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Introduction and Principle

Affinity capillary electrophoresis (ACE) is a new
procedure for studying protein—ligand interactions.!~®
Its potential applications include developing tight-
binding drug candidates, screening libraries for lead
compounds, characterizing the effective charges of
proteins, and measuring enzymatic activities. We will
illustrate some of these applications using several
examples from our work, with a focus on a model
system comprising carbonic anhydrase and arylsul-
fonamides. Most of our work has been carried out
using uncoated fused silica capillaries. In principle,
proteins can be examined by capillary electrophoresis
using conditions that maintain them in their native,
functional forms. In practice, adsorption of proteins
(especially those with high molecular weight and pI)
to the wall of the uncoated capillaries is an important
limitation to the generality of the method. Less
adsorptive, coated capillaries are now becoming avail-
able, but are not yet in wide use.

Capillary Electrophoresis. Capillary electro-
phoresis (CE) differentiates charged species on the
basis of mobility under the influence of an electric field
gradient.!%1! The value of the electrophoretic mobility
u of a species is directly related to its net charge and
inversely related to its hydrodynamic drag. Eq 1 is

VA
= Cpr— 1
U e 1)
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N—T(g—;g) (2)

an approximate expression of this relationship: here,
Cp is a constant for a given protein (P) of mass M and
charge Z, Experimentally, the electrophoretic mobility
is determined by the migration time of a protein (¢p)
and a neutral marker (¢go), where Lq is the length of
the capillary from injection end to the detector, L. is
the total length of the capillary, and V is the voltage
that is applied across the capillary (eq 2).
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Pioneering works by Karger,!? Grossman,!® Reg-
nier,* Novotny,!® Jorgenson,'¢ and others influenced
the rapid opening of the field of CE to commercializa-
tion; the development of versatile and relatively
inexpensive commercial instruments now makes it
routinely accessible as a technique in analytical
biochemistry.

Affinity Capillary Electrophoresis. ACE mea-
sures the value of electrophoretic mobility up, for a
protein (P) as a function of concentration of a ligand
(L) that binds to it and is present in the electrophoresis
buffer (Figure 1).1-° ACE is related to gel retardation
assays used in protein biochemistry,!” but takes
advantage of the high resolving power of CE.

One can measure the binding constant (K3) of a
ligand to the protein using Scatchard analysis (eq 3)
where Aup is the change in mobility of the protein P
at a given concentration of the ligand L (up1) compared
to that without the ligand (up) in the electrophoresis
buffer, and Aup;1™** is the change in mobility at a
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Figure 1. The electrophoretic mobility of a protein (mass M
and charge Z) varies with the extent to which the binding site
is occupied by a ligand (solid triangle) of mass m and charge z

during electrophoresis. Peak broadening is observed when
(ko)L is comparable to the emergence time.

Aup /IL] = KyAup ™ — Ky Aupy, 3
AtL/[L] = KbAtmax - KbAtL (4)

concentration of ligand L that will saturate the active
site of the protein. Measuring changes in migration
time of the protein (A¢;, and At ™#*) as approximations
of changes in electrophoretic mobilities (Aup: and
Aup1™*) can provide an estimation of binding con-
stants (eq 4) in cases where the electroosmotic flow
(EOF) does not change significantly on the addition
of the ligand(s) to the electrophoresis buffer (see
section on correction for EOF). Assumptions associ-
ated with egs 3 and 4 include the following: (a) the
binding interaction is monovalent; (b) the quantity of
receptor is much lower than the total quantity of
ligand available for binding; (c) equilibrium is achieved
between bound and unbound species; (d) the interac-
tion of the ligand and the receptor with the capillary
wall does not significantly alter the binding of the
ligand to the receptor; and (e) the electric field does
not influence the binding constants.

In principle, there are two limiting ways by which
a ligand could change the electrophoretic mobility of
the protein upon binding (Figure 1): by changing the
charge, while leaving the hydrodynamic drag un-
changed (i.e., small, charged ligands), or by changing
the hydrodynamic drag, while leaving the charge
unchanged (i.e., large, neutral ligands). For a number
of technical reasons, we have focused on the former
strategy.

