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The study of receptor–ligand interactions by affinity
capillary electrophoresis (ACE) requires an accurate
form of analysis. Here, we examine the use of two
noninteracting standards (markers) in the analysis of
binding constant data in ACE studies. This concept is
demonstrated using two model systems: carbonic an-
hydrase B (CAB, EC 4.2.1.1) and arylsulfonamides, and
vancomycin (Van) from Streptomyces orientalis and
the dipeptide N-acetyl-D-Ala-D-Ala. In this procedure a

lug of receptor and noninteracting standards is in-
ected, and analysis of the change in the relative mi-
ration time ratio of the receptor, relative to the non-
nteracting standards, as a function of the
oncentration of the ligand yields a value for the bind-
ng constant. The findings described here demonstrate
hat data from ACE studies can best be analyzed using
wo noninteracting standards, yielding values compa-
able to those estimated using other binding and ACE
echniques. © 2000 Academic Press

Key Words: affinity capillary electrophoresis; rela-
ive migration time ratio; multiple-plug binding assay;
ow-through partial-filling affinity capillary electro-
horesis.

The characterization of molecular affinity coupled to
the structural and quantitative information about the
interacting molecules is necessary to understand the
functions and mechanisms of biological systems in
health and disease. The powerful combination of sep-
aration and molecular characterization that is possible
by affinity capillary electrophoresis (ACE)2 has made it
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possible to study many interactions and to estimate
binding parameters (1–38). The technique uses the
resolving power of capillary electrophoresis to distin-
guish between free and bound forms of a receptor as a
function of the concentration of free ligand (1). A num-
ber of interactions have been examined by ACE, afford-
ing information on binding parameters. For example,
Heintz et al. have demonstrated the use of a partial-
filling ACE technique in estimating binding constants
of ligands to receptors (2). Dunayevskiy et al. have
demonstrated that ACE can be used in combinatorial
approaches to drug design by evaluating binding con-
stants of a number of peptides to vancomycin (3). ACE
has also been used to investigate an epitope on human
immunodeficiency virus by a monoclonal antibody (4).

A number of forms of analysis have been utilized to
estimate binding constants using ACE (5). Many of
these forms require measurement of receptor electro-
phoretic mobilities in both complexed and uncom-
plexed states. Equation [1] is but one example of an
equation based on electrophoretic mobilities that has
been used successfully to estimate the K b of ligands to
receptors. In this equation changes in the electro-
phoretic mobility mR of a receptor (R) on complexation
with a ligand (L) present in the buffer can be correlated
to the binding constant K b. Analysis of the magnitude
of the change in mobility DmR,L as a function of the
concentration [L] of ligand yields K b:

DmR,L /@L# 5 KbDm R,L
max 2 KbDmR,L. [1]

Recently, mobility ratios, M, were used to estimate
binding constants between ligands and receptors (6).
Here, M is defined as (t eo/t r) 1 1, where t eo and t r are

MPBA, multiple-plug binding assay; FTPFACE, flow-through par-

tial-filling affinity capillary electrophoresis.
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210 MITO ET AL.
the migration times of a noninteracting standard and
the receptor in question, respectively. Equation [2] is
subsequently used for Scatchard analysis to estimate a
K:

DMR,L /@L# 5 KbDM R,L
max 2 KbDMR,L. [2]

In practice, however, analyses dependent on electro-
phoretic mobilities are more susceptible to error than
those independent of them due to fluctuations in elec-
troosmotic flow (EOF). Although Eq. [2] has been most
successful in estimating K b compared to other forms of
analyses, it is not yet a universal form of analysis and,
hence, improvements in analysis of ACE data are still
warranted.

