long (20-50 cm) and short (2—
10 cm) sections connected by a window for the detection, and the separation is
usually performed in the long part of the capillary. In this case, the time of
analysis is about 15-50 min. For accurate analysis of biotechnological pro-
cesses and reactions, rapid or virtually on-line analyses are required. In the
present work, the separation in the short section (7 cm) of the capillary was
investigated as an alternative, and rapid separation was evaluated with respect
to the resolution and number of theoretical plates (56).

Polymers or gels are useful media for electrophoretic separations mainly
because they facilitate separations based on “molecular sieving effects.” Fur-
thermore, gels serve as anticonvective support and minimize analyte diffusion
contributing to zone broadening. Gels prevent solute adsorption into the capil-
lary walls and help to eliminate electro-osmosis (57). In the absence of electro-
osmosis, the migration velocity (v) during electrophoresis is given by

V= UepE = e, VIL (1

where u., is the electrophoretic mobility, £ is the field strength (V/L), V is
the voltage applied across the capillary, and L is the length of the capillary.

Assuming that the only contribution to band broadening arises from diffu-
sion, the variance of the migrating zone width (0?) can be written as:

0*=2Dt=2DL*u.,V ()

where D is the diffusion coefficient of the solute.
The number of theoretical plates (N) is given by

N = L%/0? = u,, V/2D. 3)

Therefore, the separation efficiency is predominantly based on the voltage
applied and not on the length of the capillary. Theoretically, maximum effi-
ciency and short analysis times are obtained with high voltages and short col-
umns, provided that there is efficient heat dissipation. In practice, the input of
dispersive factors such as non-ideal sample injection, Joule heat,
electromigration dispersion, diffusion, low electro-osmotic flow, and other fac-
tors lead to less-than-ideal results.
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The separation in the normal mode was performed with two types of injec-
tion—pressure and electrokinetic. No significant differences in the efficiency
of protein separation were detected between them, and only the data from the
electrokinetic injection are shown in Fig. 25. As aforementioned, the main
purpose of the current investigation is to develop a rapid analysis for biotech-
nological processes such as cell cultivation for the production of mAbs and
other pharmaceutical proteins suitable for on-line monitoring. We analyzed
hybridoma cell cultures containing BSA (66 kD), transferrin (82 kD), and IgG
(150 kD), in addition to small amounts of insulin (5.6 kD).

The separation of the model proteins (BSA, transferring, and IgG) was
achieved with good sensitivity, selectivity, and resolution (see Fig. 25). In the
media, the concentration of BSA was 100 mg/L, whereas transferrin concen-
tration was only 4 mg/L (see peak #3, Fig. 25B). Rapid separation was per-
formed in the short part of the capillary reversing the polarity of the current
and the direction of sample injection from the other (short) part of the capil-
lary. No big differences were found in terms of the separation efficiency car-
ried out in the long or short part of the capillary, but the separation time was
decreased significantly (see Fig. 26).

The resolution (R) and number of theoretical plates (V) were calculated for
these experiments according to

R = At/do; N = (tlo)?

where At is the difference in the time of elution between two consecutive
peaks and o, is the standard width of the single peak, and ¢ is the total time for
a given species to elute.

The resolution between peaks of BSA and transferrin in the normal mode is
Ryp/r)=5.8; in the rapid mode it dropped slightly to Rg g/ = 4.3; analogously
N n/m) was found as 64000, and N gg,r) as 37000.

The ratio in length of the capillaries Ly/Lg is 3, similarly, the ratio in the
time of analysis T/T is 3, but the relation between the resolution Ry 1)/Rgi/r)
was found to be 1.34. The injection time (electrokinetic mode) for the protein
separation in the long part of the capillary was 40 s, and in the short part, 20 s.
At the shorter injection time, the sensitivity of the detection was not sufficient
to quantify low protein—protein concentrations such as transferrin (see Figs.
25B and 26B).

For injection by pressure in excess of 1 s, separation of the model proteins is
not satisfactory, the protein peaks are bifurcates and very broad (see Fig. 27).
Satisfactory results were achieved using the minimal possible time of injection
for the device, which is 0.6 s. But under these conditions the reproducibility of
the separation was low. The results demonstrate that the sample injection pro-
cess is the major contributor to the dispersion factors in the equipment used.
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Fig. 25. (A) Separation of model proteins by SDS Gel CE; (B) Analysis of cell
culture broth. Conditions: normal mode of separation, electrokinetic injection 40 s,
5 kV. 1, marker; 2, BSA; 3, transferring; 4, 1gG.

4.3. Materials

b

0.1 M NH4OAc, pH 3.5, was used for CZE separation.

1.0 M HCI was used for the rinsing of capillary.

Orange G (Beckman) was used as a low-molecular-weight marker.

Other proteins used in the experiment: insulin (5.6 kD), BSA (67 kD), and trans-
ferrin (78-85 kD) were obtained from Gibco-BRL (Eggenstein, Germany).
Before analysis, all buffers and samples were degassed and filtered through 0.22—
0.45-um filter.
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Fig. 26. (A) Rapid separation of model proteins by SDS Gel CE; (B) Analysis of
cell culture broth. Conditions: reversed polarity, electrokinetic injection 20 s, 5 kV.
Other conditions as in Fig. 24.

4.4. Methods
Conditions of separation by CZE:

1. Coated capillary 57 cm length, 0.1 M NH,OAc (pH 3.5); injection by pressure 99 s.

2. The proteins from the cell culture media were concentrated 10 times by ethanol—
chloroform precipitation and dissolved in 50% CH;CN, 0.1% TFA.

3. The construction of the vial is shown in Fig. 23 and described in Subheading 4.1.
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Fig. 27. Separation of model proteins by short-time mode of SDS-gel CE. Condi-
tions: reversed polarity, injection by pressure 3 s. Other condition as in Fig. 25.

Conditions of separation by SDS-polymer CE:

1. Coated capillary 27 cm length, 8.1 kV.

a. normal mode of separation, electrokinetic injection 40 s, 5 kV.
b. reversed polarity, electrokinetic injection 20 s, 5 kV.

2. For separation under reversed-current polarity, we disconnected the electrodes
and connected them in reverse order. The sample injection was performed from
the short part of the capillary, followed by the regular procedure for the sample
separation.

3. Because the proteins were separated in the short part of the capillary, the separa-
tion time was reduced from 12 to 4.5 min.

4.5. Notes

1. There are certain limitations for the fraction collection by CZE. The proper cal-
culation of the separation time for the targeted fraction should be based on injec-
tion time and type, length of the separation zone (from injection end to detection
window), and actual length of the capillary.

2. The concentration of the targeted protein can be increased by multiple separa-
tions; however, the accuracy of separation will be lower with each additional
collection owing to small variations in separation time. The collected fraction
may evaporate because of the small volume and long separation time of multiple
injections.
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3. Because this experiment was performed several years ago, there was no avail-
ability of fraction collection for CE. Currently, with rapid development of high-
throughput-screening (HTS) technologies, fraction collection can be performed
with higher accuracy and simplified significantly.

5. Rapid SDS-Polymer CE for the Analysis of Recombinant NADP*-
Dependent Formate Dehydrogenase During Expression in E. coli Cells
and Purification

5.1. Overview

Another application of SDS-polymer CE was done for fast monitoring of
the protein expression of NAD*-dependent formate dehydrogenase (FDH) from
methanol-utilizing microorganisms. This enzyme catalyses the oxidation of
formate to carbon dioxide with the corresponding reduction NAD* to NADH.
It provides the best NADH regeneration systems used in the processes of enzy-
matic synthesis of chiral and physiologically active compounds (58). Large-
scale production of NAD*-specific FDH from the yeast Candida boidinii was
developed a few years ago (59) and this enzyme was used for the industrial
production of tert-leucine and can be applied together with many other dehy-
drogenases (60). Normally, in nature, in coupled enzymatic systems NAD(H) is
involved in biodegradation processes and NADP(H)—in biosynthesis. Unfortu-
nately, a NADP*-specific FDH not requiring complex metal clusters has not been
found in living cells yet. A NADP*-dependent enzyme has been generated,
however, by the method of site-directed mutagenesis of the FDH gene from the
bacterium Pseudomonas sp.101 (61) and first model experiments of coupled
enzyme-catalyzed synthesis with NADPH regeneration have been reported
(62). Overexpression and large-scale productions of this mutant FDH are nec-
essary for industrial realization of such processes. Here, we describe rapid SDS-
Gel CE as a method to analyze FDH expression in E. coli cells during
cultivation and in further enzyme purification steps (63).

5.2. Results and Discussion

For short-duration SDS-polymer CE we have used the technique described
in Subheading 4.2. The separation of the standard proteins for the molecular
mass estimation was performed before measurements (see Fig. 28A). The pro-
tein peaks with different molecular masses were separated with high resolu-
tion. The separation of proteins occurs in the interval between 3 and 4.5 min.
The peaks before 3 min arise from baseline noise and low-molecular-mass
impurities. The calibration curve was generated as a function of IgMM vs the
elution time. It should be noted, that the calibration curve is semilinear in the
molecular mass range 14-150 kD.
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Fig. 28. (A) Separation of standard proteins by SDS-Gel CE, 27 cm coated capillary,
8.7 kV, 20 s electrokinetic injection at 5 kV. (B) Calibration curve of the separation of the
standard proteins: 1, lysozyme (14 kD); 2, trypsin-inhibitor (20 kD); 3, triose phosphate
isomerase (26.6 kD); 4, aldolase (39 kD); 5, gluramate dehydrogenase (55.5 kD); 6, fruc-
tose-6-phosphate kinase (85.2 kD); 7, B-galactosidase (116.3 kD); 8, IgG (150 kD).
Reprinted with permission from ref. 62.

The fractions during the cultivation of E. coli containing the FDH gene were
taken and analyzed in parallel by PAGE (see Fig. 29) and SDS-gel CE (see
Fig. 28). The probes were analyzed in the CE at two wavelengths in the UV
region, at 214 and 280 nm. At the time of analysis, the cells had entered the
stationary phase of growth and the concentration of FDH was increasing rap-
idly or almost stepwise between 13 and 14.5 h of the cell cultivation. After
14.5 h the FDH content became constant and the cultivation was stopped. Data
in Table 3 show that there are no big differences in protein content between the
times of cultivation in the 14.5-17.5-h range. The recombinant mutant FDH is
stable in the E. coli cells. As the protein content remained at plateau values, a
proteolytic degradation of the proteins was not observed. The protein folding
in the cells occured fast, as evidenced by the constant relation of the FDH
specific activity at the different times (see Table 3).
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Fig. 29. SDS-PAGE separation of fractions during the cell cultivation and final

purified FDH: (A) markers, (B) 13.5 h, (C) 14.5h, (D) 15.5h, (E) 16.5h, (F) 17.5 h,
(G) purified FDH. Reprinted with permission from ref. 62.

Table 3
Analysis of Protein Concentration, FDH Activity and Specific Activity
at Different Times of the Cell Cultivation

FDH? concentration FDH activity Cell absorbance
Time in probe in probe Specific activity Asgg
(h) (mg/mL) (U/mL) (U/mg) (optical units)
13.5 0.257 0.644 2.51 13.0
14.5 0.543 1.355 2.49 13.9
15.5 0.567 1.400 2.47 14.2
16.5 0.556 1.376 2.48 14.7
17.5 0.561 1.389 2.48 14.5

“Concentration of FDH in probe was determined from DC experiments as 214 nm (Fig. 2)
using a calibration curve with BSA as a standard (data not shown). The specific activity of FDH
was calculated as the ratio of enzyme activity to FDH concentration in probe (columns 3 and 2,
respectively).
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Using SDS-PAGE to separate proteins with large differences in concentra-
tion, the problem of quantification of the main protein vs impurities arises,
which is illustrated in Fig. 29. Even if the content of the main protein is about
50-60%, the remaining 40-50% of the other proteins are distributed over
different molecular masses (see Fig. 29, lanes B-F). If one wants to sece a
main protein and impurities with close molecular masses, as products of its
degradation, or other impurities, different amount of samples should be ap-
plied. The registration and quantification is difficult even employing a laser
gel scanner. In our case, we have overloaded the SDS-PAGE in order to show
the impurities.

Compared to the SDS-PAGE separation, the concentration range of the SDS-
gel CE and sensitivity are much higher. Otherwise, there is a full correspon-
dence of the main peak and the impurities between the SDS-PAGE and the
SDS-gel CE separations (see Figs. 29-31). The detection at 214 nm is unique
for proteins and it is possible to compare all steps of the fermentation process
registered by both methods (Fig. 29, lanes B—F, Fig. 30[right], a—e). Even
with detection at 280 nm and an overloading of the capillary resulting in an
asymmetric peak of FDH, it is possible to quantify main impurities (3.1-3.3 min),
and their strong reduction in the process of purification (see Fig. 31A) is evident.
For the analysis of the FDH after different steps of purification with detec-
tion at 280 nm, a higher voltage was applied during the injection because of
the lower sensitivity (compared to 214 nm). At 214 nm, all impurities were
registrated and corresponded with the SDS-PAGE. We have overloaded the
capillary with the purified FDH (see Fig. 31, b—e) at 214 nm in order to show
the protein purity and the presence of impurities, if any. The little peak at
3.85 min corresponds with the thin high-molecular mass-band (about 90 kD)
visible on SDS-PAGE (see Fig. 29, lane G)

A summary of the fermentation and purification process is shown in Table 4.
The initial cell extract contained usually about 56% of FDH (see Fig. 31, a).
After addition of 30% of ammonium sulfate, some protein impurities are precipi-
tated and removed (see Fig. 31, b). At 75% saturation with ammonium sulfate,
the precipitate contained 77% FDH (see Fig. 31, c). After redissolving, the
protein mixture was applied to the hydrophobic interaction and size-exclusion
chromatography. The final purity of the protein was better than 98%.

The purified protein was analyzed by MALDI-TOF-MS (see Fig. 32). The
molecular mass of the FDH was found to be 44078 Da, which corresponds to
the expected value, based on DNA sequence information. In the scan, some
additional peaks correspond to the double and triple-charged molecules and to
the single-charged dimer of FDH, respectively. The error in the single mea-
surement was about 0.5%, and the average value of five measurements is
quoted.
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Fig. 30. Analysis of expression of FDH at different times of cell cultivation (left)
214 nm, (right) 280 nm: a, 13.5 h; b, 14.5 h; ¢, 15.5 h; d, 16.5 h; e, 17.5 h. Conditions:
separation: 8.1 kV, 40-50 nA, Injection time 40 s, injection voltage 1 kV. Reprinted

with permission from ref. 62.

5.3. Materials

1. 1.0 M HCI was used for the rinsing of capillary.

2. 0.1 M Tris-HCl, 1% SDS, pH 6.6, was used for protein sample preparation.

3. For calibration and analysis, the following proteins were used: lysozyme (14 kD),
trypsin-inhibitor (20 kD), triose phosphate isomerase (26.6 kD), aldolase (39 kD),
glutamate dehydrogenase (55.5 kD), fructose-6-phosphate kinase (85.2 kD),
B-galactosidase (116.3 kD) (Boehringer Mannheim) and IgG (150 kD; Insti-
tute of Enzyme Technology, University of Dusseldorf, KFA Juelich, Germany).

4. Before analysis, all buffers and samples were degassed and filtered through 0.22—

0.45-um filters.
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Fig. 31. Analysis of FDH samples at different stages of purification: a, cell-free
extract; Conditions see Fig. 3; b, ammonium sulfate, 30% of saturation; ¢, ammonium
sulfate, 75% of saturation; d, after purification on Phenyl-Sepharose; e, after gel-fil-
tration through Superdex G 200; f, base-line. Reprinted with permission from ref. 62.

Table 4
Results of FDH Purification

Total  Total Specific
protein activity activity Purification Purity by Yield
No. Purification step  (mg) (U) (U/mg) fold SDS-Gel CE% (%)

1 Cell-free extract 2380 3100 1.30 1 56 100
2 Ammonium sulfate,

30% of saturation 2140 3100 1.45 1.12 67 100
3 Ammonium sulfate,

75% of saturation 1570 2880 1.83 1.41 77 93
4 Phenyl Sepharose 1060 2510 2.37 1.82 94 81

5 Superdex G-200 856 2140 2.50 1.92 98 69
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Fig. 32. MALDI-TOF-MS of purified FDH. Reprinted with permission from ref. 62.

5.4. Methods

1.

2.

All CE measurement were performed with a P/ACE 2100 device for capillary
electrophoresis (Beckman).

Prior to each analytical run, a bare silica capillary (27-cm length, [7-cm effective
length] x 100-um id x 375-um od) was rinsed with 1.0 M HCI water for 2 min
followed by a filling with the SDS polymer solution (eCAP SDS 14-200;
Beckman) for 2 min.

. The column temperature was maintained at 20°C by circulating a coolant to mini-
mize band diffusion and ensure effective size separation.

An electrophoretic run was conducted at 300 V/cm (8.1 kV for the capillary)
using the SDS-polymer solution (Beckman). The molecular mass protein stan-
dard was injected for 20 s (5 kV) using the electrokinetic mode into the SDS-
polymer-filled capillary column.

. Model proteins were dissolved in the buffer for SDS gel CE: 0.1 M Tris-HCI,
1% SDS, pH 6.6.

Conditions of separation by SDS-polymer CE: coated capillary 27-cm length,
8.1 kV; reversed polarity, electrokinetic injection 20 s, 5 kV.

For the separation under reversed-current polarity, we have disconnected the elec-
trodes and connected them in reverse order. The sample injection was performed
from the short part of the capillary, followed by the regular procedure for the
sample separation.

SDS-PAGE was performed in 10% polyacrylamide (0.8% bis-acrylamide) accord-
ing to Lemmli (64).

For MALDI-TOF-MS conditions, see p. 104, first paragraph.
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5.5. Notes

1. Another limitation for the in-process analysis by CE is the quantification of
purity by detection in UV part of the spectrum. The absorption of unknown
proteins or other charged high molecular weight compounds may differ, so the
calculated purity of target protein may differ as well. However, this problem is
common for other types of separations with UV detection.

6. Conclusion

The rapid growth and complexity of current therapeutic proteins produced
by recombinant DNA technology requires fast and quantitative analysis, and
monitoring of large-scale applications. We have shown successful application
of CE for in-process analysis and final purity testing of the recombinant pro-
teins from different sources. The rapid development of CE methodology and
its versatility can be enhanced with complementary analytical separation tech-
niques. In addition, CE-MS techniques provide higher accuracy in identifica-
tion of main recombinant products and impurities.
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Capillary Electrophoresis of Proteins
in a Quality Control Environment

David L. Good, Stacey Cummins-Bitz, Raeann M. Fields,
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Summary

A method for determining the purity of recombinant carboxypeptidase B utilizing CE-SDS
has been developed and validated for use in a manufacturing quality control laboratory. The
method was optimized, prior to validation, to allow for the lowest limit of quantitation. The
method was validated with the typical ICHQ2A parameters, including accuracy, linearity, LOQ,
precision, robustness/ruggedness, and specificity. All validation parameters met the acceptance
criteria defined in the validation protocol.

Key Words

Capillary; electrophoresis; enzyme purity; protein; quality control; sodium dodecyl sulfate
(SDS); validation.

1. Introduction

After a decade of development and refinement, the capillary electrophoresis
(CE) of proteins has moved beyond the R&D laboratory into the manufactur-
ing quality control laboratory (QCL). CE methods have historically been slow
in gaining acceptance in a QCL environment because the ruggedness and cost-
effectiveness requirements were so high. Now that CE has gained a foothold in
QCL, its inherent advantages over traditional technologies, such as sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE), have been
demonstrated. Several companies have reported implementing CE for devel-
opment applications or batch release for their biopharmaceutical products. CE
has had a fundamental positive impact on protein products such as Inerfergen®
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(Amgen) (1), Enbrel® (Immunex) (2), and Synagis® (MedImmune) (3). In addi-
tion, Genentech has reported the use of CE for several of their therapeutic anti-
bodies (4,5). Today, CE can be considered a “routine analytical tool in
pharmaceutical analysis” (6).

Significant advances in the design and engineering of CE instruments have
been made in recent years. Improvements in cooling systems and voltage con-
trol and the introduction of instruments designed to be more easily maintained
have been major advances and have been especially important to the analysis
of proteins because of the sensitivity of these analytes to their environment.
Further, the addition of more powerful software and flexibility in modes of
separation has increased the utility of the instruments. Corresponding advances
in capillaries and gel buffers have mirrored the advances in the instruments.
The batch-to-batch variability of these components has greatly decreased and
the results have been apparent. For example, Schenerman and Bowen have
reported migration time intermediate precision (%CV) as low as 1.2% and
repeatability equal to 0.15% (3). Hunt and Nashabeh reported overall precision
repeatability and intermediate precision (RSD) of 0.9% for the assay of their
therapeutic proteins (35).

SDS-based gel analysis (CE-SDS) is the most common CE application for
protein pharmaceuticals. Method development is simple and the method itself
can be quite robust. The advantages of this technique over traditional SDS-
PAGE applications in a QCL environment are profound. Staining is not neces-
sary (i.e., on-column detection), which allows for significant time savings.
Significant improvements in linearity are observed, with correlation coeffi-
cients greater than 0.998 being possible for CE methods (7-9). The technique
provides superior accuracy as excellent recoveries have been obtained for CE-
SDS methods reported in the literature (7,9). Direct comparisons of CE-SDS
and SDS-PAGE demonstrate a significant decrease in variability in the former
method (10). The instrumentation has become more automated, facilitating
easy integration into the modern pharmaceutical laboratory. Finally, CE has
software that is easily validatable per the 21 Code of Federal Regulations Part
11. Instrument companies such as Beckman and Agilent have produced soft-
ware systems that can comply with FDA expectations. The validation data re-
ported for CE-SDS methods are able to stand on their own merit but appear
especially profound when compared to SDS-PAGE methods (1,4,7,10). Addi-
tional strategies for the method development and validation of CE methods
have been reviewed previously (11).

The development and validation of a purity method for recombinant carbox-
ypeptidase B, described in Subheading 3, demonstrates the process used to
define a CE method suitable for use in a QCL.
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2. Materials
1. Capillary electrophoresis system (Beckman, P/ACE MDQ System).
2. Vortex mixer.
3. Pipets able to dispense accurately from 10 to 5000 pL.
4. Dry bath incubator (e.g., Fisher, cat. no. 11-718).
5. Polypropylene microcentrifuge tubes.
6. Spectrophotometer.
7. Purified water.
8. 5.0-mL disposable syringes.

9. 0.20-um low protein binding syringe filters.
10. 100-um id capillary, SDS-coated, 65 cm, cat. no. 241521).
11. SDS sample buffer (Beckman, cat. no. 241525 or Bio-Rad, cat. no. 148-5033).
12. SDS gel buffer (Beckman, cat. no. 477416 or Bio-Rad, cat. no. 148-5032).
13. Blank cartridge kit (Beckman P/ACE MDQ cartridge, cat. no. 144738).
14. Internal reference marker (e.g., Orange G, Beckman, cat. no. 241524).
15. Carboxypeptidase B reference material.
a. Albumin standard (bovine serum albumin [BSA]) (e.g., Pierce, cat. no.
23209).
b. Purified water (e.g., Milli-Q® purified water).
c. 1 N HCI (reagent grade).
d. Tris-HCI buffer: 0.025 M Tris-HCI, 0.1 M NaCl, pH 7.65. Weigh approx 3.04
g of Tris-HCl and 5.8 g of NaCl and dissolve in approx 950 mL Milli-Q puri-
fied water. Add 5 N HCI (to pH of 7.65 £ 0.1). Bring final volume to 1 L. May
be used for 1 mo.
e. 5 N HCI (reagent grade).
3. Methods

The CE-SDS method was developed to replace an existing SDS-PAGE
method. The two methods were developed to determine the overall purity of car-
boxypeptidase B. The SDS-PAGE method will be discussed in Subheading 3.1.
The CE-SDS method will be the focus of the remainder of the chapter.

3.1. SDS-PAGE Method

The current purity analysis technique for carboxypeptidase B is a validated
SDS-PAGE method. The accuracy (see Fig. 1) of the method was determined
by spiking a range of concentrations of 3-phosphoglyceric phosphokinase,
which was used as an internal standard owing to the inherent nonlinearity of
stain uptake for SDS-PAGE methods. The accuracy, by spike recovery, was
determined to be 87% for the 5% spike and 97% for the 10% spike. Carryover
between lanes can be seen in the gel in Fig. 1. Blank lanes must be included to
prevent sample crosscontamination. This limits the throughput of the method.
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Fig. 1. Accuracy of the SDS-PAGE method. The accuracy of the method was deter-
mined by spiking 3-phosphoglyceric phosphokinase into the sample matrix and mea-
suring the recovery.

The linearity of the SDS-PAGE method was demonstrated by fitting the
absorbance signal versus concentration to a line. A sample gel is shown in Fig. 2.
The linear fit is shown in Fig. 3. The correlation coefficient (r) for the line was
0.9850, typical for an SDS-PAGE method. The use of densitometry to deter-
mine the absorbance limits the ability of the method to show a high degree of
linearity.

The precision of the SDS-PAGE method was better than expected. Mono-
mer (band located at ~32 kD) RSD of 3.7% was demonstrated during valida-
tion of the method. An example of a SDS-PAGE gel showing the precision
experiment is shown in Fig. 4. The dimer (band located at ~64 kD) RSD was
determined to be 25.9%, which is not high considering the low levels of dimer
observed in most samples.

3.2. CE-SDS Method

The methods here describe the steps to follow to develop the optimal, robust
method for purity determinations by CE-SDS. The elements of the process are
sample preparation, electrophoretic separation, validation, and system suitability.
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Fig. 2. Linearity of the SDS-PAGE method.
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Fig. 3. Linear fit for the SDS-PAGE method. The correlation coefficient (r) is
0.9850.
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Fig. 4. Example gel demonstrating the precision of the SDS-PAGE method.

3.2.1. Sample Preparation

Sample preparation is a key step in achieving the best resolution in CE-SDS.
The goal is to find conditions that robustly denature the protein without induc-
ing the formation of degradation products. The experiments described in the
next section represent the optimization of the sample preparation in this
method.

3.2.2. Optimization

To achieve the lowest possible limit of quantitation, it is also necessary to
use the highest concentration of the sample permitted by the method and
analyte. Empirically, the concentration of protein in the sample is limited by
the solubility of the protein, the solubility of SDS, and the capacity of the cap-
illary. The upper protein concentration is often practically limited at 2 mg/mL.
The detailed sample prep is described.

1. Dilute the sample solution, at least 1:1, to 1.0 mg/mL with syringe-filtered (0.20 pm)
SDS sample buffer in a 2.0-mL microcentrifuge tube. Into the diluted sample, add a
5% spike, by volume, of Orange G reference marker. Mix thoroughly.

2. Place tubes in the dry bath incubator set at approx 100°C (£ 5°C) for approx 3 min.

3. Allow samples to cool, transfer to 0.5-mL CE sample vials, and cap.
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Table 1
Sample Prep Optimization

Time (minutes) Temperature (°C)

2 60

5 60
10 60

2 100

5 100
10 100

2 boiling

5 boiling
10 boiling

The preparation of the sample is further optimized by testing at different
temperatures and times as shown in Table 1.

Figure 5 shows sample that has been overheated. Note the formation of a
degradation peak just in front of the main peak and the other new peaks, when
compared to Fig. 6. This is not ideal and represents an analytical modification
of the sample, rather than the inherent nature of the sample being analyzed.
Figure 6 represents material that has been prepared by the optimized method.
The electropherogram demonstrates no unexpected peaks and no analytical arti-
facts. Parameters such as peak shape and the appearance of new peaks were
considered to determine the optimal conditions. Peak areas suggested com-
plete protein recovery.

3.2.3. Protocol

1. Dilute the sample solution, at least 1:1, to 1.0 mg/mL with syringe-filtered (0.2 wm)
SDS sample buffer in a 2.0-mL microcentrifuge tube.

2. Add a 5% spike, by volume, of Orange G reference marker into the diluted sample.
For example, spike 15 UL to a total sample volume of 300 uL. Mix thoroughly.

3. Place tubes in the dry bath incubator set at 100°C for approx 3 min (see Notes 1
and 2).

4. Allow samples to cool to ambient temperature, by refrigeration if necessary, and
then transfer to 0.5-mL CE sample vials, and cap.
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Fig. 6. Electropherogram of an optimally prepared sample.
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3.3. Electrophoretic Separation

The electrophoretic conditions are optimized for the protein being tested.
Voltage, capillary length, and buffer type are adjusted as necessary to optimize
the separation. For the Beckman SDS gel buffer, the optimum conditions were
300 V/cm (e.g., 40-cm capillary using 12 kV of voltage). For the Bio-Rad gel
buffer, the optimum conditions were 600 V/cm (e.g., 40-cm capillary using 24 kV
of voltage). See Notes 3 and 4.

Set the UV detector at 214 nm, the capillary temperature to 20°C, and the
autosampler temperature between 2—8°C. The method parameters are used for
the PACE/MDAQ system are detailed in Table 2.

The voltage needed depends upon the field strength desired with respect to
the capillary length and SDS gel buffer used. Figure 7 shows the final electro-
pherogram with the optimized conditions detailed in Subheading 3.2.3.

3.4. Validation

To demonstrate that the CE-SDS method is providing reliable data, a valida-
tion exercise is undertaken. The CE-SDS method was validated independent of
the SDS-PAGE method. The parameters studied during the exercise are shown
in Table 3.

3.4.1. Accuracy, Linearity, and Limit of Quantitation

As with any purity method where standard impurities are not available, accu-
racy is inferred from specificity and precision ICHQ2A). To demonstrate accu-
racy throughout the range of the method, the protein is diluted to a series of
concentrations and each dilution is introduced into the capillary. The area of
the main peak is then plotted as a function of the concentration, as shown in
Fig. 8. The validation criteria for accuracy, linearity, and limit of quantitation
(LOQ) was as follows. The r-value for the lines fit through the monomer and
dimer peaks must be greater than 0.99. For accuracy, the mean bias must not be
more than 20%. If all points on the standard curve did not meet these criteria,
the lowest point that met the criteria was considered to be the LOQ of the
method.

The area at each concentration is plotted and a linear fit was performed on
the data (see Fig. 8). The data showed a linear relationship with a correlation
coefficient of 0.9998.

Although the correlation coefficient is expected to be greater than 0.999 (meet-
ing the linearity acceptance criterion), the accuracy is confirmed by plotting a
line through the undiluted material and zero and measuring the bias between the
predicted and measured values for each dilution. For the enzyme, these data
are shown in Table 4. The low level of bias in the data indicates that the CE-
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Table 2
Method Settings for the P/ACE MDQ System
Step Time Event Value  Duration Inlet Outlet Summary
1 Rinse, 500 psi 1.00min 1NHCI  Empty Fwd
pressure
2 Rinse,

pressure 20.0 psi 1.00 min 1 NHCI  Empty Fwd
3 Rinse,

pressure 20.0 psi 1.00 min 1NHCI  Empty Fwd
4 Rinse,

pressure 20.0 psi 3.00 min  Gel Buffer Empty Fwd

5 Wait 0.00 min  Water Water
6 Inject,

pressure 0.5 psi  60.0s Sample Gel buffer Override o.k., fwd
7 Wait 0.00 min  Water Water

8 0.00 Separate,
voltage 12 or 30.00 min Gel buffer Gel buffer 0.17 min Ramp,

24 kV* reverse polarity,
20.0 psi, both
9 0.00 Relay on N/A N/A 01:30.0
10 1.00 Autozero N/A N/A
11 30.00 Stop data N/A N/A
12 End N/A N/A

SDS method is accurate. The acceptance criterion for accuracy is met. The data
generated in this validation study show that the CE-SDS method provides
greater linearity than the SDS-PAGE method (see Subheading 3.1.), as expected.

To test the limit of quantitation, standard material is spiked with known
levels of another protein to simulate an impurity. For example, the recovery of
BSA spiked at 1.0, 0.5, 0.25, 0.1, and 0.05% shows acceptable recovery at
0.1% and above.

3.4.2. Precision

Repeatability is tested across both preparations and injections with a typical
study shown in Table 5. Both relative migration times (RMT) and peak area
are expected to be repeatable. The precision acceptance criteria were related to
repeatability, intermediate precision, and total purity variability. The repeat-
ability must be less than or equal to 2%. The acceptance criteria for intermedi-
ate precision and total purity variability were that they each must be less than
or equal to 10%.
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Fig. 7. Electropherogram of optimized method. Optimization included sample
preparation and electrophoretic conditions.

Table 3
Validation Parameters Selected for the CE-SDS Method Validation

Parameter Description

Accuracy/Linearity/LOQ  Defines the range in which data may be generated

Precision Estimates for introduction, preparation, and setup
variability.

Robustness/Ruggedness Describes the extent to which method parameters can
be adjusted without affecting data outcomes.

Specificity Assures the method is measuring what and only what

it is intended to measure.
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Fig. 8. Accuracy of the CE-SDS method. The correlation coefficient (r) is 0.9998.

Table 4

Linearity of the CE-SDS Method
Concentration Percent
mg/mL Area accuracy
1.828 804783 0.00
0.7312 305425 -5.12
0.3656 150130 -6.73
0.1828 76031 -5.53

The relative standard deviation for I/RMT monomer was 0.085% for injec-
tions and 0.092% for preps. The relative standard deviation for monomer area
was 1.50% for injections and 3.57% for preps. These data compare favorably
to the SDS-PAGE method and underscores the importance of the preparation
to the variability of the technique. Overall, the method demonstrated very low
variability and met all applicable acceptance criteria. Repeatability for the entire
study was 0.88%, whereas intermediate precision and total purity variability were
2.18 and 2.33%, respectively.
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Table 5
Repeatability of the CE-SDS Method
Prep Injection I/RMT I/RMT I/RMT Area % Purity
Monomer Dimer  unknown Monomer Monomer

1 1 0.679 0.590 0.811 752382 99.11
1 2 0.679 0.593 0.811 743520 99.31
1 3 0.680 0.592 0.811 764539 99.29
2 1 0.679 0.592 0.810 718019 99.29
2 2 0.678 0.591 0.810 725156 99.19
2 3 0.678 0.591 0.809 702729 99.22

Table 6

Ruggedness Design for the CE-SDS Method Validation

SDS-sample SDS gel

Setup Analyst Capillary buffer vendor buffer vendor

1 1 2 Biorad Biorad

2 1 1 Beckman Beckman

3 2 2 Beckman Beckman

4 2 1 Biorad Beckman

5 1 1 Beckman Biorad

6 2 2 Biorad Beckman

7 2 2 Beckman Biorad

8 1 1 Biorad Biorad

3.4.3. Robustness/Ruggedness

To test the ruggedness and robustness of the method, the parameters that
may be expected to vary over time are purposely adjusted. Specifically, an
experimental design, shown in Table 6, is used to insure that different ana-
lysts, capillaries, sample buffers, and gel buffer do not give significantly dif-
ferent results (i.e., using analysis of variation, the p-value is equal or less than
0.05). No parameters tested gave significantly different results. This model
accounted for more than 80% of the variability encountered during the study
indicating that the parameters chosen were the largest contributors to the over-
all variability of the method.
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Fig. 9. Electropherogram showing the specificity of the CE-SDS method. The
spike sample is easily differentiated from the host cell protein milieu. The approxi-
mate migration time of the main peak was 12 min.

3.4.4. Speciticity

For recombinant proteins, specificity is demonstrated by showing the reso-
lution of the protein of interest from the host cell protein milieu. The accep-
tance criterion for this parameter was that the spike recovery must be between
95 and 105%. Spike recoveries of 96.2 and 97.6% were observed in the valida-
tion study, meeting the acceptance criterion. These spike recoveries were bet-
ter than those obtained from the SDS-PAGE experiments. As shown in Fig. 9,
the CE-SDS method was capable of resolving the protein of interest from the

host cell proteins.
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3.5. System Suitability

System suitability is the set of analyses that are performed to ensure that the
instrument is functioning properly prior to running the samples to be tested. To
ensure that the method performance continues to be reliable, a system suitabil-
ity strategy is developed for the method. For example, if the current is stable
and the migration time does not vary significantly, the instrument can be con-
sidered suitable for sample analysis. System suitability is an evolving factor
that should be reevaluated as additional capabilities of the method are deter-
mined.

3.5.1. CE System

A stable current (£ 5 pA) is achieved throughout the run after the migration
time of the reference marker.

3.5.2. Migration Time

Bracket samples, up to 10 injections in a sequence, with carboxypeptidase B
standard injections. The main peak in each injection must be within a migra-
tion time of + 0.1 minutes.

3.6. Conclusion

The CE-SDS method is a rugged, reliable method with excellent accuracy,
linearity, precision, and specificity for the analysis of carboxypeptidase B. The
CE-SDS purity method met all of the acceptance criteria in the validation pro-
tocol and demonstrated that it represents an improvement over the current SDS-
PAGE method. We consider this the first step in our efforts to replace
SDS-PAGE methods with CE-SDS for obvious technical and business reasons.

4. Notes

1. The total volume while heating samples should be at least 300 pL.

2. To prevent the tubes from opening while boiling, create holes into the caps of the
tubes using a scalpel or other sharp, fine-point instrument.

3. If the capillary is new, conditioning of the capillary may be necessary. Using
45.0 psi pressure, rinse with 1 N HCI for 5 min, followed by purified water for
3 min, and then SDS gel buffer for 2 min. Repeat as necessary.

4. Sharp spikes and/or significant jumps in the baseline are indicators that an air
bubble may have entered the system.
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Analysis of Neutral N-Linked Oligosaccharides
From Antibodies Using Free-Solution Capillary
Electrophoresis in Bare Fused-Silica Capillaries

Jeffrey S. Patrick, Brenda P. Rener, Gregory S. Clanton,
and Avinash L. Lagu

Abstract

Conditions for the enzymatic release, chemical derivatization, and analysis of oligosaccha-
rides from the consensus glycosylation sites on antibodies are described. Release of the oli-
gosaccharides is from the native protein. The APTS derivatives of the released oligosaccharides
are then analyzed by capillary electrophoresis (CE) using a free solution separation in a bare
fused silica capillary. An example of the application of the method to the analysis of the oli-
gosaccharide population from antibodies obtained from different cell lines is provided. The
separation conditions provide for resolution of various galactose positional isomers, including
those derived from different linkage configurations.

Key Words

Antibodies; capillary zone electrophoresis; derivatization, fluorescence, fused-silica; LIF;
N-linked; oligosaccharides; qualitative; quantitation; antibodies.

1. Introduction

The development and approval of protein therapeutics has seen exponential
growth over the past decade. This rapid increase in the investigation and devel-
opment of proteins of recombinant origin has created significant challenges for
the protein analytical scientist. This has required the continuing development
of new tools with which to address issues in a reliable and rigorous fashion.
Among the tools which have seen rapid and prolific development have been
mass spectrometry (MS) (1-3) and capillary electrophoresis (CE) (4-6). Within
the various classes of therapeutic proteins, one of the most challenging molecu-
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lar properties to quantify is the broad and heterogeneous population of
glycoforms that are often present. The complexity and impact on bioactivity
have been documented thoroughly for numerous complex glycoproteins. The
glycosylation of these compounds has been demonstrated to affect bioactivity,
pharmacokinetics, and other biophysical properties. However, it has also been
demonstrated that conditions during cell culture, among others, can influence
the glycosylation observed (7) making it important to have reliable methods
with which to monitor this property.

A subclass of therapeutic proteins which has dominated development efforts
is monoclonal antibodies (MADbs). Current estimates indicate that these mol-
ecules, which occur in several classes, occupy more than half of the develop-
ment efforts and new drug product submissions. As with complex
glycoproteins, the oligosaccharides present on antibodies (Abs) can signifi-
cantly affect the activity observed. An Ab is represented in (Fig. 1) and is
composed of light (L) and heavy (H) chains, two each, which then give rise to
Fab and Fc regions on the molecule. All Abs of animal origin have a common
site of N-linked glycosylation located on each of the two Fc portions. Occu-
pancy of this site has significant impacts on effector functions that are the
mechanisms by which the cell initiates killing functions (so-called cellular-
and Ab-mediated cytotoxicity) (8,9). These sites are consistently occupied by
biantennary structures such as those in Fig. 2. These structures are neutral in
nature with 0, 1, or 2 terminal galactose residues. These structures are referred
to as GO, G1, and G2, respectively. Dependent upon the source of the Ab (i.e.,
cell-line, genetic construction, and culture conditions) other glycoforms may
also be present, including fucosylation, sialylation, secondary galactose
structures, and even remote complex glycosylation sites. The nature of each
of these entities is determined in part by the host system in which the Ab is
expressed.