Model System for ACE: Binding of
Arylsulfonamides to Carbonic Anhydrase

We chose carbonic anhydrase!® (CA; EC 4.2.1.1, from
human and bovine erythrocytes) as a model protein
because (1) it does not adsorb significantly to the wall
of uncoated capillaries, (2) it is available commercially,

(18) Botre, F.; Gros, G.; Storey, B. T. Carbonic Anhydrase: From
Biochemistry and Genetics to Physiology and Clinical Medicine; VCH
Publishers: New York, 1991. Dodgson, S. J.; Tashian, R. E.; Gros, G.;
Carter, N. D. The Carbonic Anhydrases: Cellular Physiology and
Molecular Genetics; Plenum Press: New York, 1991.
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Figure 2. Affinity capillary electrophoresis of a mixture of
isozymes of carbonic anhydrase: HCA I (human carbonic
anhydrase, pI 6.6), HCA I (pI 6.0). BCA II (bovine carbonic
anhydrase, pl 5.9), and BCA II (pI 5.4). The electrophoresis
buffer used was tris (25 mM)-glycine (192 nM) at pH 8.3. MO
is added to measure EOF; HHM and STI are protein markers
that do not interact with affinity ligand 8. The inverted peak
(*) migrates at the emergence time of free 3 and is due to the
lack of 3 in the injecting samples.

(3) its crystal structure is known,!® (4) it exists as a
number of isozymes that differ in pI, (5) many aryl-
sulfonamides bind to it with values of K between 105
and 10° M™1, and (6) charged derivatives of these
ligands are easy to synthesize.l?

Figure 2 shows electropherograms of a mixture of
CA isozymes (from human and bovine erythrocytes)
in an electrophoresis buffer containing a monocar-
boxylated arylsulfonamide ligand 8. Mesityl oxide
(MO) was added in the sample to correct for EOF;
horse heart myoglobin (HHM) and soybean trypsin
inhibitor (STI) were used as noninteracting protein
standards. The migration times of MO, HHM, and
STI are independent of the concentration of 3 (up to
140 x#M). Only the isozymes of CA change their
electrophoretic mobilities upon binding 3. Scatchard
analysis of the changes in electrophoretic mobilities
gives the binding affinity of the ligand to different
isozymes simultaneously (next section).

Quantitative Measurement of Binding Con-
stants. Figure 3A shows a set of electropherograms

(19) Liljas, A.; Haakansson, K.; Jonsson, B. H,; Xue, Y. Eur. J.
Biochem. 1994, 219, 1-10. Hakansson, K.; Liljas, A. FEBS Lett. 1994,
350, 319—322. Jain, A.; Whitesides, G. M.; Alexander, R. S.; Christian-
son, D. W. J. Med. Chem. 1994, 37, 2100—2105.
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Figure 3. The migration time of BCA II (pl 5.9) changes with
increasing coricentration of the tricarboxylated arylsulfonamide
ligand 1 in the electrophoresis buffer. Stacked electrophero-
grams A were obtained experimentally ((BCA II] = 10 uM in
tris-glycine buffer, pH 8.3). The nonmobile peak is due to HHM,
used as the noninteracting protein standard. Panels B—D were
generated by simulation. Simulation parameters kog (571), kon
(105 M-t s71): (B) 1.0, 1.5; (C) 0.10, 0.15; (D) 0.010, 0.015. In
the simulation, the concentration in each compartment was
adjusted every 10 ms and the contents of the compartments for
the mobile complex were transferred every 100 ms.

1 R = CHNHC(O)(CH,)4C(O)NHCICH,0(CH,)3SCH,CO, I
co,

2 R =CH,NHC(O)(CH,),C(O)NH Q

) co,
3 R=CHNHC(O)(CH,).CO,

4 R=H
/~\ CHs

5 R = C(O)NH—N N+
\—/ "CHy

for bovine CA II (BCA II, pl 5.9) at increasing
concentrations of arylsulfonamide ligand 1 having
three carboxylic acid groups present in the electro-
phoresis buffer. The peak shift is accompanied by
significant peak broadening due to a slow dissociation
of the complex (see below in the section on kinetics).
Analysis of these data using a Scatchard plot (eq 3)
gave a value of K, = 1.5 x 10% M~! that agreed well
with a value, K, = 1.4 x 10° M™!, obtained by a
fluorescence-based assay.? The noninteracting neutral
marker and noninteracting protein standards are
included in the sample to correct for changes in EOF
with changes in concentration of the ligand. They also
detect changes in mobility due to nonspecific interac-
tion between proteins and ions.