In experiments employing two noninteracting stan-
dards, a relationship can be derived relating the stan-
dards to the receptor, which we term the relative mi-
gration time ratio, RMTR (Eq. [3]):

RMTR 5 ~tr 2 t9s!/~t9s 2 ts!. [3]

ere, tr, ts, and t9s are the measured migration times of
he receptor peak and the two noninteracting standard
eaks, respectively. A Scatchard plot can be obtained
sing Eq. [4]:

DRMTRR,L/@L# 5 KbDRMTRR,L
max 2 KbDRMTRR,L. [4]

Here, DRMTRR,L is the magnitude of the change in the
relative migration time ratio as a function of the con-
centration of ligand. Equation [4] allows for the esti-
mation of K b on a relative time scale using two nonin-
teracting standards and compensates for fluctuations
in the capillary column induced by electrophoresis.

In this paper we demonstrate the use of the relative
migration time ratio to estimate binding constants of
ligands to receptors in ACE. This concept is demon-
strated using two model systems: carbonic anhydrase
B (CAB, EC 4.2.1.1) and arylsulfonamides, and vanco-
mycin (Van) from Streptomyces orientalis and the

ipeptide N-acetyl-D-Ala-D-Ala. The general utility of
his form of analysis is compared to other forms of
nalysis in ACE.

MATERIALS AND METHODS

Chemicals and reagents. All chemicals were ana-
lytical grade. 4-Carboxybenzenesulfonamide, 2 (Fig. 1),
was purchased from Aldrich Chemical Co., Inc. (Mil-
waukee, WI). N-Acetyl-D-Ala-D-Ala, 4, vancomycin
from Streptomyces orientalis, carbonic anhydrase B
(CAB, EC 4.2.1.1, containing CAA and CAB isozymes,
from bovine erythrocytes), and horse heart myoglobin

(HHM) were purchased from Sigma Chemical Co. (St.
Louis, MO) and used without further purification.
Mesityl oxide (MO) was purchased from Calbiochem
(San Diego, CA). [[[4-(Aminosulfonyl)phenyl]methyl-
]amino]-6-oxohexanoic acid, 1, and [[[[[4-(Aminosulfo-
nyl)phenyl]methyl]amino]-1,6-dioxohexyl]amino]-1,3-
benzenedicarboxylic acid, 3, were synthesized based on
literature procedures (7). Stock solutions of vancomy-
cin (1 mg/ml), bovine carbonic anhydrase B (1 mg/ml),
and horse heart myoglobin (1–4 mg/ml) were each pre-
pared by dissolving the lyophilized protein in buffer
(192 mM glycine–25 mM Tris, pH 8.3).

Apparatus. The capillary electrophoresis (CE) sys-
tem used in this study was a Beckman Model P/ACE
5510 (Fullerton, CA). The capillary tubing (Polymicro
Technologies, Phoenix, AZ) was of uncoated fused silica
with an internal diameter of 50 mm, length from inlet
to detector of 50.5 or 60.5 cm, and length from detector
to outlet of 6.5 cm. Data were collected and analyzed
with Beckman System Gold software. The conditions
used in CE were as follows: voltage, 25–30 kV; current,
5.2–5.8 mA; detection, 200 nm; temperature, 25 6 2°C.

Procedures. For the multiple-plug binding assay
technique, a sample (3.6 nl) of solution containing 0.2
mg/ml of carbonic anhydrase B, 0.1 mg/ml of horse
heart myoglobin, and 0.08 mg/ml of mesityl oxide in
buffer was introduced into the capillary by vacuum
injection. The electrophoresis was carried out using a
Tris–glycine buffer and appropriate concentrations of
the arylsulfonamide ligand (0–120 mM). For vancomy-
cin, a sample (3.6 nl) of solution containing 0.14 mg/ml
of vancomycin, 0.2 mg/ml of carbonic anhydrase B, and
0.17 mg/ml of mesityl oxide in buffer was introduced
into the capillary by vacuum injection. The electro-
phoresis was carried out using a sodium phosphate
buffer and appropriate concentrations of 4 (0–1150
mM). For the flow-through partial affinity capillary
electrophoresis technique, a sample of arylsulfonamide
was vacuum injected into the capillary for 0.1 min at
high pressure followed by a sample (3.6 nl) of solution
for 3 s containing 0.14 mg/ml of CAB, 0.14 mg/ml of
HHM, and 0.08 mg/ml of MO in buffer. The electro-
phoresis was carried out using a Tris–glycine buffer