Common methods of oligosaccharide analysis are high-pH anion exchange
chromatography (HPAEC) of the free oligosaccharide (10,11) or weak anion
exchange HPLC of the derivatized oligosaccharide (12). These charge-based
separations are not productive for neutral oligosaccharides where the differ-
ence in the oligosaccharide-based charge is negligible. Other efforts have uti-
lized MS analysis of the intact Ab or its partially reduced form, which provides
mass information but does not readily provide information on positional iso-
mers or other isobaric or nominally isobaric species. Capillary electrophoresis
(CE) of derivatized oligosaccharides using gels or coated capillaries and laser-
induced fluorescence (LIF) have been applied to effect the separation and
quantitation of neutral oligosaccharides such as those found on Abs (13). This
type of technology is presently commercially available from Beckman Coulter
(14). These approaches provide useful separation and quantitative population
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Fig. 1. Depiction of a typical IgG. The location of the carbohydrate is indicated in
the figure.

estimates but restrict the user to capillaries provided by a single vendor or to
the use of complex additives, which may introduce long-term variability in the
separation from one batch to another batch. In the Subheading 3. conditions
for the separation of the APTS-derivatives (9-aminopyrene-1,4,6-trisulfonic
acid; see structure in Fig. 3) of neutral oligosaccharides released from Abs are
discussed. The release of the oligosaccharide is from the native protein using
PNGase F, and the separation is effected using a bare-fused silica capillary.
The most commonly used conditions are provided along with experiments to
define the identity of typical and atypical structures observed. Both the analy-
sis and release of the oligosaccharides are generic and have been applied to a
range of Abs. The release of oligosaccharides from the native Ab is intended to
provide some selection for the accessible Fc structure in the case where sec-
ondary sites exist. The conditions established have been optimized for the
analysis of neutral oligosaccharides but are amenable to the analysis of acidic
variants (e.g., sialylated or sulfated) as well. The conditions provide separation
of positional isomers as well as linkage (a vs. ) isomers.

2. Materials

1. 9-Amino-1,4,6-trisulfonic acid (APTS; part no. 501309, Beckman Coulter,
Fullerton,CA).

2. Peptidyl-N-Glycanase F (PNGase F; QA-Bio, part no. E-PNGO01, San Mateo, CA).

3. Solutions of Abs at 0.5-12 mg/mL in bicarbonate, acetic acid, or other volatile
buffer system.
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Fig. 2. Structures of typical Asparagine-linked (N-linked) biantennary oligosac-
charides present on the antibodies.

a-Galactosidase selective for 1-3 bond (from green coffee bean).
[-Galactosidase.

Neuraminidase (a.k.a. sialidase).

Oligosaccharide reference materials including GO, GOF, Man-5, G2, and G2F.
Centrifugal evaporator (e.g., SpeedVac, Thermo-Savant).

Water bath capable of control between 35 and 60°C (target temperatures of 37
and 55°C).

10. Milli-Q water or equivalent 18 MQ water.

11. Fused silica capillary (50 um id at least 60 cm in length; available from Beckman
Coulter [Fullerton, CA] with detection window in place).

e N
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Fig. 3. Structure of 9-amino-1,4,6-trisulfonic acid (APTS).

12. 250 mM Sodium phosphate buffer, pH 7.5.

13 0.22 wm Nylon filters adaptable to leur-lock syringes.

14. 0.22 wm Nylon filters for filtration of CE running buffer.

15. 10,000 mol wt CO (molecular weight cut-off) Microcon ultracentrifugation device
(Millipore, Billerica, MA).

16. 1 M Sodium cyanoborohydride in THF (available from Aldrich, part no. 29,681-3).

17. 500 L Conical polypropylene centrifuge tubes compatible with 14,000g centrifu-
gation.

18. Centrifuge capable of generating 14,000g centrifugal force.

19. HPLC-grade triethanolamine.

20. Glycerol (reagent grade or better).

21. 1/10 Running buffer: 10 mM triethanolamine (HCl1), pH 7.5, with 1% glycerol.

22. CE running buffer: 100 mM triethanolamine (HCl), pH 7.5, with 10% glycerol.

23. 0.1 N Sodium hydroxide.

24. 0.1 M Hydrochloric acid.

25. 0.5 N Sodium hydroxide.

26. Capillary electrophoresis system equipped with a laser-induced fluorescence detec-
tor having an argon laser or one capable of excitation at 488 nm and detection of
emitted light at nominally 520 nm. An example of one such system is a Beckman
Coulter PACE MDQ CE system (Beckman Coulter, Fullerton, CA).

27. LIF: 520-nm bandpass filter with the excitation provided by a 488-nm argon laser.

3. Methods
3.1. Sample Preparation

A schematic of the sequence for the release and derivatization of oligosac-
charides is shown in Fig. 4, and detailed preparation instructions follow.
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CE-LIF analysis

Fig. 4. The procedure for the release and derivatization of oligosaccharides.

The sample of intact Ab can be obtained in any buffer but will require
exchange into a moderately dilute volatile buffer such as water, 10 mM ammo-
nium bicarbonate, or 1% acetic acid. The tendency of Abs to aggregate and be
retained at surfaces makes it critical that some measurement be used to track
protein recovery prior to release of the oligosaccharides until the specific Ab
of interest has been handled extensively (e.g., absorbance at 278 nm). Although
written with intact Ab in mind, the procedure is amenable to Ab fragments
such as “half antibodies” (one light chain joined to one heavy chain), free heavy
chain, and the Fc portion produced by enzymatic treatment with papain.

The volumes of reagent and sample listed here are based on IgG protein
concentrations between 0.5 and 12 mg/mL. For differing sample concentra-
tions the aliquoted volumes of sample should be adjusted to provide approx
50 ug of Ab. This amounts to approx 0.3 nmoles of Ab, which will provide
approx 0.6 nmoles of released oligosaccharide. Rigorous experimentation has
demonstrated that complete release of the oligosaccharides present in the Fc
region is complete under the conditions described here without reduction or
alkylation. Particularly in the instance of recombinantly engineered Abs, other
glycosylation sites may be present on the Ab. The release of oligosaccharide
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from these positions may or may not occur without reduction and alkylation
and may require additional experimentation. Regardless of the details, it is rec-
ommended that the molecule of interest be evaluated for release kinetics dur-
ing initial studies or that complementary techniques including matrix-assisted
laser desorption/ionization (MALDI)-MS be used to evaluate the oligosaccha-
ride release.

The steps to release the oligosaccharide and generate the APTS derivative
of the released oligosaccharide are as follows (approximate time is 2 h hands-
on activity plus enzyme incubation; reasonable throughput of 10—15 samples
per sample set):

1. Transfer a volume corresponding to approx 50 + 15 um of IgG to a conical
polypropylene tube such as a 500-uL (or smaller) Eppendorf tube. Evaporate the
sample to dryness in a vacuum centrifuge, such as a Speed-Vac (see Note 1).

2. An amount of protein lower than this may be used provided that the reaction
volumes described below are adjusted in proportion. Set up digestion mixture by
adding 38 uL purified water to the dried pellet. Add 10 uL 250 mM sodium
phosphate, pH 7.5 (referred to as 5X reaction buffer by enzyme sources and typi-
cally supplied with the enzyme). The final buffer in the reconstituted sample is
now nominally 50 mM sodium phosphate, pH 7.5. Mix the sample by gentle
vortexing and assure that the dried residue is dissolved.

3. Add 2 uL PNGase F (10 mU). The PNGase F used in the investigational studies
for these conditions is supplied by QA-Bio. The specific activity of the enzyme is
>20 U/mg, and the activity concentration is >5 U/mL (see Note 2).

4. Mix gently and leave in a water bath set at 37°C for 5-18 h (see Note 3).

5. Centrifuge the sample briefly to get any condensate that may have formed during
the incubation out of the lid of the tube. Transfer the sample, which contains the
deglycosylated Ab and the released oligosaccharides to a 10,000 mol wt CO.
Microcon ultracentrifugation device. (The Microcon should be prerinsed with
water per manufacturer’s instructions.)

6. Centrifuge the Microcon containing the underivatized oligosaccharides at a rela-
tive centrifugal force (rcf) of 14,000g for about 9 min or as directed in the
manufacturer’s instructions. (see Notes 4, 5, and 6).

7. Transfer the oligosaccharide solution to a 500-uL tube. Evaporate to dryness.
(Again, do not use heat to dry samples.)

8. Add 2 uL APTS labeling reagent (see Note 7). Mix well by vortexing. In fume
hood, add 2 uLL 1 M sodium cyanoborohydride in THF (see Note 8). Mix the
sample well by vortexing gently and centrifuge briefly to make sure all liquid is
at bottom of tube. Incubate in a water bath set at 55°C for 90 min (see Note 9).

9. Remove the reaction tube from the water bath and centrifuge briefly. Add 46 uL
purified water to stop additional reaction and mix well. The samples should be
diluted 1:20 in 10 m M triethanolamine (HCI), pH 7.5, with 1% glycerol, which is
1/10 strength separation buffer (see Note 12).
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3.2. Instrumental Conditions

The experiments described were performed using the conditions listed be-
low on a Beckman Coulter PPACE MDQ CE system (Beckman Coulter, Fuller-
ton, CA) with a LIF detector. Although not used to obtain the data presented in
this manuscript, an Agilent CE system has been used to successfully acquire
comparable data. Either system was operated under the same nominal condi-
tions within the constraints of the system design.

3.3. Separation Conditions
CE was achieved as follows.

1. A bare fused-silica capillary (Beckman Coulter) with a length of 50 cm and an id
of 50 wm was installed in the Beckman Coulter cartridge. (Other suppliers of
fused-silica capillaries have also been used successfully.) The detection window
was effectively 46 cm from the sampling end of the capillary. The capillary was
conditioned using 0.1 N sodium hydroxide to assure full and uniform activation
of the capillary walls and removal of trace metals that might deleteriously affect
the separation. (This is critically important to proper capillary performance and
reproducible application from capillary to capillary.) A typical conditioning setup
will be as follows.

Time (min) Reagent Duration (min)  Pressure (psi)
0.0 Water 1.00 50.0
1.0 1 NHCI 5.00 20.0
6.0 Water 1.00 50.0
7.0 0.1 N NaOH 25.00 20.0
32.0 Water 1.00 50.0
33.0 Buffer 10.00 20.0

2. The running electrolyte of 100 mM triethanolamine, pH 7.5, with 10% glycerol
was prepared by dispensing the appropriate weight of HPLC-grade triethanola-
mine and the appropriate weight of glycerol to provide 100 mM and 10% (w/v)
into purified water then adjusting the pH down with the addition of 1 N hydro-
chloric acid. The solutions are filtered through 0.22-um nylon membranes (see

Note 11).

The sample is injected using pressure at 0.5 psig for 10 s. See Note 12.

4. The separation is achieved under constant voltage conditions using 22 kV while
the capillary is maintained at 18°C (see Note 13). Data are acquired for 50 min,
then the system is recycled using a 0.5-N sodium hydroxide wash to remove
compounds adsorbed to the walls of the capillary.

(O8]

A detailed time program for sample analysis is shown in Table 1.
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Table 1

Program for Sample Analysis

Time Reagent Action  Duration Pressure/Voltage
0.0min 0.5 N NaOH Rinse 5.00 min 40 psi

5.0 min  Water Rinse 1.00 min 40 psi

6.0 min  Buffer (TEA) Rinse 5.00 min 40 psi

11.0 min  Sample Injection  10.0s 0.5 psi

11.1 min Buffer (TEA) Separate  50.0 min 22 kV

3.4. Results and Discussion

The oligosaccharide profiles obtained from some typical recombinant MAbs
are shown in Fig. 5 and 6. The Abs were isolated from the cell culture superna-
tant from two different cell lines identified here as cell lines 1 and 2. The pro-
tein portion of the Ab is identical in the two samples. The samples were
analyzed using the conditions described previously. The electropherogram
from sample 1 (see Fig. 5) shows four prominent and not less than 10 minor
components. The electropherogram from sample 2 (see Fig. 6) shows the same
four prominent components but significantly fewer (~5) components of lesser
intensity. The oligosaccharide derivatives observed were identified by stan-
dard addition experiments when reference materials were available. These include
GO0, GOF, Man-5, G2, and G2F. (Note that G1 and G1F isomer mixtures may be
generated from the G2 and G2F materials by treatment with o-galactosidase.
This reaction is rapid and may generate a mixture that includes levels of GO
and GOF in addition to the desired G1 and G1F molecules). Alternatively, the
oligosaccharide is identified through the observation of peak behavior and
intensities upon treatment with exoglycosidases of known specificity. An
example of this experiment is shown in Fig. 7, in which unknown peaks
were suspected to be associated with o (1-3) galactose. The G1F positional
isomers are well resolved in both of the electropherograms in Figs. 5 and 6.
Two additional pairs of positional isomers [Galo(1-3) G3F and Galo(1-3)
G2F] are baseline-separated in the cell line 1 sample (see Fig. 4; sample 1).
However, one of the Gala(1-3) G2F appears as a shoulder preceding the G2F
peak. To confirm the identity of the Gala(1-3) isomeric oligosaccharides the
samples were treated using o(1-3) galactosidase from green coffee beans. A
sample treated in this way and prior to treatment are shown in Fig. 7A (before
enzyme) and B (after enzyme). The only notable differences in the electro-
pherograms are the absence of peaks at nominally 21- and 28-min migration
time and the small relative increase in the abundance of the G2F and G1F
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Fig. 5. Electropherogram produced from the APTS-derivatized oligosaccharides
released from an Ab using cell line 1 (sample 1). The symbols are as described in the
legend to Fig. 2. Common nomenclature is also included in the figure.
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Fig. 6. Electropherogram produced from the APTS-derivatized oligosaccharides
released from an Ab using cell line 2 (sample 2). The symbols are as described in the
legend to Fig. 2. Common nomenclature is also included in the figure.
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peaks. In a similar fashion, the presence of sialic acid at the terminus of the
structures is confirmed using neuraminidase. This is shown by comparison of
the electropherograms in Fig. 7A (before neuraminidase treatment) and C (after
treatment with neuraminidase). As with the galactosidase, the disappearance of
small peaks and slight increases in the relative intensities of neutral oligosac-
charides is observed. To further support the other identifications, the released
oligosaccharides were also treated with a-galactosidase. This shows (see Fig. 7A
and D) the collapse of the majority of the peak area to a single peak corresponding
to GOF.

In comparing these two electropherograms in Figs. 5 and 6, one notes small
differences in relative and absolute migration. Typically, within-run migration
time variations are less than 1 min. This is most pronounced when a new cap-
illary is involved. As the capillary is conditioned through sample analysis, the
migration time variability becomes minimized. It is strongly recommended that
either a control sample or standard cocktail be analyzed with some frequency
during a series of samples.

3.5. Conclusion

The conditions for the release, derivatization, and separation of neutral oligosac-
charides from native Abs have been presented. Conditions have been developed
which demonstrate the capability of a free solution CE-LIF method to:

Resolve all major neutral oligosaccharides from typical IgG from different hosts,
including positional isomers not distinguishable by LC-MS or MS alone.

Use a simple buffer and a bare fused-silica capillary.

Confirm the identification of the oligosaccharide using comparison with refer-
ence materials or treatment with appropriate exoglycosidases.

Provide selectivity and specificity beyond LC-MS or weak anion exchange
HPLC.

Provide quantitative information using only 3—6 fmoles of oligosaccharide from
IgG on the capillary.

4. Notes

1. Do not dry the samples under heat as this may degrade some of the carbohy-
drates.

2. If the PNGase F is obtained from a source other than QA-Bio be aware that dif-
ferent vendors may determine enzyme activity differently. The conditions described
herein may not work with enzymes from other vendors (i.e., the enzymes may not
be equally active).

3. A water bath is strongly recommended for all incubations to maintain a uniform
temperature, minimize “hotspots” that may occur in heating blocks, and mini-
mize degradation and excessive evaporation that may occur during high tempera-
ture excursions.
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Fig. 7. Identification of oligosaccharides using treatment with o.(1-3)galactosidase
and neuraminidase. (A) Untreated sample of derivatized oligosaccharides released
from an antibody; (B) Derivatized oligosaccharides from (A) after treatment with ou(1—
3)galactosidase; (C) Derivatized oligosaccharides from (A) after treatment with
Neuraminidase; (D) Derivatized oligosaccharides from (A) after treatment with a-galac-
tosidase. The peaks are identified as follows: 1, G4F (a); 2, G3F (a); 3, G2F; 4, G2F* (a);
5, GIF; 6, G1F*; 7, GOF; 8, SAR (a); 9, SAR; 10, SAR* in which a designates the
presence of 1 or more alpha-1,3 galactose residues. The structures are shown in 7(A),
but only numbers provided in B-D. (A), Oligosaccharides released from sample with-
out treatment. (B), Oligosaccharides released from sample and treated with o-galac-
tosidase. (C), Oligosaccharides released from sample and treated with neuraminidase.
(D), Oligosaccharides released from sample and treated with a-galactosidase.

4. When performing the separation of the protein from the released oligosaccha-
rides it is important to notice whether the entire volume of sample liquid passes
through. It is important to use a centrifugation time where this DOES NOT occur.
The retention of some liquid on the upper side of the membrane provides assurance
that the membrane remained intact and the proteins, which may interfere with the
electrophoresis, were removed from the oligosaccarides. The released oligosac-
charides will pass through the membrane into the receiving tube, whereas the
protein backbone and any residual PNGase F will be retained by the membrane.

5. If alternate devices are used to separate the glycans from the residual protein it is
necessary to run controls (complete system blanks) to monitor other aldehydes or
carbohydrate-polymers which may become derivatized and interfere with the
analysis. The use of Dextran and other carbohydrate-based sizing columns is dis-
couraged because of the potential for oligosaccharide leaching from these mate-
rials, which may react with APTS.

6. During the separation of the oligosaccharides from the deglycosylated protein,
the protein-containing portion should be retained until the oligosaccharide analy-
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10.

11.

12.

13.

sis is completed. If there are no oligosaccharides detected in the analysis, the
release of the carbohydrate may be attempted again or the protein may be interro-
gated using alternative methods including mass spectrometry to determine
whether the oligosaccharides are present or not on the residual protein.

. The APTS reagent (available in solid form from Beckman Coulter, part no. 501309)

is prepared by dissolving the solid in a single vial in 48 uLL of 15% acetic acid in
water. Mix well and store at -20°C up to 2 wk in the dark.

The cyanoborohydride reagent is flammable, and is an HCN source. Use extreme
caution.

Appropriate precautions should be used if an amount of protein lower than the
amount described in this procedure is used. A simple adjustment of reaction and
dilution volumes may not result in the analytical performance. The derivatization
reaction is most efficient at lower amounts of sample but reduction of sample
volumes may compromise effective handling and sample injection on the CE
system. Sample handling, control of evaporation, and appropriate mixing become
significantly more difficult as the volumes below are reduced to accommodate
reduced amounts of antibody.

Dilution of the derivatized oligosaccharides into the 1/10 buffer provides for a
more robust analysis with improved peak shape and more precise migration times.
It is recommended that the samples be filtered through 0.22-um nylon mem-
branes to ensure that all particulates are removed. Samples should be stored at
—20°C when not in use and should be discarded after 3 mo.

The pH of the CE running buffer should be between 7.5 and 7.6 to assure proper
selectivity. Weighing of the triethanolamine and glycerol provides a more robust
buffer preparation owing to the viscous nature of these chemicals. High-quality
glycerol should be used. Impurities in the glycerol may react to produce fluores-
cent derivatives which behave similarly to the oligosaccharides.

As in the case of sialylated, sulfated, or phosphorylated oligosaccharides, there
may be some discrimination toward potential-driven sample injections. These
should, therefore, be avoided. For this reason, pneumatic injections, either pres-
sure or gravity driven, should be used.

It is very important that the capillary be maintained at subambient temperature as
the migration and, more importantly, the selectivity and resolution are affected
by temperature shifts.
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Affinity Capillary Electrophoresis
to Examine Receptor-Ligand Interactions

Maryam Azad, John Kaddis, Valerie Villareal, Lili Hernandez,
Catherine Silverio, and Frank A. Gomez

Summary

Afffinity capillary electrophoresis (ACE) is a new analytical technique that has been shown
to be an efficient and accurate tool in studying biomolecular noncovalent interactions and
determining binding and dissociation constants of formed complexes. ACE uses as its basis
the change in migration time of a receptor upon binding to a ligand found in the electrophore-
sis buffer. Subsequent Scatchard analysis using noninteracting markers realizes a binding con-
stant. Herein, ACE and three modifications in the technique, partial-filling ACE (PFACE),
flowthrough PFACE (FTPFACE), and multiple-step ligand injection ACE (MSLIACE) are used
to probe the binding of ristocetin A (Rist A) and vancomycin (Van) from Streptomyces
orientalis to D-Ala-pD-Ala terminus peptides and carbonic anhydrase B (CAB, E.C.4.2.1.1) to
arylsulfonamides.

Key Words

Affinity capillary electrophoresis, binding constants, carbonic anhydrase B, receptor—ligand
interactions, ristocetin, scatchard plot, vancomceyin.

1. Introduction

During the past decade advances in molecular biology have helped in deter-
mining a myriad of biological interactions. Recognition of one molecule by
another is the key event of biological life and the specificity of these interac-
tions is its most important aspect. By elucidating how and to what extent mol-
ecules interact, the development of treatments for human diseases including
Parkinson’s, Alzheimer’s, and cancer might be expedited.

From: Methods in Molecular Biology, vol. 276: Capillary Electrophoresis of Proteins and Peptides
Edited by: M. A. Strege and A. L. Lagu © Humana Press Inc., Totowa, NJ
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Over the past few years, affinity capillary electrophoresis (ACE) has been
shown to be a versatile technique to study a variety of receptor—ligand interac-
tions including protein—protein, protein-DNA, protein—drug, protein—
carbohydrate, peptide—peptide, peptide—carbohydrate, peptide—dye, carbohy-
drate—drug, and antibody—antigen (1-28). In a typical form of ACE, a sample
of receptor and noninteracting standard(s) is exposed to an increasing concen-
tration of ligand in the running buffer, thereby, causing a shift in the migration
time of the receptor relative to the standard(s). The change in migration time is
then used for Scatchard analysis to obtain a value for K.

In this chapter, we describe the use of several different modes of ACE in
examining receptor—ligand interactions using as model systems ristocetin A,
carbonic anhydrase B (CAB, E.C.4.2.1.1), and vancomycin (Van) from Strep-
tomyces orientalis. Emphasis is placed on describing the unique capabilities
and advantages and disadvantages of each technique.

2. Materials
2.1. Standard ACE

1. 0.025 M Tris, 0.192 M glycine, pH 8.3 (see Note 1).

2. 1.0 mg Ristocetin A (Rist A) (Biodata Corporation, Horsham, PA) in 1.0 mL
0.025 M Tris, 0.192 M glycine buffer.

3. 50 uL Mesityl oxide (MO) (Calbiochem, San Diego, CA) in 1.0 mL 0.025 M
Tris, 0.192 M glycine buffer (see Note 2).

4. 1.0 mg Carbonic anhydrase B (CAB, EC 4.2.1.1, containing CAA and CAB
isozymes, from bovine erythrocytes) (Sigma-Aldrich, St. Louis, MO) in 1.0 mL
0.025 M Tris, 0.192 M glycine buffer (see Note 3).

5. Electrophoresis sample: 30 uL Rist A solution, 100 uL. CAB solution, 4 uLL MO
solution, in 200 uL. sample vial.

6. 5.0 mg Fluorenylmethoxy carbonyl (Fmoc)-Gly-p-Ala-p-Ala, 1 in 5.0 mL 0.025
M Tris, 0.192 M glycine buffer. Make up eight solutions (10.0 mL total with
addition of electrophoresis buffer) of the following concentrations of 1: 20, 40,
50,75, 100, 150, 200, 300 uM and divide into two sample vials (4.2 mL each; see
Note 4).

2.2. Partial-Filling Affinity Capillary Electrophoresis (PFACE)

1. 0.025 M Tris, 0.192 M glycine, pH 8.3 (see Note 1).

2. 1.0 mg Van from S. orientalis (Sigma-Aldrich) in 1.0 mL 0.025 M Tris, 0.192 M
glycine buffer.

3. 50 uLL MO (Calbiochem) in 1.0 mL 0.025 M Tris, 0.192 M glycine buffer (see
Note 2).

4. Electrophoresis sample: 20 uL. Van solution, 4 uL. MO solution, 140 uL electro-
phoresis buffer in 200 uLL sample vial.
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5.

2.3.

5.0 mg N-Succinyl-p-Ala-p-Ala, 2, in 5.0 mL 0.025 M Tris, 0.192 M glycine
buffer. Make up eight solutions (10.0 mL total) of the following concentrations
of 2:50, 100, 175, 300, 425, 600, 825, 1150 uM and divide into two sample vials
(4.2 mL each; see Note 5).

Flowthrough Partial-Filling Affinity Capillary Electrophoresis

(FTPFACE)

1.
2.

2.4.
. 0.025 M Tris, 0.192 M glycine, pH 8.3 (see Note 1).

[

2.5.
. High-performance capillary electrophoresis (CE) system (Beckman Model P/ACE

0.025 M Tris, 0.192 M glycine, pH 8.3 (see Note 1).

1.0 mg Carbonic anhydrase B (CAB, EC 4.2.1.1, containing CAA and CAB
isozymes, from bovine erythrocytes),) (Sigma-Aldrich) in 1.0 mL 0.025 M Tris,
0.192 M glycine buffer.

1.0 mg Horse heart myoglobin (HHM) (Sigma-Aldrich) in 1.0 mL 0.025 M Tris,
0.192 M glycine buffer (see Note 6).

50 uLL MO (Calbiochem) in 1.0 mL 0.025 M Tris, 0.192 M glycine buffer (see
Note 2).

. Electrophoresis sample: 30 uL. CAB solution, 30 u. HHM solution, 4 uL. MO

solution, 120 uL electrophoresis buffer in 200 uLL sample vial.

5.0 mg [4-(Aminosulfonyl)phenyl-methyl-amino]-6-oxohexanoic acid, 3, in 1.0 mL
0.025 M Tris, 0.192 M glycine buffer. Make up 10 solutions (10.0 mL total) of the
following concentrations of 3: 2.0, 3.0, 4.0, 6.0, 8.0, 14, 22, 30, 60, 80 uM and
divide into two sample vials (4.2 mL each; see Note 7).

Multiple-Step Ligand Injection ACE (MSLIACE)

1.0 mg Van from S. orientalis (Sigma-Aldrich) in 1.0 mL 0.025 M Tris, 0.192 M
glycine buffer.

Carbonic anhydrase B (CAB, EC 4.2.1.1, containing CAA and CAB isozymes,
from bovine erythrocytes), (Sigma-Aldrich) in 1.0 mL 0.025 M Tris, 0.192 M gly-
cine buffer (see Note 3).

50 uL. MO (Calbiochem) in 1.0 mL 0.025 M Tris, 0.192 M glycine buffer (see
Note 2).

. Electrophoresis sample: 20 uL. Van solution, 30 uL. CAB solution, 4 ul. MO

solution, 130 uL electrophoresis buffer in 200 uLL sample vial.

5.0 mg N-Acetyl-D-Ala-D-Ala, 4 (Sigma-Aldrich) in 5.0 mL 0.025 M Tris,
0.192 M glycine buffer. Make up eight solutions (10 mL total) of the following
concentrations of 4: 50, 100, 150, 300, 400, 600, 800, 1200 uM and divide into
two sample vials (4.2 mL; each see Note 8).

Equipment
5510; Fullerton, CA).

Uncoated fused silica capillaries (Polymicro Technologies, Inc., Phoenix, AZ)
with an internal and external diameter of 50 and 360 wm, respectively, a length
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from inlet to detector of 37.0 cm for standard ACE (57.0 cm for PFACE; 67.0 cm
for FTPFACE; 87.0 for MSLIACE) and a length from detector to outlet of 6.5 cm
(see Note 9).

3. Detection: 200 nm on-column.

Polyethylene solution vials.

5. pH meter.

&

3. Methods

The methods described herein outline the use of four ACE techniques to
probe the binding of model biological systems to ligands: (1) standard ACE to
examine the binding of Rist A to p-Ala-p-Ala terminus peptides; (2) PFACE to
examine the binding of Van from §. orientalis to p-Ala-p-Ala terminus pep-
tides; (3) FTPFACE to examine the binding of carbonic anhydrase B (CAB,
EC4.2.1.1) to arylsulfonamides, and; (4) MSLIACE to examine the binding of
Van from S. orientalis to p-Ala-p-Ala terminus peptides.

Standard ACE has several advantages as a method for measuring affinity
constants over assay techniques. First, it requires small quantities of both pro-
tein and ligand. Second, purification of the sample prior to injection is not
necessary as long as the component to be analyzed can be separated from other
species. Third, it does not require radiolabelled or chromophoric ligands.
Fourth, the commercial availability of automated instrumentation, and the high
reproducibility of data, make it experimentally convenient. PFACE and
FTPFACE are more advantageous than standard ACE in that less quantities of
material are needed for a given assay. MSLIACE requires even less material
than the other ACE techniques and the binding assay can be conducted in less
time.

3.1. Standard ACE (Fig. 1)

1. Electrophoresis sample to sample holder 21.

2. Peptide solution in vials 12 and 2, 13 and 3, respectively, in order of increasing

concenration of 1 (see Note 10).

Electrophoresis buffer (2 x 4.2 mL) in sample holder positions 11 and 1.

3.0 min Rinse at high pressure (20 psi) with electrophoresis buffer.

5. Instrument programmed to inject electrophoresis sample for 3.0 s at low pressure
(0.5 psi) and to run increasing concentrations of 1 in electrophoresis buffer for
2.0 min (see Note 11).

6. The conditions used in CE were as follows: voltage, 25 kV; current, 7.7 nA
depending on the capillary length; detection, 200 nm; temperature, 23 = 0.5°C.

7. Run three to five repetitions of each concentration of 1.

8. For each new concentration of peptide fill the capillary column for 1.0 min (20 psi)
with 1.

Rl
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9.

10.

11.

12.

13.

3.2.

. Electrophoresis sample to sample holder 21.

[

Rl

Upon completion of the electrophoresis runs, record the migration times of Rist
A, MO, and CAB and compute the binding constant by Scatchard analysis.

In this form of Scatchard analysis K}, is estimated using a dual-marker form of
analysis which we term the relative migration time ratio (RMTR) (see Eq. 1).

RMTR = (t,—t) / (t; —t,) (D

of a receptor referenced to two noninteracting standards. Here, 7,, ,, and 7, are
the measured migration times of the receptor peak, and the two noninteracting
standard peaks, respectively. A Scatchard plot can be obtained via Eq. 2.

ARMTRp/[L] = K,ARMTR ;max — K,ARMTR 2)

Here, ARMTRg is the magnitude of the change in RMTR as a function of the
concentration of ligand. Eq. 2 allows for the estimation of K, on a relative time
scale using two noninteracting standards and compensates for fluctuations in
voltage in the capillary column.

Upon electrophoresis, a dynamic equilibrium is achieved between the plug of
Rist A and 1 resulting in a shift in migration time of the Rist-1 complex. The
complexation between | and Rist A resulted in an increasing negative charge and
the complex is detected later than the uncomplexed form.

Figure 2A shows a representative series of electropherograms of Rist A in capil-
laries partially filled with increasing concentrations (0-300 uM) of 1.

Figure 2B is a Scatchard plot of the data for Rist A. A binding constant of 4.1 x
10* M~ was obtained for the binding of 1 to Rist A.

PFACE

Peptide solution in vials 12 and 2, 13 and 3, respectively, in order of increasing
concenration of 2 (see Note 10).

Electrophoresis buffer (2 x 4.2 mL) in sample holder positions 11 and 1.

3.0 min Rinse at high pressure (20 psi) with electrophoresis buffer.

Instrument programmed to inject solutions of 2 at low pressure (0.5 psi) for 15 s,
electrophoresis sample for 3.0 s at low pressure (0.5 psi), and then in electro-
phoresis buffer for 4.0 min.

The conditions used in CE were as follows: voltage, 25 kV; current, 5.2 uA;
detection, 200 nm; temperature, 23 + 0.5°C.

Run three to five repetitions of each concentration of 2.

Upon completion of the electrophoresis runs record the migration times of Van
and MO and compute the binding constant by Scatchard analysis.

In this form of Scatchard analysis a non-interacting standard was used in estimat-
ing the binding constant using Eqs. 3 and 4. Here, 7,, and #;

M= (t,,/tg) +1 3)

AMR,L/[L] = KbAMR’LmaX — KbAMR,L (4)
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Fig. 2. (A) A representative series of electropherograms of Rist A in 0.192 M gly-
cine-0.025 M Tris-HCI buffer, pH 8.3, containing various concentrations of 1 using
the standard ACE technique. MO and CAB were used as internal standards. The total
analysis time was 2.0 min at 25 kV (current: 7.7 nA) using a 30.5-cm (inlet to detec-
tor), 50-um id open, uncoated quartz capillary. (B) Scatchard plot of the data for Rist
A according to Eq 2. Used with permission from ref. 1.

are the measured migration times of the reference peak MO and Van, respec-
tively. A Scatchard plot can be obtained using Eq. 4. AMy, is the magnitude of
the change in the mobility ratio (M) as a function of the concentration of 2. Eq. 4
allows for the estimation of K, on a relative time scale and compensates for fluc-
tuations in voltage and/or capillary length.

10. Upon increasing the concentration of 2 in the capillary column a shift in the
migration time of Van is observed. The Van-2 complex is more negative than
Van and upon binding shifts to the right (longer migration time). The neutral



Receptor-Ligand Interactions 161

11.

12.

marker MO is unaffected by the change in the concentration of 2 and its migra-
tion time does not vary significantly during the course of the experiment, hence,
MO can be used as a marker in the analysis of K. As shown in Fig. 3A the
change in concentration of 2 in the column is visualized as an increased height in
the ligand plateaus. The box-like structure of the ligand peak at all concentra-
tions of ligand denotes both a uniform injection of ligand into the column and a
stable concentration of peptide in the capillary column. For the sample plug to
elute on top of the ligand boxes care was taken to ensure that a long enough time
of ligand was injected into the capillary, otherwise, incomplete overlap will
occur making analysis of the interaction problematic. Further proof that bind-
ing is occurring is shown as an increase in the peak area of the Van peak on
increasing the concentration of 2 in the capillary column.

Figure 3A shows a representative series of electropherograms of Van in a capil-
lary partially filled with 2.

Figure 3B is a Scatchard plot of Van using varying concentrations of 2 in the
running buffer using M as the basis for the analysis.

3.3. Flowthrough Partial-Filling Affinity Capillary Electrophoresis
(FTPFACE)

1.
2.

Rl

10.

11.

Electrophoresis sample to sample holder 21.

Peptide solution in vials 12 and 2, 13 and 3, respectively, in order of increasing
concenration of 3 (see Note 10).

Electrophoresis buffer (2 x 4.2 mL) in sample holder positions 11 and 1.

3.0 min Rinse at high pressure (20 psi) with electrophoresis buffer.

Instrument programmed to inject solutions of 3 at low pressure (0.5 psi) for 0.1 min,
followed by electrophoresis sample for 3.0 s at low pressure (0.5 psi), and then elec-
trophoresis buffer for 7.0 min.

The conditions used in CE were as follows: voltage, 28 kV; current, 5.8 uA;
detection, 200 nm; temperature, 23 + 0.5°C.

Run three to five repetitions of each concentration of 2.

Upon completion of the electrophoresis runs record the migration times of CAB,
HHM, and MO and compute the binding constant by Scatchard analysis (same
form of analysis as for Rist A).

. Upon electrophoresis the sample plug flows into the domain of the ligand plug

which is migrating at a slower velocity through the capillary column. A dynamic
equilibrium is quickly reached between CAB and 3. Continued electrophoresis
causes the sample plug to flow through the ligand plug and is detected first. The
ligand plug is detected second as a rectangular shaped box. Complexation between
CAB and 3 results in an increasing negative charge on CAB and, hence, it migrates
later than the uncomplexed form.

Figure 4A shows a series of electropherograms of CAB in capillaries partially
filled with increasing concentrations of 3.

Figure 4B is a Scatchard plot of the data for CAB obtained using the RMTR
(Eq. 2) form of analysis.
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Fig. 3. (A) A representative set of electropherograms of Van in 0.192 M glycine-
0.025 M Tris-HCI buffer, pH 8.3, containing various concentrations of 2 using the
partial-filling ACE technique. The total analysis time in each experiment was 4.0 min
at 25 kV (current: 5.2 nA) using a 60.5-cm (inlet to detector), 50-um id open, uncoated
quartz capillary. MO was used as an internal standard. (B) Scatchard plot of the data for
vancomycin according to Eq. 4. Used with permission from ref. 2.
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Fig. 4. (A) A representative set of electropherograms of CAB in 0.192 M glycine-
0.025 M Tris-HCI buffer, pH 8.6 containing various concentrations of 3 using the
flowthrough partial-filling affinity CE technique. The total analysis time in each
experiment was 6.5 min at 28 kV (current: 5.8 uA) using a 60.5-cm (inlet to detec-
tor), 50-um id open, uncoated quartz capillary. MO and HHM were used as internal
standards. (B) Scatchard plot of the data for carbonic anhydrase B according to Eq. 2.
Used with permission from ref. 3.

3.4. Multiple-Step Ligand Injection ACE (MSLIACE)

1. Electrophoresis sample to sample holder 21.

2. Peptide solution in vials 12 and 2, 13 and 3, respectively, in order of increasing
concenration of 4 (see Note 10).

3. Electrophoresis buffer (2 x 4.2 mL) in sample holder positions 11 and 1.

4. 3.0 min Rinse at high pressure (20 psi) with electrophoresis buffer.

5. Instrument programmed to inject a solution of electrophoresis buffer (0.5 psi) not

containing 4 (solution A) followed by a sample (7.2 nL; a 1-s time of injection at
low pressure equates to 1.2 nL of volume of solution) of solution (solution B)
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containing electrophoresis sample. The sample was subjected to electrophoresis
in a solution (solution C) containing the first concentration (50 uM) of 4 for 2.0 min
at 24 kV. A second solution of electrophoresis sample (0.5 psi) (14.4 nL) (solution
B) was injected for 12 s and subjected to electrophoresis in the next higher concen-
tration of 4 (100-1200 uM) for 2.0 min at 24 kV. The process of sample injection
and ligand electrophoresis was repeated until all concentrations of ligand were run.
Run electrophoresis for 4.0 min.

The conditions used in CE were as follows: voltage, 24 kV; current, 4.0 nuA;
detection, 200 nm; temperature, 23 = 0.5°C.

Run three to five repetitions of each concentration of 2.

Upon completion of the electrophoresis runs record the migration times of Van
and MO and compute the binding constant by Scatchard analysis (same form of
analysis as for Rist A).

In this technique, a plug of Van and noninteracting standards is injected and elec-
trophoresed in buffer containing a given concentration of peptide. The sequence
is repeated at increasing concentrations of peptide until all concentrations of
ligand were run. Analysis of the change in the RMTR affords K,. Figure SA
shows a representative set of electropherograms of Van in increasing concentra-
tions of 4. Periodic injections of 4 at higher concentration result in the Van peak
shifting to the right for any concentration of 4 in the buffer. Ligand 4 is a small
negatively charged molecule and has a more negative electrophoretic mobility
than both complexed and uncomplexed Van, hence, it elutes at a greater migra-
tion time than both Van and complexed Van. The complexation between 4 and
Van resulted in an increasing negative charge and the peak for Van complexed to
the ligand shifts to a longer migration time relative to the neutral marker MO
increasing 4 in the running buffer. At any one time during the experiment, only
three different ligand concentrations and three sample plugs are contained in the
capillary column. The instrument was programmed in order to ensure all plugs of
sample were contained in one single electropherogram. The total time for the
experiment was approx 27 min.

Figure 5A is a single electropherogram is generated using the multiple-plug
ligand injection ACE technique.

Figure 5B is a Scatchard plot of the data for Van using Eq. 4.

4. Notes

1.

The use of Tris-gly buffer is neither critical for ACE analysis, nor is a pH of 8.3.
Our labs use this buffer concentration and pH because at pH less than 8.0 the
peak for CAB tends to broaden because of protein adsorption to the walls of the
capillary column.

MO is a volatile organic compound and should be stored in sealed containers to
maintain its concentration. Solution should be replaced daily as decomposition in
buffers will occur. Other neutral markers can be used in the analysis.
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Fig. 5. (A) A representative electropherogram of Van in 0.192 M glycine-0.025 M
Tris-HCI buffer, pH 8.3, containing various concentrations of 4 using the multiple-
step ligand-injection ACE technique. The total analysis time in each experiment was
27 min at 24 kV (current: 4.0 uA) using a 80.5-cm (inlet to detector), 50-um id open,
uncoated quartz capillary. MO and CAB (containing CAA and CAB isozymes) were
used as internal standards. The number above each set of sample peaks refer to the
concentration of 4 in uM. (B) Scatchard plot of the data for Van according to Eq. 2.
Used with permission from ref. 4.
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10.