We have also successfully applied ACE to other
binding systems including calmodulin (from bovine
testes) and calcium ion, glucose-6-phosphate dehydro-
genase (G6PDH) and NADP*, SH3 domain and pep-
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tides, monoclonal antibody (anti DNP) and N-dinitro-
phenylaminocaproic acid, and thrombin and peptides.

Correction for Changes in Electroosmotic Flow.
The binding constants of charged ligands to proteins
can be measured by ACE even under conditions in
which the migration times are affected by changes in
EOF resulting from changes in concentrations of
ligands. These corrections are made by observing the
behavior of an electrically neutral internal standard
and checked by observing noninteracting proteins
included in the sample.® Ineqs 5—7, the experimental

H=HpL ~ Hp (5)
- .
V |\ter tgoL tp  tgo
N LLy At

parameters tp1, tp, troL, and tgo are the measured
migration times of protein (P) and neutral marker
(EO) peaks in the presence and the absence of the
ligand (L) in the electrophoresis buffer, respectively.
Binding constants based on corrected electrophoretic
mobility for the protein can then be determined using
eq 6 in combination with eq 3. When the change in
EOF of the system is negligible over the concentration
range used in the analysis, At (¢p1, — tp) is proportional
to Aup1, (eq 6), and eq 4 can be used to estimate the
binding constant.

Representative examples of systems requiring cor-
rections to changes in EOF are the interactions of CA
with positively charged arylsulfonamides® and SH3
domain—proline—rich peptides.” Representative ex-
amples of those not requiring EOF corrections are the
interactions of CA with negatively charged arylsul-
fonamides.!?

Kinetics of Association and Dissociation (K, =
kon/kotr) and Electrophoretic Peak Shapes. Be-
sides changes in the electrophoretic mobility upon
binding, the peak for the protein sometimes also
broadens in the region of intermediate mobility (Fig-
ure 3A).22° This type of broadening reflects equilibra-
tion between free protein and protein—ligand complex
having different electrophoretic mobilities. The peak
width depends on the value of k. of the protein—
ligand complex and the run time of each electrophore-
sis experiment. In the system of CA and sulfonamide
ligands, 10—100 association and dissociation events
occur during each electrophoresis run.22

We were able to extract the rate constants from the
peak widths by simulating the behavior of the protein
under conditions of the ACE experiment (Figure 3B—
D). Our simulation of ACE suggests that these
experimental electropherograms can be explained in
terms of relatively few variables: on and off rates (and
thus, binding constant), concentration of the ligand-
(s), and relative mobilities of the protein and its
complex{es). The simulation assumed the interaction
of the protein with the capillary wall to be negligible.
This potential of ACE to determine the kinetic and

(20) Miller, J. M. Chromatography: Concepts and Contrasts; Wiley:
New York, 1988; pp 25—39. Brainthwaite, A.; Smith, F. J. Chromato-
graphic Methods; Chapman and Hall: New York, 1985; pp 11-23.
Giddings, J. C. In Chromatography; Heftmann, E., Ed.; Van Nostrand
Reinhold: New York, 1975; pp 27—45.



464 Acc. Chem. Res., Vol. 28, No. 11, 1995

equilibrium constants simultaneously for protein—
ligand interactions is especially attractive in evaluat-
ing drug candidates.?!.22

Binding of Carbonic Anhydrase with Two
Ligands, One Electrically Neutral and the Other
Charged. Direct analysis of the binding interaction
of CA with an electrically neutral, low molecular
weight arylsulfonamide 4 is not possible using the
format of ACE we have described, because the elec-
trophoretic mobilities of free and bound proteins are
experimentally indistinguishable. We have previously
shown that one way of circumventing this limitation
is to measure the binding constant of the neutral
ligand 4 as it competes with charged ligand 1 of known
binding constant.?