FIG. 1. Structures of compounds 1–3.
and repeated at increasing concentrations of the aryl-
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211ESTIMATION OF RECEPTOR–LIGAND INTERACTIONS BY ELECTROPHORESIS
sulfonamide ligand (0–80 mM for 1, 0–64 mM for 2) for
.0 min for 1 (6.5 min for 2). For vancomycin, a sample

of 4 was vacuum injected into the capillary for 0.10 min
at high pressure followed by a sample (3.6 nl) of solu-
tion for 3 s containing 0.035 mg/ml of vancomycin, 0.14
mg/ml of CAB, 0.14 mg/ml of HHM, and 0.08 mg/ml of
MO in buffer. The electrophoresis was carried out us-
ing a Tris–glycine buffer and increasing concentra-
tions of 4 (0–1150 mM) for 5.0 min.

RESULTS AND DISCUSSION

To determine the efficacy of the relative migration
time ratio, RMTR, we examined the data obtained from
two types of ACE techniques: the multiple-plug bind-
ing assay (MPBA) and flow-through partial-filling af-
finity capillary electrophoresis (FTPFACE). The mul-
tiple-plug binding assay is a technique whereby
multiple values of K b can be obtained for a receptor–
ligand interaction (8). In this technique multiple plugs
of receptor and noninteracting standards are injected
and are subjected to increasing concentrations of li-
gand in the running buffer. Changes in the migration
time between complexed and uncomplexed receptor are
used for the analysis. In our initial studies we exam-
ined the interaction of carbonic anhydrase (CAB) and
arylsulfonamides. In these experiments, four separate
plugs of sample, each containing CAB, mesityl oxide
(MO), and horse heart myoglobin (HHM), were injected
and electrophoresed. MO and HHM were used as the
noninteracting standards. We have much experience
with both MO and HHM and have found that neither
species sticks to the capillary column at the pH of study
nor degrades over time during the course of the ACE
study. They also do not interact with either the recep-
tor or ligand or cause perturbations in electroosmotic
flow (EOF) vis-à-vis the running buffer. The concentra-
tion of 1 was successively increased from 0 to 120 mM.

Figure 2 shows a representative series of electro-
pherograms of CAB in buffer containing various con-
centrations of 1. Upon addition of increasing concen-
trations of 1 in the running buffer, the four CAB peaks
hift to the right for any given concentration. CAB,
hen bound to 1, is more negative than in the unbound

tate and was detected later than the uncomplexed
orm. Peak broadening was observed at intermediate
oncentrations and is caused by the retardation of mi-
rating molecules due to their frequent interactions
ith the ligand in the region of intermediate status (8).
he CAB peaks become sharper at the saturating con-
entrations of the ligand. The inverted peaks (*) re-
ulted from the dilution of 1 present in the electro-
horesis buffer. CAA (1), a protein having binding
onstants very similar to the binding constants of CAB,
ives values of K b that are indistinguishable from
those of CAB.
We then chose to examine a random set of sample
plugs for the analysis. Using Eq. [4], we found that
the apparent K b value for the interaction of 1 with
CAB was 0.66 3 106 M21, comparable to previous
ACE studies and other binding assays (1, 2, 6 –11).
Table 1 lists the binding constants obtained using
Eqs. [1], [2], and [4]. Figure 3 is a Scatchard plot of
the data according to Eq. [4]. It is clear from Fig. 3
that the use of the RMTR is an appropriate form of
analysis of ACE data. The use of two noninteracting