11.

Carbonic anhydrase B is a noninteracting standard used in the data analysis. It
has no affinity to either glycopeptide antibiotics or the peptide ligands. Other
markers can be used as long as they do not migrate at or near the migration times
of Rist A.

Compound 1 was synthesized in our laboratories based on standard peptide chem-
istries (10). Other p-Ala-p-Ala terminus peptides can be used because they all
have similar binding affinities to Rist A as 1.

Compound 2 was synthesized in our laboratories (2). Other p-Ala-p-Ala termi-
nus peptides can be used since they all have similar binding affinities to Van as 2.
Horse-heart myoglobin is a noninteracting standard used in the data analysis. It
has no affinity to either CAB or 3. Other markers can be used as long as they do
not migrate at or near the migration times of CAB.

Compound 3 was synthesized in our laboratories (2). Other negatively
charged arylsulfonamides can be used since they have similar binding affini-
ties to CAB as 3.

Other p-Ala-p-Ala terminus peptides can be used since they all have similar bind-
ing affinities to Van as 4.

. Length of column is not critical in standard ACE, PFACE, and FTPFACE, as

long as a dynamic equilibrium is obtained prior to detection. For MSLIACE,
length of column is critical as multiple injections are required in the experiment.
The length of column depends on the number of ligand concentrations to be run
during the experiment.

The instrument can be programmed to run the electrophoresis buffers at increas-
ing concentrations.

High and low pressure settings can be programmed using the instrument soft-
ware.
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Screening Major Binding Sites on Human Serum
Albumin by Affinity Capillary Electrophoresis

Hee Seung Kim, John Austin, and David S. Hage

Summary

A screening method is described for determining whether a drug or small solute has signifi-
cant interactions at the two major binding sites on human serum albumin (HSA). This method
uses affinity capillary electrophoresis (ACE) to perform a mobility shift assay, where the solute
of interest is injected in both the presence of pH 7.4, 0.067 M phosphate buffer, and the same
buffer containing a known concentration of HSA. Dextran is also used in the running buffer to
adjust the mobility of HSA. Two types of modified HSA are used in this assay. The first is
modified with 2-hydroxy-5-nitrobenzyl bromide (HNB), which selectively blocks HSA’s war-
farin-azapropazone site. The second type of HSA is modified with tetranitromethane (TNM),
which decreases binding at the indole-benzodiazepine site. By comparing the mobility of a
solute in the presence of these two modified forms of HSA vs normal HSA, it is possible to
detect solute interactions at these binding sites. This approach is illustrated using warfarin and
ibuprofen as examples of test solutes.

Key Words

Affinity capillary electrophoresis; drug binding sites; drug screening assay; human serum
albumin; 2-hydroxy-5-nitrobenzyl bromide; modified albumin; tetranitromethane.

1. Introduction

The binding of drugs to transport proteins in blood is important in determin-
ing the activity, toxicity, excretion, and metabolism of these agents in the body.
Human serum albumin (HSA) is an important protein in this process. HSA has
a molecular mass of 66.5 kDa and is the most abundant plasma protein. It con-
sists of a single polypeptide chain with 585 amino acids held together through
17 disulfide bonds (). Many low mass solutes show reversible binding to HSA.

From: Methods in Molecular Biology, vol. 276: Capillary Electrophoresis of Proteins and Peptides
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This includes both endogenous and exogenous substances, such as long-chain
fatty acids, steroids, salicylate, warfarin, and ibuprofen (2-4). Many of these
interactions occur at relatively well-defined regions on HSA, the two most
important of which are the warfarin-azapropazone and indole-benzodiazepine
sites (i.e., Sudlow sites I and II) (5).

Numerous techniques can be used to examine the binding of solutes to HSA
(5-8). One such approach is affinity capillary electrophoresis (ACE) (9,10).
This is often performed by examining the mobility of an injected solute in the
presence of a running buffer that contains a known concentration of HSA as an
additive. Advantages of this technique include its small sample size require-
ments, its short analysis times, and its relative ease of automation.

In recent work, an ACE method was reported that can quickly identify the
location of a drug’s binding sites on HSA (11). This is accomplished by using
two modified forms of HSA which have been altered at specific amino acids
within HSA’s warfarin-azapropazone and indole-benzodiazepine sites. A com-
parison is then made between the mobility of a drug in the presence of these
modified proteins vs the drug’s mobility in the presence of normal HSA (see
Fig. 1). If a difference is seen in these mobilities, this indicates the drug was
interacting at the altered region. This chapter will describe how to perform this
assay, using warfarin and ibuprofen as examples of test solutes.

2. Materials

The following materials are needed to prepare the modified HSA, to condi-
tion the ACE capillary, and to prepare the running buffers for this assay. A
source for the drug or solute of interest is also required, although only small
quantities of this agent are needed. In this chapter, racemic warfarin and race-
mic ibuprofen (Sigma, St. Louis, MO) are used to illustrate the method, but a
variety of other compounds can also be tested.

1. HSA (Cohn fraction V, essentially fatty acid and globulin free) (Fluka,
Milwakee, WI).
2. Dextran (average mass, 2 x 106 Da; Sigma).
3. Tetranitromethane (TNM; Sigma).
4. 2-Hydroxy-5-nitrobenzyl bromide (HNB; Sigma).
5. Methanol (HPLC grade).
6. 95% Ethanol (prepared from HPLC-grade ethanol).
7. 10 M Urea solution.
8. 0.050 M Tris-HCI, pH 8.0.
9. 0.067 M Potassium phosphate, pH 7.4.
10. 1 M NaOH.
11. 1 M HCL
12. y-Methacryloxypropyltrimethoxysilane (Aldrich, Milwaukee, WI).
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Fig. 1. General illustration of an ACE mobility shift assay using normal and modi-
fied proteins. In the top experiment, the test solute is able to bind to a normal protein
that is used as a buffer additive; the result is a shift in the solute’s apparent mobility
away from that expected for the same solute in the absence of any protein. In the
bottom experiment, a modified protein is now used that has completely or partially
blocked binding sites; the test solute has less binding to this protein, giving rise to an
apparent mobility closer to that for the solute in the absence of any protein.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

Acrylamide (Sigma).

Ammonium persulfate.

N,N,N',N'-Tetramethylethylenediamine (TEMED; Sigma).

Sodium nitrate.

BCA protein assay kit (Pierce, Rockford, IL).

0.22 um Cellulose acetate filters (Fisher Scientific, Pittsburgh, PA).
Slyde-A-Lyzer dialysis membrane (12 kDa molecular weight cutoff; Pierce).
Fused-silica capillary (50 um id, 365 um od; Polymicro Technologies, Phoenix, AZ).
Microcapillary union (Upchurch Scientific, Oak Harbor, WA).

Biofocus 3000 capillary electrophoresis system (Bio-Rad, Hercules, CA) or com-
parable system.

In addition to these specific materials, other general items that are needed

include 1-mL disposable syringes, various micropipets (10-100 and 1000 uL),
a nitrogen gas source, a standard UV/vis absorbance spectrometer, an ultra-
sonicator bath, and a vortex mixer.
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In dealing with the listed reagents, it should be noted that tetranitromethane
is a known carcinogen and must be handled in a well-ventilated hood. y-Meth-
acryloxypropyltrimethoxysilane is a moisture-sensitive agent and should be
kept in dessicator. Acrylamide is light sensitive and must be kept in dark. Also,
ammonium persulfate is a strong oxidizer and should be kept separate from
other chemicals, especially those that can act as a reducing agent.

3. Methods

The methods described in this section outline: (1) the modification of HSA,
(2) preparation of the fused-silica capillary, (3) reagent and sample prepara-
tion, and (4) the ACE assay.

3.1. Modification of HSA

The reactions used to modify HSA for the ACE assay are summarized in
Fig. 2. The warfarin-azapropazone site of HSA is modified by reacting HSA’s
trytophan 214 residue (Trp214) with HNB. This is performed according to
methods described in the ref. (12). The indole-benzodiazepine site of HSA is
modified by reacting tyrosine 411 (Tyr411) of HSA with TNM, based on a
previous procedure that uses a 4:1 mol excess of TNM vs HSA (12,13).

3.1.1. HNB Modification of HSA

HNB is a modification reagent that is highly selective for tryptophan at low
pH (14,15). This adds a hydroxynitrobenzyl group to position 3 of the indole
ring in tryptophan, as shown in Fig. 2A (16). In the past, HNB has been used to
estimate the number of tryptophans in a protein and to determine if tryptophans
are present at a protein’s active site (I4—16). HSA has only one tryptophan
residue (Trp214), which lies within the warfarin-azapropazone site of HSA. It
is known from previous work that the modification of Trp214 with HNB dis-
rupts ligand binding at this site, but does not change binding at the other major
site of HSA (17). The following approach describes how to modify HSA with
HNB for use in the ACE assay.

1. Add 0.1744 g HNB to a 10-mL volumetric flask and dilute to the mark with
methanol. The HNB should dissolve quickly in the methanol.

2. Weigh 0.5 g of HSA into a beaker and add 10 mL of a 10-M urea solution. Allow
adequate time for the protein to completely dissolve (see Note 1).

3. Add all 10 mL of the HNB/methanol solution to the HSA/urea solution. Mix
these thoroughly, then cover the container and allow this mixture to react for
approx 2 h (see Note 2).

4. Dialyze the mixture, using dialysis tubing (12,000 molecular weight cutoff) or
dialysis cartridge cassettes (such as Slyde-A-Lyzer from Pierce). Perform this
dialysis against 1 L of water at 4°C for 60 h. After the first 12 h, place the sample
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in a fresh portion of water and repeat every 4 h for the next 12 h. For the remain-
ing 48 h, change the water every 12 h. A final dialysis step against 1 L of pH 7.4,
0.067 M potassium phosphate buffer should be performed at 4°C for 72 h (chang-
ing to fresh buffer every 24 h) to remove any residual HNB or side products.

5. Keep the modified HSA solution in a refrigerator (4°C) for short-term storage.
For longer-term storage, it is recommended that the TNM-modified HSA be
freeze dried and stored at —20°C.

3.1.2. Determining the Extent of HSA Modlification by HNB

It is helpful after preparing the HNB-modified HSA to confirm the degree
of modification that has occurred with this protein. This can be accomplished
by using an assay that makes use of the absorbance of the HNB-tryptophan prod-
uct at 410 nm and the inherent absorbance of HSA at 280 nm. This approach is
described here. An alternative approach is to measure the absorbance at 410 nm
to give the amount of HNB-modified residues, with the total amount of HSA
determined by a bicinchoninic acid (BCA) protein assay, as described in Sub-
heading 3.1.4. for the TNM-modified HSA.

1. First prepare a solution of normal, unmodified HSA to give a concentration of
exactly 1.0 mg/mL in pH 7.4, 0.067 M potassium phosphate buffer.

2. Dilute the modified HSA with pH 7.4, 0.067 M potassium phosphate buffer to
give a solution with an approximate HSA concentration of 1-2 mg/mL.
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3. Measure the absorbances of the HNB-modified HSA at 280 and 410 nm. Deter-
mine the absorbance for normal HSA at 280 nm, using the pH 7.4, 0.067 M potas-
sium phosphate buffer as a blank. Some typical spectra that are obtained in these
measurements are shown in Fig. 3. It can be seen from this figure that there is
some decrease in the absorbance of HSA at 280 nm after this protein has been
modified with HNB.

4. Use these measured absorbances with the following equation to determine the
moles of HNB-modified tryptophan residues that are present per mole of HSA.
This gives the extent of modification for the treated HSA.

(A HNB—HSA,410) (A HSA,280 nm) (66.500 g/mol

Extent of HSA modification =

(18,000} 0.14- A

A HNB-HSA,280 ( HNB—HSA,410)]

In the above equation, Ayng-psa 410 i the absorbance of the HNB-modified HSA
at 410 nm, Ayng-psa 280 18 the absorbance of the HNB-modified HSA at 280 nm,
and Apga g0 1S the absorbance of the unmodified HSA at 280 nm. The denomina-
tor of this equation includes a factor that corrects for the decrease in absorbance
at 280 nm for HSA when it is modified with HNB. The result that is obtained
from this equation should give the moles of HNB-modified tryptophan residues
per mole HSA. The expected answer should be approx 1.0, with values in the
range of 1.2-0.8 being acceptable for later use in the ACE assay.

3.1.3. TNM Modification of HSA

TNM will react with tyrosine residues in a protein to produce the product 3-
nitrotyrosine, as shown in Fig. 2B (12,13). It was originally thought that TNM
reacted only with tyrosines close to the surface of a protein (17), but newer
results suggest that TNM can quickly enter the interior of a protein and has a
reactivity that depends only on the microenvironments of the individual tyrosine
residues. Of the 18 tyrosines in HSA, only nine have been found to react with
TNM. Of these 18 residues, only two react when small amounts of TNM are
used (i.e., a mole ratio of 4:1 ratio or less for TNM to HSA) (12,13). The most
reactive of these two residues is Tyr411, which is located at or near the indole-
benzodiazepine site of HSA (12,13,21). Furthermore, it has been shown that
the use of a low mole ratio of TNM to HSA allows the production of a modi-
fied form of HSA in which solute binding is decreased at the indole-
benzdodiazepine site but not at the warfarin-azapropazone site (21). The
method given here describes how this modified HSA can be prepared for use in
the ACE screening assay.

1. Make a 0.2-M stock solution of TNM by adding 24 uL of this reagent to 976 uL.
of 95% ethanol.
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Fig. 3. Typical UV/vis absorption spectra for unmodified HSA (dashed line) and
HSA that has been treated with HNB (solid line). These two protein solutions had
approximately equal concentrations.

2.

3.

4.

Weigh 0.17 g HSA and dissolve in 10 mL of pH 8.0, 0.05 M Tris-HCI buffer (see
Note 3).

Add 50 uL of 0.2-M TNM stock solution to the HSA solution while vortexing or
rapidily stirring the TNM solution (see Note 4).

Allow this mixture to react at room temperature for 10 min (see Notes 5 and 6).
Dialyze the mixture, using 12,000 molecular weight cutoff dialysis tubing or
dialysis cartridge cassettes, against 1 L of water at 4°C for 60 h, changing to
fresh water every 12 h. A final dialysis step against 1 L of pH 7.4, 0.067 M
potassium phosphate buffer should be performed at 4°C for 72 h (changing to a
fresh portion of buffer every 12 h) to remove any residual TNM or side-products
(see Note 7).

3.1.4. Determining the Extent of HSA Modification by TNM

The extent of TNM modification of HSA can be determined by using a colo-
rimetric assay. This makes use of the absorbance of the 3-nitrotyroxine prod-
uct at 428 nm and the measurement of HSA by a method like the BCA protein
assay.

1.

2.

Dilute the modified HSA sample with 0.1 M NaOH to give a concentration of
approx 1-2 mg/mL HSA.

Measure the absorbance of this HSA solution at 428 nm, using 0.1 M NaOH as the
blank. Some typical spectra obtained by this measurement are shown in Fig. 4.
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Fig. 4. UV/vis absorption spectra for unmodified HSA (dashed line) and HSA which
has been treated with TNM (solid line). These two protein solutions had approximately
equal concentrations.

3. Calculate the molar concentration of the 3-nitrotyrosine product in this mixture
by using a molar absorptivity for this product of 4100 M~! cm™.

4. Use a separate aliquot of the modified HSA sample to determine its protein con-
tent by the BCA assay, according to instructions provided by the manufacturer of
the BCA reagent. Express the results of this assay in terms of the molar concen-
tration of HSA in the sample.

5. Determine the ratio of the concentrations found in steps 3 and 4. This gives the
rates of mol 3-nitrotyrosine to mol HSA, which represents the extent of HSA
modification. A typical ratio that should be obtained when using the modifica-
tion procedure in Subheading 3.1.3. is a mol/mol ratio of 2.3, but slightly higher
or lower ratios (e.g., 2.0-2.5) are also acceptable for use in the ACE method.

3.2. Capillary Preparation

For a reproducible ACE assay, several steps must be followed to properly pre-
pare the capillary that will be used in this assay. These steps include: (1) creation of
a detection window in the capillary, (2) modification of the interior wall of the
capillary with linear polyacrylamide, and (3) conditioning of the capillary before it
is used in the ACE assay. Each of these procedures is described in this subheading.
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3.2.1. Creation of a Detection Window

The detection window in the capillary must be prepared prior to the
capillary’s modification with a linear polyacrylamide coating and placement
of the capillary into a CE system. This is critical because the linear polyacryla-
mide coating inside capillary wall can be disrupted during the creation of the
window. This detection window is usually prepared by burning away a small
amount of the capillary’s outside polyimide coating through the use of a match
or lighter. During this process, it is recommended that a small piece of alumi-
num foil be placed at both ends of desired detection window to prevent the
window from becoming too wide. After the window has been created, the
burned polyimide coating can be removed by washing it away with acetone or
methanol (see Note 8).

3.2.2. Conditioning the Capillary Before Modification
With Linear Polyacrylamide

One factor that researchers must consider in CE is the presence of several
different types of functional groups on a silica capillary’s interior surface.
These groups include free silanols, siloxanes and germinal or vicinal silanols.
Each of these groups can have a different chemical reactivity towards
silanization reactions, as are used in coating the capillary with polyacrylamide,
resulting in a heterogeneous polymerization process. In order to produce more
homogeneous polymerization, capillary conditioning is required. This proce-
dure results in the maximum number of free silanol groups on the inside capil-
lary wall, thus giving more uniform reactivity. In this work, this is
accomplished by passing several conditioning solutions through the capillary,
which are applied through the use of a syringe and microcapillary union.

1. Fill the capillary with 1 M sodium hydroxide and allow to sit for 1 h.

2. Rinse the inside of the capillary with double-distilled water (ddH,0).

3. Fill the capillary with 0.1 M HCI and allow the capillary to sit for 1 min. Rinse
the interior of the capillary with ddH,0.

4. Dry and purge the inside of the capillary with nitrogen gas for 1 h. This can be
accomplished by using a commercial nitrogen gas cylinder with a regulator that
is connected to the microcapillary union.

3.2.3. Capillary Modification With Linear Polyacrylamide

Because HSA can have significant binding to the wall of an uncoated silica
capillary (18), the use of an uncoated capillary with this protein can give rise to
a large variation in the migration time of HSA between runs, with a change as
large as 1 min (15-20%) sometimes being observed. To help minimize this
problem, the capillary can be coated with a hydrophilic layer to prevent such
adsorption from occurring. This accomplished here in this work by placing a
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linear polyacrylamide coating to the interior of the silica capillary. Figure 5
shows the reactions involved in this process (19). This makes use of a two step
process that involves silanization and reaction with acrylamide. This same type
of capillary can be obtained commercially from manufacturers like Bio-Rad
and Supelco. As shown in Table 1, the use of this coated capillary reduces the
run-to-run variations in HSA migration times to less than =1.2—-1.5 % when
used in the ACE assay.

1. Prepare a silane solution by mixing three parts of u-methacryloxypropyl-
trimethoxysilane and with 97 parts of 60% acetone (v/v) in water. Typically, 5 mL
of this silane solution is enough to prepare several 50-cm-long capillaries.

2. After a detection window has been placed on a water-free fused-silica capillary,
fill this capillary with the silane solution and allow it to react for 10 h.

3. Prepare an acrylamide solution by dissolving acrylamide (30 mg/mL) and ammo-
nium persulfate (2 mg/mL, the polymerization initiator) in ddH,O.

4. Mix the acrylamide solution with TEMED (0.8 uL. of TEMED per 1 mL of the
acrylamide solution).

5. Immediately inject the acrylamide/TEMED mixture into the fused-silica capil-
lary while also removing the silane solution within the capillary.

6. Seal both ends of acrylamide-filled capillary with clay or rubber septa to prevent
evaporation of the acrylamide solution.

7. After 10 h, remove the acrylamide solution from the capillary by rinsing with
ddH,0.

8. When not in use, store the coated capillary by placing both of its ends in water to
avoid possible shrinkage of the acrylamide gel.

To see if coating process was successful, the coated capillary can be placed
onto a CE system and injected with a small plug of a neutral marker, such as
acetone or mestyl oxide. If the coating process has taken place, then the elec-
troosmotic flow should be greatly diminished and no peaks for the neutral
markers should be seen even after long periods of time (i.e., 2-3 h) in the
presence of an applied electric field.

3.3. Reagent and Sample Preparation

Following modification of the HSA and preparation of the fused-silica cap-
illary, other items that need to be prepared for the assay include: (1) the elec-
trolyte to be used in the capillary, (2) running buffers that contain this
electrolyte, as well as dextran as a mobility modifier and normal or modified
HSA as binding agents, and (3) samples of the drugs or solutes to be assayed.

3.3.1. Electrolyte Preparation

In this assay, a pH 7.4, 0.067 M potassium phosphate buffer is used as the
supporting electrolyte. This particular buffer is commonly used in studies of
drug and solute binding to HSA because it mimics the pH and ionic strength of
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Fig. 5. Reactions for the preparation of a fused-silica capillary that is coated with
linear polyacrylamide.

Table 1
The Mobility of HSA and Some Test Solutes in the Presence or Absence
of Dextran?

Electrophoretic mobility (cm? V-! s71)

Compounds Phosphate buffer only  Dextran (10 g/L) as a buffer additive
Normal HSA 1.76 (x0.02) x 10~ 1.37 (x0.03) x 10~
TNM-modified HAS 1.80 (x0.02) x 10~ 1.36 (0.02) x 107
HNB-modified HAS 1.75 (0.03) x 10~ 1.38 (x0.03) x 10~
Warfarin 2.01 (x0.02) x 10~ 1.99 (x0.02) x 10~
Ibuprofen 2.35 (x0.02) x 10~ 2.35 (x0.02) x 107

2The numbers in parentheses represent a range of +1 S.D. for triplicate measurements. The
experimental conditions are described in the text. The results shown here are from ref. 11.
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plasma. This buffer is prepared using deionized or ddH,O and standard prepa-
rations of monobasic and dibasic postassium phosphate salts. After this buffer
has been prepared, it is filtered through a 0.22-um cellulose acetate filter to
remove bacteria and particulate matter and is degassed for 30 min in a sonicat-
ing bath under vacuum prior to use (see Note 9). If not used immediately,
store this solution in a refrigerator at 4°C. This buffer is used in later steps to
prepare the CE running buffer and samples of drugs that will be analyzed by
the ACE method.

3.3.2. Preparation of Running Buffer

The electrolyte that was prepared in the previous section requires the addi-
tion of two other agents for use in the ACE assay. The first of these additives is
dextran, which is used to adjust the mobility of HSA so that it differs from the
mobility of the drug or solute of interest (see Table 1). The other type of addi-
tive that is needed is normal or modified HSA, which is used to examine the
binding of the solute to this protein and to determine the sites on HSA at which
this binding occurs.

1. Dextran is added to the electroloyte by placing approx 10 g/L of this agent in the
pH 7.4, 0.067 M potassium phosphate buffer from Subheading 3.3.1. This dext-
ran solution is then filtered through a 0.22-um cellulose acetate filter and degassed
for 30 min in a sonicator bath (see Note 10).

2. A running buffer that contains normal, unmodified HSA is prepared by placing
3-5 g/L HSA in the running buffer from step 1. This gives a solution that con-
tains pH 7.4, 0.067 M potassium phosphate buffer plus 10 g/L. dextran.

3. Similar but separate solutions to those prepared in step 2 should be made for the
TNM- and HNB-modified HSA. These each should be prepared to contain the
same concentration of protein as the running buffer that contains the normal HSA
from step 2 (see Note 11).

4. Store all of these running buffers in a refrigerator at 4°C. Under these conditions,
these solutions should be stable for several months when they are properly pre-
pared. Do not use these solutions if there is any signs of bacterial or microbial
growth within their containers.

3.3.3. Sample Preparation

The actual concentration of the test solute that should be used in the ACE
assay will vary, but all of these samples should be prepared in the pH 7.4,
0.067 M potassium phosphate buffer that is used as the CE electrolyte. The
preparation of such a sample will be illustrated here by using racemic warfarin
and racemic ibuprofen as examples.

1. Place 10 mg of the warfarin or ibuprofen in a 10-mL volumetric flask and dissolve
in the pH 7.4, 0.067 M potassium phosphate buffer from Subheading 3.3.1. This
gives a final concentration for these drugs of 1.0 g/L (see Note 12).
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2. Take 0.5 mL of the solution prepared in step 1 and mix with 0.5 mL of pH 7.4,
0.067 M potassium phosphate buffer containing HSA alone or HSA plus dextran,
as prepared in Subheading 3.3.2.

3. Take a 0.4-mL aliquot of each sample solution, place it into a CE injection vial
and combine it with 0.1 mL of a 0.1 g/L solution of sodium nitrate in the running
buffer. The sodium nitrate is used in the ACE assay as a mobility marker to cor-
rect for run-to-run variations in electroosmotic flow.

4. Keep unused portions of these samples in enclosed containers and store them at
4°C in a refrigerator. These samples should be stable for more than a month prior
to use. However, dispose of any portions of these samples that have been used in
the ACE assay. Although the sample volumes that are prepared in step 3 are
sufficient to perform 100 individual ACE measurements, it is not recommended
that these solutions be used to perform more 10 assays because of possible con-
tamination of these samples or changes in their concentration during the sample
introduction step. For instance, the inlet capillary tip usually contains an unknown
amount of solution from the inlet buffer reservoir, which can contaminate and
dilute these samples over the course of a large number of injections.

3.4. Affinity Capillary Electrophoresis

The actual ACE assay involves: (1) selection of the appropriate electrophore-
sis conditions, (2) injection of the test solute in the presence of various types of
HSA (i.e., normal HSA, HNB-modified HSA, and TNM-modified HSA), and
(3) analysis of the resulting data. Each of these procedures is described here.

3.4.1. Electrophoresis Conditions

The actual conditions used in the ACE assay will differ slightly with the
type of CE instrument being employed and the type of drug or solute being
examined. The following conditions are those that have been used to perform
this assay with a Biofocus 3000 CE using warfarin, ibuprofen and related drugs
as test solutes.

1. Obtain a coated fused-silica capillary (as prepared in Subheading 3.2.) that has a
total length of 30 cm and an effective length of 25 cm to the detection window.

2. Select detection conditions that will allow the test solute to be monitored as it
migrates through the CE capillary. This can be accomplished for warfarin and
ibuprofen by monitoring their absorbances at 310 and 280 nm, respectively.

3. Set the capillary temperature to 37°C. Although studies can also be performed at
other temperatures, 37°C gives the best approximation of the binding behavior
that would be expected for drugs in the human body.

4. Use electrokinetic injection (~10 nL) for each test sample (see Note 13).

5. After the sample has been injected, apply a voltage of approx 12.5 kV to the
system (i.e., an electrical field strength of roughly 0.42 kV/cm). This should pro-
duce an applied current of approx 40 wA for the pH 7.4, 0.067 M potassium
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phosphate running buffer and gives an analysis time of roughly 8 min per injec-
tion (see Note 14).

6. After each assay has been finished, rinse the capillary by injecting a fresh portion
of the electrolyte and applying a voltage of approx 12.5 kV for 5 min.

7. Once the whole assay has been completed, shut down the CE system according to
instructions of the instrument’s manufacturer and place both tips of the capillary
in pH 7.4, 0.067 M potassium phosphate buffer. Store this buffer-filled capillary
in a refrigerator at 4°C.

3.4.2. Initial ACE Assay Without HSA As an Additive

For any new test solute, it is recommended that initial CE studies be per-
formed with only the background electrolyte being used as the running buffer
(i.e., with no dextran or HSA added). This is done to examine the inherent
mobilities of the test solutes and compare these to the mobility that is expected
for HSA. This helps determine whether the ACE assay will be useful in exam-
ining the interaction of these drugs with HSA, because this assay requires an
observable shift in mobility of the drug upon its binding to the protein. This
can be quickly determined in the following manner.

1. Place 1 mL of the pH 7.4, 0.067 M potassium phosphate buffer in each of the two
running buffer reservoirs of the CE system.

2. Perform step 5 from Subheading 3.4.1. until the baseline of the CE system is
stable. Typically, the equilibration time for a capillary in the electrolyte is less
than 10 min.

3. Inject separate samples of the drug of interest and HSA, with sodium nitrate being
added to each as a mobility marker, as discussed in Subheading 3.3.3., step 3.

4. Compare the relative migration times vs sodium nitrate for the drug and HSA. If
these migration times differ by more than 30%, proceed to the experiments in
Subheading 3.4.3. that use HSA as a running buffer additive.

5. If less than a 30% difference in mobility is noted between the test solute and
HSA, redo the mobility comparison with a running buffer that now contains
10 g/L dextran. If an improvement in the difference in mobility is noted, use
this dextran-containing buffer in all further experiments. If desired, the level
of dextran in this buffer can be increased or decreased to further adjust the mobility
difference.

6. If noimprovement in the mobilty difference is noted after dextran has been added
to the running buffer, then an alternative method for drug binding studies should
be considered.

3.4.3. Screening ACE Assay With HSA As an Additive

After conditions have been identified in Subheading 3.4.2. that give a mea-
surable difference in mobility between HSA and the test solute, running buff-
ers should be prepared according to these conditions that also contain a known
amount of normal or modified HSA (see Subheading 3.3.). The migration of
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Fig. 6. Typical electropherograms obtained for (top) racemic warfarin and (bottom)
racemic ibuprofen.

the solute in the presence of each type of HSA is then compared to determine
(1) if binding is taking place between this solute and HSA and (2) if this bind-
ing is occurring at one of the two major binding sites on this protein.

1. Place 1 mL of running buffer that contains 5 g/L of normal or modified HSA
(plus the required amount of dextran) into the two running buffer reservoirs of
the CE system.

2. Perform step 5 of Subheading 3.4.1. until the baseline of the CE system is stable.
This typically requires an equilibration time of less than 10 min.

3. Inject the drug or solute sample onto the system and begin the CE run.

4. Repeat this experiment for each type of HSA (see Note 15).

Figure 6 shows some typical results that have been obtained with this assay
for racemic warfarin and racemic ibuprofen in the presence of normal or modi-
fied HSA and 10 g/L dextran. The results that were calculated from these as-
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Table 2
Mobilities of Various Solutes in the Presence of Normal or Modified HSA?

Electrophoretic mobility (cm? V-1 s7!)
Injected compounds Normal HAS HNB-modified HSA  TNM-modified HSA

Warfarin 152 (£0.02) x 10 1.66 (<0.01) x 10 1.52 (<0.01) x 10~
Ibuprofen 1.57 (£0.01) x 10*  1.72 (x0.03) x 10 1.67 (£0.01) x 10*

*The numbers in parentheses represent a range of =1 S.D. for triplicate measurements. The results
shown here were obtained from ref. 11.

says are shown in Table 2. From this data, it can be seen that the modification
of HSA with TNM gave essentially the same mobility for warfarin as was ob-
tained with unmodified HSA. This was expected because TNM modifies the
indole-benzodiazepine site of HSA where warfarin has no interactions. In con-
trast to this, the modification of HSA with HNB (which alters the warfarin-
azapropazone site of HSA) did have a measurable effect on the mobility of
warfarin, causing a shift in its migration time from 6.7 min to roughly 6.0 min.
This shift toward the mobility of the nonbound warfarin represents weaker
binding between this drug and the modified HSA. This agrees with earlier
measurements performed between R-warfarin and HNB-modified HSA, in
which a twofold decrease in binding strength was seen for this protein vs nor-
mal HSA (20,21). Furthermore, this shift in mobility confirms that warfarin
has interactions at or near the warfarin-azapropazone site.

Another illustration of the ACE assay is given by using ibuprofen as an
example. This drug is known to interact with the indole-benzodiazepine site of
HSA (5). When compared to warfarin, this drug has a similar migration time
and overall binding affinity for normal HSA, but it has different changes in this
mobility when combined with HNB- or TNM-modified HSA. For example,
ibuprofen gave a shift in mobility when either of these modified forms of HSA
were added to the running buffer. This agrees with an earlier finding that
ibuprofen can increase the free fraction of warfarin in serum and cause dis-
placement of warfarin from serum albumin (22), and a previous report in which
two binding sites on HSA were found for the S-enantiomer of ibuprofen (23).
This suggests that both of the major sites of HSA are involved in binding to
ibuprofen.

4. Notes

1. Urea is necessary to promote unfolding of HSA during the HNB reaction, because
Trp214 is located in the interior of this protein and normally does not have much
exposure to solvent.
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2.

10.

11.

12.

The HNB stock solution can be adjusted to other concentrations, with typical
ratios of 100—1000 mol HNB to mol HSA being used. The conditions given here
result in a 100-fold mol excess of HNB vs HSA.

The reaction of TNM with tyrosine is pH dependent. At pH values below 6.0—
7.0, this reaction does not occur and pHs above 9.0 promote unwanted side reac-
tions. The pH value of 8.0 that is used here is the best choice for speed and
specificity in this reaction.

The volumes and concentrations given here for the HSA and TNM stock solu-
tions are designed to give a final mole ratio for TNM vs HSA of 4:1. This ratio
can be changed by adding different amounts of the TNM stock solution to the
HSA solution. Lower mole ratios will produce a lower degree of HSA modifica-
tion by TNM, whereas higher ratios will give unwanted side reactions that involve
additional tyrosine residues or the formation of 3,5-dinitrotyrosine adducts.

The TNM reaction can occur on the order of seconds for some tyrosine residues.
Thus, fast and efficient mixing is needed when combining the TNM and HSA
solutions to avoid a large local excess of TNM and the possibile reaction of
undesired tyrosine residues.

Longer reaction times are not detrimental to this step.

Both TNM and the nitroformate anion, C(NO,);~, which is formed during the
TNM reaction, have an affinity for the nonpolar interior of HSA. Extensive dialysis
is needed to completely remove these agents from the final HSA solution.

Once the outside polyimide coating has been removed from a fused-silica capil-
lary, this part of the capillary becomes quite fragile. It is always recommended
that the detection window be made as short as possible to prevent this breaking
from occurring.

It is recommended that this buffer be stored in a refrigerator to prevent microbial
growth and minimize bubble formation. Under these conditions, this buffer
should be stable for at least several months. However, a degassing procedure
(i.e., sonication under vacuum) should be performed for this buffer about once a
week when it is used over long periods of time.

In other work, it has been shown that the addition of dextran will alter the migra-
tion of HSA and bovine serum albumin (BSA) but has only a slight effect on the
mobility of smaller solutes (24,25). In this ACE assay, as the dextran concentra-
tion is increased from 0 to 10 g/L an approximately linear change in mobility is
observed for each type of HSA. The use of a larger amount of dextran is discour-
aged because of its effects on the viscosity and conductivity of the running buffer.
In this step, the starting concentration of each HSA solution can be determined
by a BCA protein assay. The HSA solutions are then diluted to the same final
concentration (10 g/L) by using adjustable micropipets.

For drugs or solutes with low solubilities, sonication is often helpful in placing
enough of these subtances in solution for analysis. The actual concentration of
solute that is required will depend on the detection properties of this agent. The
sample concentrations that are used here for warfarin and ibuprofen are typical of
those that would be selected for drugs that have good UV/vis absorbance. Lower
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13.

14.

15.

sample concentrations may be possible when using fluorescent solutes and other
detection modes to monitor the migration of these solutes.

It is highly recommended that electrokinetic injection be used, rather than pres-
sure injection in the ACE assay, to prevent leaking of the polyacrylamide coating
from inside the CE capillary.

Lower applied voltages can be used to reduce the operating current, but this will
also lengthen the time of the assay and give slightly broader solute peaks.

The apparent mobility of a solute (u,p,) is actually the sum of the inherent mobil-
ity of the solute (u.,) and the mobility caused by electroosmotic flow (u,). How-
ever, in this ACE method, electroosmotic flow within the coated capillary is very
small. This means that the apparent and inherent mobilities of the solute are approxi-
mately equal. Under these conditions, the apparent mobility (as well as the inherent
mobility) of the solute can be determined from the equation Ue, = Wapp = Ly L1V,
where L, is the effective capillary length, L, is the total capillary length, t, is the
migration time of solute, and V' is the applied voltage. It is also helpful in such
work to divide each calculated mobility by the mobility of the internal marker
during the same run. This corrects for any run-to-run variations in the solute
mobility owing to fluctuations in the current, applied voltage, or viscosity of the
running buffer.
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Using Charge Ladders and Capillary Electrophoresis
to Measure the Charge, Size, and Electrostatic
Interactions of Proteins

Upma Sharma and Jeffrey D. Carbeck

Summary

This chapter provides an overview of protein charge ladders—collections of protein deriva-
tives that differ in charge—and capillary electrophoresis (CE). The combination of charge lad-
ders and CE is a useful biophysical tool for measuring the net charge of proteins and the role of
electrostatics in biochemical processes involving proteins. Methods to synthesize and analyze
charge ladders by CE are described. Applications of charge ladders and CE to the simultaneous
measurement of net charge and hydrodynamic radius of proteins are presented. Techniques for
using charge ladders and CE to measure the role of interactions between charged groups on
protein stability and ligand binding are also given. The power of this approach lies in the ability
to isolate protein charge as an independent and measurable variable in the study of protein
stability and function.

Key Words

Acetylation; affinity capillary electrophoresis; denaturation; electrostatic interactions; hydro-
dynamic radius; ligand binding; molecular recognition; protein charge ladders; stability.

1. Introduction

Challenges arising in proteomics require methods for the separation, identi-
fication, and classification of the proteins expressed and modified by cells.
Proteomics also requires techniques for measuring protein function: for example,
protein stability, protein—protein interactions, and protein—ligand binding (1).
The separation and classification of proteins is typically done on the basis of
size (molecular weight) and charge, usually by 2D gel electrophoresis. In this
technique, the first dimension involves separation of proteins on the basis of
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charge using isoelectric focusing; the second dimension involves separation of
proteins on the basis of size using gel electrophoresis. Because this second
separation is done under conditions that denature proteins (i.e., in the presence
of charged detergent molecules), 2D gel electrophoresis is incompatible with
the analysis of protein function.

In this chapter, we describe the combination of capillary electrophoresis
(CE) and protein charge ladders—collections of protein derivatives that differ
incrementally in number of charged groups (2-5); (see Fig. 1)—as a biophysi-
cal tool that can measure the properties and interactions of native proteins in
free solution. CE measures the electrophoretic mobility of proteins in solution
(Uetee» m?> V! 571, defined as the steady-state velocity per unit of applied elec-
tric field. The value of p... depends on both the hydrodynamic size and net
charge of a protein. The combination of CE and charge ladders can measure
both of these properties in a single electrophoresis experiment under condi-
tions that maintain the folded, native state (6). CE is also a useful tool for
monitoring protein folding (7) and binding of ligands (8). The combination of
CE and charge ladders allows protein folding and ligand binding to be mea-
sured as a function of the net charge of the protein (9-11). CE and charge
ladders, therefore, provide separation and classification of proteins on the basis
of charge and size, as well as quantification of stability or binding affinity for
ligands as a function of protein net charge. All of this information is obtained
in a single set of electrophoresis experiments.

In this chapter, we first describe how protein charge ladders are synthesized
and analyzed using CE. Second, we describe how electrophoretic mobilities of
charge ladders are used to determine values of net charge and hydrodynamic
size of proteins. Third, we describe how CE is used to measure protein—ligand
binding and protein folding. Finally, we show how protein charge ladders and
CE are used to measure the role of electrostatic interactions in these molecular
recognition events.

2. Synthesis of Protein Charge Ladders
2.1. Overview

Charge ladders are synthesized by the partial, random modification of
charged groups on a protein (see Fig. 2), most commonly via acetylation of
Lys e-amino groups with acetic anhydride (4). Because each acetylation con-
verts a positively charged NH3* group into a neutral NHCOCH; group, charge
ladders contain protein derivatives that differ incrementally in net charge. The
hydrodynamic size of these derivatives is effectively unchanged by the acety-
lation (see Note 1). The change in charge resulting from the modification of a
charged group, AZ, depends on the pH of the solution and the pK, of the group
that is modified: acetylation of Lys e-amino groups results in a value of AZ of
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Fig. 1. This scheme illustrates the formation of a charge ladder by the random par-
tial acetylation of Lys e-amino groups with acetic anhydride, and the separation of the
protein derivatives into individual rungs by capillary electrophoresis. The unmodified
protein has N NH;* groups; the nth rung of the ladder is composed of proteins that
have n neutral NHCOCH; derivatives (AcHN). The protein derivatives that make up
the nth rung of the charge ladder have approximately the same net charge, 2" = Z°g
+ nAZ: Z°r is the net charge of the unmodified protein; AZ is the change in charge
caused by the conversion of an NH;* group to its neutral NHCOCH; derivative. A
neutral marker is used to measure the rate of electroosmotic flow. (Reproduced with
permission from ref. 1. Copyright 2002 Am. Chem. Soc.)

approx —1 for values of pH < 9.0 (see Note 2). Charge ladders have been pro-
duced using reagents other than acetic anhydride to introduced additional
charge groups to the proteins (e.g., succinic anhydride, ref. 4), and by the
amidation of carboxyl groups (12). Doing so has produced charge ladders with
values of AZ ranging from —6 to +1.