Other Binding Interactions

Protein Charge Ladders. ACE can also be used
to estimate the effective charges of proteins in solution
at a given pH.° These applications permit convenient
estimation of effective charge for a protein in solution
without knowledge of its composition or amino acid
sequence, and they require only very small amounts
of protein. We have examined two methods for
generating a charge ladder, that is, a series of deriva-
tives of a protein differing by known increments of
charge but differing only minimally in hydrodynamic

"drag. One method is by noncovalent association of a
protein with differently charged ligands; the second
method modifies the proteins covalently (Figure 4).
When the charge of a protein is modified from Z, to a
value Z,, the ratio of the mobilities of the modified
and unmodified proteins is given by eq 8. Algebraic
manipulation of eq 8 gives eq 9; this equation relates
the emergence times of peaks in the charge ladder to
the effective charge of the protein (here ¢ and ¢, are
the emergence times of the unmodified and modified
proteins, respectively, and A¢, = ¢, — tgo).

Hn _ 2Ly
w7 ®

9)

At Jt,
AZn=Zn—Z0=ZO( —1)

Atoft,

Noncovalent modification of the charge of CA to
generate a protein charge ladder is illustrated by
obtaining the emergence times of complexes of BCA
II with the arylsulfonamides 2, 3, and 5. High
concentrations (~millimoles/liter) of the ligands were
used to ensure the saturation of the active site of BCA
II. Analysis of the data using eq 8 indicates that Z,
~ —3.7 for BCAII (pI 5.9), and Z, ~ —5.0 for BCA II
(pl 5.4). Covalent modification of BCA II (pl 5.9) and
BCA II (5.4) is illustrated using reaction with 4-sul-
fophenyl isothiocyanate; the results are consistent
with those from ACE studies: analysis of the charge
ladders yields estimates of the effective charges at pH
8.3 that Zy ~ —3.5 for BCA II (pl 5.9), and Z; ~ —4.5
for BCA II (pI 5.4). The difference of one unit of
charge between BCA II (p/ 5.9, Arg-56) and BCA II
(pI 5.4, GIn-56) observed experimentally is that ex-

(21) Carotti, A.; Raguseo, C.; Campagna, F.; Langridge, R.; Klein, T.
E. Quant. Struct.—Act. Relat. 1989, 8, 1-10

(22) White, R. J.; Phillips, D. Q. Biochemistry 1988, 27, 9122~9132.
Paton, W.D.M.; Rang, H. P. Adv. Drug Res. 1966, 3, 57—80.
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Figure 4. Measurement of effective charge of bovine carbonic
anhydrases (BCA II). The sample contained two isozymes BCA
II (pI 5.9) and BCA 1I (pI 5.4) in about a 10:1 ratio; these
isozymes differ by one unit of charge. (A) The charge ladder
was generated by complexation of BCA II with charged
ligands: (a) [8] = 1.0 mM, (b) buffer, (¢) [3] = 1.0 mM, and (d)
[2] = 0.5 mM. (B) Covalent modification of lysine e-amino
groups on BCA II by 4-sulfophenyl isothiocyanate generated two
independent charge ladders of BCA II (pI 5.9) and BCA II (pI
5.4) (buffer = tris (25 mM)-glycine (192 mM), pH = 8.3, tgo =
170 s). The emergence times of the unmodified proteins are
indicated and provide origins of scales in AZ. The time scale
applies to both A and B conditions of electrophoresis. (C)
Determination of effective charge from the analysis of charge
ladders using eq 9. The data shown for BCA II (pl 5.9) and
BCAII (pI 5.4) were estimated using ladders generated by ACE
and covalent (CO) methods.

pected from the amino acid sequences. Other proteins
whose effective charge has been checked using this
procedure include trypsin, insulin, myoglobin, a-lact-
albumin,? and an anti-2,4-DNP antibody.??
Stoichiometry of Binding. ACE can also conve-
niently determine binding stoichiometries of receptor—

(23) Mathai, M.; Gomez, F. A.; Whitesides, G. M. Anal. Chem., in
press.
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Figure 5. Determination of the stoichiometry of binding of a
low-affinity system: carbonic anhydrase and arylsulfonamide
3. (A) ACE of samples having a constant concentration of BCA
II(p! 5.9; 4.2 uM) and 3 (67 uM) in tris-glycine buffer containing
various concentrations of 8 (pH 8.3). The total electrophoresis
time in each experiment was 2.5 min at 12 kV using 200 nm as
the detection wavelength. 2-Iodobenzoic acid (S) was used as
the internal standard for peak areas. (B) The graph summarizes
experimental data derived from panel A. (Data from Walsh,
C. T, et al.; ref 8.)

ligand interactions (Figures 5 and 6).2 Figure 5 shows
that BCA II binds the ligand 3 with a stoichiometry
of 1:1. The interaction of CA with arylsulfonamides
is an example of a low-affinity system.