FIG. 2. A representative set of electropherograms of carbonic an-
hydrase B (CAB) in 0.192 M glycine–0.025 M Tris buffer (pH 8.3)
containing various concentrations of 1. The total analysis time in
each experiment was 7.0 min at 30 kV (current: 5.2 mA) using a
60.5-cm (inlet to detector), 50-mm i.d. open, uncoated quartz capil-
ary. Horse heart myoglobin (HHM) and mesityl oxide (MO) were
sed as internal standards. The inverted peaks (*) and the peaks
enoted as (1) are discussed in the text.
standards and the conversion of detection time data
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to relative migration time ratio change data accord-
ing to Eq. [4] are effective in canceling out the con-
tribution of EOF. In this experiment the two mark-
ers elute prior to the CAB peak but can still be used
as markers in the RMTR form of analysis. Values for
K b cannot be estimated using Eqs. [1] and [2]. Figure
4 shows Scatchard plots of the data according to Eqs.
[1] and [2]. These equations yield linear Scatchard
plots only when the voltage and the capillary length
are constant. Although both electrophoresis param-
eters are unchanged in the current set of experi-
ments, the data have been randomly selected from
different plugs of sample with varying times of in-
jection, thereby simulating different capillary
lengths. These changes are dramatic enough such
that a Scatchard plot cannot be realized using equa-
tions based on changes in electrophoretic mobilities.
Although Eq. [2] does not require measurement of
electrophoretic mobilities, a binding constant cannot

TABLE 1

Experimental Values of Binding Constants K b (106 M21) of
Ligands 1–3 and Carbonic Anhydrase B Obtained by Eqs. [1],
[2], and [4] Using the Multiple-Plug Binding Assay Tech-
nique

Ligand

K b (correlation coefficient r)

Eq. [1] Eq. [2] Eq. [4]

1 a a 0.66b (0.989)
2 a a 1.13c (0.973)
3 a a 0.74d (0.966)

a Unable to be measured.
b Previous estimates (2, 6, 7, 8, 17): K b 5 (0.45–0.92) 3 106 M21.
c Previous estimates (6, 7, 8, 17): K b 5 (0.72–2.0) 3 106 M21.
d Previous estimates (6, 7, 8, 17): K b 5 (0.50–0.84) 3 106 M21.

FIG. 3. Scatchard plot of the data for carbonic anhydrase B accord-

ng to Eq. [4].
be estimated using it as the basis of analysis. Equa-
tion [4] is independent of both capillary length and
voltage and, hence, analysis of a random set of data
still affords a value for K b.

Similar experiments and analyses were conducted
with vancomycin (Van) and the dipeptide N-acetyl-D-
Ala-D-Ala. In these experiments four separate plugs of
sample containing Van and MO and CAB, as noninter-
acting markers, were vacuum injected into the capil-
lary and electrophoresed. Analysis by Eq. [4] yielded a
binding constant of 4.5 3 103 M21. Table 2 lists the
binding constants obtained using Eqs. [1], [2], and [4].
Values for K b cannot be estimated using Eq. [1] or [2].
The value for K b using Eq. [4] is comparable to that
obtained using conventional ACE experiments and by
other assay techniques (6, 8). Unlike the CAB study,
the two markers used in this study eluted both before

FIG. 4. Scatchard plots of the data for carbonic anhydrase B ac-
cording to Eqs. (A) [1] and (B) [2].
and after the Van peak. Hence, the RMTR form of
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analysis can be used when both markers elute both
before the receptor peak and on either side of the
receptor peak.