2.2. Materials

1. Model proteins: lysozyme (chicken egg white), myoglobin (horse heart), ovalbu-
min (chicken egg), carbonic anhydrase II (human or bovine erythrocytes), a-lactal-
bumin (bovine milk) (Sigma Chemical Company, St. Louis, MO; see Note 3).

2. 0.1 N NaOH (Acros, NJ).

3. For acetylation reactions: 1 vol% acetic anhydride, succinic anhydride or 1,2,4-
benzenetricarboxylic anhydride in dioxane (Aldrich, Milwaukee, WI).
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Fig. 2. Formation of charge ladders through modification of different functional
groups on a protein. Primary amines can be modified by anhydrides (acetic anhydride
is shown) or NHS-esters. Carboxylate groups on proteins can be modified via
carbodiimide-mediated coupling of amines.

4. For amidation reactions:

a. 100 mM 1-Ethyl-3- (3-dimethylaminopropyl) carbodiimide hydrochloride
(EDAC) (Sigma) in water.
b. 500 mM Hydroxylamine hydrochloride or 500 mM methylamine hydrochlo-
ride (Sigma) in water.
5. 18 MQ Ultrapure water (Hydro Service and Supplies, Levittown, PA).
6. pH paper.

2.3. Methods
2.3.1. Synthesis of Charge Ladders Via Acylation of Amino Groups

Protein charge ladders with values of AZ < 0 are typically produced by the
acylation of Lys e-amino groups (4); the N-terminal amino group can also be
modified.

1. Proteins are dissolved in Ultrapure water to the desired concentration (0.1-0.5 mM).
2. The pH of the solution is adjusted to approx 12 by the addition of 20 vol% of 0.1
N NaOHj; the pH is checked using a drop of the solution and pH paper.
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3. Analiquot of acetic (AZ=-1), succinic (AZ=-2) OR 1,2,4-benzenetricarboxylic
anhydride (AZ = -3) anhydride solution (typically containing 5-60 equivalents
of anhydride per mole of protein) is added to the protein solution.

4. The solution is gently mixed (see Note 4) and allowed to react for at least 2 min
before analysis (the consumption of the anhydride by the combined effects of
hydrolysis and aminolysis is typically complete by this time).

5. A single reaction does not usually produce a full charge ladder. CE is used to
measure the distribution of products produced with different equivalents of
anhydride. (See the following section for a detailed protocol.)

6. The products of several reactions can be mixed to provide the full ladder in a
single sample.

2.3.2. Synthesis of Charge Ladders Via Amidation of Carboxyl Groups

Protein charge ladders with values of AZ > 0 are produced by the amidation
of the carboxyl groups of aspartic and glutamic acid (12); the C-terminal car-
boxyl group can also be modified.

1. Proteins are dissolved at a concentration of 0.1 mM in deionized water.

2. 50 uL of either the hydroxylamine or methylamine hydrochloride (Subhead-
ing 2.2., item 4b) are added.

3. Reactions are allowed to proceed for 20 min before analysis by CE (see Note 5).

3. Analysis of Charge Ladders by CE
3.1. Overview

CE separates the collections of derivatives of a protein charge ladder in free
solution into the individual peaks or “rungs” of the ladder. Each peak is com-
posed of a family of protein derivatives that have the same number of modifi-
cations and approximately the same net charge (see Fig. 1). The electrophoretic
mobility of the proteins that make up the nth rung of the charge ladder u/,
where 7 is the number of modified charged groups, is determined experimen-
tally using Eq. 1, where V'is the applied voltage, t: is the migration time for the
proteins in the nth rung of the ladder, 7, is the migration of a neutral marker,
and {,, and (4, are the total capillary length and the length to the detector
window, respectively. By convention, the sign of w,,. (+ or —) is assigned to
be the same as the net charge of the protein.

0 0

n o _ “tot det 1 1
Helee = vV (n_) (1)

tx tnm

The neutral marker is added to the sample to measure the rate of electroos-
motic flow: that is, the rate of motion of the solution inside of the capillary that
arises owing to the presence of fixed charges on the wall of the capillary (13).
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Negatively charged proteins are separated on uncoated capillaries with “nor-
mal polarity:” that is, with the cathode of the high-voltage power supply at the
outlet. In this way, the direction of electroosmotic flow is toward the outlet.

To analyze positively charged proteins (p/ > pH of the electrophoresis
buffer), it is necessary to minimize adsorption of positively charged proteins
onto the negatively charged capillary wall (which present siloxide groups with
values of pK, ~2.2). A variety of chemistries are possible including chemical
modification and physical adsorption of polymers. The adsorption of cationic
polymers is a convenient means to modify the surface of capillaries, as it requires
fewer steps than covalent modification. In particular, the adsorption of the
polyamine, Polybrene, onto the bare capillary surface prevents adsorption of
many positively charged proteins to the wall of the capillary (14). In order to
maintain the direction of the electroosmotic flow towards the outlet on the
positively charged capillary, a “reverse polarity” configuration is used: that is,
with the anode of the high-voltage power supply at the outlet.

3.2. Materials

1. Fused-silica capillaries with an external polyimide coating (id = 50 um, od =
360 wm), (Polymicro Technologies, Phoenix, AZ).

2. Electrophoresis buffer: 25 mM tris-hydroxy(methyl)aminomethane (Tris-HCI)
and 192 mM glycine (Gly) (Sigma) in deionized (DI) water (see Note 6).

3. Para-methoxybenzyl alcohol (PMBA) (Aldrich).

7 wt% Solution of polybrene (hexadimethrine bromide, Aldrich) in electrophoresis

buffer.

0.1 N NaOH (Acros).

18 MQ ultrapure water (Hydro).

RBS (Pierce, Rockford, IL).

Kimwipe® (Kimberly-Clark, Roswell, GA).

3.3. Methods
3.3.1. Preparation of Capillaries for CE

&

PN

1. Capillaries are cut to total lengths that vary between 27 and 107 cm.

2. A small window (~5 mm) is created to allow for ultraviolet (UV) detection by
burning away the polyimide coating. This region of the capillary is washed with
ethanol and wiped carefully with a Kimwipe to remove the charred polyimide,
leaving bare glass.

3.3.2. Pretreatment of Capillaries for CE

Rinse the capillary for 15 min with RBS at 20 psi.

Rinse the capillary for 15 min with 0.1 N NaOH at 20 psi.

Rinse the capillary for 15 min with DI water at 20 psi.

Rinse the capillary for 15 min with electrophoresis buffer at 20 psi.

Lol o
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3.3.3. Coating of Capillaries for CE

1. Rinse the capillary for 15 min with RBS at 20 psi.

2. Rinse the capillary for 15 min with 0.1 N NaOH at 20 psi.

3. Rinse the capillary for 15 min with the 7 wt% polybrene solution at 20 psi.

4. Rinse the capillary for 15 min with electrophoresis buffer at 20 psi (see Note 7).

3.3.4. CE

1. CE experiments are performed either on a Beckman P/ACE MDQ or on a
Beckman P/ACE 5500. Analysis is typically done at a fixed temperature (either
25 or 37°C) using the internal cooling system of the instrument to dissipate Joule
heating. For thermal denaturation studies, the capillary is maintained at a con-
stant temperature between 25 and 95°C using an external water bath connected to
the internal cooling system.

2. An injection sample is typically prepared by diluting the charge ladder, as syn-
thesized, tenfold in electrophoresis buffer.

3. PMBA is added to the injection sample at approx 0.02 vol% to mark the rate of
electroosmotic flow. The total volume of the injection sample is usually 20—
100 uL.

4. After conditioning the capillary, it is filled with electrophoresis buffer and a plug
of sample is injected at 0.5 psi for 5 s (see Note 7).

5. The ends of the capillary are transferred to vials containing the electrophoresis
buffer, and separation proceeds at voltages ranging from 5 to 30 kV (see Note 8).

6. The sample is separated until all peaks are eluted; typical separation times are
between 5 and 15 min.

7. Between separations, uncoated capillaries are rinsed for 1 min with 0.1 N NaOH,
and 2 min with electrophoresis buffer. Coated capillaries are rinsed for 2 min
with electrophoresis buffer.

8. Peak detection is by UV absorbance at 214 nm (see Note 9). Figure 3 shows an
electropherogram for the charge ladder of human carbonic anhydrase II produced
by the partial acetylation of Lys ¢-amino groups.

4. Determination of Net Charge and Hydrodynamic Size of Proteins
4.1. Overview

A single measurement of electrophoretic mobility is insufficient to deter-
mine both the charge and the size of a protein. CE and charge ladders, in con-
trast, measure the mobility of many protein derivatives (a total 2V, where N is
the total number of charged groups available for modification) in a single CE
experiment. Because the change in charge caused by chemical modification of
the protein is (or is assumed to be) known, the combination of CE and charge
ladders allows the hydrodynamic size and net charge of proteins to be deter-
mined independently (6).
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Fig. 3. The charge ladder of human carbonic anhydrase II (HCA II) produced by the
partial acetylation of Lys e-NH3* groups; each acetylation results in an assumed
increment of charge, AZ, owing to the conversion of a Lys e-NH;* group to its
neutral e-NHCOCH; derivative (AZ ~ —1 at pH = 8.4). The number of e-NHCOCH;
groups (n) and the net charge of the rungs of the charge ladder estimated by CE,
Z"cg are indicated below the electropherogram. The —1/time scale is directly propor-
tional to the electrophoretic mobility. The peak marked with (@) is an electrically
neutral marker, and the peak marked with () is the native protein. Separations were
performed at 25°C on a 47-cm silica capillary (40 cm from inlet to detector; id 50 um)
using an electrophoreis buffer of 25 mM Tris-HC1-192 mM Gly (pH 8.4). Detection was
by direct UV absorbance at 214 nm.

During electrophoresis, a molecule undergoes two counteracting forces. The
electrostatic force (F.., N) acting on a molecule is equal to the product of its
charge (Z, C) and the magnitude of the applied electric field (E, V m™!; see
Eq. 2). The hydrodynamic force (Fpy4ro, V) acting on a molecule is equal to
the product of its coefficient of friction (f, N s m™!) and its velocity (v, m s™')
relative to the surrounding solvent (see Eq. 3). The electrophoretic mobility
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(i.e., the steady-state velocity per unit applied field) is the result of the bal-
ance of electrostatic and hydrodynamic forces acting on the charged mol-
ecule (see Eq. 4).

elec ZE @)
thdro =fv )

- Z_v _
Felec - thdro = 7 “E” u “)

We define Zcg as the net charge that gives rise to electrophoretic motion of
the protein. It differs from the net charge measured by proton titration Zy+ in
that Zcg also includes the effects of other charged species associated with the
protein; these species include ions bound specifically or nonspecifically to
the protein. Z-g may also include effects related to the environment specific to
the CE experiment: for example, an induced asymmetry in the distribution of
counter ions surrounding the protein that reduces the effective electric field
acting on the protein (see Note 10).

For each rung of the charge ladder, the charge of that rung Z"-g can be related
to its electrophoretic mobility u!,  using Eq. 5. Z"¢g differs from the charge of
the native protein, Z’cg, by the net change in charge owing to the modifica-
tions. To simplify analysis, we assume this total change in charge is equal to
the change in charge per modification, AZ (assumed to be a constant across the
rungs of the ladder), multiplied by the number of modifications n. The value of
AZ depends on the pK, of the charged group that is modified, and the pH of the
electrophoresis buffer. At values of pH < 9.0, the value of AZ is approx -1 for
the modification of a Lys e-NH3* group (pK, ~10.5); at values of pH > 5.5, AZ
is approx +1 for the modification of a Glu- or Asp-CO,~ group (pK, ~4.0) (see
Notes 2 and 11).

Zl’l
n CE_1(,°

Melec=7=? (ZCE+nAZ) ®)

Equation 5 also relates the mobility of the rungs of the ladder to the coeffi-
cient of friction f of the protein. The coefficient of friction measured using CE
and charge ladders, in conjunction with colloidal models of electrophoretic
mobility, can be used to estimate hydrodynamic radius of the protein Ry. The
simplest model for the effective hydrodynamic radius of a solute R is Stokes’
model for flow of a fluid with viscosity 1 around a spherical particle (Eq. 6).

f=6mMR, (6)
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In an ionic solution, a diffuse double layer of ions surrounds a charged par-
ticle and increases the effective frictional drag on the particle. The Debye-
Hiickel model describes these effects by incorporating a term that accounts for
the screening of charges on the solute by small ions in the solution (Eq. 7). In
this equation, k (m™!) is the inverse Debye length (k! is a measure of the thick-
ness of the diffuse double layer); x is calculated using Eq. 8 where F is
Faraday’s constant, c;, is the bulk concentration and z; is the valence of ion i; € is
the dielectric constant of the buffer. The Debye length is a function of the ionic
strength of the solution; the higher the ionic strength, the smaller the diffuse
double layer. Equation 7 reduces to Eq. 6 when the ionic strength goes to zero
(because x also approaches zero).

f=6nnRh(1+KRh) (7

12

K=

F2ZCiooZl-2)

RT ¢ ®)

Equation 7 can be further modified to account for the distortion of the elec-
tric field because of the presence of a nonconducting sphere. Doing so results
in Henry’s model of electrophoresis (15), as described by Eqs. 9 and 10. The
function g; describes effects of the protein on the local electric field; g; = 1
when KRy < 1 (the Hiickel limit) and g; = 3/2 when KRy > 10 (the Helmholtz-
Smoluchowski limit). In between these two limiting cases, g, is calculated from
Eq.10. Equations 9 and 10 are the basis for determining values of Ry once the
coefficient of friction has been measured.

6nnRh(1 +KRh)

f= R )
g1 (xR,
el Ry 5<°Ry S<'Ry SRy g w7 =y
s1(kRy)=| 1+~ g o6 * o6 ~96° l —odr] (10)

4.2. Methods
4.2.1. Determination of Net Charge of Proteins

1. Measure the migration time of each rung of the ladder and use Eq. 1 to determine
its mobility u”,_

2. Plot uzlec vs nAZ; in Tris-Gly buffer we assume that the value of AZ is approx —1 for
the modification of a Lys e-NH;* group and +1 for the modification of a Glu- or
Asp-CO; ™ (see Note 2).



Electrostatic Interactions of Proteins 199

-0.16

Mobility (cm 2 kv-1s-1)

Z2p=-2.3

I
6 5 4 3 2 1 0 1 -2 -3 4 -5 -6
Change in Charge (nAZ)

Fig. 4. Values of the electrophoretic mobility (W) (from Fig. 3) of the first six
rungs of the charge ladders of human carbonic anhydrase II (HCAII), produced by the
partial acetylation of Lys e-NH;* groups, plotted as a function of change in charge
nAZ where each acetylation results in an assumed increment of charge, AZ, owing to
the conversion of a Lys e-NH3* group to its neutral e-NHCOCH; derivative (AZ ~ -1
at pH = 8.4). The solid line is a fit of the data to Eq. 5 using linear least-squares
analysis: the x-intercept gives the net charge of the unmodified protein Z°cg; the slope
of this line give the reciprocal of the effective hydrodynamic drag of the protein 1/f.

3. Using Excel (Microsoft) or Kaleidagraph (Synergy Software) fit a line to the data
using a linear least squares analysis. The line is fit by including the maximum
number of points that give a R? value greater than 0.999.

4. According to Eq. 5, the charge of the native protein Z°cg can be measured by
extrapolating the mobility versus nAZ plot to the x-intercept. The values of u/,
of the first six rungs of the charge ladder of human carbonic anhydrase correlate
approximately linearly with nAZ; the charge of the native protein was found to be
-2.3 (see Fig. 4).

5. The slope of the best-fit line is equal to 1/f. The charge of any rung of the ladder
Z"cg is determined using Eq. 5 by assuming that the coefficient of friction is
constant across the rungs of the ladder. This assumption is valid when there is a

linear correlation between u;’]ec and nAZ (see Notes 1 and 10).
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4.2.2. Determination of Hydrodynamic Size of Proteins

n
elec

1. As described in Subheading 4.2.1., we use the slope of plots of u”,__vs nAZ to

get an experimental measurement of the coefficient of friction f.

We assume g; =1 and calculate Ry from Eq. 9.

We use this value to solve Eq. 10 for an improved estimate of g;.

Using this new value of g;, we again use Eq. 9 to determine a revised estimate of Rj,.

We repeat this process until Ry converges to a single value.

Typically, we use the Solver tool in Excel to automate this procedure. In doing

so, we express Eq.10 using Simpson’s Rule to approximate the integral. Solver

calculates the value of Ry that minimizes the root-mean-squared (rms) difference
between the measured and calculated coefficients of friction.

7. The value of Ry that gives the smallest error is reported as the hydrodynamic
radius of the protein to the nearest 0.1 A. The radius of a particular protein in a
buffer was found to vary by +0.1 A from run-to-run and by less then 0.2 A from
capillary-to-capillary. Using the value of f determined from the data in Fig. 4,
we determined a value of Ry for human carbonic anhydrase of 27 A (6). This
value is the same as that measured by dynamic light scattering.

Sk W

4.2.3. Application: Measuring the Charge and Size of a Protein
As It Denatures

Although net charge and hydrodynamic size are convenient properties for
classifying proteins, these properties also reflect the functional state of the pro-
tein when measured under conditions found in real biological systems. The net
charge reflects the association equilibrium of protons and other ions with pro-
teins. Binding of these ions plays an important role in protein function: examples
include the binding of metal ions to form active, holo, and the thermodynamic
linkage of proton binding and protein folding, which leads to the pH depen-
dence of protein stability (11). The hydrodynamic size is a function of both the
molecular weight of the protein and its conformation in solution. Changes in
hydrodynamic size can reflect the association between proteins and other mol-
ecules (e.g., dimerization), or changes in conformation of the proteins, such as
those that accompany protein folding.

As an example, the techniques described in this section have been used to
measure the net charge and size of a-lactalbumin (a-LA) as it unfolds by ana-
lyzing samples of an a-LA charge ladder at different temperatures. Figure 5
shows the electropherograms of the charge ladder measured at different tem-
peratures (11). The response of the UV detector is plotted as a function of elec-
trophoretic mobility, relative to the mobility of a neutral marker (see Note 12).

The melting temperature of a-LA is 56°C under the conditions of these sepa-
rations (pH 8.4 Tris-Gly buffer containing 25 mM NaCl and 35 uM CacCl,).
Individual rungs of the charge ladder are resolved at all temperatures as the
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protein unfolds. At 75°C, we assume that the protein is fully denatured. A sur-
prising feature of these data is that the mobility of the proteins increases upon
unfolding. We expect the configuration of the protein to become more extended
and, therefore, the hydrodynamic drag coefficient f to increase as the protein
unfolds. Because the mobility is the ratio of charge to effective frictional drag,
the observed increase in mobility must be attributable to an increase in magni-
tude of the net charge of the protein. Changes in Zqg outweigh effects of
changes in Ry on the mobility of a-LA as it unfolds.

To quantify these effects, we analyzed the data in Fig. § to determine Ry and
Zcg of a-LA as it unfolds. Figure 6 shows plots of mobility vs nAZ for the
charge ladder of a-LLA measured in the folded and unfolded states (i.e., at 25 and
75°C, respectively; ref. 11). Using the linear least squares analysis of these data
and Eq. 5 we determined values of Zcg and f for the unmodified protein at
each of these temperatures. Using Eqs. 9 and 10, we determined values of Ry.
a-LA unfolds to a compact denatured state, which corresponds to an increase
in Ry of approx 2 A or 11%, relative to the native state. The formation of a
compact denatured state (often referred to as a molten globule) by a-LA is well
known. This relatively small change in size is accompanied by a large change
in magnitude of net charge. The value of Zqg nearly doubles from —5.6 in the
native state to —9.6 in the denatured state. Figure 7 shows that values of Zqg
and Ry of the unmodified protein can be measured throughout the transition
from the folded to the denatured states. These properties can, therefore, be
used to monitor the thermal unfolding of proteins. We have also done similar
experiments using chemical denaturants such as urea (11).

5. Using CE to Measure Molecular Recognition Events
and the Role of Electrostatics

5.1. Overview

Molecular recognition events involving proteins, such as ligand binding or
folding, in general result in changes in the net charge and hydrodynamic size
of proteins, as described in Subheading 4. CE easily detects these changes and
can, therefore, be used to monitor these events. Because protein charge ladders
allow the net charge of proteins to be isolated as an independent variable, bio-
physical studies using charge ladders and CE can also provide measurements
of the role of electrostatic interactions in molecular recognition events involv-
ing proteins (5,8—11). Charge ladders of proteins and CE have been used in
similar ways to measure the role of electrostatic interactions in bioprocessing
of proteins (i.e., in ultrafiltration; ref. 16). In this subheading, we describe how
CE and charge ladders are used in this way to measure the role of electrostatic
interactions in protein folding (11) and receptor—ligand binding (10).
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To measure molecular recognition events by CE, we describe them in terms
of areversible chemical equation: A<>B. For protein folding, A and B refer to
the native and denatured states of the protein, respectively (see Fig. 8). For
ligand binding, A and B refer to the free and the bound states of the protein,
respectively.

For each of these states, we measure an electrophoretic mobility pu, and wg.
For recognition events that equilibrate rapidly relative to the time scale of sepa-
rations (typically 1-10 min), capillary electrophoresis measures the average
mobility of the protein in the two states. That is, the observed mobility reflects
the distribution of protein between the two states (bound and free, or folded
and unfolded) at a particular concentration of ligand (C;, M) or temperature (7,
K), as expressed by Eq. 11, where 0 is the fractional occupancy of the B state,
as defined by Eq. 12 (§8).

ueleC(TorCL)zuA(1—6)+uBe (11)
C w TorC,|-u
O(TorC, =2 = et (77 1) =1y (12)
L CA+CB MB_MA

The use of CE to monitor folding or ligand binding, therefore, involves the
measurement of electrophoretic mobilities of proteins at different concentra-
tions of ligand in the electrophoresis buffer (for analysis of ligand binding) or
at different temperatures of the electrophoresis buffer (for analysis of protein

Fig. 5. Electropherograms of the thermal denaturation of the charge ladder of holo
a-LA (in gray) superimposed on those of the unmodified protein (in black). The lad-
der was produced by the partial acetylation of Lys e-amino groups using acetic anhy-
dride. Separations were done in a buffer composed of 25 mM Tris-HCI, 192 mM Gly
(pH 8.4), 20 mM NacCl, and 35 uM CaCl,. The UV absorbance at 214 nm is plotted as
a function of electrophoretic mobility. The peak marked with (*) corresponds to un-
modified protein; the number of acetylated Lys e-NH;" groups, n, is indicated below the
corresponding peak. The dashed lines indicate the electrophoretic mobility of unmodi-
fied a-LA in the native (uy) and denatured (up) states. The rungs of the charge ladder,
as well as the peak that corresponds to the unmodified protein, show broadening near
the middle of the transition (i.e., near the melting temperature of holo a-LA, ~56°C).
This broadening may reflect the finite rate of conversion between the folded and dena-
tured states. Broadening of the rungs of the charge ladder may also reflect some het-
erogeneity in the free energies of unfolding of different derivatives of a.-L A that have
the same number of acetylated Lys e-NH3* groups. (Reproduced with permission from
ref. 11. Copyright 2002 Am. Chem. Soc.)
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T=75°C

Change in Charge (nAZ)

Fig. 6. Determination of the charge Z°-g and hydrodynamic radius Ry of proteins in
the folded and denatured state. Values of electrophoretic mobility of the rungs of the
charge ladder of holo a-lactalbumin from Fig. S are plotted as a function of nAZ. Circles
(@) represent the native protein at 25°C, and squares (H) represent the compact dena-
tured state at 75°C. The data are fit to Egs. 5 and 9 using linear least-squares analysis:
the x-intercept gives the net charge of the unmodified protein Z°cg the hydrodynamic
radius Ry is determined from the slope of the line. (Reproduced with permission from
ref. 11. Copyright 2002 Am. Chem. Soc.)

folding) (see Fig. 8). This approach can also be used to monitor chemical
denaturation of proteins (e.g., by the addition of urea to the electrophoresis
buffer) (11).

5.2. Methods
5.2.1. Protein-Ligand Binding (Affinity Capillary Electrophoresis [8])

1. The mobility of the protein or the rungs of the protein charge ladder is measured in
the electrophoresis buffer to obtain w,, the mobility of the receptor in the absence
of ligand (see Note 13).

2. A known concentration of ligand C; is added to the electrophoresis buffer, and
the mobility of the protein sample is measured in this new buffer.

3. Buffers with increasing concentration of ligand are used until the addition of
ligand no longer causes the mobility of the protein to change. The mobility in the
presence of this saturating concentration of ligand is ug.
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Fig. 7. Values of hydrodynamic radius Ry and net charge Z°cg of holo a-lactalbumin
determined at different temperatures from analysis of the data in Fig. 5. The dashed line
indicates the melting temperature of this protein 56°C. (Reproduced with permission
from ref. 11. Copyright 2002 Am. Chem. Soc.)

4. From the mobility of the sample at each concentration of ligand, the fractional
occupancy in the bound state 0 is determined using Eq. 12.

5. Protein-ligand binding is characterized by an equilibrium constant K, (in this
case, expressed as the equilibrium dissociation constant) that relates the relative
concentration of the different states of the protein.
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6. Combination of Egs. 12 and 13 gives Eq. 14, which can be used to determine
values of K, by fitting the nonlinear binding isotherm (0 vs C;) to Eq.14 (e.g.,
using Kalediagraph from Synergy Software) with K, as the only adjustable param-
eter (see Note 14). The isotherm can also be used to obtain the value of K, graphi-
cally; it is the concentration of ligand for which 0 = 1/2.

B CB/CA B Cl/Kb (14)
1+ CB/CA 1+ CL/Kb

7. From the dissociation constant, a standard state free energy of binding AGZ is

0

determined using Eq.15.

AGZ:—RT In(K ) (15)

5.3. Application: Electrostatic Interactions in Ligand Binding

Shifts in mobility are observed upon the binding of ligand to the rungs of a
charge ladder (9,10). Figure 9 shows a set of electropherograms of the charge
ladder of bovine carbonic anhydrase II (BCAII) measured with different con-
centrations of the benzene sulfonamide inhibitor 4 (shown in Fig. 10) in the
electrophoresis buffer (9). As the concentration of this ligand increases, the
fraction of the proteins bound to the ligand also increases. Because this ligand
carries a net negative charge, the effect of binding is a shift in positions of the
peaks in the electropherograms to the right (i.e., to increasing values of mobil-
ity; the protein is also negatively charged at pH 8.4, the conditions of these
experiments).

The data in Fig. 9 were analyzed to determine the binding affinity of the
rungs of the charge ladder of BCAII for a charged ligand (9). The mobilities of
the rungs of the charge ladder measured at 190 uM of the ligand 4 represent the
saturated or fully bound state of the proteins and provide values of uz for each
of the rungs; mobilities measured without ligand provide values of u,. Values
of mobility measured at intermediate concentrations of ligand are used, together

Fig. 8. (opposite page) This cartoon illustrates how CE measures the fractional
binding of a ligand or unfolding of a protein. The protein is assumed to equilibrate
rapidly between the two states, relative to the time scale of the CE separation (typi-
cally 5-10 min). In this way, we assume a two-state model and the value of mobility at
some temperature 7 or concentration of ligand C; represents the concentration-aver-
aged mobility of the two states (bound and free, or native and denatured). Values of
mobility measured at different concentrations of ligand or temperatures are used to
determine equilibrium constants for ligand binding or folding, respectively.
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with Eq. 12, to determine values of 6 vs C; for each of the rungs of the ladder.
Nonlinear least squares analyses of these data using Eq. 15 provide values of K;,
for the binding of this ligand to each of the rungs of the charge ladder.

Figure 10 shows the results of these and similar experiments done with four
different ligands—all of them benzene sulfonamides substituted in the
paraposition with differently charged or neutral groups—that bind to BCAII (9).
Values of the K, have been converted to standard state free energies of binding

( AGZ) and are plotted as a function of the net charge of the rungs of the charge

ladder. These data allow comparison of the binding affinities of unmodified
BCAII for each of these different ligands; they also provide a direct measure of
the effects of long range electrostatic interactions on the binding affinities.

Values of A GZ for the neutral ligands are approximately independent of the net

charge on the protein. These results imply that the modifications to amino acids
that produced the charge ladders had little effect on the structure of the active site
of this enzyme. For the charged ligands, a linear relationship between the free
energy of binding and the net charge of the protein was measured: increasing
the net negative charge of the protein resulted in more favorable binding of the
positively charged inhibitor 1, and less favorable binding of the negatively
charged inhibitor, 4.

5.4. Protein Folding

The free energy of protein unfolding by thermal denaturation can also be
measured using CE (7,11). The procedure is similar to that for protein-ligand
binding. Rather than using different concentrations of ligand, values of Ujec
are measured at different temperatures of the electrophoresis buffer.

1. The mobility of the protein or the rungs of the protein charge ladder is measured
at 25°C to obtain uy, the mobility of the folded protein.

2. The coolant temperature is increased (either using the internal system of the CE
machine or an external water bath attached to the internal system) and the mobil-
ity is measured; this measured mobility has to be corrected for changes in viscos-
ity (see Note 12).

Fig. 9. (opposite page) Electropherograms demonstrating the changes in the elec-
trophoretic mobility of the rungs of the charge ladder of bovine carbonic anhydrase 11
caused by the binding of ligand 4 (see Fig. 10). The peaks marked with a filled circle
(@) are neutral marker and the peaks marked with a filled square (M) are the native
protein. The peaks marked with an asterisk (*) are impurities. The number of acety-
lated Lys e-amino groups (n) is indicated below the electropherogram. The-1/time
scale shown on top of the figure applies to all the electropherograms. (Reproduced
with permission from ref. 5. Copyright 1998 Am. Chem. Soc.)
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Fig. 10. Dependence of the standard state free energy of binding (AG“,) on the net
charge (Z" ) of the rungs of the charge ladder of bovine carbonic anhydrase II, and on
the charge on the ligands. The binding affinity of each rung of the charge ladder to
ligands 1-3 was measured by CE in 25 mM Tris-HCI-192 mM Gly (pH 8.4). The slopes
(AAG®,/AZ"cg) from the linear regression analyses of AG;, vs Z" yielded the magni-
tudes of influence of charges on CAll-ligand interactions. (Reproduced with permission
from ref. 5. Copyright 1998 Am. Chem. Soc.)

3.

4.

The temperature is increased until further increases no longer change the mobil-
ity; this mobility ug, is the mobility of the denatured state.

The appropriate equilibrium constant for folding is given by Eq. 16, where A and
B refer to the folded and denatured protein, respectively, (see Fig. 5).

C

K (T)EC—B
A

D-N (16)

Values of electrophoretic mobility measured at different temperatures provide
values of 0 as a function of T, which can be related to the free energy of unfold-
ing AGp_y using Eq. 17.

exp|-AGY, , (T)/RT|

6(1)= (17)

1 +exp [— GZ,N (T) /RT]
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Equation 17 cannot be used directly to determine the free energy of protein fold-
ing because it is itself a function of temperature as shown in Eq. 18. The thermo-
dynamic parameters that are determined are the melting temperature 7,, defined

as the temperature at which AG;)_N = 0, and the enthalpy of unfolding at 7,,,
AHD-N(Tm) (See Eq- 19).

AG) =AH_  —~TAS (18)

AGY (T )=0=AH (T )-T AS_ (T |=AS_ (T )= 7AHD*N(T'”) 19

D—N( m)_ - D—N( m)_ m D—N( m): D—N( m)_ T (19)
m

Protein folding is often characterized by a change in heat capacity AC, which, in

turn, gives rise to a temperature dependence of AHp, y and ASp . as shown in

Eqs. 20 and 21.

AH p y(T)=AH |, (T, +AC, (T,/T) (20)

AH (T
AS, MT)=AS ) (T, )+ AC In(T/T, ) = D;N( ) +AC In(T/T, ) (21)

m

Combining these expressions with Eqs. 17 and 18 gives Eq. 22, an expression
that can be used to determine the thermodynamics of protein folding.

exp

AHG, (T, ) (171 )-TAC, (1 ~Tofp + lnT/Tm)
8(T) = )
AH (T, ) (1=Tr)-TAC, (1 — Tl + lnT/Tm)

1 +exp

6. Fitting Eq. 22 to values of 0 vs T using a nonlinear least squares analysis pro-
vides the van’t Hoff enthalpy AHp \(T),), the melting temperature 7,, and the
change in heat capacity AC, of the protein upon unfolding.

7. Equations 18, 20, and 21 are used to determine the free energy of unfolding at a
specific temperature, typically at 25°C.

5.5. Application: Electrostatics in Protein Folding

To quantify the effects of long-range electrostatics on the energetics of fold-
ing, we determined AG?p_y as a function of charge for a-lactalbumin. From the
data in Fig. 5, we determined the fraction of unfolded protein as a function of
temperature for members of charge ladders of a-LA. Analysis of these data

using Eq. 22 yielded values of T), and AGOD_N for the members of the charge

ladders (11). Values of AC,, for this protein are small and were assumed equal
to zero in fitting Eq. 22 to the data.
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Fig. 11. Dependence of free energy of unfolding (AG°p_y) at 25°C on net charge
(Z"cg) of the rungs of charge ladders of a-lactalbumin. The curve is a fit of the data to
a quadratic equation; the first derivative of this equation gives the differential depen-
dence of AG?p_y on net charge: IAG?p n/0Z = 0.14Z kJ/mol. (Adapted from ref. 11.)

Figure 11 compares values of AGZ_N for the members of ladders of holo a-LA
as a function of charge of the folded state (11). The line is a fit of a quadratic
equation to the data; this fit shows that AG?}N correlates with the square of net
charge of the members of the charge ladder. This quadratic dependence of
AGOD_N on charge is consistent with electrostatic interactions that act between
charges on the protein. A simple estimate of contributions of electrostatic in-
teractions to the energetics of protein folding is the energy required to dis-
tribute the net charge evenly on the surface of a sphere; this charging free
energy is proportional to the square of net charge, consistent with the data for
holo a-LA. The differential dependence of AGonN on net charge for holo a-LA,
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aAGZ_NIGZ = —0.14Z kJ/mol per unit of charge, was determined from the first

derivative of curves fit to AGZﬁN vs Z. This differential provides a direct measure

of the average effects of long-range electrostatic interactions to the free energy
of folding of a-LA.

6. Conclusions

The combination of CE and protein charge ladders is a convenient tool for
measuring the properties and interactions of proteins in solution under condi-
tions that are similar to those found in real biological systems. Charge ladders
can be used to measure the charge and hydrodynamic size of a protein in a
single experiment under nondenaturing condition. Because CE is sensitive to
the size and charge of a protein, it can also be used to measure molecular rec-
ognition events such as protein—-ligand binding and protein folding. Charge
ladders and CE allow for the isolation of charge as the independent variable in
a system, and thereby allow the direct measure of the effect of charge on the
energetics of molecular recognition events involving proteins. CE and charge
ladders therefore provide separation and classification of proteins on the basis
of charge and size, as well as quantification of stability or binding affinity of
proteins as a function of net charge. All this information is obtained in a single
set of electrophoresis experiments.

7. Notes

1. The assumption that the hydrodynamic drag or coefficient of friction of proteins
is constant across the rungs of a ladder is justified when using modifying agents
of low molecular weight, relative to that of the protein. As the molecular weight
of the modifying agent increases, this assumption becomes less valid (4).

2. We assume that the value of AZ of a protein modified by acetylation of Lys e-amino
groups is —1 in Tris-Gly buffer. The cooperative nature of proton binding to amino
acids on proteins can result in values of AZ other than —1. This effect has been
estimated using a mean field theory (17). By measuring the pK, of the N-terminal
amino acid of lysozyme across the rungs of the ladder, we used this group as a
thermodynamic “reporter” of the effects of acetylation on the binding affinity of
other amino acids for protons. The value of pK, varied from 7.8 to 7.5 from the
native to the fully acetylated state, owing to the cooperativity amongst ionizable
groups on this protein. We found that the addition of 100 mM NaCl caused the
variations in values of pK, across the rungs of the ladder to disappear, indicating
that the addition of salt attenuates the effects of cooperativity in ionization on
values of AZ (18).

3. Proteins are used as received; because CE naturally separates different molecular
species, the presence of impurities does not usually have a significant impact on
the analysis.
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4. Excessive mixing can cause proteins to denature at the air-water interface. Typi-
cally, samples less than 1 mL in volume are mixed by repeated pipeting.

5. Protein charge ladders produced by acylation are typically analyzed directly by
CE without further purification. The amidation of carboxyl groups produces
byproducts that can interfere with the analysis of charge ladders. Furthermore, it
may be desirable to exchange the protein charge ladder into a buffered solution.
We have found Sephadex gel purification columns (NICK spin columns,
Pharmacia) to be useful for purification and buffer exchange, following the pro-
tocol provided with the columns. This purification can cause a two- to tenfold
dilution of the product.

6. This buffer (which has a value of pH of 8.4 at 25°C) contains approx 10 mM of
the Tris-HCI as a cation; most of the Gly is, therefore, present as a zwitterion.
This buffer is desirable for CE separations because it has a low conductivity,
which results in minimal Joule heating at field strengths as high as 1 kV/cm.
Additionally, zwitterions can reduce protein adsorption to the capillary wall and
unwanted protein—protein interactions (19).

7. Spurious peaks and variations in baseline UV intensity may be observed during
the first one or two separations performed on a capillary coated with polybrene,
but should then disappear. It is suggested that these first runs be made with an
injection that contains only the neutral marker. Doing so provides a measure of
the stability of coating; a migration time that does not vary from run-to-run
reflects a stable coating.

8. The product of the applied voltage and current should be monitored to determine
the total power input to the capillary. The amount of Joule heating, which results
in an increase in the internal temperature of the capillary, is directly proportional
to this power.

9. Charge ladders that have been labeled fluorescently (e.g., with fluorescein) have
also been separated by CE and detected by laser-induced fluorescence. Doing so
allows increased sensitivity of detection at lower concentration of protein, rela-
tive to detection by UV absorbance.

10. The effects of ion polarization and relaxation on the electrophoretic mobility of
proteins have been quantified using a combination of experimental data and elec-
trokinetic models of colloids (6). We concluded that such effects are only impor-
tant when a nonlinear correlation between mobility and charge is observed; such
a correlation corresponds to electrostatic potentials at the surface of proteins that
exceed 25 mV.

11. Uncertainty in the value of AZ results in similar uncertainties in Z°cg and Ry (i.e.,
a 10% error in the value of AZ results in ~10% error in Z°-g and Ry) (18).

12. Because values of electrophoretic mobility are sensitive to changes in the viscos-
ity of the solution, we have corrected these data for changes in viscosity caused
by increasing temperature by monitoring the change in current with temperature
(20). In this way, shifts in the position of peaks reflect only changes in the charge
and size of the protein with increasing temperature.
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13.

14.

The definition of receptor and ligand is arbitrary; either member of an interacting
pair of molecules can be defined as the receptor. A smaller quantity of the recep-
tor is required, relative to the ligand, and its concentration need not be known for
analysis by ACE. These considerations dictate that the molecule that is more
precious be used as the receptor and the less-precious molecule used as the ligand.
Scatchard analysis can also be performed to determine the dissociation constant
K,; however, because this analysis does not weight values of 0 at different con-
centrations equally, it is susceptible to error in the determination of values of K.
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Frontal Analysis Continuous Capillary Electrophoresis
for Protein—Polyelectrolyte Binding Studies

Emek Seyrek, Toshiaki Hattori, and Paul L. Dubin

Summary

A novel technique, frontal analysis continuous capillary electrophoresis (FACCE), has been
described as an effective way to study protein—polyelectrolyte binding. FACCE involves con-
tinuous sampling, integrating sample injection and separation into one process that provides
advantages over conventional frontal chromatography. The method provides rapid and precise
determination of binding isotherms, and allows for quantitative binding analysis in terms of
binding constant and the binding-site size by considering the protein as the ligand and allowing
the polyelectrolyte to bind to a number of proteins with variable levels of cooperativity. FACCE
is particularly suitable for binding systems involving rapid binding kinetics because it allows
for the determination of the concentrations of free or bound ligands under conditions that avoid
perturbation of the binding equilibrium. This chapter focuses on studies of the binding of bovine
serum albumin (BSA) to heparin using FACCE. These investigations are demonstrated within
the context of this chapter as representative of a model protein—polyelectrolyte system from
which extensions to other systems can be made.