The interaction of a mouse monoclonal IgG antibody
(anti-HSA) to human serum albumin (HSA) is a
representative example of a high-affinity system (Fig-
ure 6). For each mole of an anti-HSA molecule in the
sample, addition of a stoichiometric amount (i.e., 2
mol) of the HSA results in the formation of 1 mol of
the anti-HSA-HSA complex (Figure 6). ACE can also
readily separate stable intermediate species corre-
sponding to 1:1, 1:2, and 1:3 complexes obtained when
streptavidin (from Streptomyces avidinii) binds a
derivative of biotin.®
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Figure 6. (A) Determination of the binding stoichiometry of
human serum albumin (HSA) to its mouse monoclonal IgG
antibody (anti-HSA, 0.33 uM) using ACE in tris-glycine buffer
(pH 8.7)-200 nm as the detection wavelength. DNS-E was
dansylglutamic acid used as an internal standard. (B) A plot
of the concentration of free ligand vs the ratio of [HSA)/[anti-
HSA] gives a sharp break at the stoichiometric point (2.0).
(Data from Walsh, C. T., et al.; ref 8.)

R;. and Lgr Experiments with Vancomycin (R)
and D-Ala-D-Ala Peptides (L). We have also exam-
ined the use of ACE in studying binding interactions
involving receptors with low molecular weight, using
vancomycin as an example.* We have carried out two
complementary types of ACE experiments with van-
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Figure 7. Ry Method: ACE of vancomycin in 10 mM sodium
phosphate buffer (pH 7.1) containing various concentrations of
N-acetyl-D-Ala-pD-Ala, 8. The neutral marker mesityl oxide (MO)
and the tripeptide L-Ala-L-Ala-L-Ala were used as internal
standards. Lr Method: ACE of N-Fmoc-Gly-D-Ala-D-Ala (@),
N-Fmoc-Gly-p-Ala-D-Ala-D-Ala (W), N-Fmoc-Gly-1-Ala-L-Ala (O),
and N-Fmoc-Gly-L-Ala-1-Ala-L-Ala (O) in 20 mM sodium phos-
phate buffer (pH 7.5) containing various concentrations of
vancomycin. The asterisk (*) indicates the position of the peak
for unidentified neutral species carried through the capillary
by electroosmotic flow.

comycin (R) and peptidyl ligands (I, = N-acetyl-D-Ala-
D-Ala, 6) (Figure 7).

N-acyl-D-Ala-D-Ala

The “R;1.” Experiment. In this type of experiment,
we observed the change in the mobility of the receptor
vancomycin, ur, as we varied the concentration of
ligand 6 in the buffer. This change in mobility of
vancomycin was due primarily to the change in charge
(from partial positive to partial negative) on binding
the negatively charged peptide present in the electro-
phoresis buffer. Figure 7 shows representative elec-
tropherograms.

The “Lgr” Experiment. In a second, complemen-
tary, type of experiment, we observed the mobility of
the ligands, u1, as we varied the concentration of
vancomycin included in the electrophoresis buffer
(Figure 7). This change in mobility of the ligand was
due primarily to the change in hydrodynamic radius
and drag on binding the receptor.

The extreme economy with which ACE uses recep-
tors and ligands permits both methods (R;, and Lg;
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Figure 8. Sequential introduction of plugs of enzyme G6PDH,
buffer, and substrate NAD (200 uM) followed by electrophoresis
in buffer containing Glc-6-P (200 xM) results in enzyme-
catalyzed conversion of the substrate to product as the substrate-
containing plug migrates through the enzyme-containing plug.
The amount of GBPDH in the enzyme plug was serially diluted
by a factor of 2 in going from one electropherogram to the next.

especially the latter, where the receptor is used as a
component of the buffer) to be practical. Using the
principle of competitive binding, we have also de-
scribed a rapid assay, by ACE, for use in identifying
tight-binding ligands for vancomycin in mixtures of
equimolar ligand candidates.*