FIG. 5. A representative set of electropherograms of carbonic an-
hydrase B (CAB) in 0.192 M glycine–0.025 M Tris buffer (pH 8.3)
containing various concentrations of 2 using the FTPFACE tech-
nique. The total analysis time in each experiment was 6.5 min at 28
kV (current: 5.8 mA) using a 60.5-cm (inlet to detector), 50-mm i.d.
open, uncoated quartz capillary. Mesityl oxide (MO) and horse heart

TABLE 2

Experimental Values of Binding Constants K b (103 M21) of
Ligand 4 and Vancomycin Obtained by Eqs. [1], [2], and [4]
Using the Multiple-Plug Binding Assay (MPBA) Flow-
Through Partial-Filling Affinity Capillary Electrophoresis
Technique (FTPFACE)

Technique

K b (correlation coefficient r)

Eq. [1] Eq. [2] Eq. [4]

MPBA a a 4.5b (0.946)
TPFACE 3.1b (0.947) 3.2b (0.967) 3.7b (0.959)

a Unable to be measured.
b Previous estimates (2, 6, 8, 9, 11): K b 5 (3.9–8.7) 3 103 M21.
myoglobin (HHM) were used as internal standards.
To further prove the versatility of the R form of
analysis, we used the FTPFACE technique to examine
receptor–ligand interactions (36, 38). In this technique
a plug of ligand is initially injected followed by a small
plug of sample containing receptor and two noninter-
acting standards. Upon electrophoresis the sample
plug flows into the domain of the ligand plug, where a
dynamic equilibrium between receptor and ligand is
established. Continued electrophoresis enables the
sample plug to flow through the ligand plug, where it is
detected prior to the sample of ligand. Changes in the
injection time between uncomplexed and complexed
receptor are then used to estimate K b. We initially
examined the interaction between CAB and two aryl-
sulfonamides. In this study a plug of 2 at increasing
concentration was vacuum injected (0.1 min at high
pressure) into the capillary at high pressure followed
by a plug of sample (3 s at low pressure) containing
CAB, HHM, and MO and electrophoresed for 6.5 min.
HHM and MO are noninteracting standards used in
the data analysis.

Figure 5 shows a representative series of electro-
pherograms of CAB in capillaries partially filled with
increasing concentrations (0–64 mM) of 2. The com-
plexation between 2 and CAB resulted in an increasing
negative charge and the complex is detected later than
the uncomplexed form. Figure 6 is a Scatchard plot of
the data for CAB using Eq. [4]. Table 3 summarizes the
binding data for the two ligands and CAB obtained by
Eqs. [1], [2], and [4]. A stable EOF permits analysis of
the data by all equations. The values obtained by Eq.
[4] are in agreement with previous ACE studies on
CAB and arylsulfonamides and with those obtained
from other techniques (6, 8).

We also examined the interaction of vancomycin and
the small peptide N-acetyl-D-Ala-D-Ala, 4. In this study

FIG. 6. Scatchard plot of the data for carbonic anhydrase B accord-
ing to Eq. [4].
a plug of 4 at increasing concentrations was vacuum
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injected into the capillary for 0.10 min followed by a
plug of sample containing Van, CAB, HHM, and MO
and electrophoresed for 5.0 min. In the present exper-
iment MO and HHM were used as the noninteracting
standards and for the analysis and the subsequent
Scatchard plot. The concentration of 4 was successively
increased from 0 to 1150 mM. The values for the bind-
ing constants agree well with previous estimates by
ACE and other binding techniques (6, 8).

The data presented herein demonstrate that binding
constants using ACE can be estimated by the use of
two noninteracting standards and the relative migra-
tion time ratio, RMTR. We have shown this by the use
of two model systems: CAB and arylsulfonamide li-
gands, and vancomycin and the dipeptide N-acetyl-D-
Ala-D-Ala. The binding constants obtained by this form
of analysis agree well with those obtained by other
assay techniques and other ACE forms of analysis.
This form of analysis of ACE data has several advan-
tages as a method for determining binding constants
over other methods: (i) it does not require a stable EOF;
(ii) data from multiple experiments conducted at vary-
ing times can be analyzed; and (iii) the analysis can be
applied to a variety of ACE techniques.
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