Key Words

Binding constant; binding isotherm; binding site size; bovine serum albumin; capillary elec-
trophoresis; heparin; patch binding; protein—polyelectrolyte.

1. Introduction

Capillary electrophoresis (CE) has been used increasingly for protein—ligand
binding studies, such as the association of proteins with drugs (1-4), inorganic
ions (5,6), sugars (7) and micelles (8,9). The CE techniques applied involve
either the measurement of mobility or the determination of the concentrations
of free or bound ligand (1-3,10). The main problems observed in binding stud-
ies based on those CE techniques are: (1) the difficulty in calibration for quan-
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titative studies, and (2) the perturbation of the binding equilibria caused by the
dynamic behavior of the systems under study. A novel method that addresses
these problems, frontal analysis continuous capillary electrophoresis (FACCE)
(11,12), has been developed for the study of protein—polyelectrolyte (PE) binding.

Because both biological and synthetic polyelectrolytes have contour lengths
that are large compared to the polyelectrolyte-binding sites on the protein sur-
face, it is necessary to view the protein in these cases as the ligand, one poly-
electrolyte capable of binding a number of proteins. There is no fundamental
problem in discriminating between bound and free proteins, and there is a sound
theoretical framework for the analysis of such macromolecular binding (13).
Experimentally, the binding of proteins to linear macromolecules has been
studied by turbidimetry, light scattering, electrophoretic mobility, viscometry,
fluorescence, potentiometric titration, and dialysis equilibrium (14). However,
only the last directly yields binding isotherms, and it is unacceptably slow.
Thus, FACCE addresses the need for rapid and precise determination of such
binding isotherms.

In contrast to conventional frontal chromatography (CFC), FACCE com-
bines continuous sampling, integrating sample injection and separation into
one process as illustrated in Fig. 1. The electroosmotic flow that transports all
components toward the cathode arises from the negatively charged wall of the
fused-silica capillary. CFC employs regular chromatography methods but with
a sample volume relatively large compared to the capacity of the separation
column. Careful selection of the amount of sample injected, the flow rate of the
mobile phase, and the length of the separation column, leads to continuous but
distinct plateaus, followed by resumption of detector baseline response as
shown in the electropherograms in Fig. 1A. In FACCE, the capillary is filled
and equilibrated with the run buffer prior to sample introduction. The inlet
end of the capillary is then immersed in the sample vial and a voltage is applied
across the capillary to initiate the sample introduction and separation process.
Species separated by electrophoresis appear as discrete and progressive pla-
teaus in the electropherograms as shown in Fig. 1B. The separation profile of
FACCE is particularly suitable for the study of binding in systems with rapid
binding kinetics, inasmuch as it allows for the determination of the concentra-
tions of free or bound ligands without complete separation avoiding perturba-
tion of the binding equilibrium.

FACCE is particularly effective in multiple complexation equilibria where
more than one protein binds to a single ligand; measurement of the concentra-
tion of free ligand is determined not from mobility but from the peak height
which directly indicates the free protein concentration. The stoichiometric
relationship between bound protein and the protein—ligand complex can then
be fit to appropriate binding isotherms to yield binding constants and the bind-
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Fig. 1. Schematics of CFC (A) and FACCE (B). Reprinted with permission from
ref. 12.

ing-site size, both of which are parameters essential to the elucidation of the
binding mechanism. Binding of proteins with both synthetic and biological
polyelectrolytes is an example of multiple complexation and has, therefore,
been studied with FACCE (11-25). In this paper, analysis by FACCE of the
binding of bovine serum albumin (BSA) and heparin will be discussed as an
example. Because heparin is a negatively charged polyelectrolyte, it interacts
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with the positive charges on the protein. The positive charges of the protein
increase with decreasing pH, and the binding force increases. However, bind-
ing often occurs at pH above the isolecetric point (p/) of the protein where the
protein bears the same net charge as the polyelectrolyte. For example, the p/ of
BSA is 4.9 and binding at / = 0.01 M occurs at pH 7.0, where both the protein
and the polymer bear net-negative charges. This is an indication of “patch bind-
ing” in which the electrostatic attraction between polyanion and a local protein
positive region overcomes the repulsion between polyanion and the global pro-
tein charge (15).

Many functions have been ascribed to the interaction of heparin with vari-
ous proteins (26). Although no specific function has been identified with the
heparin—BSA interaction, this system has been used to develop the methodol-
ogy that would enable application of the technique to, for example, heparin—
protein cognate pairs, DNA-binding proteins, and other biological
polyelectrolyte—protein systems. The extended use of FACCE to such protein—
polyelectrolyte systems will facilitate a better understanding of many biological
phenomena.

2. Materials

1. Heparin (sodium salt, porcine intestinal mucosa, Calbiochem, La Jolla, CA, nomi-
nal M; 13,500-15,000).

2. BSA (fatty acid free, M, 68,000, Boehringer Mannheim, Indianapolis, IN).

3. For turbidimetric titrations: Brinkmann PC800 probe colorimeter detecting at
420 nm, equipped with a 1-cm path-length fiber optics probe, and a pH meter.

4. FACCE rinsing and run buffer: phosphate buffer prepared at desired pH and ionic
strength.

5. For FACCE rinsing: 1 N NaOH before each use of capillary column, 0.1 N NaOH
for rinsing between consecutive runs.

6. FACCE instrument: P/ACE 5500 CE (Beckman, Fullerton, CA).

7. Fused-silica capillary of dimensions 50 um x 27 cm (Polymicro Technologies
Inc, Phoenix, AZ).

8. Milli-Q water for all buffer and solution preparations (Millipore, Milford, MA).

9. All protein and PE solutions should be prepared fresh, and complete solubiliza-
tion should be achieved prior to experiments.

3. Methods

3.1. Identification of Soluble Complex Region
for Protein—Polyelectrolyte System

Binding equilibria in any protein—PE system can only be studied under con-
ditions corresponding to the formation of the complex without second-order
reactions, such as aggregation or phase separation. Any protein—PE system can
be identified in terms of one of these three states. For a polyanion—protein
system at fixed ionic strength, the system progresses, upon decrease in pH,
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from: (a) noninteracting solution, to (b) soluble complex phase, and finally to
(c) complex aggregate or biphasic state (27-29). Turbidity is sufficiently sen-
sitive to detect the two relevant transitions; therefore, these three regions can
be effectively identified by pH-turbidimetric titration. Titrations should be done
at various ionic strengths to enable construction of a phase boundary: a plot of
transition pH vs ionic strength, which shows the three regions corresponding
to (a), (b), and (c) states. This will allow for determination of the working
conditions for FACCE experiments, where the pH and ionic strength of the
solution should lie in the complex formation region (b).

3.1.1. Preparation of Protein—Polyelectrolyte Solutions
for pH-Turbidimetric Titration

1. The concentrations of protein and PE solutions to be prepared should be deter-
mined such that protein is in excess when they are mixed. A weight ratio of pro-
tein to PE of 10 would be appropriate for a typical titration.

2. Dissolve the protein and PE separately in desired salt solution.

3. Mix appropriate amounts of protein and PE solutions to achieve the mixture with
the desired weight ratio.

4. Prepare a blank protein solution for blank titration that has the protein concentra-
tion in the mixture.

5. Add 1 M NaOH gradually to the mixture to adjust the pH to 10.0.

6. As an example, 4 mg/mL of BSA and 0.4 mg/mL of heparin solutions were pre-
pared in 0.01 M NaCl solution, and 10 mL of both were combined to obtain a
final mixture with weight ratio of 10, making a total volume of 20 mL. (The
required amount of sample volume depends on the size of the probe and the con-
tainer.) A “blank” protein solution was 4 mg/mL BSA in the same NaCl solution.

3.1.2. pH-Turbidimetric Titration

The soluble complex region lies between pH at the initial point of increasing
turbidity (pHc) and pH at the point of the abrupt increment of turbidity (pH¢)
(14,15).

1. Titrate the protein—PE solution with 1 M HCI using, e.g., Gilmont microburet,
while monitoring simultaneously pH and % transmittance (%T) at 420 nm.

2. Plot 100-%T, proportional to turbidity vs pH, and identify pHc and pH¢.

3. A sample plot for heparin and BSA at /= 0.01 M is shown in Fig. 2. The soluble
complex exists in region 2 which lies between pHc (7.1) and pH¢ (5.0).

3.2. CE
3.2.1. Equipment

CE is performed using a Beckman P/ACE 5500 CE with programmatic
autosampling. Operating temperature is at 25°C. The dimensions of the fused-
silica capillary are 50 um x 27 cm with an effective length (the distance from
the inlet end to the UV detector) of 20 cm.
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Fig. 2. Turbidimetric titration curve for 1 g/L. BSA and 1 g/L heparin at /=0.01 M,
Region 1, no complex formation as turbidity does not change. Region 2, complex
formation as turbidity starts to increase gradually. Region 3, phase separation as there

is an

abrupt change in turbidity. The dashed lines represent the defined pHc and pH¢

values dividing regions 1, 2, and 3. Reprinted with permission from ref. 19.

3.2.2. Procedure for FACCE

Each measurement follows the procedure given below.

1.

Wash the capillary with 0.1 M NaOH solution for 5 min. (This rinsing is neces-
sary between each run to remove any adsorbed protein on the capillary surface.
See Note 1.)

Rinse the capillary with water for 5 min.

Run phosphate buffer solution of desired pH and ionic strength through the cap-
illary for 5 min.

Immerse the negative pole tip of the capillary into the sample and the positive
pole tip into the buffer solution.

. Apply a constant voltage and monitor UV absorbed spectra at a certain wave-

length. The operating voltage and the wavelength should be determined so that
the best resolution is obtained for the desired components to be measured. The
typical applied voltage range is 5—15 kV. For most proteins, 200 or 214 nm would
be the best detection wavelength.

As an example, the electropherograms shown in Fig. 3 was obtained by applying
a voltage of 10 kV at 214-nm wavelength.
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Fig. 3. Electropherogram of a sample FACCE experiment with BSA (4 g/L) and
heparin (0.2 g/L) mixture at pH=6.8, [=0.01 M with plateaus representing (a) free
BSA, (b) BSA-heparin complex.

3.3. Determination of Free-Protein Concentration

The electropherogram of FACCE shows multiple plateaus, the number of
which depends on the number of components in the mixture. In a protein—PE
mixture, two plateaus are typically observed (see Fig. 3), the first plateau cor-
responding to free protein and the second to protein—PE complex. The concen-
tration of free protein can be determined by the height of the first plateau using
a calibration curve (12).

3.3.1. Calibration Curve for Free Protein

1. Solutions of protein from 0.1 to 1.5 mg/mL are prepared in NaH,PO,~Na,HPO,
buffer solution at the desired pH and ionic strength. Measure each sample solu-
tion as explained in Subheading 3.2.2.

2. Measure the height of the single plateau in the electropherogram at each concen-
tration.

3. Plot absorbance (plateau height) vs concentration of protein.
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3.3.2. Determination of Free Protein in a Protein—-PE System

1. Make up a series of solutions containing protein and PE dissolved in the appro-
priate buffer solution. The concentrations needed for the analysis depend on the
strength of UV signal. For example, for BSA and heparin, the protein concentra-
tion was 0.4—4.0 g/L with heparin at 0.2 g/L.

2. Measure each sample solution as explained in Subheading 3.2.2.

3. Determine the concentration of free protein by absorbance of first plateau height
using the calibration curve (see Note 2).

3.4. Data Analysis

There are several procedures for fitting binding isotherm data (30,31). Par-
ticularly appropriate in the present case is the one based on a binding theory of
large ligands to a 1D homogeneous lattice given by McGhee and von-Hippel
(32,33). This is appropriate for specific or nonspecific binding involving coop-
erative or noncooperative interaction between binding sites.

3.4.1. Constructing the Binding Isotherm

The binding isotherms were obtained by plotting the concentration of free
protein, L., which is calculated as explained above vs the average number of
bound protein per unit charged group on heparin, v (see Note 3) and (Fig. 4).

3.4.2. Determination of Binding Parameters Via McGhee
and von-Hippel Equation

General equation for McGhee and von Hippel model (31) is given in Eq. 1:

n—1 2

(2w + 1) (1-nv)+v-R
2(w-1)(1-nv)

l1-(n+1)v+R
2(1-nv)

D

R=\/[1—(n+1)v]2+4wv(1—nv) o)

where v represents the binding density (in units of moles of bound ligand
per mole of total lattice residue), L. s the free-ligand concentration, Ky is the
binding constant, n is the number of binding sites, and w is the cooperativity
parameter.

For w=1, which is the case for noncooperative binding, Eq. 1 reduces to Eq. 3
for noninteracting ligands. In the case of BSA-heparin, Eq. 3 was used for analy-
sis of binding parameter as no additional cooperativity term was needed to obtain
a good fit to the binding isotherms.
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Fig. 4. Binding isotherms for BSA and heparin at ionic strengths of (V) 2 mM,
(W) 7 mM, (A) 10 mM, () 30 mM, (x) 50 mM in phosphate buffer at pH=6.8; the
solid lines are fits to the McGhee von Hippel equation (from ref. 19).
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Equation 3 yields two parameters, the intrinsic binding constant K, and the
binding-site size n. The binding isotherms are fitted to Eq. 3 where v is the
number of bound BSA per ionic site of heparin, Ly, is the concentration of
free BSA, K, is the observed binding constant, and 7 is the binding site size
in number of heparin charge groups (see Note 3). The nonlinear curve fitting
can be carried out by a software such as Origin (Microcal Software, Inc.) to
obtain the parameters K, and n. The fitted curves are also shown in Fig. 4 for
BSA and heparin at various ionic strengths. The calculated parameters are
given in Table 1.

4. Notes

1. The adsorption of protein on the capillary wall is a significant problem. In case of
BSA, strong adsorption of protein was observed at pH < 6.5; therefore, the mea-
surements were made above this pH. The adsorption conditions which may differ
for each protein may require the use of a coated capillary.
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2.

Table 1
Binding Constants and Binding Site Size for BSA-Heparin Interaction
Calculated by Nonlinear Curve Fitting of Fig. 4 Data to Eq. 3

Tonic strength (M) log K n (x0.8)
0.05 1.88 12.7
0.03 2.39 13
0.01 3.44 11.4
0.007 3.89 12.9
0.002 3.85 10.8
A typical FACCE electropherogram shows two steps; however, more have also

been observed (28). In addition, in some cases, the electropherogram had a spike
peak before the first plateau (34), which may arise from adsorption of protein
onto the capillary wall. Although this behavior did not significantly affect deter-
mination of free BSA here, the use of a coated capillary might be necessary to
reduce adsorption when the effect becomes more significant.

. Binding density v is calculated by dividing the bound protein concentration (in

mol/L) by the charge of heparin (in eq.mol/L). Because heparin has an equivalent
weight of 200 g/mol, a 0.2 g/L heparin solution contains 1.0 x 10~ eq. mol/L.
Binding density v is defined in this manner because the binding site on heparin
does not correspond to a well-defined portion of molecule, which is the typical case
for nonspecific binding arising from long range electrostatic forces. The size of the
apparent binding site n is defined for the same reason in terms of the number of
charges it encompasses. An estimate of the number of disaccharide units involved
in binding can easily be obtained by dividing n by the average number of charges
of one disaccharide, 3.7 for heparin (15). The length of the binding site can then
be calculated from the length of a disaccharide unit, 11 A.
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Analysis of Proteins by CE, CIEF, and Microfluidic
Devices With Whole-Column-Imaging Detection

Jiagi Wu, Xing-Zheng Wu, Tiemin Huang, and Janusz Pawliszyn

Summary

The recently developed whole-column-imaging detection technique for capillary electro-
phoresis (CE) and capillary isoelectric focusing (CIEF), a commercial whole-column-imaged
CIEF instrument and its standard operation protocol are introduced. Furthermore, new devel-
opments and applications of whole-column-imaging detection in protein—protein interaction
study, in protein separation using microfluidic devices and CIEF methods without carrier
ampholytes, as well as in 2D separation techniques are reviewed. Miniaturization of whole-
column-imaging CIEF and axially illuminated fluorescence whole-column-imaging CIEF are
also discussed.

Key Words

Capillary electrophoresis; capillary isoelectric focusing; conjugation reaction; microfluidic
device; protein; whole-column-imaging detection.

1. Introduction

In the past two decades, capillary electrophoresis (CE) has grown as a pow-
erful separation technique with high-separation efficiency, and low-sample
consumption. Various CE modes such as capillary zone electrophoresis (CZE),
capillary gel electrophoresis (CGE), micellar electrokinetic capillary chroma-
tography (MEKC), capillary electrochromatography (CEC), capillary isoelec-
tric focusing (CIEF), and capillary isotachophoresis (CITP) have been
developed (1). Conventional CE is carried out in a long capillary (from ~10 to
100 cm). Recently, many CE experiments have been done in a microchannel
fabricated in a chip (2-5) or a short capillary (6,7) with a length of several
centimeters. Because CE separation efficiency depends on applied electric
field, high-separation efficiency may still be achieved and the separation speed
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is usually greatly accelerated in the short capillary or microfabricated device
with a high-electric field. This meets the growing demands for high-speed,
high-throughput DNA diagnostic, and screening applications (7,8).

In conventional CE experiments, sample solution is injected from one end
of the capillary or from a cross channel near one end of the microfabricated
chip. After being separated along the electromigration distance, sample zones
are detected at a detection point (window) near the other end of the capillary or
the chip. This is the single-point detection. Using the single-point detection,
even though all samples are completely separated before they reach the detec-
tion point, one still has to wait until all peaks pass through the detection point
to complete the whole separation. Especially in CIEF (9), the formation of pH
gradient and focusing of sample zones usually take about 5 min while the fol-
lowing mobilization step requires 10-40 min in order to detect all focused
sample zone at the detection point. The diffusion of the sample zone in the
migration process also broadens the peak and decreases the peak height, thus
decreasing the separation efficiency and detection sensitivity. Also, it is diffi-
cult to obtain detailed insight of the separation process and interaction between
sample and capillary wall in the single-point detection, although they can be
speculated from the electropherogram. Therefore, an ideal detection method
is whole-column-imaging detection that allows real-time monitoring and direct
visualization of the separation process.

The concept of whole-column-imaging detection was first proposed for
CIEF (10-17). Recently, it was further extended to other CE modes such as
CZE (6,18). In the whole-column-imaging detection, a short capillary (3—6 cm)
is used as a separation capillary. Three types of whole-column-optical-imaging
detection: refractive index gradient (10-12), fluorescence (15), and absorbance
(16) imaging detection have been established. Recently, whole-column absor-
bance imaging detection for CIEF has been commercialized (17,19,20). Expe-
rience and practice in CIEF experiments have proved that the
whole-column-imaging detection permits the direct observation of the isoelec-
tric focusing dynamics and greatly accelerates the analysis speed.

Proteins can exhibit microheterogeneity because of their molecular modifi-
cations, such as glycosylation, oxidation, deamidation, phosphorylation, and
amino terminal modifications. In most instances, the modification of the pro-
teins causes a change in their charges. For protein samples in biotechnology
laboratories, the microheterogeneity may impact its biological function. Thus,
identifying the microheterogeneity is essential for identification and character-
ization of these proteins. The high resolution of isoelectric focusing (IEF)
makes it the most effective technique in assessing charge heterogeneity in pro-
tein molecules. Slab gel IEF is known to suffer from low speed, poor reproduc-
ibility, and nonquantitation. On the other hand, IEF performed in capillary
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format (i.e., CIEF), was believed to be able to provide quantitative IEF analy-
sis with fast speed. However, the extra mobilization process of the conven-
tional CIEF introduces problems to CIEF, such as uneven separation resolution,
poor reproducibility and increased analysis time, and method development
time. These problems do not exist in whole-column-imaging CIEF, because
the detection finishes at the same time as the IEF process. Therefore, whole-
column-imaging CIEF can offer fast speed gel-like IEF separation combined
with quantitative on-column detection and automatic sample injection; thus, it
is an ideal tool for assessing charge microheterogeneity of proteins

Here, construction of the commercial whole-column-imaging detection
CIEF instrument, and its standard operation procedure are described by dem-
onstrating CIEF rapid characterization of monoclonal antibody and monitor-
ing stability of a humanized monoclonal immunoglobulins (IgG). Furthermore,
its new developments and applications are also introduced.

2. Materials

1% Methyl cellulose solution (prepared from SIGMA P/N: M0387 methylcellu-

lose powder).

Pharmalyte, pH 3.0-10.0 (Sigma +1-314-771-5765 P/N: P1522).

Ampholyte, pH 4.0-7.0 (Sigma P/N: A9203).

Phosphoric acid, 87%, reagent grade.

Sodium hydroxide, 50% (w/w) reagent grade.

pl Markers 5.3, 6.6, 7.4, and 8.6 (Bio-Rad +1-510-724-7000, P/N: 148-2100).

Monoclonal antibody, anti-a-chorionic gonadotropin (a-hCG; 4.44 mg/mL,

Calbiochem-Novabiochem +1-619-450-9600, P/N: 230744).

Humanized monoclonal IgG (generously donated by a biotechnology company).
9. Deionized water.

10. Commercial imaged CIEF instrument, the i{CE280 IEF Analyzer: Fig. 1 shows a

block diagram of the whole-column-imaging detection CIEF system, i{CE280 IEF

analyzer (Convergent Bioscience, Toronto, Canada). The separation column of

the instrument is a 50-mm-long, 100 um id, 200-um od silica capillary. Its out-
side polyimide coating is removed for whole-column detection. Its inner wall is

coated with fluorocarbon to substantially reduce electroosmotic flow (EOF). The

light source of the imaging detector is a xenon lamp. The light beam from the

lamp is focused onto the separation column by a bundle of optical fibers and a set

of lenses. Monochromatic light is obtained by placing a 280-nm-bandpass opti-

cal filter before the lamp. The whole column ultraviolet (UV) absorption image

is captured by a camera, which includes an imaging lens and a charge-coupled

device (CCD) sensor.

The flow path of the i{CE280 analyzer is also shown in Figs. 1 and 2. The column

cartridge’s inlet capillary is connected by a press-fit nut to a two-position, eight-

port PEEK switch valve. The pressure needed for the sample introduction is pro-

vided by a low-pressure syringe pump that is connected to the switch valve and

operates continuously.
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11.

Operation of the iCE280 Analyzer: A column cartridge is first installed into the
cartridge holder inside the instrument and connected to the switch valve. The two
electrolyte tanks are filled with anolyte (usually 80 mM H;PO,) and catholyte
(usually 100 mM NaOH). The syringe pump is filled and turned on.

The sample introduction procedure for the manual mode is similar to a conven-
tional liquid chromatography (LC) instrument. As shown in Fig. 2, the sample
loop is filled from the injection port when the switch valve is in position 1 (load
position). The switch valve then rotates to position 2 (inject position) and the
sample stored in the loop is pushed into the column cartridge by the syringe pump.
Once the column is filled with the sample, the switch valve returns to the position
1 (load position). A 3-kV pc voltage is applied to the two electrolyte tanks to start
isoelectric focusing. The focusing process usually lasts 5—7 min. During focus-
ing, the process can be monitored by having the CCD camera take a picture of the
whole column and display the UV absorption image of it every 30 s. At the end of
the focusing process, the voltage is turned off and the sample and separation
columns are rinsed for a few seconds by the syringe pump. The instrument then is
ready for the next sample. The sample introduction procedure can be automated
using a LC autosampler. In the automatic mode, the sample throughput is up to
8 samples/h.

The iCE280 analyzer includes quantitation software for rapid batch reprocessing
of electropherograms.

Capillary Cartridge: As shown in Fig. 1, the column is packaged into a cartridge
by sandwiching it between two glass slides. The two ends of the column are
connected to the inlet and outlet capillaries by two sections of porous hollow
fiber membranes. The two sections of the hollow fiber membranes isolate protein
sample and carrier ampholytes within the column from external electrolytes in
the two electrolyte tanks. Two connection capillaries for sample introduction are
glued to the other ends of hollow fiber membranes. (See Notes 1 and 2 for com-
ments regarding cartridge conditioning and careful handling.)

3. Methods
3.1. Rough Determination of Isoelectric Point (pl) of a Protein

1.

The general procedure for roughly determining p/ of a protein is as follows.

Dissolve protein sample into carrier ampholyte solution (its final concentration is
usually about 4%) containing methylcellulose (its final concentration is usually
0.5%). (For more details regarding the concentration of the sample and the selec-
tion of carrier ampholyte, see Notes 3 and 4, respectively.)

Sample solution can be prepared in a 1.5-mL centrifuge tube. In the tube, add
80 uL deionized water, 100 uL 1% methylcellulose, 10 uL. Pharmalyte pH 3.0-
10.0 (or Ampholyte pH 4.0-7.0), and 10 uL sample. This makes the final volume
of 200 uL. The concentration of the carrier ampholytes is 5%, and methylcellu-
lose concentration is 0.5%. Degas the sample using a centrifuge for 3 min.

2. Install a conditioned column cartridge (see Notes 1 and 2) in the CIEF instrument.
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3.

Fill one electrolyte tank on the column cartridge with a catholyte (typically
NaOH) and the other tank with an anolyte (typically H3;POy,).

The anolyte, 0.08 M phosphoric acid, is prepared by diluting 0.8 mL 1 M phos-
phoric acid into 9.2 mL 0.1% methylcellulose. 1 M phosphoric acid is prepared
from 87% phosphoric acid. The catholyte, 0.1 M sodium hydroxide, is prepared
by adding 53 uL of 50% sodium hydroxide into 10 mL of 0.1% methylcellulose.
Inject 100 uLL sample into the sample loop of the iCE280 Analyzer.

Switch the valve of the iCE280 Analyzer to the “Inject” position so that the
sample in the sample loop is transferred into the separation column.

Apply a high pc voltage (1500 or 3000 V) across the electrolyte tanks on the
column cartridge to start the IEF process.

After a few minutes under high-voltage conditions, the carrier ampholytes estab-
lish a linear pH gradient and the sample proteins focus in bands, or zones, along
the pH gradient at their p/. For the initial run conditions for an unknown sample,
start from 6 min focusing time.

At the end of the IEF process, which normally takes about 5 min, the CCD cam-
era (i.e., whole-column-imaging detector) records all protein zones within the
capillary column.

The pc voltage is turned off and the process is complete.

. Introduce a wash solvent into the loop and injecting the solvent into the column

for a few seconds so that the next run can be carried out (see Note 5).

For the a-hCG sample, the p/ value of the sample is roughly estimated based
on peak position in electropherogram relative to the pH range of the carrier
ampholyte (pH of the anodic and cathodic ends are 3.0 and 7.0, respectively).
The p/ value of the a-hCG sample is roughly estimated to be between 5 and 7.

3.2.

Accurate Determination of pl of a Protein

The operation procedure for accurate determination of p/ of a protein is basi-
cally same as in Subheading 3.1. except that two p/ makers are added into the
sample solution and the calculation of p/ is made from the two p/ makers. (See
Note 6 for more details regarding the selection of p/ markers.)

1.

2.9.
10.
11.

Dissolve protein sample into carrier ampholyte solution containing methylcel-
lulose and pI markers.

In a 1.5-mL-centrifuge tube, add 80 uL deionized water, 100 uL. 1% methylcel-
lulose, 8 uL. Pharmalyte pH 3.0-10.0 (or Ampholyte pH 4.0-7.0), 1 uL p/
marker 5.3, 1 uL pI marker 7.4 (6.6 or 8.6), and 10 uL sample. This makes the
final volume of 200 uL. The concentration of the carrier ampholytes is 4%,
and methylcellulose concentration is 0.5%. Degas the sample using a centri-
fuge for 3 min.

Same as Subheading 3.1.

Calculate p/ value of the sample from the two p/ markers by the CIEF analyzer.
Introduce a wash solvent into the loop and inject the solvent into the column for
a few seconds so that the next run can be carried out.
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The result for a-hCG sample with BioMarkers 5.3 and 7.4 is shown in Fig. 3.
Five major peaks are resolved under these conditions. The p/ values of the peaks
are calculated to be from 5.8 to 6.2 using the p/ calibration routine in the i{CE280
analyzer software.

The separation resolution can be enhanced by using narrow pH range carrier
ampholytes. Because the p/ value of the sample is determined to be in the 5.8—
6.2 range, Ampholyte, pH 4.0-7.0, is selected to run the sample to increase the
resolution. The result is shown in Fig. 4. Compared to Fig. 3, the resolution is
much improved. All peaks have baseline resolution. Again, using the iCE280
analyzer software, p/ values of all peaks, as well as their peak area percent-
ages, are calculated and labelled on each peak (the first number is p/ value, the
second number is percentage).

The standard deviation in peak identification is less than 0.2% and in peak
area percentage it is less than 5%. Considering the good precision of the
method, this result can be used as a fingerprint to identify and characterize this
antibody. The method can monitor changes in relative peak area and degrada-
tion products. Thus, it is useful in stability studies for proteins. Stability stud-
ies are routinely conducted in biotechnology laboratories to monitor a variety
of degradation products that can occur when proteins are stored in solution for
a period of time.

Following is an example of application of i{CE280 analyzer to stability study
of a humanized monoclonal IgG. First, the initial sample is run with two p/
markers, p/ 5.3 and 8.6. By the two p/ markers, as shown in Fig. 5, all sample
peaks are identified by their p/ values. Three peaks are observed: major peak at
pl 7.8, a double peak at p/ 7.5, and a minor peak at p/ 8.0. Next, aged samples
(incubation at 40C° for 0—4 wk) are run using the same conditions for the ini-
tial sample. The results, shown in Fig. 6, clearly show the trend of the sample
changes with the aging process.

For some protein samples with small dissolubility, protein precipitation will
need to be addressed (see Note 7). Also, for sample with high concentration
salt, sample dilution or desalting should be considered (see Note 8). Details of
cartridge stability are given in Note 9.

3.3. Recent Topics of the Whole-Column-Imaging Detection of Protein

3.3.1. Protein—Protein Interaction Studied by Whole-Column-Imaging
CIEF

If two proteins have strong interaction, change in their p/ is expected. Espe-
cially when the interaction is so strong that a protein—protein complex or con-
jugate is formed, a new peak with completely different p/ from the two reactant
proteins is expected in the whole-column-imaging CIEF result. This has been
successfully demonstrated with model proteins bovine serum albumin (BSA),
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biotin-labeled-BSA, and steptavidin (21). First, whole-column-imaging CIEF
of mixture of BSA and streptavidin was carried out. Experimental results show
that neither new peaks nor any change in peak positions of BSA and
streptavidin was observed in the mixture of the two proteins mixtures. This
indicates that CIEF behavior of BSA and streptavidin are independent each
other in the mixture, i.e., they have no strong interaction. However, when
streptavidin was mixed with biotin-labeled-BSA, a new peak whose p/ was
between streptavidin and biotin-labeled-BSA was observed. This new peak
corresponded to biotin-labeled-BSA streptavidin complex because biotin
strongly interacted with streptavidin (21).

In addition to the model protein samples, the method has been further applied
to study immunoreaction in peanut allergenic proteins—rabbit IgG antibody sys-
tem (22). Two main proteins, Ara h I and Ara h II, were found in a peanut
allergen solution. Their p/ values were determined to be about 4.5-4.7 and
5.1-5.6, respectively. Value of p/ for antibody rabbit IgG of the peanut aller-
gen was 6.1-6.5. Figure 7 shows absorption images of mixtures of peanut
antigen (Ag) and antibody (Ab) after 200 s of isoelectric focusing. The lowest
line in Fig. 7 is the absorbance image of peanut Ag, where both Ara h I and
Ara h Il were present. When 15 uL of peanut Ag was mixed with 30 uL of
Ab, the peak of Ara h II disappeared completely. On the other hand, the peak
of Ara h I was still observed. This suggests that all Ara h Il had bound with the
Ab and precipitated as Ag—Ab complex; however, only a part of Ara h I had
bound with the Ab and precipitated. When the amount of Ab was increased to
60, 90, and 120 uL, the peak area of Ara h I was further decreased and eventu-
ally disappeared. On the other hand, peak of Ab was increased. In the mixture,
Ara h I and Ara h Il competitively bound with the Ab. If the selectivity or
affinity of the two peanut Ag binding to Ab were the same, the peaks of the two
peanut Ag should be decreased proportionally when the amount of Ab was
increased. Earlier disappear of Ara h Il than Ara h I in Fig. 7 suggest that Ara h 11
might bind with the Ab more easily than Ara h I. In other words, the peanut
allergen Ara h IT’s affinity in the immunoreaction might be larger than that of
Ara h 1. Although the quantitative analysis of the immunoreaction is difficult at
present because of problems with protein solubility and detection sensitivity, it
is clear that the method is a fast and unique tool to investigate protein—protein
interaction. With the improvement of the detection sensitivity, the quantitative
analysis of the protein—protein interaction is anticipated in the future.

3.3.2. Whole-Column-Imaging Detection of Protein in Microfluidic
Devices

Whole-column-imaging detection is also ideal for CE or CIEF in a chip
format. This has been demonstrated with a microchannel fabricated in a quartz
chip (23,24). The microchannel fabricated by photolithography and a chemical
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Fig. 7. Absorbance images of the mixture of peanut Ag and Ab obtained after iso-
electric focusing time of 200 s. Before the CIEF, the mixture of 15 uL of peanut Ag
with different amount (0, 30, 60, 90, 120 uL) of Ab in 4% carrier ampholyte, pH 3.0—
10.0) containing 0.35% methylcellulose and 20% glycerol was placed into a
microcentrifuge with a rotating speed of 10,000 rpm for 2 min.

etching process was 40-mm long, 100-um wide, and 10-um deep. Protein myo-
globin and a p/ marker were mixed with 4% carrier ampholyte solution, and
the mixture was introduced into the microchannel. After an electric voltage of
3 kV was applied across the microchannel, the protein and p/ marker were
focused well in about 10 min. The detection limit was about 0.3 mg/mL or 24 pg
for p/ marker, and 30 mg/mL or 2.4 ng for myoglobin.

Recently, a novel microfabrication technique using screen printing for the
preparation of microfluidic cartridge for CIEF has been reported (25). Screen
printing is the process of applying prepolymeric inks through a patterned screen
or stencil onto a suitable substrate. This method was investigated for the pro-
duction of microfluidic devices for CIEF at competitive costs. In this method,
80 double parallel strips of polymer coating with a 50-um thickness, 39-mm
length and 1-mm gap were printed onto 508 x 508 mm thin plastic sheet. Closed
channels were made by bonding two units of the printed double strips face to
face with epoxy glue, forming a microchannel with dimensions of 39 x 1 x
0.10 mm. Cartridges suitable for whole-column-detection CIEF were fabri-
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cated using the printed microchannels. Electroosmotic flow and analyte adsorp-
tion were controlled by dynamic coating of the channel with methylcellulose
solution. Validity of the constructed microfluidic device for CIEF was proved
with four pl markers (p/s: 5.3, 6.4, 7.4, and 8.4).

3.3.3. CIEF Without Carrier Ampholytes

Carrier ampholytes are commonly used in gel IEF or CIEF with a relatively
high concentration up to 8%. In protein purification with an IEF process, the
purified proteins have to be further separated from the carrier ampholytes. Also,
carrier ampholytes may interact with some protein samples, reducing the sen-
sitivity of UV detection, and complicate the matrix or backgrounds when using
mass spectroscopy for characterization. Accordingly, it is ideal to carry out
IEF or CIEF without carrier ampholytes. Recently, CIEF without carrier
ampholytes has been demonstrated with the whole-column-imaging detection
(26). Figure 8 presents one example of CIEF without carrier ampholyte. CIEF
without carrier ampholytes is explained to be related with electrolysis of water
in the anode and cathode (26).

CIEF utilizing different Joule heating along the axis of a tattered channel
has also been investigated (27). A simple microfabrication technique was devel-
oped for the preparation of a tapered microchannel, in which a tapered channel
was cut into a plastic sheet (thickness was 120 um), and the channel was closed
by sandwiching the plastic sheet between two glass microscope slides. The
length of the microchannel was 5 cm. The width of the separation channel was
0.4 mm at the narrow end and 4 mm at the wide end. The channel was coated
with polyacrylamide to eliminate EOF during focusing. Two electrolyte vials
were mounted on top of each ends of the channel with the wide end of the
channel connected to the cathodic vial and the narrow to the anodic vial.
Important parameters that determined the feasibility of thermally generated
pH gradient in a tapered channel were analyzed, such as control of EOF and
hydrodynamic flow, selection of power supply mode, and prevention of local
overheating and air bubble formation. Tris-HCI buffer that has a high pKa
dependence on temperature was used both to dissolve proteins and as the
electrolytes. Concentrating and focusing of dog, cat, and human hemoglobin
with whole-column-detection CIEF system was demonstrated.

3.3.4. Application in 2D Separation Techniques

Whole-column-imaging CIEF combines the high-resolution isoelectric
focusing with real-time detection, which makes it an ideal method as the
second dimensional separation in 2D separation techniques. Recently, the
first step toward the 2D HPLC-CIEF separation, i.e., online coupling of HPLC
to CIEF with whole-column-imaging detection, has been shown (28). Further-
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Fig. 8. Carrier ampholyte free CIEF separation of four protein (albumin, 550 ug/mL;
hemoglobin A, 20 ug/mL; hemoglobin A2, 20 ug/mL, cytochrome-c, 160 ug/mL) at
100 V/cm. The anolyte is 100 mM phosphoric acid, and the catholyte is 100 mM sodium
hydroxide.

more, a comprehensive 2D separation of CE/CIEF and MEKC/CIEF with
whole-column-imaging detection is also reported (29). A novel interface was
developed for coupling CIEF to CE or MEKC by using a 10- and 8-port switch
valve. Figure 9 shows the schematics of the interface and CE (or MEKC)/
CIEF 2D system. Samples were electrokinetically injected into the CE capil-
lary, and separated by CE or MEKC (first separation dimension). The CE
effluent was transferred into the CIEF cartridge for CIEF (second separation
dimension) after desalted and mixed with carrier ampholyte in one of the two
conditioning loops. Satisfactory results of CE/CIEF 2D separation were obtained
with standard protein mixture of myoglobin, carbonic anhydrase, and oval albu-
min. The 2D separation system was further applied to separation of trypsin
digest of trypsinogen; its results were shown in Fig. 10.

3.3.5. Axially llluminated Fluorescence Whole-Column-Imaging
Detection

Recently, an ultrasensitive whole-column-fluorescence-imaging CIEF with
axial illumination was developed (30). The excitation light is introduced from
one end of the capillary, and propagated in the capillary by total internal reflec-
tion. Figure 11 shows the dynamic focusing process of the two naturally fluo-
rescent proteins R-phycoerythrin and green fluorescence protein (GFP)
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Fig. 9. Schematics of CE (or MEKC)/CIEF 2D separation system with an interface
consisting of a 8- and 10-port valve.

obtained by axially illuminated whole-column-imaging detection. Detection
of 1013 mol/L or subattomol proteins is easily accomplished even without op-
timizing the optical detection system. Because of the extremely high sensitiv-
ity, this whole-column-fluorescence-imaging detector is expected to be the
most powerful tool for CIEF analysis of trace biomolecules in a single cell.

Recently, noncovalently labeling for fluorescence detection of proteins has
been investigated to facilitate the application of laser-induced fluorescence
(LIF) detection (31). Noncovalently labeling fluorescent dyes, NanoOrange,
Sypro red, Sypro orange, and Sypro tangerine, were explored for the coupling
of BSA and hemoglobin. Labeled proteins were studied by two complemen-
tary detection methods, whole-column-UV and LIF detection instruments. The
studies using a commercial CIEF instrument with UV detection confirmed that
the noncovalently labeled BSA can be focused into a well defined peak. The p/
value of this labeled BSA does not shift significantly compared to the calcu-
lated p/ value of nonlabeled BSA. The axial LIF detection system confirmed
the formation of fluorescent-labeled BSA. An improvement of detection sensi-
tivity of at least 10 times was achieved using LIF with noncovalently labeling
dye in comparison to using a UV absorption instrument.



244 Wu et al.

3.0 CIEF ®D 7.0 6.0 5.0
240 T T T T

L i .
220 o 4

200 ! o

180
160 s

—
oy
o
T
1

=

MEKC (min)
5 g8 3 8

e
), i x"""J i LI 1 1

1 15 2 25 3 35 4 45 &
CIEF (cm)

)
o
T

Fig. 10. MEKC/CIEF 2D separation of trypsinogen digest. MEKC conditions: 50 um
capillary, pH 8.0, 50 mM Tris-HCI with 10 mM CHAPS, 100 V/cm. CIEF conditions:
305 wm x 5 cm TFE capillary; 3 kV. Dialysis conditions: 0.5% CAs in 8 M urea; flow
rate, 2 mL/min.