The Capillary as a Microreactor

Regnier,!* we,5 and others have demonstrated that
enzyme-catalyzed reactions take place in an electro-
phoresis capillary under nondenaturing conditions,
and convert substrates to products. In thess experi-
ments, enzymes and substrates are injected as sepa-
rate plugs into the capillary (a procedure we call a
“plug—plug reaction”) or the substrate is included in
the electrophoresis buffer (a “continuous reaction”). We
have demonstrated the oxidation of glucose 6-phos-
phate (Glc-6-P) to 6-phosphogluconate using glucose-
6-phosphate dehydrogenase (G6PDH) with NAD as a
model system.

Plug—Plug Reaction. In the plug—plug reaction
(Figure 8), samples of G6PDH and of NAD were
injected separately onto a capillary and subjected to
electrophoresis. The relative order and timing of
injection onto the capillary are important to ensure
contact between G6PDH and NAD during electro-
phoresis.

Continuous Reaction. In a second protocol (Fig-
ure 9), a sample of G6PDH was injected onto a
capillary that had been equilibrated with a buffer
containing NAD. This protocol is the extension of the
plug—plug reaction to the reaction of a plug of GGPDH
with a continuous stream of NAD (essentially an
indefinitely long plug). The response of the electro-
pherograms correlates with the amount of G6PDH
present in the plug and with the duration of contact
between G6PDH and NAD. This type of experiment
allows amplification of enzymatic activity in the plug.

We observed both enzyme catalysis and the effect
of ligand binding on the electrophoretic mobility of
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Table 1. Studies on Binding of Ligands to Receptors Using Affinity Capillary Electrophoresis

example ref
A. protein—protein interactions
human serum albumin (HSA) and anti-HSA 8
human growth hormone (hGH) and anti-hGH (or its fragment) 24
B. protein—DNA interactions
EcoR1 and oligonucleotide; peptide and oligonucleotide 25
C. protein—peptide interactions
SH3 domain and proline-rich peptides 7
D. protein—drug interactions
bovine carbonic anhydrases (CA) and arylsulfonamides; glucose-6-phosphate dehydrohenase (GGPDH) and NADP~; 1,2,6,23
G6PDH and NADPH; IgGgp and 2,4-DNP
bovine serum albumin (BSA), bacterial cellulase and tryptopha, benzoin, pindolol promethazine, warfarin 26
HSA and kynurenine, tryptophan, 3-indole lactic acid, 2,3-benzoyltartaric acid, (2,4-dinitrophenyl)glutamate 27
cellulase and S-blockers 28
BSA and warfarin 29
BSA and leucovorin 30
E. protein—metal ion interactions
calmodulin, parvalbumin, thermolysin, and Ca(II); carbonic anhydrase, thermolysin, and Zn(II) 1,31, 32
C-reactive protein and Ca(Il) 25, 33
F. protein—carbohydrate interactions
Tetragonolobus purpureas lectin and fucose 1-phosphate 34
B-galactose-binding lectin and lactobionic acid 35
concanavalin A—rhodamine-labeled mannoside 36
G. peptide—peptide interactions
vancomycin and D-Ala-D-Ala-containing peptides 3, 4, 37
H. peptide—carbohydrate interactions
synthetic peptide and anionic carbohydrates 38
I. peptide—dye interactions
synthetic peptide and Congo Red 39
d. carbohydrate—drug interactions
methyl-3-cyclodextrin and propranolol 40
K. oligonucleotide—oligonucleotide interactions
d(A)/d(T)s 41
50y G6PDH during these experiments. Potential applica-
sec NAD . . . .
L tions of these microreactor techniques include analyz-
\ NADH _ ing samples for enzymatic activities or concentrations
Y 8 of substrates, evaluating molecules as substrates for
e G6PDH g enzyme-catalyzed reactions, examining mixtures of
g proteins for activity against a particular substrate,
A= 260 mm NAD + NADH § and studying enzyme—inhibitor interactions.
= Conclusion
&Eﬁ‘L'LL NADH How General Is ACE? CE offers rapid analysis
. of small amounts of water soluble, charged samples
I Enzyme plug with high resolution; ACE allows these advantages to
NAD be applied in studying binding interactions (Table 1).
L__| ACE can be valuable in determining both binding
constants and binding stoichiometries of receptor—
NADH £ ligand interactions, in estimating kinetic constants for
) ]
? E (24) Shimura, K.; Karger, B. L. Anal. Chem. 1994, 66, 9-15. Gross-
NADH NAD _g man, P. D.; Colburn, J. C.; Lauer, H. H.; Nielsen, R. G.; Riggin, R. M.;
] ﬁ Sittampalam, H. H.; Rickard, E. C. Anal. Chem. 1989, 61, 1186—1194,
@pDH (25) Maschke, H. E.; Frenz, J.; Williams, M.; Hancock, W. S. 5th Int.
Symp. HPCE, Orlando, FL, 1993; Poster T121. Heegaard, N. H. H,;
| Gle-6-P Robey, F. A. Am. Lab. 1994, 28T—28X. Heegaard, N.H.H. Robey, F. A.
6-P-Glucom_—J J. Lig. Chromatogr. 1993, 16, 1923—1939.