3.3.6. Miniaturization of Whole-Column-Imaging CIEF

To date, either a laser or a lamp (for example, a Xe lamp) has been used as a
light source in the whole-column-imaging CIEF. In the commercial instrument
shown in Fig. 1, 280-nm light filtered from the Xe lamp was first focused to a
fiber bundle. The light from the fiber bundle was then focused to a whole-
separation capillary by cylindrical lenses. The optical arrangement, light
source, and related power system are much larger than the CIEF system. In
view of the miniaturization, a light-emitting diode (LED) is expected to be an
ideal light source. Recently, the miniaturization of the whole-column-imaging
CIEF with a 1.2-cm capillary and a LED light source has been reported (32).
Good CIEF results were obtained for both p/ makers and protein myoglobin
with the LED light source. The whole-column-imaging CIEF instrument was
greatly simplified and miniaturized by the use of the LED. Its further develop-
ment by integrating the LED, capillary or microchannel, and detector into one
chip was also discussed.
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3.3.7. Whole-Column-Imaging CE and Its Application
in Protein-Binding Reaction

Whole-column-imaging detection also could be used for other CE modes
such as CZE. Recently, whole-column-imaging CE with a short capillary has
been examined in detail (18). For the short capillary, hydrodynamic flow
caused by a subtle height difference between the anodic and cathodic reser-
voirs affected the sample migration in the capillary greatly. Three sample injec-
tion methods, including use of a cross connection, sealing of the capillary ends
with a gel, and use of a gel-filled capillary, have been discussed. Figure 12 shows
one CE example of two protein samples in a short capillary. It is clear that peak
height decreased and peak width increased along the electromigration distance.
Therefore, higher sensitivity can be obtained in a short capillary rather than a
long capillary. Figure 12 also shows the effect of the injection time on the CE
separation behavior. The two proteins have been completely separated before
80 s when the injection time was 2 s (see Fig. 12B). However, when the
injection time was 10 s, they were completely separated at about 120 s (see
Fig. 12A).

The whole-column-imaging CE has also been applied for the study of con-
jugation reaction of protein cytochrome-c with sodium dodecylsulfate (SDS)
(18). Figure 13 shows the direct visualization of the conjugation reaction in
the capillary. Cytochrome-c electromigrated from anodic (left) to cathodic
(right) end, whereas SDS electromigrated reversely. Figure 13A is the normal
CE result of cytochrome-c. Figures 13B, C, and D show the conjugation reac-
tions in the capillary with different concentration ratios of cytochrome-c to
SDS. When the concentration ratio was 4 mg/mL:1 mg/mL (see Fig. 13B), the
conjugation reaction neutralized a part of the cytochrome-c positive charge,
thus electromigration of the SDS-cytochrome-c conjugate was slower than that
of the protein alone. As a result, the front of the cytochrome-c sample zone was
stacked as shown in the absorbance image at 160 s in Fig. 13B (SDS has low
absorbance at 280 nm and thus its peak did not appear). However, at this con-
centration ratio, SDS did not neutralize all positive charge in cytochrome-c.
Accordingly, the cytochrome-c sample zone still electromigrated toward the
cathode after the conjugation or binding with the SDS. When the concentration
ratio was 4 mg/mL:2 mg/mL, SDS neutralized all positive charges of cyto-
chrome-c and formed a neutral conjugation product. Therefore, peak position
after the conjugation reaction did not change (see Fig. 13C). On the other hand,
when the concentration ratio was 4 mg/mL:5.6 mg/mL, the conjugation prod-
uct electromigrated toward the anode (see Fig. 13D). This suggests that the
reaction product was negatively charged. Figure 13 shows that the method is a
fast and convenient method for study of protein conjugation reaction. It has
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Fig. 12. Whole column absorbance images taken in the CE process of proteins
with the short capillary (od 200 um; id 100 um, length 5 cm). Protein concentrations
were 4 mg/mL. The sample was injected from the right (anodic) end, and the injec-
tion time was 10 s (A) and 2 s (B), respectively. The pH of the buffer and CE electric
field were 2.5 and 100 V/cm, respectively.

also been used for studying conjugation reaction of protein with dye (18). In
addition to the conjugation reaction, the method has further been applied to
in situ monitoring of electrophoretic protein desorption from capillary wall
(18). Experimental results showed that the technique is a unique tool for the
study of interaction between analyte and inner wall of capillary.

4. Notes

1. Conditioning of the cartridge: the CIEF cartridge should be conditioned using
0.5% methylcellulose for more than 2 h to obtain the optimal resolution. How-
ever, for the column cartridges preconditioned by the manufacturer, further con-
ditioning is not necessary. A properly conditioned cartridge should be able to
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Fig. 13. Whole-column-imaging CE study of cytochrome-c binding reaction-in-
capillary with SDS. A capillary (od 200 um; id 100 wm; length 5 cm) was used. Con-
centration of cytochrome-c was 4 mg/mL; concentration of SDS mg/mL was 0 (A), 1
(B), 2 (C), 5.6 (D), respectively. Cytochrome-c was injected from the left (anodic)
end, and SDS was from right (cathodic) end. The injection time was 10 s, and the pH
of the buffer was 2.5. Electric field in CE was 100 V/cm.
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separate hemoglobin A and hemoglobin Alc components in the standard sample
of the iCE280’s Chemical Test Kit. The peaks of the two components are shown
in the kit’s manual.

2. Hold the cartridge only by the two electrolyte tanks at all times. In order to avoid
contamination of optical pass of the cartridge, do not touch any other surfaces of
the cartridge.

3. Concentration of the sample: first, try 0.1 mg/mL sample concentration. If the
highest peak height is less than 0.05 or greater than 0.3, the sample concentration
should be adjusted. If the major peak height is lower than 0.05, a minor peak with
the height that is 5% of the major peak height may not be able to be observed
owing to the noise level of the detector. On the other hand, if a peak is higher than
0.3, it may be out of linear range of the UV absorption detector.

4. Selection of carrier ampholyte: because the p/ value of the sample is unknown, it
is first run alone in a wide-pH-range carrier ampholyte (in these examples,
Pharmalyte pH 3.0-10.0).

5. Rinsing of the cartridge between runs: between runs the cartridge should be rinsed
for 3 min by 0.5% methylcellulose to eliminate any carry over effect and regen-
erate the column surface.

6. Selection of two pl markers for p/ calibration: ideally, the two marker peaks
should bracket the sample peaks. Nonprotein, small-molecule p/ markers (such
as BioMarkers series [Bio-Rad +1-510-724-7000, P/N: 148-2100]) are strongly
recommended because of their simplicity of peak pattern and high sensitivity at
280 nm.

7. Protein sample precipitation: in all IEF methods, including CIEF methods, the
biggest difficulty is protein precipitation during focusing, especially for hydro-
phobic proteins. Smeared sample bands in slab gel IEF and nonreproducible peak
patterns in CIEF are the sign of sample precipitation during focusing. This is
mainly caused by the low ionic strength of IEF media at the end of the focusing
process and by confining proteins at zero net charge status for a long time. The
whole-column-imaging detection CIEF reduces the difficulty because its high
analysis speed and elimination of the mobilization process that is necessary for
the conventional CIEF methods (during mobilization process of the conventional
CIEF methods, focusing voltage is always applied to prevent peak broadening).
As long as the focusing process is complete, the detection finishes at the same
time. From our experience, antibodies usually have no precipitation problem in
IEF analysis when an iCE280 Analyzer is used. However, some other proteins
may still have the precipitation problem during analysis using the Analyzer. To
stabilize protein sample during focusing, some additives can be used. Sucrose,
glycerol, and sorbitol enhance the solubility of proteins. They are usually used at
10% concentration in sample solution. Many nonionic or zwitterionic detergents,
such as TritonX100, Tween-80, and CHAPS, stabilize hydrophobic proteins in
aqueous solutions. The optimal concentration of these detergents in sample solu-
tion is in the 0.5 to 3% range. The hydrophobic proteins can also be run in dena-
tured conditions, such as in 8 M urea.
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8.

Samples in high-ionic strength: the tolerance of the i{CE280 Analyzer for salt is
about 15 mM NaCl. Usually, salts in a sample matrix is not a problem for IEF
analysis using an iCE280 Analyzer as long as the sample-in-salt matrix is diluted
20x by running buffer containing carrier ampholytes and methylcellulose. How-
ever, if the sample concentration is lower than 1 mg/mL, the sample peak may be
too low to detect by the Analyzer after the 20x dilution. In this case, concentrat-
ing or desalting step is necessary for the sample before IEF analysis using the
iCE280 Analyzer.

Capillary coating stability: the FC coating of the i{CE280’s separation column is
stable in up to 0.5 M NaOH. The lifetime of the column is well above 200 runs.
The lifetime of the column can be judged by resolution for the standard sample in
iCE280’s Chemical Test Kit or by user’s standard samples.
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Capillary Electrophoresis—Electrospray lonization Mass
Spectrometry of Amino Acids, Peptides, and Proteins

Mehdi Moini

Summary

Separation in capillary electrophoresis (CE) is based on the movement of charged com-
pounds inside a background electrolyte under an applied potential. Because the mechanism of
separation of CE differs from that of conventional high-performance liquid chromatography
(HPLC), where separation is based on the analyte’s hydrophobic properties, CE is often used as
a complementary technique to HPLC. In addition, because CE is performed in narrow capillar-
ies at atmospheric pressure, it is used as an alternative to HPLC, capable of handling small
sample volumes while providing shorter analysis times with higher efficiency. For the analysis
of amino acid, protein, and peptide mixtures in small volume samples such as in single cells,
CE has rapidly evolved as a preferred separation technique. The combination of a high-effi-
ciency separation technique, such as CE, with mass spectrometry (MS) detection provides a
powerful system for the analysis of complex biological mixtures. In this chapter, a theoretical
and practical approach to achieving high-performance CE-MS is discussed and the utility of
CE-MS for the analysis of amino acids, peptides, and proteins is demonstrated.

Key Words

Amino acids; amino acid enantiomers; capillary electrophoresis; electrospray ionization;
mass spectrometry; peptides; proteins.

1. Introduction

Separation in capillary electrophoresis (CE) is based on the movement of
charged compounds inside a conductive solution under an applied potential.
Because the mechanism of separation of CE is based on the electrophoretic
mobility of the analytes (which is dependent on the analytes’ charge and shape)
and differs from that of conventional high-performance liquid chromatogra-
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phy (HPLC), where separation is based on the hydrophobic properties of the
analytes, CE is often used as a complementary technique to HPLC. In addition,
because CE is performed in a narrow capillary at atmospheric pressure, it is
also used as an alternative to HPLC, capable of handling small sample vol-
umes while providing shorter analysis times with a higher efficiency. For the
analysis of amino acid, protein, and peptide mixtures in small volume samples
such as in single cells (I1-6), CE has rapidly evolved as a preferred separation
technique.

A variety of detection systems have been employed as CE detectors. These
techniques can be divided into two general categories: non-mass spectrometric
techniques and mass spectrometric techniques. Among the non-mass spectro-
metric techniques, electrochemical detection and laser-induced fluorescence
(LIF; 7-16) offer the highest sensitivity. Voltammetry and wavelength resolved
fluorescence (17,18) can also provide some structural information, but their
chemical identification capability is limited when compared to mass spectro-
metric techniques. Mass spectrometric techniques provide accurate molecular
weight (mol wt) information as a means of chemical identification, a feature
that is especially useful when dealing with complex mixtures. The combina-
tion of a high-efficiency separation technique, such as CE, with mass spec-
trometry (MS) detection provides a powerful system for the analysis of
complex biological mixtures. Both electrospray ionization (ESI) and matrix-
assisted laser desorption ionization (MALDI) (19) have been used for interfac-
ing CE to MS. ESI, however, is the most suitable and the most commonly used
ionization technique for on-line CE-MS analysis (and is the only ionization
technique discussed here).

Recently, CE-MS and its application to the analysis of complex mixtures
have been reviewed (20-23). This chapter emphasizes the practical aspects of
on-line CE-MS using ESI (CE-ESI/MS).

1.1. Electrochemical Nature of CE, ESI, and CE-ESI/MS

Electrochemistry plays an important role in the operation of CE and ESI. An
understanding of the electrochemical nature of CE and ESI can aid in achiev-
ing robust CE-ESI/MS operation with high separation efficiency, as well as
provide remedies for the negative consequences of the electrochemical nature
of CE-ESI/MS.

1.1.1. CE

In CE, the electrophoretic current (icg) inside the capillary is generated by
the movement of charged background electrolyte (BGE) species under the action
of an electric field. The current is controlled by several factors including the
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cross section of the column (S), the magnitude of the electrical field (E), and
the conductivity (k) of the BGE and is expressed by (24)

where z; is the charge of component j, #; is the effective mobility of compo-
nent j, and ¢; is the concentration of component j. For example, the total CE
current for a 0.1% acetic acid solution (pH of 3.5) using a 75-cm-long 75-um-id
column with a separation voltage of 30 kV was calculated to be 3.4 LA The total
CE current (icg) is the vector sum of all ion currents within the capillary. Under
a specific set of experimental conditions (constant temperature, BGE concen-
tration, capillary diameter, and separation voltage), the CE current is fixed.
Because only electrons can move through the external wire that supplies poten-
tial to the electrodes, oxidation and reduction reactions proceed, respectively, at
the anode and cathode to maintain the CE current and, therefore, the
electroneutrality of the cell. In the absence of a species (including the elec-
trodes) with a redox potential lower than that of the aqueous BGE, reactions 2
and 3 (below) will proceed at the anode and cathode, respectively, to maintain
the CE current (25). At pH 7.0:

0, (g) + 4H* + 4e~ > 2H,0 E°,. = +2.42 V (vs SHE) 2)

2H,0 +2¢~ > H, (g) + 20H-  E°.,=-0.828 V (vs SHE) 3)

The consequences of these reactions include a pH increase at the cathode, a
pH decrease at the anode, and the formation of bubbles at both electrodes owing
to the production of gas. The low flow rates associated with nanotechniques make
them particularly vulnerable to the negative effects of these electrochemical
reactions. For example, in sheathless nano-CE-ESI/MS, the pH change of the
BGE and/or the formation of bubbles have been shown to have a significant
effect on selectivity and resolution (23,26-29). The extent of these reactions
depends on the CE current, which is governed by Eq. 1. Reducing the conduc-
tivity of the BGE and the capillary id minimizes the negative effects of the CE
electrochemical reactions by decreasing the CE current.

1.1.2. ESI

In ESI, the application of a high voltage (1-5 kV in positive ionization mode)
to a conductive solution exiting a capillary that is pointed toward a counter
electrode (such as the MS inlet) at low potential (0-200 V) initiates the forma-
tion of a Taylor cone at the ESI tip (the capillary outlet), which is enriched with
positive electrolyte ions. Excess positive charge in the Taylor cone is caused
by the electrophoretic separation of positive and negative ions at the
electrospray electrode and the electrochemical oxidation of water at this elec-
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trode (anode), which pumps an excessive quantity of protons into the solution.
The emission of positively charged droplets from the tip of the Taylor cone
along with solvent evaporation from the charged droplets lead to the formation
of positively charged ions. The ES current (igg) depends on several factors
including the solution conductivity, the BGE flow rate, and the magnitude of
the electric field at the ESI tip (30,31) and is given by

iES = AHVVEEGn (4)

where Ay is a constant and depends on the dielectric constant and surface
tension of the solvent, VVis the BGE flow rate, E€is the electric field at the ESI
tip, and 6" is the conductivity of the BGE. Similarly to CE, the extent of the
electrochemical reactions and their possible consequences (pH change, bubble
formation, and ES electrode degradation) depend on the ES current. The ES
current is usually approx 1 LA or less.

1.1.3. CE-ESI/MS

CE and ESI/MS represent two electrical circuits with two sets of electrodes,
the CE inlet and outlet electrodes, and the ESI emitter and MS inlet electrodes.
CE-ESI/MS overlays these two separate circuits forming a three electrode sys-
tem in which the CE outlet electrode and the ES emitter electrode are shared
between the two circuits (hereafter called the shared electrode) (32). There-
fore, under CE-ESI/MS two electrochemical reactions occur simultaneously
at the shared electrode. Depending on the polarity and magnitude of the volt-
age at the shared electrode compared with that at the CE and MS inlet elec-
trodes, the electrochemical reactions at the shared electrode can be either both
reductive (the electrode is giving off electrons), both oxidative (the electrode is
accepting electrons), or one reductive and the other oxidative. The total current
flowing into the shared electrode is, therefore, a vector sum of the currents
flowing through both the CE and ESI circuits. When electrochemical reactions
at the shared electrode are either both reductive or both oxidative, the power
supply that provides voltage to the shared electrode must be able to supply or
sink (33), respectively, enough current to satisfy both the CE and ESI circuits.
For current demanding applications (e.g., when a highly conductive BGE is
used or when running under multi-ESI conditions) (34), a high-current power
supply is needed. To protect the MS electronics from arcing at the ESI needle,
the ESI power supply of most mass spectrometers provides voltage to the ESI
needle through a current-limiting resistor (several mega ohms), which is designed
to provide just enough current for the ESI process (~1 LA). When CE is added to
this system, the current in the CE circuit will be added to the ESI current.
Therefore, under CE-ESI/MS the actual ESI voltage at the shared electrode may



CE-ESl/Mass Spectrometry 257

be higher or lower (under forward or reverse polarity mode, respectively) than
what is measured at the power supply. ESI voltages above the optimum value
decrease sensitivity, whereas voltages below the optimum value destabilize or
seize the ESI process (see Note 1). For maximum sensitivity, the ESI voltage
must be optimized under CE-ESI/MS conditions.

Another important consequence of the electrochemical nature of ESI is
analyte oxidation at low flow rates under a high ESI voltage. As is shown in
Eq. 4, the igg is proportional to the ESI voltage. Under very high current densi-
ties (high ESI voltages) and low BGE flow rates, where the redox reaction
(reaction 2) at the anode is unable to supply the current required at the ESI
electrode, electrolysis reactions of water with higher redox potentials (reac-
tions 5 and 6) will occur to supply the necessary current (31).

H,0, + 2H* + 2~ <> 2H,0 E°. =-1.776 V (vs SHE) (5)

0O (g) + 2H* + 2¢~ <> H,0 E°. = -2.42 V (vs SHE) (6)

Interactions of reactive species generated in these reactions with peptides
are proposed to be the primary factor responsible for the oxidation of peptides
at low flow rates. Analyte oxidation significantly reduces the sensitivity of
detection by diluting the analyte signal over several oxidized species (35). The
extent of these reactions depends on igg, which itself depends on the electric
field at the ESI tip. Because it is the geometry of the tip (and, therefore, the
electric field at the ESI tip) that dictates the voltage necessary for ESI opera-
tion (30), sharpening the capillary outlet (by hydrofluoric acid [HF] etching,
for example) can significantly enhance sensitivity by reducing the voltage
required for stable ESI operation. This will decrease the ESI current and result in
reduced analyte oxidation. In order to minimize analyte oxidation, it is important
to set the ESI voltage very close to the ESI onset voltage (V,,) but not low
enough to cause ESI instability.

1.2. High-Performance CE-ESI/MS

High separation efficiency and high-sensitivity CE-MS analysis depend on
several factors including the CE capillary, the BGE, the CE to MS interface,
and the mass spectrometer.

1.2.1. Parameters Related to the Capillary

Parameters related to the CE capillary include the capillary length, the cap-
illary inner diameter (id), the capillary wall thickness, the sharpness of the
capillary tip, and the chemical composition of the inner wall of the capillary.
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1.2.1.7. CAPILLARY LENGTH
A practical measure of resolving power in CE is
R=1,/Wip (7

where 1, is the migration time of the peak and Wy, is its full width at half
maximum (FWHM). According to this equation, as long as the rate of increase
of Wy, is proportionally less than that of t;, increasing the migration time
increases the resolving power of the CE. In the absence of analyte—wall inter-
actions and diffusion (factors that can increase W, as a result of increasing the
migration time), the injection plug width is the major factor that affects Wy,
(see Note 2). This is especially true for derivatized capillaries, where analyte—
wall interactions are eliminated, and for the analysis of proteins, where diffu-
sion is minimal and it has been shown that even an analysis time of 1 h does not
significantly deteriorate peak widths (36). In the absence of electro-osmotic
flow (EOF), 1, is given by Eq. 8:

tn=LIVey = L/eyV (8)

where v, is the analyte’s electrophoretic velocity, L is the capillary length,
Wep is the analyte’s electrophoretic mobility, and V' is the magnitude of the
separation voltage across the capillary. According to Eq. 8, in the absence of
EOF, the most efficient way to increase the migration time of the analytes is to
increase the capillary length. However, in CE-ESI/MS the presence of EOF
toward the capillary outlet is necessary for maintaining stable ESI and for
achieving high separation efficiency. Therefore, in addition to the length of the
capillary, the EOF rate also affects #,,. Because the presence of EOF toward the
capillary outlet shortens the migration times of the analytes, the optimum reso-
lution in high-performance CE-ESI/MS is achieved at the lowest possible EOF,
while maintaining stable ESI (23). The disadvantage of using long capillaries
in conjunction with a low EOF, however, is long analysis times.

1.2.1.2. CAPILLARY INNER DIAMETER

Experimentally, the highest sensitivity and resolution has been achieved
using narrow capillaries (37). This is because of the lower BGE flow rates of
narrow capillaries, which, for the same amount of sample injected, causes the
analytes to be less diluted upon exiting the capillary. Because ESI is a concen-
tration-sensitive ionization technique, a higher analyte concentration translates
into a greater sensitivity of detection. In addition, narrower capillaries have
narrower outlets and after sharpening their tips, they generate finer droplets,
which enhances analyte ionization efficiency. Moreover, because narrower
capillaries dissipate heat more efficiently, they enhance separation efficiency
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by reducing analyte diffusion and by maintaining the plug profile flow of the
BGE (by preventing viscosity variation across the diameter of the CE capil-
lary) (23). Also, because of the high sensitivity of narrow capillaries, samples
can be injected in a narrower plug, which eliminates the peak broadening asso-
ciated with wide injection plugs. As a result, peaks generated with narrow cap-
illaries (<20-um id) are usually very narrow (~2-3 s wide), and to obtain
quantitative peak information (10 data points across the electrophoretic peak),
a fast mass spectrometer such as a TOF-MS is required. For example, Fig. 1
(top and bottom) shows the separation of a cytochrome-c digest using a 10-um-
id and a 50-pum id capillary with 61 and 362 fmol of sample injected, respec-
tively. In these experiments, an ion-trap MS with an acquisition time of 1 s was
used. As is shown, the narrower capillary provided narrower peaks and a higher
sensitivity. However, the mass spectrometer was not fast enough to quantita-
tively handle the narrow peaks (1-2 s FWHM) generated using the 10-um id
capillary. This resulted in electrophoretic peaks that were not quantitatively
represented. For comparison, the FWHM for the peaks of the 50-um id capil-
lary were approx 4 s (notice peak intensity variations in the two capillaries).

The process of enhancing sensitivity by using narrower capillaries appar-
ently does not continue indefinitely. At very low nL/min flow rates (using a
sharpened capillary outlet tip) the ionization efficiency of the analyte from
charged droplets and their transfer efficiency to the MS approaches 100%.
Under this condition, ESI becomes a mass sensitive ionization technique and,
therefore, a further reduction of capillary diameter (<5-um id) does not neces-
sarily enhance the sensitivity of detection. On the other hand, frequent capil-
lary blockage and difficulties in interfacing CE to MS using these narrow
capillaries limit the application of these capillaries and make them impractical
for routine analysis.

1.2.1.3. CAPILLARY WALL THICKNESS

Increasing the capillary wall thickness (and, therefore, the capillary outer
diameter [od]) increases the ruggedness of the capillary but reduces the heat
dissipation efficiency of the capillary. It also increases capillary tip sharpening
and interface preparation time. For these reasons, 150-um od capillaries are
usually preferred over 360-um od capillaries.

1.2.1.4. CAPILLARY TP

The dimensions of the capillary outlet tip have a strong effect on the perfor-
mance of CE-ESI/MS. The sharpness, the diameter of the opening, and the
front end surface area of the capillary outlet tip all affect the size of the emitted
charged droplets, the voltage required for the initiation of the ESI process (onset
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Fig. 1. The top and bottom panels show base peak electropherograms of the tryptic
digest of cytochrome-c using a 10- and a 50-um id capillary with 61 and 362 fmol of
sample injected, respectively. In these experiments, an ion-trap MS with an acquisi-
tion time of 1 s was used. The labeled peaks are: 1, Acetyl-GDVEK; 2, EDLIAYLK;
3, TCQAPGFTYTDANK; 4, EETLMEYLENPK; 5, YIPGTK; 6, MIFAGIK;
7, MIFAGIK; 8, GITWK; 9, TGPNLHGLFGR; 10, CAQCHTVEK (heme). Adapted
with permission from ref. 37.

voltage), and the sensitivity of detection. Having a narrow opening (=20 um id)
and a thin wall (=20 um) at the capillary outlet tip are essential for achieving
high efficiency (separation and sensitivity) CE-ESI/MS operation. Theoreti-
cally, the voltage required to initiate the electrospray process from the capil-
lary tip is given by

Von= 2 x 10% (yr) 2 1n (4dlr.) (11
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where 7 is the surface tension of the BGE (for water y = 0.073 N/m?), r. is
the capillary radius at the tip (one-half of the capillary od at the tip), and d is
the distance between the capillary tip and the counter electrode (MS inlet). For
example, for a capillary with a tip radius of 20 um that is positioned 2 mm
away from the MS inlet, Vo= 2 X 10 (0.073 x 20 x 10%)"2In (4 x 2 x 1073/
20 x 107%) =1450 V. Experimentally, for CE-ESI/MS analysis of peptides,
the highest S/N is achieved when using ESI voltages very close to the onset
voltage. At higher voltages, other processes such as corona discharge and
analyte oxidation degrade the sensitivity of detection of the analytes of interest
(35). In our laboratory, a solution of 49% HF is used for tip sharpening whereas
N, gas is passed through the capillary to minimize inner wall etching.

In addition to sharp tips, adequate liquid flow at the capillary tip is essential
for stable ESI operation. The minimum flow required for stable ESI operation
depends on the id of the capillary opening and the sharpness of the tip, which
together determine the electrical field at the tip. Capillaries with narrower open-
ings, sharper tips, and lower liquid flow rates require lower onset voltages than
capillaries with wider openings, duller tips, and higher liquid flow rates. Unstable
ESI results in an uneven accumulation of liquid at the tip and a pulsation of liquid
exiting the tip, resulting in a noisy background and low resolution (32,38). The
tip of the capillary can be pulled to a narrower and sharper opening, which
results in enhanced sensitivity and more stable ESI. Pulling the tip, however,
increases the chance that the capillary will clog at the tip because particles that
are small enough to enter the capillary can be too big to exit the narrow open-
ing of the pulled tip. Therefore, narrow capillaries (~15-20 pm id) with etched
tips provide high sensitivity with minimal clogging.

1.2.1.5. CHemicAL COMPOSITION OF THE INNER WALL SURFACE

In CE-ESI/MS analysis, because the composition of the BGE is limited to
those that are compatible with ESI, analyte—wall interactions cannot always be
eliminated by choosing from the variety of BGEs that are available for conven-
tional CE analysis. Analyte—wall interactions, therefore, must often be elimi-
nated by capillary wall surface derivatization. Of course, the use of a BGE that
can eliminate this interaction without column derivatization is desirable because
column derivatization is usually time-consuming, expensive, and short-lived.
Also, the derivatization reagent or its degradation products can contribute to
the background chemical noise. Underivatized capillaries have been used for
the CE-ESI/MS analysis of polynucleotides, which are negatively charged at
basic pH values, in conjunction with a volatile BGE such as ammonium ac-
etate at pH approx 10.0 under negative ESI (39). In addition, 1 M formic acid
and 30 mM 18-crown-6-tetra carboxylic acid have been used, respectively, for
the analysis of amino acids and their D/L enantiomers using bare fused-silica
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capillaries (40,41). However, for peptides and proteins, optimum sensitivity
and resolution is achieved in acidic conditions (such as a 0.1% acetic acid solu-
tion, pH ~3.5) under positive ESI mode. At these pHs, however, the silanol
groups (pH ~2.0) on the capillary inner wall are negatively charged whereas
the proteins/peptides are positively charged. The interaction between the posi-
tively charged proteins/peptides and the negatively charged silanol groups
results in a severe degradation of separation efficiency and can even result in
a complete loss of protein peaks owing to their irreversible adsorption onto the
capillary wall. Optimum separation and sensitivity for proteins and peptides is
achieved using an acidic BGE (pH 2.0—4.0) in conjunction with a derivatized
capillary. A variety of surface wall derivatization techniques have been used in
CE-ESI/MS (23). The most common derivatization technique for CE-ESI/MS
is treatment with trimethoxyaminopropylsilane (APS; 42). The reactions between
the methoxy groups of APS and the —OH of the silanol groups attached to the
inner wall reverse the wall polarity by leaving amino groups (which are posi-
tively charged at low pH values) dangling from the capillary wall. Under this
condition, the EOF flow is reversed and the CE must be operated in reverse
polarity mode (negative high voltage at the inlet) to obtain EOF towards the
outlet of the capillary.

1.2.2. Background Electrolyte

There are a variety of BGEs that are commonly used with CE in conjunction
with UV detection such as sodium phosphate, borate, acetate, and so on. These
BGEs, however, have a high salt content and are not compatible with ESI. This
is because there is a competition under ESI between salts and analyte for avail-
able charge, causing the analyte signal to be suppressed when excessive salts
or other easily ionizable compounds are present. Moreover, salts often form
adducts with the analytes of interest, which can decrease the sensitivity of
detection and complicate compound identification by spreading the analyte sig-
nal over multiple adduct compounds. Commonly used BGEs for CE-ESI/MS
analysis include aqueous solutions of high vapor pressure acids such as acetic
acid and formic acid for positive ionization mode, or aqueous solutions of am-
monium acetate or ammonia for negative ionization mode. In addition to their
high vapor pressure, these BGEs offer several advantages including: (1) they
have a low conductivity, which enhances resolution by reducing CE current
and, therefore, heat generation in the capillary; (2) they tend to charge analytes
in solution rather than suppress them, thereby enhancing the sensitivity of
detection under ESI; (3) under ESI, they generate a low mol wt background
chemical noise that does not interfere with the high mol wt analyte signals;
(4) adduct formation with analytes is minimal and they, therefore, do not
reduce the sensitivity of detection by spreading the analyte signal over a vari-
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ety of species. The concentration of acidic and basic BGEs are usually 10-30 mM
with a pH = 3.0—4.0 and 8.0-10.5, respectively. For the analysis of amino acids
using underivatized capillaries under positive ionization mode, a 1 M formic
acid solution (pH ~1.8) is commonly used as the BGE (41).

1.2.3. CE-MS Interfacing

An important feature of any CE-MS interface is the method by which elec-
trical current is provided to the outlet electrode. Over the past 15 yr, a variety
of CE-ESI/MS interfaces have been introduced. These interfaces are divided
into three general categories: sheath-flow interfaces, sheathless interfaces, and
split-flow interfaces. A comprehensive review of CE-MS interfaces was recently
published (23) and only a brief description is given here.

1.2.3.1. SHEATH-FLOW CONFIGURATION

In the sheath-flow configuration, the electrical connection to the CE outlet
is achieved with a liquid sheath that either mixes with the CE BGE at the CE
outlet through a conductive coaxial tubing, or enters a nanospray tip via a lig-
uid junction. Sheath-flow configurations with coaxial tubing, in which the out-
let of the CE capillary is simply inserted into an ESI emitter (a piece of stainless
steel tubing, commonly referred to as an ESI needle), have several advantages,
including simple fabrication, simple implementation, and good reliability.
These advantages make them the most widely used interfaces for routine CE—
ESI/MS analysis. The sheath-flow configurations, however, have several dis-
advantages as well: (1) they have a low sensitivity of detection attributable to
dilution of the analyte by the sheath liquid; (2) there is competition between
the species present in the sheath liquid and the analyte for available charge in
the ESI process; (3) there are adverse effects on separation, solubility, and
molecular conformation, which vary according to the sheath liquid composi-
tion.

1.2.3.2. SHEATHLESS CONFIGURATION

In sheathless interfaces, the electrical connection to the capillary outlet is
achieved by direct metal to liquid contact at or near the tip of the CE capillary
outlet. Because there is no sheath liquid to dilute the CE effluent, the major
advantage of the sheathless interface is a high sensitivity of detection. A vari-
ety of sheathless interfaces have been introduced. (1) One is the attachment of
a metal-coated ESI tip to the CE capillary outlet. The major disadvantage of
the coated tip technique is the degradation of the tip caused by the electro-
chemical reactions occurring at the tip and electrical discharge between the tip
and the MS inlet. (2) Another is the attachment of a nanospray tip to the CE
capillary outlet with polysulphone microdialysis tubing or a low dead vol-
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ume Tee. Because the capillary id is usually smaller than the wall thickness,
the major disadvantage of this technique is the existence of significant dead
volume where the two capillaries are attached. In addition, there are problems
with the degradation of the stainless steel Tee, the formation of gas bubbles
caused by the electrochemical reactions occurring at the Tee junction, and the
detachment of the microdialysis tube from the capillary and/or the ESI emitter.
(3) A third sheathless interface involves the insertion of a wire into the CE
capillary through the CE capillary outlet, or through a small opening near the
CE outlet where it is sealed in place using epoxy. Wire designs are robust and
there is no dead volume associated with them; however, their main disadvan-
tage is the formation of gas bubbles in the capillary caused by the electro-
chemical reactions that occur at the electrode.

1.2.3.3. SpLiT-FLOW INTERFACE

To remedy some of the problems associated with sheath—flow and sheathless
configurations, a split-flow CE-ESI/MS interface was introduced, in which
the electrical connection to the CE capillary outlet was achieved by diverting
part of the CE BGE out of the capillary through an opening near the capillary
outlet (see Fig. 2) (37). The BGE exiting the opening (the crack) contacts a
metal sheath, which acts as the shared electrode. In cases where the ESI source
uses a metal needle, the voltage contact to the CE BGE was achieved by sim-
ply inserting the outlet of the CE capillary, which contains an opening, into the
existing ESI needle (thereby greatly simplifying CE to MS interfacing). Owing
to the concentration sensitive nature of ESI, splitting a small percentage of the
CE flow has a minimal effect on the sensitivity of detection. In addition, be-
cause the liquid is flowing through an opening and out of the capillary, there is
no dead volume associated with this interface. Moreover, bubble formation
caused by electrochemical reactions at the electrode does not affect CE-ESI/MS
performance because the actual metal-to-liquid contact occurs outside of the CE
capillary. The sensitivity associated with the split-flow CE-MS interface, the
ease of fabrication, the universality, and the lack of dead volume make this
design a superior CE-ESI/MS interface.

2. Materials

Mass spectrometer.

CE instrument.

HPLC pump.

Dentist’s drill.

Gas chromatography (GC) oven.
Column wash bomb.
Microscope.

Nk L=
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Fig. 2. Schematic of the split-flow interface. Adapted with permission from ref. 23.

8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Fused-silica capillaries.

Ceramic glass cutter.

Stainless steel tubing.

Platinum and stainless steel wires.

49% Hydrofluoric acid (HF).

Sodium bicarbonate.

Mixture of proteins.

Mixture of peptides.

Mixture of amino acids.

0.1% Acetic acid.

10% 3-Aminopropyltrimethoxysilane in toluene.
1 N Sodium hydroxide (NaOH).

1 N Hydrochloric acid (HCI).

Trypsin.

1 M Ammonium hydroxide.

1 M Formic acid.
(+)-(18-Crown-6)-2,3,11,12-tetracarboxylic acid (18-C-6-TCA).

3. Methods
3.1. Procedure for APS Derivatization of Fused-Silica Capillaries

Note: pressures up to 500 psi are required inside the column wash bomb

depending on the capillary id. High-purity nitrogen gas, approx 50 and 500 psi,
are used for 50 and 20-pum-id capillaries, respectively.

1.

Capillaries are cut to the desired length (50—130 cm), but multiple capillaries can
be derivatized at the same time.
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2. Using a column wash bomb, the CE capillaries are rinsed with 1 N HCl for 4 h (to
clean the surface walls from any residual cations).
Rinse with water for 0.5 h.
Rinse with 1 N NaOH for 4 h (to hydrolyze siloxane to silanol).
Rinse with water for 0.5 h.
Rinse with methanol for 0.5 h.
Dry capillaries in a GC oven overnight (12—16 h) at 300°C (while passing He gas
through them at ~30 psi).
8. Derivatize the capillaries by passing 10% APS in toluene through the column for
4 h (see Note 3).
9. Rinse the capillaries with dry toluene for 0.5 h.
10. Rinse the capillaries with methanol for 0.5 h.
11. Air out the methanol.
12. Let the capillaries sit for at least overnight.
13. Before use, rinse the capillaries with the BGE for 0.5 h.

NownAEw

3.2 Procedure for Making a Split-Flow Interface

The split-flow interface design is achieved by making a small hole (a few
micrometers in diameter) or a crack, using a dentist’s drill under a microscope,
into the wall of the capillary 2-3 cm from the capillary outlet. To facilitate
observation of the opening in the capillary wall, methanol is forced through
the capillary from the inlet side using an HPLC pump. The drilling is stopped
immediately after observing liquid exiting the opening. A variation of this tech-
nique can be applied to make a crack in the wall of narrow capillaries (<50 pm).
In this case, the drilling process is stopped just before the id of the capillary is
exposed. Depending on the capillary id and od, a 25- or 50-um diameter stain-
less steel wire is then placed underneath the capillary on a hard surface, oppo-
site the side of the capillary containing the “well” (see Fig. 2). The “well” is
then aligned directly on top of the wire and pressure is applied on both sides of
the “well” (by sliding two fingers on the capillary toward the “well”) until a
flow of liquid is observed, indicating the formation of a small crack. After the
crack is made, the outlet tip of the CE capillary is sharpened using 49% HF,
and the overall performance of the capillary is tested using a peptide mixture
(see Note 4).

3.3 Application of CE-ESI/MS to the Analysis of Amino Acid, Peptide,
and Protein Mixtures

3.3.1 CE-ESI/MS Analysis of Underivatized Amino Acids

The detection, identification, and quantitation of amino acids is important in
many areas of science including biological and biochemical analysis (43,44),
medical diagnostics (45,47), and food analysis (45,48,49). Gas chromatogra-
phy (GC) (50), liquid chromatography (LC) (51), GC-MS (52), and CE (45)
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have all been used for the detection, identification, and quantitation of amino
acids. However, for efficient separation and sensitive detection using these
methods, amino acids generally require derivatization prior to their analysis.
This is a labor-intensive and time-consuming process. HPLC-MS (53) and
sheath—flow CE-ESI/MS (48,54) techniques have been introduced for the
analysis of underivatized amino acids. However, because of the high liquid
flow (>5 uL/min) associated with these techniques, their main disadvantage is a
low absolute sensitivity. Recently, we have introduced a sheathless CE-ESI/MS
technique for the analysis of underivatized amino acids utilizing a bare-fused
silica capillary with 1 M formic acid as the BGE (41). Figure 3 shows the
CE-ESI/MS electropherogram of the separation of the 20 standard protein
amino acids using a 130-cm-long underivatized CE capillary. For this experi-
ment, approx 400 fmol of each amino acid was injected. As is shown in Fig. 3,
all amino acids were separated and detected. The use of a nonderivatized col-
umn is certainly a big advantage because capillary derivatization techniques
are usually time-consuming, labor intensive, expensive, and short lived. The
limits of detection for the amino acids were at the low femtomole level.

3.3.2. CE-ESI/MS Analysis of Underivatized Amino Acid Enantiomers

One aspect of amino acid analysis that has been particularly challenging in
the past is the separation and detection of amino acid enantiomers (55-57).
Interest in the role of p-amino acids in mammalian systems has surged in the
past decade due to findings that suggest neuronal and neuroendocrine roles of
some D-amino acids (58—60). The analysis of amino acid enantiomers is also
important for food quality analysis where the enantiomeric ratio of amino acids
can be used as a reliable parameter to assess food quality (49). An increase in the
ratio of b-amino acids to L-amino acids within foods may be indicative of exten-
sive processing, contamination, adulteration, or aging (49). The enantiomeric
ratio of amino acids within a biological sample can also be used in biological
dating applications (61). An advantage of amino acid enantiomer separation
using CE is that many enantiomers can be separated on-line by simply using a
BGE that contains a chiral selector. One chiral selector reagent that has been
found to be compatible with ESI/MS is (+)-(18-Crown-6)-2,3,11,12-
tetracarboxylic acid (18-C-6-TCA) (41). In fact, the acidity of 18-C-6TCA ren-
ders it suitable as a CE BGE without the need for additional acid. 18-C-6-TCA
is a macrocyclic polyether ring system consisting of several oxygens joined by
ethylene bridges. The structure of this molecule is shown in the inset of Fig. 4.
The polyethylene ring forms a cavity with the oxygens roughly forming a plane on
the inner side of the cavity (56). The cavity formed by the ring of 18-C-6-TCA can
form complexes with cations of suitable sizes. The ammonium cation of an
amino acid can form a complex with the polyethylene ring of 18-C-6-TCA
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Fig. 3. CE-ESI/MS base peak electropherogram of the separation of the 20 stan-
dard protein amino acids using a 20-pum id, 130-cm-long capillary. No pressure was
applied at the CE inlet during this separation. Forward polarity with 30-kV separation
voltage was used. Approximately 400 fmol of each amino acid was injected. Adapted
with permission from ref. 41.

through three *NH---O hydrogen bonds in a tripod arrangement (62—65). The
N—C* bond lies perpendicular to the plane defined by the oxygens of the poly-
ethylene ring system (C* represents the chiral center of the amino acid).

The carboxyl group substituents of 18-C-6-TCA allow for enanti-
orecognition. They lie perpendicular to the plane defined by the polyethylene
ring system and differentially impede complexation through stereospecific
steric hindrance (56). Thus, p- and L-amino acid enantiomers have different
affinities for complexation with 18-C-6-TCA. It has been experimentally deter-
mined that a 30-mM solution of 18-C-6-TCA provides the optimum resolution
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for amino acid enantiomer separation under CE-ESI/MS (41). Figure 4 demon-
strates the separation of eleven amino acid enantiomers using a 30-mM 18-C-6-
TCA solution as the BGE/chiral selector reagent. Approximately 500 fmol of
each amino acid was injected. As is shown (see Fig. 4), almost all D/L enanti-
omers are baseline separated. However, compared to the absolute intensities of
the amino acids analyzed under 1 M formic acid (see Fig. 3), the absolute in-
tensities of the amino acids analyzed under 30 mM 18-C-6-TCA (see Fig. 4)
are on the average approx four times lower (after normalization with respect to
the amount injected in each experiment) (41).

3.3.3. High Mass Accuracy Peptide Mapping

Tandem mass spectrometry (MS/MS) in conjunction with capillary or micro
HPLC or CE has recently become a desired technique for peptide mapping
(66-69). For the separation of complex biological mixtures, CE has several
advantages over HPLC including higher resolution capabilities, the ability to ana-
lyze smaller sample quantities, and a higher absolute sensitivity when combined
with ESI/MS (12,70). As a result, the combination of CE and ESI/MS has proven
to be applicable to a wide range of biologically important mixtures (23,71). For
example, CE time-of-flight MS (CE-TOF-MS) has been successfully applied
to the analysis of standard mixtures of peptides and proteins using both amine-
coated and bare fused-silica capillaries in conjunction with both sheath flow
and sheathless CE-MS techniques (23,72).

Most CE-MS analyses to date have used mass spectrometers that are
capable of operating with only unit mass resolution and low mass accuracy.
This is because until recently, only magnetic sector (73,74) and Fourier
transform ion cyclotron resonance (FTICR) (75) MS were capable of generat-
ing high resolution, high mass accuracy mass spectra under ESI. Currently, in
addition to the magnetic sector instrument and FTICR, modern quadrupole and
TOF-MS are capable of providing high resolution (>5000) and high mass accuracy
(<10 ppm). Modern FTICR MS can provide ultrahigh resolution (>10°) and supe-
rior mol wt information with a mass accuracy of sub-ppm, but they do so on a
1-s/acquisition time-scale. As shown above, this time-scale is too long for a
quantitative analysis of the narrow peaks generated using narrow capillaries.
Under these conditions, it is the fast acquisition time-scale (<0.1 s) of the TOF-
MS that makes it spectrometer of choice for the CE-MS analysis of complex
biological mixtures (76-80).

One of the most commonly used techniques for protein identification by MS
is peptide mapping in conjunction with a protein database search. In order to
identify a protein using a protein database, several pieces of information are
needed, including the average mol wt of the protein and the masses of several
of the peptide fragments obtained through the enzymatic digestion of the pro-
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Fig. 4. The selected ion electropherogram of the separation of eleven amino acid
enantiomers using a 30-mM 18-C-6-TCA solution as the BGE/chiral selector reagent
and a 20-um id, 130-cm-long capillary. This analysis was carried out with 5 psi of
inlet pressure. This pressure was necessary to maintain stable ESI due to a lowered
electroosmotic flow under 30 mM 18-C-6-TCA conditions. Approximately 500 fmol
of each amino acid was injected. Inset shows the chemical structure of 18-C-6-TCA.

Adapted with permission from ref. 41.

tein of interest. The enzymatic digestion of proteins followed by CE-MS or
HPLC-MS analysis of the resulting fragments have been routinely used for
protein identification using ESI. However, under ESI conditions these peptide
fragments are often multiply charged and to obtain the masses of these multi-
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ply protonated peptides, one must know both the peptides’ respective m/z val-
ues and charge states. Because the peptide fragments formed under enzymatic
digestion, such as tryptic digestion, are usually small (<3000 Da) and their
charge states are generally between 1 and 4, a mass spectrometer with a resolv-
ing power of approx 5000 can easily identify the charge states and, therefore,
the mol wt of these peptides.

Although knowing the mol wt of a protein and several of its peptide frag-
ments can greatly increase the odds of identifying a protein using a protein
database, this information may not be sufficient to uniquely identify the pro-
tein of interest. This is the case, for example, when dealing with modified pro-
teins or when only low sample quantities are available, such that the number of
peptide fragments that are detectable are too few to unambiguously identify
the protein of interest (81). In these situations, accurate mass measurements of
the peptide fragments can be used as yet another important factor in reducing
the list of most-likely proteins provided by a protein database and in increasing
the confidence level in the database search results (82). In fact, most protein
databases allow the user to select error limits associated with the masses of the
protonated peptides used in the search, such that a higher peptide mass accu-
racy corresponds to a shorter list of most-likely proteins.

In some cases, when the amino acid composition of peptides are the same
but their sequences are different, even accurate mass measurements of a few
peptide fragments may not be enough to identify an unknown protein since
different peptides may have the same mass. In such cases, collision-induced dis-
sociation (CID) of these peptides can be used to obtain total or partial determina-
tion of the amino acid sequences of these peptides (83). However, because
several amino acids differ in mass by only 1-2 Da, it is ultimately desirable
to use a mass spectrometer that, in CID mode, can easily provide the mass
accuracy needed to distinguish these amino acids and, therefore, their corre-
sponding peptides from each other. To demonstrate this point, the CE-MS
analysis of horse heart cytochrome-c using a high resolution, high mass accu-
racy TOF-MS is shown later (82). First, the accurate average mol wt of the
intact proteins were measured. The measured average mol wt of horse heart
cytochrome-c was 12,359.210.5 Da (calculated mass 12,359.80 Da). Second,
the accurate monoisotopic masses of the peptide fragments derived from the
tryptic digestion of horse heart cytochrome-c were measured (see Table 1). In
order to calculate the accurate masses of the peptide fragments, two pieces of
information are needed: (1) the accurate, monoisotopic mass of each peak and
(2) the number of charges associated with the peak. The resolution provided by
the TOF-MS was sufficient to distinguish isotopic peaks of all peptides studied
and, therefore, to determine their individual charge states. The procedure for
measuring the accurate mass of each peak is shown in Fig. 5, in which the ion
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Table 1
Comparison of Mass Measurement Errors Using the Single-Sprayer,
Single-Nozzle and the Dual-Sprayer, Dual-Nozzle Design

m/z Mass error

(calculated)  Single nozzle Dual Nozzle Sequence
589.283 <1.0 -6.1 Acetyl-GDVEK
964.536 7.3 -14 EDLIAYLK

735.847 12.2 +1.0 TGQAPGFTYTDANK
748.354 10.7 +3.6 EETLMEYLENPK
678.383 <1.0 -1.5 YIPGTK

779.449 11.5 -3.5 MIFAGIK

634.385 32 -3.2 IFVQK

604.346 5.0 -1.3 GITWK

584.815 17.1 +3.4 TGPNLHGLFGR
545.217 11.0 -0.4 CAQCHTVEK( (heme)

In the single-nozzle experiment, the calibration compound was added to the
mixture and its electropherograms were averaged with that of the unknown to gen-
erate a single spectrum. In the dual sprayer, dual-nozzle experiment, one sprayer
and nozzle were used for sample introduction whereas the other sprayer and nozzle
were used for reference compound introduction. Acetyl DVEKGKKIFVQKCAQC
HTVEK(heme) GGKHKTGPNLHGLFGRKTGQAPGFTYTDANKNKGITWKEETL
MEYLENPKKYIPGTKMIFAGIKKKTEREDLIAYLKKATNE (104 amino acids,
calculated average mol wt 12359.80 Da)

electropherogram of the peak of the unknown was added to the ion electro-
pherograms of the calibration compounds to generate a single spectrum. The
masses of the two reference compounds were then used as internal reference
masses to measure the accurate mass of the unknown peptide. This procedure
was repeated for all protein fragments listed in Table 1. The measured masses
of the protonated peptide fragments were then used to search the database. It
was found that a higher peptide mass accuracy significantly reduces the num-
ber of possible matches and, therefore, simplifies protein identification (82).

3.3.4. Enhancing Mass Accuracy Using Multispray, Multiinlet MS

In the experiment mentioned earlier, a solution containing the reference
compounds was mixed with the cytochrome-c tryptic digest solution and the
mixture was hydrodynamically injected into the CE inlet. For the accurate mass
measurement of each peptide fragment, the peaks of the ion electropherogram
for each peptide fragment and those for the two reference peaks (m/z 524.266
and m/z 1221.991 in Fig. S) were averaged to obtain a single spectrum. The
accurate masses of the reference peaks were then used as internal reference
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Fig. 5. The procedure for measuring the accurate mass of each peak in Fig. 4, in
which the ion electropherogram of the peak of the unknown was added to the ion
electropherograms of the calibration compounds to generate a single spectrum. The
masses of the two reference compounds were then used as internal reference masses to
measure the accurate mass of the unknown peptide. This procedure was repeated for
all protein fragments listed in Table 1. Adapted with permssion from ref. 82.

masses for the accurate mass determination of the peptides. In most cases, the
error between the calculated and measured masses was approx 10 ppm using
this technique of calibration.

In order to reduce the mass error to <5 ppm, we recently introduced a multi-
spray, multiinlet TOF-MS in which the atmospheric pressure sampling inlet
(nozzle) of the TOF-MS was modified by replacing its single nozzle with mul-
tiple atmospheric pressure nozzles (34). This allowed multiple streams of lig-
uid to be introduced into the MS in parallel (one electrosprayer for each nozzle)
with minimum analyte interaction between streams. To obtain a higher mass
accuracy by providing an internal reference on each scan (acquisition), and to
evaluate the suitability of the TOF-MS for molecular formula confirmation, a
dual-ESI sprayer, dual-nozzle version of this design was used (see Fig. 6) (34).
A significant improvement in mass accuracy was observed when this tech-
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Fig. 6. Schematic of the dual-sprayer, duel-nozzle TOF-MS. Adapted with permis-
sion from ref. 34.

nique was used. Using an HPLC as a device for the introduction of the first
liquid stream (the sample), and a syringe pump as a device for the introduction
of the second liquid stream (the reference standard), the accurate mass of the
tryptic digest of cytochrome-c was measured. The range of mass errors was
from —6.1 to +3.6 ppm, a significant improvement over the previously reported
mass accuracy for this digest using single-nozzle TOF-MS. Similar mass accu-
racy is expected for CE-MS analysis. Table 1 is the comparison between mass
measurement errors using the two different calibration procedures. In the
single-nozzle experiment, the calibration compound was added to the mixture
and the resulting electropherograms were averaged with that of the unknown
to generate a single spectrum. In the dual-sprayer, dual-nozzle experiment, one
sprayer and nozzle were used for sample introduction while the other sprayer
and nozzle were used for reference compound introduction. Therefore, every
spectrum contained a pair of reference compounds. Under this condition, a
significant mass accuracy improvement was observed (see Table 1).

For the mass accuracy experiments a P/ACE System 2100 (Beckman Instru-
ments, Fullerton, CA) CE instrument was employed. A 0.01 M acetic acid run-
ning BGE solution (pH 3.4) was used. Samples were injected hydrodynamically
(1.0 psi, 5 s) into the CE capillary (injecting approx 5 nL of sample solution
which equates to 120 fmol of each protein digest). A field strength of —398 V/
cm was applied to the capillary for separation while a voltage of +1.8 kV was
applied to the CE outlet/ESI electrode to close the CE electric circuit and to
generate electrospray. A Mariner ESI-TOF-MS (Perseptive Biosystems, Inc.,
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Framingham, MA) with a reflectron TOF mass analyzer (1 m total flight length)
and with a resolving power of approx 5000 was used. The mass spectrometer
was operated in the m/z range of 500-1500 (350-1500 for the CID experi-
ments) at a rate of 8000 acquisitions/s, which led to the generation of a single
spectrum every second. The nozzle temperature was set at 150°C.

3.3.5. Protein Analysis

Recently, there have been several mass spectrometric approaches to analyz-
ing whole proteins in complex protein mixtures such as cell lysates using
MALDI-MS (84,85), HPLC faction collection followed by gas phase concen-
tration (86), and capillary isoelectric focusing (CIEF) FTICR-MS (87). By far,
the CIEF/FTICR-MS has been able to analyze the largest number of proteins
in one run (up to 900) with a mass accuracy high enough to predict protein
modification.

CE-ESI/MS is also used for the analysis of whole proteins. In most cases,
however, the analysis has been limited to simple mixtures (88-91) at relatively
high concentrations. Because the injection volume in conventional CE is in the
order of a few nanoliters, and the mass spectrometer’s detection limit for pro-
teins is generally in the low femtomole range, protein concentrations have to
be in the UM (ug/mL) range to be detected. This concentration is seldom avail-
able at the endogenous level. For this reason, a variety of on-column sample
concentration techniques have been developed to compensate for the high con-
centration detection limit of CE-ESI/MS. Some on-line concentration tech-
niques that are used with CE-ESI/MS, such as partial packing or membrane
preconcentration, can cause band broadening, which deteriorates separation
efficiency. For this reason, these on-line concentration techniques are gener-
ally not suitable for complex protein analysis. Whereas the resolving power of
conventional CE is lower than that of CIEF (in which proteins with a pI differ-
ence of only 0.003 units can be separated), the high percentage of ampholytes
present in CIEF (~1%) can cause signal suppression under ESI, resulting in a
lower sensitivity of CIEF-ESI/MS compared to CE-ESI/MS. In addition, some
catholyte solutions that are used with cIEF (such as 20 mM NaOH) can sup-
press the signals of proteins with high pI values.

Because the number of CE-ESI/MS studies of protein mixtures is very lim-
ited, the capability of CE-ESI/MS in analyzing complex protein mixtures at
endogenous levels is still open for investigation. Recent results in our labora-
tory show that long capillaries (>70 cm) can provide high resolution and high
sensitivity for the analysis of protein mixtures using a BGE of 0.1% acetic acid
in a mixture of water and acetonitrile (50/50, v/v). For example, Fig. 7 shows
the electropherogram of a mixture of five proteins utilizing the split-flow inter-
face with an APS derivatized, 10-um id, 73-cm-long capillary. As is shown, the
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Fig. 7. The CE-ESI/MS electropherogram of the mixture of five proteins utilizing
the split-flow interface. An APS derivatized, 10-um id, 73-cm-long capillary was used.
The BGE was a solution of water + acetonitrile (50/50, v/v) containing 0.1 % acetic
acid. As is shown, the protein peaks are approx 9-s wide (FWHM) with almost no
tailing (inset). The peak marked 1 is bovine insulin, 2 is bovine B-lactoglobulin, 3 is
bovine CA, 4 is ribonuclease, and 5 is cytochrome-c. A 1-nL injection of the protein
solution contained 5 fmol of cytochrome-c, 20 fmol of bovine B-lactoglobulin, 4 fmol
of bovine CA, 6 fmol of bovine insulin, and 31 fmol of ribonuclease.

protein peaks are approx 9 s wide (FWHM) with almost no tailing (see Fig. 7,
inset). More recently, we have applied this technique to the analysis of a more
complicated protein mixture (~50 proteins) using a longer capillary (>1 m) and
the results are very promising.

The importance of using long (>1 m) and narrow (<20-pm id) capillaries for
complex protein analysis was recently demonstrated by the analysis of car-
bonic anhydrase isoforms (CA) in red blood cells (RBCs) (92). The most abun-
dant proteins in RBCs are: the o (average mol wt 15,126 Da) and B (average
mol wt 15,865 Da) chains of hemoglobin (each at ~900 amol/cell), carbonic
anhydrase I (CAI average mol wt 28,780 Da; ~7 amol/cell) (93,94) and car-
bonic anhydrase II (CAII, average mol wt 29,156 Da; ~0.8 amol/cell) (95,96).
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Detection of CA in blood is challenging because in RBCs, it coexists with a
more than 100-fold molar excess of hemoglobin. For example, using a 55-cm-
long, 15-um id capillary, CA I was separated from and migrated before the o
and B chains of hemoglobin (Hb) and was detected at a detection limit of three
cells (~20 amol) (92). With this short capillary, however, the peak of CA 11
comigrated with the B-chain of Hb, and its signal was masked by the high
chemical background noise associated with the approx 1000x molar excess of
the B-chain. By using a 120-cm-long capillary, however, CA 1l was separated
from the o and B chains of hemoglobin and CAI and was detected at low amol
levels (see Fig. 8).

3.4. Multielectrode Sheathless CE-ESI/MS

It is important to note that because the maximum voltage available on most
commercial CE instruments is 30 kV, long capillaries have a low electric field
strength. Therefore, even higher separation efficiencies and shorter analysis
times are expected by using ultrahigh separation voltages (>50 kV). To achieve
ultrahigh separation voltages (>50 kV), several approaches have been used. In
one approach, an ultrahigh voltage (>100kV) power supply was used (97).
Recently, we proposed the use of a multielectrode CE capillary for ultrahigh
voltage CE-ESI/MS analysis (98).

In conventional CE and CE-ESI/MS two electrodes are used: one as the
inlet electrode and the other one as the outlet/ESI electrode. In multielectrode
CE-MS, additional electrode(s) are inserted into the capillary somewhere in
between the inlet and the outlet electrodes. The inserted electrode nearest to
the outlet is used as the CE outlet/ESI electrode. The multielectrode capillaries
(APS-derivatized, 360-um od, 75-um id, 75-cm long) were fabricated by cut-
ting two holes into the capillary, one 38 cm from the outlet and the other 3 cm
from the outlet, and inserting a platinum wire (25-um diameter) into each hole
(see Fig. 9).

For these three-electrode experiments, a 25-mM hydroquinone in 0.1% ace-
tic acid separation BGE was used to suppress bubble formation inside the cap-
illary owing to redox reactions of water at the added electrodes (32,38). Three
experiments were performed using this three-electrode CE-MS design. In all
cases, the inlet and outlet voltages were kept constant at =30 kV and +2.5,
respectively, with the midpoint electrode voltage at: (1) ground potential;
(2) initially at ground potential and then decreased to —20 kV after the com-
pounds of interest had passed the second electrode; or (3) at constant +20 kV.
In the absence of any voltage applied to the middle electrode, the electric field
strength in the capillary was 451 V/cm. In experiment one (see Fig. 10A),
where the middle electrode was grounded, The electric field strength in the
capillary was 881 V/cm at the beginning of the separation and approx 70 V/cm
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Fig. 8. CE-ESI/MS analysis of lysed RBCs using a 120-cm-long capillary. (A) The
base peak electropherogram of the major proteins in RBCs. (B—E) Respectively, the
mass spectra of CAI, CAIL and the B and o chains of Hb. Adapted with permission
from ref. 92.
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Fig. 9. A schematic of the multi-electrode capillary (APS-derivatized, 360-um od,
75-um id, 75-cm-long), which was fabricated by cutting two holes into the capillary,
one 38 cm from the outlet and the other 3 cm from the outlet, and inserting a platinum
wire (25-pum dia.) into each hole.

after the analyte ions passed the second electrode. In experiment 2 (see Fig. 10B),
the electric field strength was 881 V/cm at the beginning of the separation and
dropped to 571 V/cm after all analytes passed the second electrode. In experi-
ment 3, (see Fig. 10C), the electric field strength was 1351 V/cm at the begin-
ning of the separation and dropped to 571 V/cm (with reversed polarity) after
all analytes passed the second electrode. The Sigma HPLC peptide standard
mixture was used for analysis. Results show that the third experiment provided
the highest separation efficiency, owing to the higher field strength across the
capillary. The use of hydroquinone as a buffer additive for controlling the elec-
trochemical reactions at these electrodes was deemed necessary (32,38). It is
important to note that these experiments were performed using a 75-um id,
75-cm-long capillary. Under conventional sheathless CE-MS, resolution of
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Fig. 10. Multiple in-capillary electrode CE-ESI/MS of the standard peptide mix-
tures. (A) Electropherogram of peptides taken with the middle electrode held at ground
potential. (B) The same experiment with the middle electrode initially at ground
potential, and then at -20 kV after 2.2 min. (C) The same experiment with the middle
electrode held at +20 kV.
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the order demonstrated in Fig. 10C is difficult to achieve with capillaries hav-
ing an id greater than 50 um. In addition, the results imply that sample concen-
tration (concentration polarization) may be achieved on the middle electrode
(m/z 524, Fig. 10B), which could potentially be exploited as a preconcentration
method. Better separation efficiency using long capillaries has also been observed
for peptide mixtures and even amino acid mixtures. The application of these
capillaries to the analysis of complex protein mixtures is under investigation
and the early results are very promising.

4. Notes

1. Prior to analysis, the ESI voltage should be optimized for maximum sensitivity
using a dilute solution of a compound (similar to the analyte of interest) in BGE
under CE-ESI/MS conditions (both CE and ESI voltages on).

2. Experimentally, resolution is maximized by optimizing injection conditions (injec-
tion pressure and injection time). For dilute samples, as much sample as possible is
injected while avoiding band broadening caused by injection plug width.

3. APS is extremely reactive toward —OH. Therefore, the toluene must be anhy-
drous (in a septum-sealed container). Use dried (in a 110°C oven) glass syringes
for preparing the 10% APS in toluene solution. Dry all secondary containers (at
110°C for ~ 1 h) before use. Immediately before taking the capillaries out of the
GC oven, prepare the 10% solution of APS in dry toluene using a dry container
(screw cap containers are preferred) and seal the container. Once the CE capillar-
ies are removed from the oven, immediately open the container containing the
10% APS in toluene solution and place it inside the bomb. Quickly insert one end
of the capillaries into the bomb, making sure that all of the inserted ends are
submerged in the APS solution, and place the other end of the capillaries in a dry
container containing dry toluene. Seal the bomb and apply pressure. Crystal for-
mation at the ends of the capillaries or in the capillaries is indicative of the exist-
ence of moisture in the capillaries, containers, or chemicals. If any crystal is
observed, discard the capillaries.

4. We have found that the HPLC standard peptide mixture sold by Sigma-Aldrich is
a good peptide mixture for testing the overall performance of CE-ESI/MS. The
test mixture contains five peptides: GY (MW 238), VYV (MW 379), YGGFL
(leucine-enkaphalin, mol wt 555), YGGFM (methionine-enkaphalin, mol wt
573), and DRVYIHPF (angiotensin II, mol wt 1046). The contents of the vial are
dissolved in 1 mL of pure water and a 100x dilution of this solution is used for
performance evaluation. The mass spectrometer is usually scanned in the m/z
range of 375-600 with scan speed of 1-2 scans/s. Once the baseline separation is
achieved for the peptide mixture (see Fig. 11), the CE-ESI/MS is usually tested
with a more complex mixture such as a tryptic digest of cytochrome-c. Figure 12
shows ion electropherograms of the major peptide fragments of a tryptic digest
of cytochrome-c in the m/z range of 500-1000.
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Fig. 11. CE-ESI/MS analysis of the standard peptide mixture. The m/z values 380,
556, 574, and 524 (2+) correspond to VYV, YGGFL (leucine-enkaphalin), YGGFM
(methionine-enkaphalin,), and DRV YIHPF (angiotensin II). Adapted with permission

from ref. 23.
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Fig. 12. CE-ESI/MS analysis of the tryptic digest of cytochrome-c using TOF-MS.
Adapted with permission from ref. 82.
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Capillary Isoelectric Focusing—Mass Spectrometry
of Proteins and Protein Complexes

Suzana Martinovic, Ljiljana Pasa-Tolic and Richard D. Smith

Summary

Complex proteome samples require efficient separation and detection methods in order to
characterize their protein components. On-line combination of capillary isoelectric focusing
(CIEF) with electrospray ionization (ESI) mass spectrometry (MS) is shown as an effective
method to analyze complex protein mixtures. Our experience with several microorganisms
allowed us to establish successful experimental protocol. Here we use the example of E. coli
whole-cell lysate for the CIEF separation and MS detection on the intact protein level. The
protocol was further adapted for the analysis of the mixture of noncovalent complexes on the
intact complex level.

Key Words
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1. Introduction

The growing demand for broad proteome measurements in the post-genomic
era has greatly increased the need for more confident and sensitive protein
identification. The on-line combination of capillary isoelectric focusing (CIEF)
with electrospray ionization (ESI) mass spectrometry (MS) is emerging as an
effective method for analyzing complex protein mixtures. Contemporary main-
stream proteomics approaches are dominantly based upon analysis of
enzimatically digested cellular lysates (1,2). However, CIEF-MS analysis of
intact proteins yields more direct information on posttranslational modifica-
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tions, and is attracting more attention recently as a complementary proteomics
technique.

In CIEF, the focusing of proteins at their respective isoelectric point (p/) is
realized through the use of a polyampholyte mixture in free solution. When an
electric field is applied to the extremities of the capillary, which are immersed
in a low- and high-pH solution, the polyampholyte mixture creates a pH gradi-
ent through the length of the capillary (see Fig. 1). The proteins migrate through
the gradient until they reach zero net charge (p/ = pH). After focusing, protein
bands are mobilized to the detector (ultraviolet [UV], MS).

CIEF allows effective use of small sample volumes, has high speed and
resolution, and can be easily automated. The concentration effect associated
with focusing provides attomole (amol) sensitivity when combined with MS
(3). CIEF-MS has been successfully applied for the analysis of mixtures of
various complexity: from a single protein (hemoglobin (4), alcohol dehydro-
genase (5) variants) to whole cell lysates (3,6-10). It can be used for the
analysis of proteins covering a wide range of masses, from smaller proteins
of a few kDa (11), to much larger proteins and noncovalent complexes with
M, > 100 kDa (12).

Separation and detection of proteins from an Escherichia coli whole cell
lysates (cytosolic protein fraction) will be used to illustrate the CIEF-ESI/MS
methodology. A mixture of commercial noncovalent complexes will be used
to further explain the adaptation of the CIEF-ESI/MS procedure to those more
fragile compounds.

2. Materials

1. E. coli K12 strain MG1655.

2. M9 minimal medium.

3. Phosphate-buffered saline (PBS) buffer.

4. 0.1-mm Diameter zirconium/silica beads (Biospec Products, Inc., Bartlesville, OK).

5. Mini-Beadbeater (Biospec Products, Inc.).

6. Dual microdialysis system.

7. Bradford assay.

8. Protein complexes (standard complexes from Sigma).

9. 50-cm (50 um id and 192 wm od) Fused silica capillary internally coated with
linear polyacrylamide.

10. Pharmalyte 3-10 (Amersham Pharmacia Biotech, Piscataway, NJ).

11. CIEF equipment.

12. Phosphoric acid (20 mM).

13. Sodium hydroxide (20 mM).

14. A sheath liquid: 50% CH;OH, 49% H,0, 1% CH;COOH, pH 2.6; or 10 mM
ammonium acetate, pH 6.0.
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Fig. 1. Schematic CIEF arrangement and procedure. (A) sample injection by pres-
sure. (B) Focusing. (C) Mobilization and MS detection.
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15. High-voltage power supply (Glassman High-Voltage, Inc., Whitehouse Station, NJ).

16. Syringe pump (Harvard Apparatus 22, South Natick, MA).

17. Mass spectrometer (e.g., 7-Tesla Fourier Transform Ion Cyclotron Resonance
(FTICR) mass spectrometer equipped with an Odyssey data station (Finnigan
FTMS, Madison, WI).

3. Methods

The methods described below outline CIEF separation and MS detection of
(1) the whole-cell lysate cytosolic proteins and (2) intact protein—protein
noncovalent complexes.

3.1. CIEF-MS of Proteins From Cell Lysate

The procedure for CIEF-MS separation and detection of proteins from whole-
cell lysate include: (a) sample preparation, (b) CIEF separation, and (c) MS detec-
tion and data analysis.

3.1.1. Sample Preparation

1. The E. coli K12 strain MG1655 was used (see Note 1). E. coli was grown in M9
minimal medium at 37°C with shaking at 225 rpm until the ODg,,, Was approx 1.
Cells were harvested by centrifugation at 10,000g for 30 s and kept frozen until the
analysis.

2. The cells were resuspended in 200 uL. PBS buffer and lysed by mechanical agita-
tion at 4600 rpm for 60 s in the presence of 0.1-mm diameter zirconium/silica
beads (Biospec Products, Inc.) using a Mini-Beadbeater (Biospec Products, Inc.).

3. The cell lysate was recovered and centrifuged at 10,000g for 5 min to remove any
cellular debris.

4. The protein extract was processed using a dual microdialysis system (13). Low
molecular mass (salts) and high-molecular mass components were removed using
a modified dual microdialysis system composed of 300 kDA molecular mass cut-
off regenerated cellulose membrane in the first microfabricated stage, followed by
a second stage containing an 8 kDa molecular mass cutoff membrane (regener-
ated cellulose microdialysis fiber).

5. Dialysis was done against 10 mM NH4OAc. Protein concentration was measured
using the Bradford assay (14). Sample solution containing approx 0.25 mg/mL of
protein isolated from E. coli was mixed with 0.5 % Pharmalyte 3—-10 and
vortexed. The sample was centrifuged for 2 min prior to CIEF.

3.1.2. CIEF of Complex Protein Mixture (Cell Lysate)

On-line CIEF-FTICR/MS analysis was performed using 50-cm-long (50 um
id and 192 um od) fused silica capillaries coated with linear polyacrylamide (15)
(see Note 2). The homemade CIEF setup schematically presented in Fig. 1 was
used.
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3.1.2.1. SAmPLE INJECTION PROCEDURE (SEE FiG. TA)

1.

2.

Mount the capillary between the cathode and anode reservoir using fingertight
unions.

Pipet 10-15 uL of sample into the anode reservoir. Although the method uses only
approx 1 puL of sample (volume of the capillary) for actual handling, 10—15 uL are
presently used to avoid introduction of air.

Push the sample through the capillary with compressed air (at ~20 mBarr), un-
til the sample comes out of the other end of the capillary (fixed in cathode
reservoir).

Remove excess sample (can be reused) from the reservoir, and then clean the
reservoir (flush with anolyte).

3.1.2.2. FocusING PROCEDURE (Ste FiG. 1B)

1.

Fill the electrolyte reservoirs: the inlet reservoir with 20 mM phosphoric acid as
the anolyte and the outer reservoir with 20 mM sodium hydroxide as the catholyte,
respectively.

Immerse the electrodes in the electrolytes.

Apply constant voltage (~13 kV) for 15 min with a high-voltage power supply. In
parallel, start the sheath liquid flow during focusing in order to establish a stable
flow at the start of mobilization (see Note 3).

3.1.2.3. MosiLIizATION PROCEDURE (st Fig. 1C)

1.
2.

5.

Once the focusing is completed, turn off the voltages (work fast but securely).
Remove the capillary tip from the cathode reservoir and adjust it so that it pro-
trudes from the coaxial liquid sheath flow electrospray interface (electrospray
interface of a standard Finningan MAT, San Jose, CA) and extends 1 mm outside
the electrospray sheath tube surrounding the capillary. A sheath liquid was deliv-
ered at a flow rate of 2 uL./min using the syringe pump.

Electrospray the sample and surrounding sheath liquid into the inlet of the mass
spectrometer. As the electrospray interface (spraying tip) is at 2000 V, increase
potential of the anolyte to 15 kV to keep the potential difference the same as during
focusing. Once all voltages are applied and an electrospray is established, sample
mobilization and MS detection may start.

Raise the inlet reservoir 5 cm above the level of the electrospray emitter to apply
gravity (concurrently with cathodic mobilization) to mobilize protein bands toward
the mass spectrometer.

Start recording mass spectra.

3.1.3. MS Detection of Proteins From CIEF

3.1.3.1. INTERFACE AND INSTRUMENTS PARAMETERS

ESI and detection of ions may be performed using different mass spectrom-

eters, all of which will have different levels of performance (e.g., sensitivity,
speed, mass measurement accuracy, resolution, and so on). We used a 7-Tesla



296 Martinovic et al.

FTICR mass spectrometer (16) operated with an Odyssey data station (Finnigan
FTMS, Madison, WI). This mass spectrometer is equipped with three serial
quadrupoles, which are separated by two conductance limits and are operated
synchronously, to guide ions produced by the ESI source to a rectangular closed
cell through four stages of differential pumping. The final pumping stage,
which contains a 1-m-long third quadrupole, is efficiently pumped by a
cryopump with two concentric cryopannels extending to the ICR analysis cell
at a pressure below 107 torr.

The ESI source inlet to the MS consisted of a heated stainless steel
“desolvation” inlet capillary, a 1-mm orifice diameter skimmer, and a short
quadrupole segment (i.e., collisional quadrupole) added to the set of two origi-
nal quadrupole ion guides. Source conditions were as follows: spraying capil-
lary at 2 kV, heating capillary at 200 V and 160°C, skimmer at 25 V, and a
source quadrupole at 15 V, with all quadrupoles operating in an radio frequency
(rf)-only mode (~750 kHz, ~500 Vpp). lon accumulation was accomplished by
introducing N, into the FTICR trap at 10~ torr via a piezoelectric valve
(Lasertechniques Inc., Albuquerque, NM). Background pressure in the FTICR
trap was maintained at 10~ torr using a custom cryopumping assembly.

Mass spectra were acquired using a standard experimental sequence for
ion injection and accumulation, pump-down, excitation, and detection. Typically,
coherent ICR motion was excited by dipolar sweep excitation in 800 < m/z < 2000
range, and transient was acquired for m/z >800 (see Note 4). The total spec-
trum acquisition time was about 4 s (see Note 5). ICR trap control, ion excita-
tion, data acquisition, and storage were controlled through the Odyssey data
station. During the MS experiment (about 30 min) several hundred mass spec-
tra were typically recorded (see Fig. 2).

3.1.3.2. DATA ANALYSIS AND DIsPLAY OF THE RESULTS

On-line CIEF-FTICR/MS analysis of cell lysates results in large and com-
plex data sets. Interpretation of the results in the context of available genomic
databases was done using software developed in our laboratory to assist pro-
tein identification.

Data processing was semiautomated using the ICR-2LS software (17).
Briefly, ICR-2LS converted the raw data into m/z spectra that were subse-
quently transformed to generate a table of neutral masses using an implemen-
tation of the THRASH algorithm originally developed by Horn et al. (18).
ICR-2LS data processing was performed on the complete CIEF-FTICR data
set in a single batch run to generate an output data file (PEK file) file contain-
ing neutral masses for all sample components observed in the run.
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Fig. 2. (A) Total ion chromatogram reconstructed from the FTICR mass spectra
obtained during approx 30-min-long CIEF mobilization of E. coli cellular lysate. (B)
A representative mass spectrum. Inset shows an isotopic envelope detected for 11-kDa
protein.

The PEK can be visualized in the form of a 2D display of neutral masses vs
spectrum number, with “spot” size representing component intensity, using
LaV2DG software developed at our laboratory (see, for example, Fig. 3). The
neutral masses from the PEK file were also imported into the protein-search
module of the ICR-2LS, where they can be searched for matches against the
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Fig. 3. Representative 2D display of the CIEF-FTICR analysis of E. coli lysate
generated by plotting molecular mass vs spectrum number (which can be correlated to
isoelectric point).

whole E. coli protein database, typically using the criteria of 10 ppm mass
measurement accuracy for monoisotopic masses for proteins with M, <25 kDa,
and 100 ppm for larger proteins having unresolved isotopic distributions. For
database searching, common modifications were permitted, including methy-
lations, acetylations and losses of leading methionine.

Our experience has shown that only a modest fraction of intact proteins can
be initially identified based solely on mass and p/ measurements (see Note 6).
This led to the development of different stable isotope labeling schemes (8,9),
with an example given in Fig. 4. This figure shows two representative spectra
obtained during the CIEF separation of a mixture of unlabeled and Leu-Dj-
labeled proteins extracted from E. coli cultured on normal and '3C'>N-depleted
media (see Note 7). Unlabeled and labeled forms of each protein (having the
same isoelectric point) focus together during CIEF separation and are thus
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Fig. 4. (A) High-resolution CIEF-FTICR zero charge state mass spectra of unla-
beled (normal and '3C'>N depleted) and Leu-D,(-labeled forms of protein yciN iso-
lated from E. coli grown in minimal medium and minimal medium supplemented with
0.1 mg/mL Leu-D,,. Low resolution and zero charge state spectrum (B) of unlabeled
(normal and '*C'3N depleted) and Leu-D,(-labeled forms of malate dehydrogenase.
The mass difference between labeled and unlabeled species indicates the number of
Leu residues in the protein.

observed within the same FTICR mass spectrum. Both protein versions dis-
play identical charge state distributions, allowing them to be easily assigned as
two versions of the same protein.

The zero charge spectrum for the protein pair in Fig. 4A shows two average
molecular masses of 9386 and 9475 Da. The mass difference of approx 89 Da
corresponds to the incorporation of nine isotopically labeled Leu residues in
this protein (see Note 8). A search of Genbank (National Center for Biotech-
nology Information [NCBI]) identifies this protein as protein yciN from the
E. coli K12 strain MG1655 genome (Swiss Protein accession number
P46132), which has a molecular mass of 9386 Da and contains nine Leu resi-
dues.
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The mass spectrum for a larger protein for which isotopic resolution was not
obtained is shown in Fig. 4B. Nevertheless, an accurate average molecular
mass for both the unlabeled and isotopically labeled proteins could still be
obtained from the charge state distributions. The average molecular mass of
the unlabeled protein was 32,336 = 1 Da, while the mass of the corresponding
Leu-D,y-labeled protein was 32,662 + 1 Da. The mass difference of approx
326 Da indicates the incorporation of 33 isotopically labeled Leu residues.
This information allowed the protein to be unambiguously identified as malate
dehydrogenase (P06994).

3.2. CIEF-MS of the Mixture of Noncovalent Protein Complexes

CIEF-MS analysis of the mixture of noncovalent protein complexes at the
intact complex level, in combination with the analysis at the protein level,
reveals molecular mass and composition of the complexes (i.e., identity and
the number of building subunits). For an initial demonstration we will use a
mixture of commercially available noncovalent protein complexes: creatine
phosphokinase (CPK) from rabbit muscle and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) from rabbit muscle, purchased from Sigma.

The identification procedure requires two experiments with the identical
CIEF separation, but different ESI/MS conditions: (a) CIEF-MS analysis of
the mixture of complexes with detection of protein units, and (b) CIEF-MS
analysis of the same mixture of complexes with the detection of intact com-
plexes. Combining the results from the two analysis (a) and (b) enables the
characterization of separated complexes (i.e. size, subunits, homo- or
heterocomplex).

3.2.1. CIEF-MS Detection of Protein Subunits

The procedures are identical to those described in Subheadings 3.1.2. and
3.1.3. CIEF separation is in general performed under “native” conditions to
preserve conformation of the proteins and their complexes. Use of the acidic
sheath liquid together with the appropriate ESI source and MS conditions gen-
erally enables dissociation of complexes to their protein subunits (see Fig. SA).

3.2.2. CIEF-MS With Detection of Intact Complexes

CIEF separation was performed as described in Subheading 3.2.1. except
for the use of sheath liquid. For detection of intact complexes, one needs to
preserve “native” conditions through both CIEF separation and MS detection.
Conditions used to conserve noncovalently bounded complexes are as follows.