Figure 9. The relative migration times of GGPDH, NAD, and
NADH (observed at 200 nm) serve as reference for the remain-
der of the figure. The experimental electropherograms were
obtained at 260 and 340 nm with a plug of GBPDH migrating
in a buffer containing NAD (200 uM) and Gle-6-P (200 uM). The
schematic shows the analysis of the experimental electrophero-
grams in terms of consumption of NAD and generation of
NADH. The schematic section also shows the analysis of the
experimental electropherograms in terms of the mobilities of
the cofactors relative to the plug of enzyme. The arrows indicate
substrate flowing through the plug in the direction shown; the
narrowed width of the arrow coming out of the plug indicates
reduction in the concentration of the substrate. The hatched
arrows indicate the flow of the products in the direction
indicated. The putative time of arrival of the enzyme at the
detector in the presence of the substrates is represented by .
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(82) Kajiwara, H.; Hirano, H.; Oono, K. J. Biochem. Biophys. Methods
1991, 22, 263—-268.

(33) Heegaard, N. H. H.; Robey, F. A. J. Immunol. Methods 1993, 166,
103-110.

(34) Kuhn, R,; Frei, R.; Christen, M. Anal. Biochem. 1994, 218, 131—
135.
(35) Honda, S.; Taga, A.; Suzuki, K.; Suzuki, S.; Kakehi, K. J.
Chromatogr. 1992, 597, 377—382,

(86) Shimura, K.; Kasai, K. 7th Int. Symp. HPCE, Wurzburg, Ger-
many, 1995; Poster P-133.



488 Acc. Chem. Res., Vol. 28, No. 11, 1995

association and dissociation, and in screening tight-
binding ligands from mixtures of compounds. It
requires only small amounts of samples (nanoliter
injection volumes, picograms of proteins). It does not
involve radioactive materials and chemically im-
mobilized ligands, and it does not require changes in
absorption or emission spectra upon binding.

ACE can simultaneously measure multiple binding
constants from samples of protein isozymes or various
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Resolut. Chromatogr. 1992, 15, 625—626. Baba, Y.; Tsuhkako, M.; Sawa,
T.; Akashi, M.; Yashima, E. Anal. Chem. 1992, 64, 1920—1925.

(42) Green, J. S.; Jorgenson, J. W. J. Chromatogr. 1989, 478, 63—70.

(43) Hjerten, S.; Kubo, K. Electrophoresis 1993, 14, 390—395.
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227-2317.

(45) Schomberg, G. Trends Anal. Chem. 1991, 10, 163—-169.
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ligands; they need not be pure individually. The
capillary can also serve as a microreactor to study
enzyme-catalyzed reactions. It is possible to detect,
using enzymatic amplification, 10 amol (attomol)
(10718 mol) of GEPDH.5!4

The capability to modify the charge of the protein
without significantly modifying its hydrodynamic drag
allows ACE to be used to estimate the effective charge
of proteins without knowledge of their sequences and
structures.

The major current limitation to ACE is the tendency
for proteins with high molecular weight and/or high
pl to adsorb on the walls of uncoated capillaries.
Addition of zwitterions and salts to buffers,*? use of
coated capillaries,**~4% and correction for changes in
EOF decrease (but do not always eliminate) the
influence of this adsorption.
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