1. A sheath liquid composed of 10 mM ammonium acetate, pH 6.0, with 10-20%
methanol provides stable on-line electrospray while also maintaining the integ-
rity of complexes studied.
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Fig. 5. (A) Separation of GAPDH (/) and CPK (2) protein complexes and detection
of the dissociated monomeric units. Reconstructed total ion chromatogram and repre-
sentative low resolution ESI-FTICR mass spectra of complex subunits (A1l and A2).
(Two lower mass proteins detected (3) and (4) were determined to be impurities in the
CPK sample.) (B) Separation and detection of GAPDH and CPK intact noncovalent
complexes from the mixture. Reconstructed total ion chromatogram and representa-
tive low resolution ESI-FTICR mass spectra (B1 and B2).

2. The following “gentle” MS source conditions were also used: spraying capillary
at 2 kV, heating capillary at 110 V and 90°C, lower inlet-skimmer voltage differ-
ence of 85 V to preserve intact protein complexes throughout the ESI processes.

W

FTICR “in trap” clean-up was employed to remove/reduce adduction (see Note 9).

4. Excitation and detection of ions were adapted for higher m/z ions, e.g., 2000
< m/z < 7000. Compared to the mass spectra of complex subunits obtained
using the acidic sheath liquid condition, in the CIEF-MS analysis of the com-
plexes, fewer charge states and lower charge state species were typically ob-
served, both of which are correlated with a compact structure expected for the

complex (see Fig. 5B).
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3.2.3. Data Analysis

Identification of the masses for the monomeric subunits (see Fig. SA) com-
bined with the masses for the intact complexes (see Fig SB), allowed charac-
terization of the stoichiometry of GAPDH as homotetrametic (Q), and CPK as
homodimeric (D).

4. Notes

1. We have also performed CIEF-MS analysis of cellular lysates from Saccharo-
myces cerevisiae (ATCC #200867), Deinococcus radiodurans R1, and
Shewanella oneidensis MR1.

2. The capillary was effectively used five to seven times before its performance
degraded. Use of different type of coatings showed increased stability through
many CIEF runs with UV detection (19).

3. In our experiment, the capillary passes through the electrospray interface and its
terminus functions as the ESI emitter. There are other interfaces available; how-
ever, we have found this design with the use of a sheath liquid flow to be the most
effective.

4. Ampholytes coelute with proteins from CIEF capillary. They generally form sin-
gly charged ions and are usually detected in the lower m/z region. Although the
charge envelope of the proteins is easily distinguished from the ampholyte signal,
we started excitation and detection at m/z approx 800 to minimize “ampholyte
noise.” The best results are obtained if the lower m/z ampholytes are removed by
adjustment of the rf level at one of the quadropoles during transmission to the
FTICR cell.

5. Since the sample introduction takes only approx 0.25 s and total spectrum acqui-
sition time is 4 s, most of the continuously mobilized sample is lost. Alterna-
tively, ion accumulation is accomplished using an external quadropole as an
accumulation device so that the ions are accumulated throughout most of the
acquisition time, often increasing the effective duty cycle to >90%.

6. Calculated p/ values of the identified proteins are within the range of three to ten,
and generally follow the predicted elution order. It should be noted, however,
that pI values are calculated for denatured proteins. Thus, they do not necessarily
correctly reflect pIs of the native proteins (e.g., folding of the protein chain will
most certainly bury some residues and thus change the pI).

7. In this particular case, unlabeled proteins came from both cultures (e.g., normal
and 3CPN depleted), whereas Leu-D,-labeled proteins were extracted only from
E. coli grown on normal isotopic distribution media. Thus, each protein detected
during CIEF separation of this mixture came in three versions: 3C'N-depleted
isotopic distribution (which allowed precise determination of monoisotopic mass)
and normal isotopic distribution with Leu-H;, and Leu-D,, (which allowed deter-
mination of the number of Leu residues in the protein).

8. Although the isotopically labeled Leu contains ten deuteriums, the mass differ-
ence is not exactly 90 Da owing to the isotopic enrichment of the stable isotope
being 97.9% and to the small mass defect of deuterium compared to hydrogen.
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9. Extensive adduction of uncharacterized low-weight species to noncovalent com-
plexes results in greater uncertainty in molecular mass determinations, as well as
decreased sensitivity. “Soft” low-energy sustained off-resonance irradiation
collisionally induced dissociation (SORI-CID) dissociates weakly bound adducted
species and yields higher quality spectra (i.e., better resolution, a significant enhance-
ment of the signal-to-noise ratio and improved mass measurement accuracy) (20).
Careful control of SORI amplitude allows effective removal of adducts without sig-
nificant dissociation of covalent or specific noncovalent interactions. Fundamen-
tal to the conventional application of SORI is that it requires appropriate selection
of irradiation frequency so as to target a specific (narrow) m/z range, in contrast
to the broad band nature of the SORI-CID clean-up procedure. Also, the irradia-
tion amplitude required for dissociation will strongly depend on the stability of
the complex. Therefore, when dealing with a mixture of noncovalent complexes
with different stability, optimization experiments with a set of “standard” com-
plexes with known relative stability should be performed prior to CIEF-MS
experiment (12).
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Integrated System for Rapid Proteomics Analyses
Using Microfluidic Devices Coupled
to Nanoelectrospray Mass Spectrometry

Jianjun Li, Tammy-Lynn Tremblay, Jed Harrison, and Pierre Thibault

Summary

This chapter presents an integrated and modular microsystem providing rapid analyses of
low femtomole of in-gel digests for proteomics applications. Enhancement of sample through-
put is facilitated using an autosampler, a microfabricated device comprising a large (2.4-uL
total volume) separation channel together with a low-dead-volume interface to nES mass spec-
trometry. Sample preconcentration is achieved by packing C;g reverse phase or immobilized
metal affinity chromatogaphy (IMAC) beads into the large channel of this microfluidic device
to adsorb peptides or enrich the sample in phosphopeptides prior to capillary electrophoresis
separation and MS detection.

This integrated microfluidic systems enables a sample throughput of up to 12 samples/h
with a detection limit of approx 5 nM (25 fmol inj.). Replicate injections of peptide standards
indicated that reproducibility of migration time was typically 1.2—1.8%, whereas relative stan-
dard deviation (RSD) values of 9.2—-11.8% were obtained on peak heights. The application of
this device is demonstrated for 2D gel spots obtained from protein extracts of human astrocyte
cells and for excised bands of membrane proteins from Neisseria meningitidis. A stepped aceto-
nitrile gradient can be incorporated with the present microfluidic system to enhance selectivity
during sample analysis.

Key Words

Gel-isolated proteins; human astrocytes; microfluidics; nES; Neisseria meningitidis;
phosphopeptides; quadrupole/time-of-flight; tandem mass spectrometry.

1. Introduction

Proteomics was originally defined as the protein complement of any given
cell, tissues or organism (1). However, this definition has now been expanded
to include the identification of protein isoforms, splice variants, posttransla-
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tional modifications, interacting partners, and higher-order complexes under
different environmental conditions (2). Such research endeavors also include
the monitoring of protein expression, which by itself represents a significant
analytical challenge given the changes in protein content and distribution from
cell to cell, the dynamic range of expression (more than 10°-fold) and the wide
diversity of protein modifications (e.g., splice variants, co- and posttransla-
tional modifications, and proteolytic processing).

Two-dimensional polyacrylamide gel electrophoresis (2D-gel) offers the
capability of resolving thousands of protein spots based on their respective
isoelectric point (p/) and molecular weights (MWs) and has been traditionally
used to monitor differential protein expression across different cellular extracts
(3). Although this technique is time (2-3 d of gel electrophoresis) and sample
consuming (>100 ug of protein extract) it experienced significant popularity
for its unparalleled separation performance and its ability to provide relative
protein quantitation via visible and fluorescent staining reagents (4,5). The
identification of spots of interest is typically achieved from in-gel tryptic
digestion followed by MS analyses of the corresponding tryptic peptides and
database searching (6—8). However, not all protein classes are amenable to 2D-
gel separation, and membrane components or proteins of extreme pl (p/ > 10,
pl < 3) and MW (>150 kDa, <10 kDa) are typically under-represented. Alter-
nate approaches to 2D gel include protein separation via 1D SDS-PAGE or
multidimensional chromatography (2D-LC) of the proteolytic fragments derived
from the intact proteins (9,10).

At present, gel-based protein separation still represent a sizable proportion
of all samples analyzed by numerous proteomics core facilities. Although pep-
tide mass fingerprinting can be use for sample of low complexity (<3 proteins/
band or spot) and for small and well characterized proteomes, unambiguous
identification of gel-isolated proteins typically relies on sensitive tandem mass
spectrometry (MS/MS) techniques to derive partial amino acid sequences.
Nano-scale liquid chromatography coupled with nanoelectrospray MS-MS
(nano-LC-MS/MS) currently represents the most rugged workhorse system for
fmol detection of in-gel protein digests (11,12).

While most proteomics platform uses nano-LC-MS/MS systems, the cou-
pling of electrophoretic-based microfluidic systems to MS also offers an effi-
cient means of handling nanoliter sample-volumes while maintaining high
separation and sensitivity on devices of small footprint. In contrast to high-
performance liquid chromatography (HPLC) these microfabricated devices do
not involve low-dead-volume switch valves, actuators, syringe pumps, or pre-
cise gradient-flow delivery systems. Rather, microfluidic devices rely on the
precise control of voltages and electrical fields across small separation chan-
nels, which are typically achieved with voltage controllers and power supplies
of modest cost.
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The coupling of microfluidic devices to MS is relatively recent, and early
reports of such input sample system for nanoelectrospray MS (nES-MS) were
published independently in 1997 by the research groups of B. Karger (13),
M. Ramsey (14), and R. Aebersold (15). Two different interface designs have
been proposed to couple microfluidic devices to nES-MS (13-17). The first
design is characterized by nES emission directly from the exposed channel
on the side of the microfabricated surface, (13) while the second configura-
tion involves the insertion of a capillary transfer tube into the microchip
(15,16). In the second configuration, the transfer capillary can act as the nES
emitter, provided that the electrical contact be made at the tip of sprayer using
a conductive surface such as a gold-coated layer deposited on the tapered fused-
silica capillary needle (<15 um i. d) (17). Alternatively, a concentric sheath
flow or a liquid junction can be used to maintain the electrical contact of the
spraying solution (15,16).

It is noteworthy that most chip-MS systems used nES ionization. However,
the coupling of microfluidic devices to matrix-assisted laser desorption ioniza-
tion (MALDI) using off-line deposition techniques has also been reported (18-
19). Low femtomole MS detection of peptides is commonly achievable using
both MALDI and nES ionization techniques. However, the pL-nL injection
volumes typically available with microfluidic devices have set the concentra-
tion detection limits of chip-MS systems to the low mM range. In order to
improve these detection limits, enhancement of sample loading has been
achieved using on-chip stacking (17) and sample preconcentration via reverse-
phase adsorbant (20,21) thus enabling low-nanomolar detection of peptide stan-
dards. Recent microfluidic devices have incorporated plastic or glass nES
emitters within the structure of the microchip (17,22). Such devices can also be
used in conjunction with disposable adsorption preconcentration tips to desalt
samples prior to nES-MS analyses.

In an effort to accelerate the sample throughput of the combined chip-MS
systems, previous reports have combined pressure-driven autosampler with the
microfluidic devices (21). Such advances were made possible through the fab-
rication of a large sample channel providing a convenient port of low flow
resistance enabling the introduction of sample on and off the chip without per-
turbing the fluids in the analysis manifold. These systems not only integrate
sequential injection and sample preconcentration but also enable electro-
phoretic separation of complex protein digests on an array of intersecting chan-
nels. Previous reports have described the separation of peptide standards and
tryptic digests with a throughput of up to 12 samples/h and detection limits of
approx 5 nM (21). Other forms of sample preconcentration include the integra-
tion of on-chip affinity chromatography using antibody beads to bind target
antigens, or immobilized metal affinity chromatography to selectively enrich
phosphorylated peptide fragments (21).
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This chapter presents an integrated microsystem that provides rapid analy-
ses of trace-level tryptic digests for proteomics application. This modular
microsystem includes an autosampler, a microfabricated device comprising a
sample introduction port, a separation channel, together with a low-dead-vol-
ume capillary transfer line providing a convenient nES interface to mass spec-
trometry. In the present investigation we have used the large channel of this
microfluidic to integrate C;g adsorbant packing prior to electrophoretic separa-
tion and MS analyses. Application of this integrated system is demonstrated
for the analysis of trace-level tryptic peptides obtained from gel-isolated pro-
teins of human astrocyte cell extracts.

2. Materials
2.1. Growth of Bacterial Strains

1. Bacterial strain N. meningitidis strain L3 (see Note 1).

2. Bacterial plates: chocolate agar plates from Quelab of Montreal, Canada; 5% sheep
blood agar plates.

3. Liquid growth media: 3.7% (w/v) brain heart infusion (BHI) 10 mg/L haemin,
2 mg/L nicotinamide adenine dinucleotide (NAD); Difco bacto Todd Hewitt
(DBTH) broth from Difco.

4. Phosphate-buffered saline (PBS): 6.7 mM potassium phosphate, pH 7. 4, con-
taining 150 mM NaCl and 0. 02% (w/v) NaNj.

5. Bacterial killing solution: 0. 5% (w/v) phenol in PBS.

6. IF-75 fermenter from New Brunswick scientific.

2.2. Growth of Human Astrocytes

1. Primary fetal human astocyte (FHA) cultures were generously provided by Dr.
J. Antel, Montreal Neurological Institute (Montreal, Quebec, Canada).
Dullbecco’s modified Eagle’s medium (DME).

Fetal bovine serum (Hyclone, Logan, UT).

Poly-L-lysine-coated dishes.

Phosphate-buffered saline (PBS).

Nk W

2.3. Protein Isolation and Purification (see Notes 2 and 3)

2.3.1. Total Protein Extraction

Urea (Bio-Rad, Hercules, CA).

Thiourea (Sigma, St. Louis, MO).
3-(3-Cholamidopropyl)dimethylammonio.-1-propanesulfonate (CHAPS; Sigma).
pL-Dithiothreitol (DTT; Sigma).

Biolytes (Bio-Rad).

Acetone (Fisher Scientific, Fair Lawn, NJ).

NI
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2.3.2. Hydrophobic/Hydrophilic Protein Extraction (Phase Separation)

S, wh =

Triton X-114 (Octylphenoxypoly-ethoxyethanol; Sigma).
Tris (Bio-Rad).

Sodium chloride (BDH Inc., Toronto, Canada).
Butylated hydroxytoluene (Sigma).

Acetone (Fisher Scientific).

Mammalian cocktail protease inhibitor (Sigma)

2.3.3. 2D Gel Electrophoresis

NN E PN =

—
D= O 0

NN
nOR

W=

Immobilized pH-gradient (IPG) strips (Bio-Rad).

Sodium dodecyl sulfate (SDS; (Bio-Rad).

Todoacetamide (Sigma).

Diothiothreitol (DTT; Sigma).

Urea (Bio-Rad).

Glycerol (Fisher Scientific).

Tris (Bio-Rad).

30% Acrylamide (National Dignostics, Atlanta, GA).
N,N,N',N'-tetramethylethylenediamine (TEMED) (Bio-Rad).
Ammonium persulfate (APS; Bio-Rad).

. Electrophoresis buffer: (Biorad’s 10X Tris/glycine/SDS buffer).
. Biorad’s resolving gel buffer (Bio-Rad).

. Gel Staining
.1. Sypro Ruby Staining

Methanol (Fisher Scientific).
Acetic acid (BDH Inc.).
Sypro ruby (Bio-Rad).

2.4.2. Silver Staining

A

A

Ethanol (Fisher Scientific).

Sodium thiosulfate (Sigma).

Silver nitrate (Sigma).

Sodium carbonate monohydrate (BDH Inc.).
Formaldehyde (BDH Inc.).

Acetic acid (BDH Inc.).

. Silver Destain and In-Gel Digestion

Trypsin (Promega, Madison, WI).
Potassium ferricyanide (Sigma).

Sodium thiosulfate (Sigma).

Ammonium bicarbonate (Fisher Scientific).
Methanol (Fisher Scientific).

Acetic acid (BDH Inc.).
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7. Acetonitrile (Fisher Scientific).
8. Savant preconcentrator (Savant Instruments Inc., Farmingdale, NY).
9. Progest automated digestion unit (Genomics solutions, Ann Arbour MI).

2.6. Microfluidic Device

1. Corning 0211 glass (Corning Glass Works, NY).
2. Septa 77 (Chromatographic Specialties, Brockville, Ontario, Canada).

2.7. Low-Dead-Volume Connection

Crystal Bond 509 (CB) (Aremco Products, Valley Cottage, NY).
Staedtler Lumocolor permanent pen (Staedtler, Germany).

Hot plate (Corning Glass Works, Corning, NY).

Tungsten carbide drills (Tycom, Mississauga, ON, Canada).
Acetone (EM Science, Gibbstown, NJ).

el

2.8. Nanoelectrospray Emitter

1. 24K Bright English gold plating salts (Grobet File Co. of America, Inc.,
Carlstadt, NJ).

2. Fused-silica capillary (Polymicro Technologies, Phoenix, AZ).

Teflon tubing (LC Packing, San Francisco, CA).

4. Laser puller (Sutter Instruments, Novato, CA).

2.9. BCQ Coating

1. (Acryloylamino)propyl trimethylammonium chloride or BCQ (Chemische Fabrik
Stockhausen, Krefeld, Germany).

7-Oct-1-enyltrimethoxysilane (United Chemical Technologies Inc., Bristol, PA).
TEMED (Bio-Rad).

Sodium hydroxide (BDH Inc.).

Ammonium persulfate (BDH Inc.).

Acetic acid (BDH Inc.).

(O8]

AW

2.10. On-Line Adsorption Preconcentration and Affinity Selection
Chip-CE-MS
1. 40 um C;g reverse-phase packing material is excised from SepPak cartridges
(Waters, Milford, MA).
2. 5 um Poros C;g (Applied Biosystems, Framingham, MA).
3. IMAC beads are purchased from Pharmacia Biotech (Baie d’Urfe, Quebec,
Canada).

3. Methods
3.1. Growth of Bacterial Strains (see Note 2)

1. Resuscitate bacterial strains from frozen stocks on 5% sheep blood agar plates
and incubate overnight at 37°C.



Rapid Proteomics Analysis With Microfluidics 311

AW

3.3.
3.3.

el

6.

Select colonies from plates and cultivate in 60 L fermenter batch of DBTH broth.
Harvest cells by low speed centrifugation (5000g).

Decant centrifuged material.

Resuspend cell pellet in bacterial killing solution and stir for 16 h.

Collect bacterial cell mass by centrifugation (5000g).

. Growth of Human Astrocytes
. FHA cells are grown in (DME containing 10% FBS in an atmosphere of 5% CO, /

95% air at 37°C.

Prior to proteome analyses, transfer cells on to poly-L-lysine coated dishes for 6 d.
Wash cells three times with physiological saline (PBS) for 10 min with gentle
shaking.

Collect and pellet the cells by centrifugation (5000g).

Protein Isolation and Purification
1. Total Protein Extraction

Resuspend cell pellet in lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS and
1% DTT (see Note 3).

Shake at room temperature for 1 h.

Centrifuge cell lysate for 10 min at 12,000g to pellet unbroken cells.

Precipitate proteins with 10 vol of acetone (to remove excess salts).

Centrifuge to pellet proteins, air-dry pellet, and resuspend proteins in IEF buffer
(same as lysis buffer).

Protein content in supernatant was then evaluated by Bradford assay.

3.3.2. Hydrophobic/Hydrophilic Protein Extraction (Phase Separation)

3.3.2.1. TrRiToN X-114 CONDENSATION

1.

(O8]

In a small beaker, weigh 10 g of Triton X-114. Slowly transfer Triton in 350 mL
condensation solution (10 mM Tris-HCIL, pH 7.4, 150 mM NaCl, 72.6 uM buty-
lated hydroxytoluene) agitating at 4°C. Complete to 500 mL with cold condensa-
tion solution by rinsing beaker a few times.

Cover and agitate solution at 4°C for 5-6 h.

Transfer solution in a separatory funnel and incubate overnight at 30°C.

Slowly recover detergent phase (bottom phase) in a 100 mL graduated cylinder
(perform this step at 30°C).

Transfer detergent phase in 250 mL condensation solution agitating at 4°C. Com-
plete to 500 mL with cold condensation solution by rinsing graduated cylinder a
few times.

Repeat last four steps twice.

Determine Triton X-114 final concentration by reading absorbance at 280 nm of
a 1:1000 dilution in 1% cold SDS solution (2.28 A,z = 1 mg/mL = 0.1% Triton
X-114).
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3.3.2.2. PROTEIN EXTRACTION (PHASE SEPARATION)

1.

Nowunkwbn

8.

9.
10.

Resuspend pelleted cells in solution A (10 mM Tris-HCI, pH 7.4: 0.15 M NaCl)
and add mammalian cocktail proteases inhibitor (Sigma). Add one third of the
volume of solution B (40 mM Tris-HCl, pH 7.4; 600 mM NaCl; 4% triton X-
114). (See Note 3.)

Incubate on ice for 1 h with frequent vortexing.

Centrifuge at 10,000g for 10 min at 4°C to pellet unbroken cells.

Transfer supernatant and incubate at 30°C for 3 min (until solution is cloudy).
Centrifuge at 1300g for 10 min at room temperature.

Transfer aqueous phase (top phase) but keep detergent phase at room temperature).
Add X vol of triton X-114 to aqueous phase:

Vol of Aq phase
2X concentration of triton in %

X vol of triton X-114 =

Shake well then incubate 3 min at 30°C (until cloudy) then slowly pour over
transfer detergent phase.

Centrifuge at 1300g for 10 min at room temperature.

Remove aqueous phase.

11. Precipitate hydrophobic protein (detergent phase) with 10X volume of acetone.

12.
13.

14.

3.4.

3.5.
3.5.

. After second dimension electrophoresis, separated proteins are fixed in the gel

Place at —20°C for 1 h or overnight.

Pellet proteins by centrifugation at max speed for 10 min at 4°C.

Resuspend air-dried pellet of proteins in IEF solution (7 M urea, 2 M thiourea,
4% CHAPS, 1% DTT) then precipitate protein again with 10 vol of acetone.
Place 5-10 min at —20°C.

Pellet proteins by centrifugation at max speed for 10 min at 20°C. Then place air-
dried pellet in IEF solution to dissolve protein.

Gel Electrophoresis

Samples containing 100-1000 mg of protein can be used to rehydrate immobi-
lized pH gradient strips (see Note 4).

First dimension electrophoresis is performed using the following program: 200-V
rapid ramp for 1 h, 500-V rapid ramp for 1 h, 5000-V linear ramp for 5 h, and
5000-V focusing for 80,000 V - h for a total of about 95,000 V - h (see Note 5).
Prior to second dimension electrophoresis, proteins on IPG strips are reduced
(1% DTT) and alkylated (4% iodoacetamide) in SDS equilibration buffer (6 M
urea, 30% glycerol, 2% SDS, and 50 mM Tris-HCI, pH 8. 8) for 15 min in each
solution.

The second dimension is perform on a 1-mm thick polyacrylamide gel at a con-
stant 24-30 m per gel (see Note 6).

Gel Staining
1. Sypro Ruby

for at least 30 min using a 10% methanol/7% acetic acid solution.
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Gels are then place in sypro ruby overnight with gentle agitation.
Gels are washed twice for 30 min in a 10% methanol/7% acetic acid solution.
Scan gels with Fluor-S Multilmager (BioRad).

2. Silver Stain

After second dimension electrophoresis, separated proteins are fixed in the gel
for at least 30 min using a 50% ethanol/5% acetic acid solution (can be left over-
night).

Wash gel for 10 min in 50% ethanol.

Wash gel twice for 10 min in water (see Note 7).

Place gel in 0. 02% sodium thiosulphate for 5 min.

Wash twice for 5 min in water.

Place gel in 0. 1% silver nitrate solution for at least 30 min.

Rinse gel with small amount of water for a few seconds.

Add a small amount of developer solution containing 0. 04% formalin (formalde-
hyde) and 2% sodium carbonate monohydrate (e.g., 500 uL of 37% formalin in
500 uL of 2% sodium carbonate monohydrate). Swirl briefly and discard.

Add more developer and shake slowly until spots appear (may take between 30 s
to 5 min depending on amount of protein loaded).

Discard developer and place gel in stop solution (5% acetic acid) for at least 5 min.
Store in 1% acetic acid.

Silver Destain and In-Gel Digestion

Excised spots are placed in a 96-well plate with pierced well bottom.

Protein spots are processed using a Progest automated digestion unit. Briefly, the
procedure involved spot destaining with potassium ferricyanide solution (15 mM
potassium ferricyanide/50 mM sodium thiosulfate). Gel pieces are then rinsed
three times with water and then shrunk with acetonitrile.

. The gel pieces are rehydrated with 10-20 uL of trypsin solution (0.01 ug/mL in

50 mM ammonium carbonate) and 20-40 uL of 50 mM ammonium carbonate is
added to the gel pieces prior to overnight incubation (37°C) with trypsin. (See
Note 8.)

Peptide fragments are recovered by adding organic solution (30-50 uL of
50% methanol/5% acetic acid) to the gel pieces.

Peptide extracts are then evaporated to dryness on a Savant preconcentrator.

Device Fabrication

Chip design.

Glass plates are cleaned ultrasonically in detergent (5% Sparkleen, Fisher Scien-
tific) methanol, acetone, and deionized water in an ultrasonic bath in a Class 100
clean room environment. Glass plates are cleaned ultrasonically in acetone. After
drying, the plates are immersed in a piranha solution (H,SO4/H,0, 3/1 vol) for
30 min and thoroughly wash with deionized water.
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Evaporatively deposit a metal mask, normally consisting of 200-A Cr and
1000-A Au onto glass plates under vacuum (<1076 torr).

Remove trace organics using H,SO,/H,0,.

Cr and Au masked glass plates are coated with positive photoresist (1.4-um-thick)
using a Solitec photoresist coater-developer (1.5 s at 500 rpm, 3.6 s at 3000 rpm)
and then soft-baked at 110°C for 5 min (30 min).

Perform photomask layout on a Princess CAD system. A Quintel contact mask
aligner is used to expose the photoresist and Microposit 354 (Shipley, Newton,
MA) is used as the developer.

Bake at 120°C for 30 min and etch away the metal layer with aqua regia and a
commercial Cr etch (KTI Chemicals, Sunnyside, CA). The metal layers are etched
with commercial gold etch solution and Cr etch solution.

Do not remove the remaining metal layer.

Etch the exposed glass in a slowly stirred mixture of concentrated HF/HNO,/
H,0 (20:14:66) or a commercial buffered oxide etch (BOE 10:1, Olin-Hunt, NJ).
Monitor the channel depth during etching with an Alphastep profilometer (Tencor
Ind., Mountain View, CA).

Remove the photoresist with acetone and metal masks.

Clean the etched glass plate and the cover plate as in step 2. In addition to acetone
and piranha wash (30 min) the etched glass plates and cover plates are washed with
water. Mount glass plates in a wafer frame with blue plastic film, scrub with a
sponge soaked in dilute detergent and pressure wash using a pressure cleaning
station (we used Model 2066, MicroAutomation, Fremont, CA). The detergent
cleaning process is repeated three times, with at least 3 min of scrubbing each
time. The final high-pressure washing is followed by a drying step in the pressure
washer.

Align two plates under microscope and bond them thermally in a Model 6-525 pro-
grammable furnace (J. M. Ney Co., Yucaipa, CA). The temperature program is as
follows: 40°C/min to 550°C for 30 min; 20°C/min to 610 °C for 30 min; 20°C/min to
635°C for 30 min; and 10°C/min to 650°C for 6 h. Cool to room temperature.

For 0211 glass the program is:

10°C/min to 440°C for 30 min; 2°C/min to 473°C for 30 min; 2°C/min to 592°C
for 6 h; and 40°C/min to 473°C for 30 min. Cool to room temperature naturally.

Repeat bonding cycle if necessary and add weights over poorly bonded regions.

Fabrication of a Low-Dead-Volume Connector

Crystal Bond (having a melting point in the range 0-80°C) is dyed by mixing 1-2
drops of black ink from a Staedtler Lumocolor permanent pen into approx 1-2 mL
of melted Crystal Bond to aid visualization.

The device is placed on a hot plate (80°C) filling the end of the channel adjacent
the edge surface of the microchip with a Crystal Bond to prevent substantial pen-
etration of glass chips into the capillary channel.
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The device is cut perpendicularly to the separation channel with a diamond saw
and the face is sanded with 220- and 600-grit silicon carbide abrasive paper.
Drill a hole into the edge surface of the microchip and align with the capillary
channel.

Heat the chip to 80°C while concurrently applying a vacuum to the capillary
channel exit to remove the Crystal Bond.

Insert an electrospray emitter into the hole and bond it to the microfluidic device
with Crystal Bond.

BCQ Coating

Rinse with 1 M NaOH at 25 psi for 1 h.

Rinse with water at 25 PSI for 1 h.

Rinse with methanol at 25 psi for 1 h.

Rinse with silane reagent solution overnight (12 h). The silane solution contains
5 mL methanol, 25 uL glacial acetic acid and 25 uL silane reagent.

Rinse with methanol for 1 h.

Rinse with water for 1 h.

Rinse with BCQ solution overnight. The BCQ solution contains 5 mL water,
100 uL. BCQ, 10 uL. TEMED, and 70 uL. 15% (w/v) ammonium persulfate.
Rinse with water for 1 h.

Blow dry with nitrogen.

3.10. Chip-CE-nES-MS

1.

(O8]

Small plastic pipet tubes are inserted through small holes made in the center of
septa (Thermogreen LB-1 from Supelco or Septa 77 from Chromatographic Spe-
cialties) for buffer B and waste A reservoirs. Teflon tubes (180 um id) are in-
serted in the center of septa for well D and used to seal a capillary transfer line
(see Fig. 1).

In this configuration the chip lays on the Teflon support and a Plexiglas top is
used to compress the septa to provide an airtight seal between the sample/buffer
reservoirs and the chip device.

A 0. 1 M formic acid solution is used as the separation background electrolyte.
Mass spectrometric experiments are conducted using a Q-Star quadrupole/time-
of-flight instrument (AB/Sciex, Concord, ON, Canada). The instrument is opti-
mized by infusing a solution of 1 ug/mL of angiotensin I at a flow rate of 0. 2 uL/
min through well E using a Harvard syringe pump.

The electrokinetic injection, sample separation, and chip cleaning steps are shown
in Fig. 1B.

During the separation, this peptide solution is introduced at a flow rate of 50 nL/
min and the [M+3H]** and [M+2H]?* ions of angiotensin I are used as internal
mass markers for accurate mass measurements.

. Tandem mass spectra are obtained using the Q-Star and collisional activation of

selected precursor ions is obtained using nitrogen as a target gas at collision ener-
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Fig. 1. Components of the autosampler chip-CE-QqTOF interface. (A) Microfluidic
device comprising a large flow channel (800-um wide, 150-um deep, and 22-mm long)
located between wells C and D. Sample plugs (typically 8—10 uL) are introduced from
the autosampler to well C via a capillary transfer line. Well A, B, and E correspond to
waste, separation buffer, and internal standard (1 ug/mL angiotensin I in separation
buffer). (B) sequential steps involving sample loading and cleaning, desorption, injec-
tion, and separation.

gies of typically 50-90 eV (laboratory frame of reference). Fragment ions formed
in the RF-only quadrupole are recorded by the time-of-flight mass analyzer at a
rate of 1 s/spectrum.

3.11. Sequential Chip-CE-nES-MS (see Note 9; Figs. 2 and 3).

1. The separation and waste reservoirs are filled with 30 uL of running buffer (see
Fig. 1).

2. A custom made 96-well plate autosampler with a sealed pressurized inlet is used
to introduce a 8—10 uL sample plug to the chip device via a 40-cm length of
transfer capillary (360 um od, 50 wm id) (23).

3. The first two rows of the plate are filled with wash and organic buffers while the
remaining 72 wells are filled with reconstituted protein digests.
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Fig. 2. Sequential analyses of six protein digests using the autosampler chip-CE—
QqTOF. Total ion electropherogram, (TIE; (m/z 400-1500) and reconstructed ion elec-
tropherogram, RIE for the tryptic peptides of Pisum sativum lectin. T 5 F,,: F,;, segment
of T;5 antibody, Dolichos lablab, SBA and P. Sativum correspond to lectins from D.
lablab, soyabean agglutinin, and Pisum sativum, respectively.

3.12. Adsorption Preconcentration Chip-CE-nES-MS
(see Note 10 and Figs. 4 and 5)

1.

2.

W

The reverse-phase slurry is prepared by suspending 10 mg C;g beads in 50 uLL of
methanol prior to packing on the chip (see Fig. 1).

A mixed bed composed of 2 mm of 40-um beads (Waters) and approx 18 mm of
5-um Poros particles (Applied Biosystems) is filled in sequence into the large
channel.

A 0. 1 M formic acid solution is used for separation background electrolyte.

A custom made 96-well plate autosampler with a sealed pressurized inlet is used
to introduce 8—10 mL of a sample plug to the chip device via a 40-cm length of
transfer capillary (360 wm od, 50 um id).

The first two rows of the plate are filled with wash and organic buffers while the
remaining 72 wells are filled with reconstituted protein digests.
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Fig. 3. 1D gel electrophoresis separation of soluble proteins from N. meningitidis immunotype L-3 (left panel). Sequential
sample loading and electrokinetic injection of gel isolated protein digests from bands #15, 16, and 17. The center panel presents the
RIE profile for m/z 759. 92, 558. 31, and 737. 85. The right panel presents the corresponding tandem mass spectra of each peptide

as indicated.
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Fig. 4. Identification of trace-level proteins isolated from human astrocytes. 2D gel separation of a total cell lysate (200 ug) and
chip-CE—nES-MS analyses of the spot indicated (A). (The reconstructed ion electropherograms for doubly protonated tryptic
peptide ions at m/z 600. 27 (B) 541. 71 (C) and 497. 20 (D) are presented with their corresponding extracted mass spectra for the
excised spot indicated. M, and p/ denote molecular mass (kDa) and isoelectric point, respectively. Sequential loading of peptide
samples followed by 200 nL of 1% formic acid in 75% acetonitrile. Electrokinetic injection and separation: —4. 5 kV applied to
well D (see Fig. 1) while other wells are floated. A voltage of +2. 2 kV was applied to the nES emitter.



320 Lietal.
3.13. Selection of Phosphopeptides Using a Chip-CE-nES-MS
(see Note 10)

1. IMAC beads are first washed using 1% acetic acid in 10% aqueous acetonitrile and

10.

conditioned with 3 x 10 uL of an aqueous solution of 100 mM ferric chloride.
The beads are washed again with 1% acetic acid in 10% aqueous acetonitrile, sus-
pended in 50 uL of the same solution and applied to the large packing channel.

. The IMAC bed is conditioned with 20 uL. 0. 1 M formic acid before loading the

sample on the chip.

Prior to sample loading (20 uL) on the chip, the sample is acidified by reconsti-
tuting the in-gel digest in 5% acetic acid for proper binding of phosphopeptides
to IMAC affinity column.

Approximately 20 uL of the digest sample is loaded onto the Fe (III) IMAC
beads by pressure at 10 psi for 5 min.

The IMAC bed is washed with 50 uLL deionized water and 20 uL 0. 1 M formic
acid.

The selected peptides are eluted from the beads using 2% ammonium hydroxide.
In order to prevent bubble formation between the acidic buffer and the ammo-
nium hydroxide, a short plug of deionized water is injected before and after the
elution buffer.

The peptides are eluted from the IMAC bed and electrokinectically injected into
the separation channel.

A short plug of deionized water (200 nL) is intercalated between the acidic and
basic buffers to obtain sample stacking and to minimize bubble formation. In all
cases, a constant voltage of —4. 5 kV is applied to well D (Fig. 1) during the
electrokinetic injection while other wells are floated.

3.14. Database Searching

1.

2.

Accurate peptide masses are determined using internal standardization on the Q-
Star instrument and are transferred to database search engine.

The list of peptide masses was searched against a nonredundant protein sequence
database from NCBI or SwissProt.

. Parameters for all searches assumed that masses corresponded to tryptic peptides

and that cysteine residues were converted to S-(carbamidomethyl)cysteine.
All peptide masses are considered monoisotopic and the maximum deviation
between the calculated and measured masses was set to <10 ppm (see Fig. 3).

. Alternatively, the search can be conducted using peptide sequence tag approach

in which the precise molecular mass of a given tryptic peptide plus the fragment
ion m/z values derived from the MS/MS spectrum are used to retrieve potential
protein candidates (see Fig. 4).

In situations where no match was obtained from either peptide mass fingerprint-
ing or sequence tags, sequence segments of at least six amino acids were sub-
jected to Blast search at the NCBI web site (www. ncbi. nln. nih. gov).
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Fig. 5. Enhancement of sensitivity for the analysis of protein digests using adsorp-
tion preconcentration and electrophoresis into a microfluidic device. Tryptic digest
from alpha-casein (5 pmol) was loaded onto the device. After washing with separation
buffer (0.1 M formic acid), different elution buffers were sequentially injected to pro-
vide a step elution of increasingly hydrophobic tryptic peptides. (A) TIE profile for
the elution buffers containing 0.1 M formic acid and 30%, 40%, 50%, and 60% aceto-
nitrile, respectively. (B) RIE profile for m/z 964.3. (C) RIE profile for m/z 692.9.

4. Notes

1. The N. meningitidis immunotype L3 strain 406Y (NRCC 4030) was from
NRC’s Institute for Biological Sciences (Ottawa, Ontario, Canada) bacterial
culture collection.

2. Growth and manipulation of N. meningitidis bacteria need to be conducted under
level II containment to ensure proper biosafety. Once bacteria are killed by stir-
ring cells with a phenol containing solution (bacterial killing solution) proteins
can be extracted using the precautions normally followed in the analytical chem-
istry laboratory.

3. Brief sonication can be use to solubilize membrane, a step often necessary to
break down bacterial cell walls. Sonicate until solution becomes clear.
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Protein load differs for each size of strips available (7, 11, and 17 cm). Follow
manufacturer instructions regarding maximum load.

. Total V-h needs to be adjusted depending on the nature of the sample and the

amount of protein loaded on a strip. This protocol is usually adequate for 17-cm
strips and protein load up to 600 ng. Higher amounts of protein can also be
separated using increased number of total V-h while smaller strips require less
focusing V-h.

A different concentration is used for the second dimension gel depending on tar-
geted proteins. To better separate high-molecular-weight proteins, gel of 7 or
10% acrylamide is used. To resolve lower-molecular-weight proteins, use 12 or
15% gels. Gradient gels of 7. 5-15% will permit a good visualization of all the
proteins.

If gels are already stained with Sypro Ruby, start at this step.

Since evaporating the samples might result in lost of protein, digestion of 4 h
instead of overnight can be done, followed by direct recovery of the peptides in
the extract without adding any organic solvents.

. The modular microsystem shown in Fig. 1 provides sequential injection and

separation of peptide standards and tryptic digests with a throughput of up to
30 samples/h with less than 3% sample carryover. Replicate injections of pep-
tide mixtures (such as Leu—enkephaline and Glu—Fibrinopeptide B) provided
reproducibility of migration time with RSD less than 2.3%, whereas RSD val-
ues of 3.7-11.8% are observed on peak height. When coupled to nES-MS this
system provides detection of submicromolar protein digests (<7 fmol/inj.) using
a quadrupole/time-of-flight instrument. An example of application for the analy-
sis of excised bands from an SDS-PAGE gel of N. meningitidis membrane pro-
teins is shown in Fig. 3.

The large channel of this microfluidic device (Fig. 1) provides a convenient plat-
form to integrate C,g reverse-phase packing or other type of affinity media such
as IMAC beads, thus enabling affinity selection of target peptides prior to elec-
trophoretic separation and MS analyses on a quadrupole/time-of-flight instru-
ment. Sequential injection, preconcentration, and separation of peptide standards
and tryptic digests are achieved with a throughput of up to 12 samples/h and a
concentration detection limit of approx 5 nM (25 fmol on chip). When using C;g
preconcentration packing this device provides reproducible migration time with
RSD values of 1.2-1.8% and RSD values ranging from 9.2-11.8% for peak
heights. The application of this device for trace level protein identification is
demonstrated for 2D gel spots obtained from protein extracts of human astro-
cytes using on-line MS/MS (Fig. 4). Improvement of sensitivity for the analysis
of tryptic digests can be achieved using adsorption preconcentration prior to elec-
trophoretic separation on the microfluidic device. Reverse-phase C18 beads are
immobilized in the large channel and adsorbed analytes are subsequently sepa-
rated by applying discrete plugs of increasing organic buffer ranging from 30—
60% acetonitrile (0.1% formic acid) as shown in Fig. 5.
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