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Affinity capillary electrophoresis (ACE) provides a new approach to studying protein-ligand 
interactions. The basis for ACE is the change in the electrophoretic mobility of the protein when 
it forms a complex with its ligand. This binding interaction can be quantified directly for charged 
ligands or indirectly for neutral ligands in competition with a previously characterized charged 
ligand. Determination of kinetic and equilibrium constants using ACE relies only on the changes 
in the migration time and shape (but not the area) of the peak due to protein. Simulation of the 
protein mobility under conditions of ACE suggests that the experimentally obtained electro-
pherograms can be explained in terms of 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). 

Introduction 
Affinity capillary electrophoresis (ACE)3-5 can be used 

to determine the binding constants, Kb. and kinetic 
constants, kon and k0s, for the interaction of proteins with 
ligands. ACE is attractive because the procedures are rapid 
and only small quantities of protein and ligands are 
required. The potential of ACE to provide simultaneous 
evaluation of binding and kinetic constants of enzyme-
inhibitor interactions is especially appealing when taken 
in the context of methodologies for generating and 
screening drug candidates. The effectiveness of a molecule 
as an enzyme inhibitor, and thus possibly as a drug, may 
depend not only on how tightly the inhibitor is bound by 
the enzyme but also on the rate of association of the enzyme 
and the inhibitor and the rate of dissociation of the 
enzyme-inhibitor complex.6 

Here we describe several useful protocols for these 
analyses using as a model system carbonic anhydrase (CA, 
EC 4.2.1.1) as enzyme and arylsulfonamides as inhibitors. 
In principle these procedures can be used for analysis of 
binding in other systems of protein and ligands, provided 
that protein adsorption on the surface of the capillary is 
not significant and that a charged ligand is available or 
can be synthesized. 

There are two types of procedures. Determination of 
thermodynamic binding constants involving measuring 
changes in mobility of the protein as a function of the 
concentration of a ligand (or ligands) in the electrophoresis 
buffer. We describe two variations in the procedure for 
studying protein-ligand interactions: in one, the protein 
interacts with a single charged ligand; in the second case, 
the protein interacts with a mixture of two ligands, one 
charged and one electrically neutral. The first procedure 
yields the binding constant of the charged ligand directly. 
The second allows the measurement of the binding 
constant of the neutral ligand, relative to the charged one, 
and thus provides a protocol for measuring binding 
constants of uncharged ligands. Both of these types of 
procedure involve only measurements of the positions of 
peaks (that is, migration times tm). The intensity and the 
shape of the peak are not required. 

This paper also describes a procedure for analyzing the 
displacement and shape of the protein peak, using a simple 
computer-based simulation, to obtain information con
cerning the kinetics of the interaction between the protein 

and the ligand(s). In this procedure, matching of exper
imental and calculated peak shapes is an integral part of 
the procedure. 

Complex Formation and Electrophoretic Mobility. 
The common basis of each procedure is the analysis of the 
changes in the electrophoretic mobility of a protein on 
complexation with a ligand (L) present in the electro
phoresis buffer (Figure 1). The electrophoretic mobility 
n (cm2 V-1 s-1) of a protein induced by a voltage gradient 
along the capillary is related to the net charge of the protein 
and to the inverse of its mass (eq 1). A number of 

G < - 3 <•> 
Mass M m M + m 

Net Charge Z ±z Z*z 

H - Z / M M - ± z / m M - ( Z ± z ) / ( M + m) M 

functional forms have been empirically determined to 
approximate these relationships:7 one is M — z/(m2/3). 
Knowledge of the exact form is not necessary for ACE, so 
long as it does not change as a function of ligand or protein 
concentration. When a protein forms a complex with a 
charged ligand of relatively small mass, the change in the 
electrophoretic mobility of the protein-ligand complex 
resulting from the change in charge is large, while the 
contribution to the change in electrophoretic mobility due 
to the change in mass is negligible (eq 1). The protein-
ligand complex may then have a measurable difference in 
electrophoretic mobility relative to the free protein.8 

Scatchard analysis of the change in the electrophoretic 
mobility of the protein as a function of the concentration 
of the ligand in the electrophoresis buffer allows the 
determination of the binding constant (Kb) for the 
interaction.3 

Interaction of a protein and a ligand that induces a 
change in the migration time of the protein may also 
broaden the peak due to the protein in the region of 
concentrations corresponding to migration times inter
mediate between that of free protein and that of its 
saturated complex with ligand (Figure 1). This broadening 
is most pronounced if the dissociation time (l/k0ff) is of 
the same magnitude as the migration time of the protein. 
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Figure 1. Electrophoresis of a mixture of carbonic anhydrase 
(•), mesityl oxide (MO), soybean trypsin inhibitor (STI), and 
glucose-6-phosphate dehydrogenase (G6PDH) in buffer consist
ing of glycine (192 mM), Tris (25 mM), and various concentrations 
of ligand 1. The variations in absolute migration times tm of the 
noninteracting markers are <2 %. The total length of the capillary 
was 70 cm (45 cm from injection to detection). 

Analysis of this broadening makes it possible to estimate 
values for k0a and k0D in certain cases. 

We chose CA from bovine erythrocytes as the protein 
for this study for several reasons. The C A does not adsorb 
to the wall of the capillary under our experimental 
conditions.3 The protein is commercially available and 
inexpensive. The mechanism of its action is well-char
acterized.9 The reaction it catalyzes—the hydration of 
carbon dioxide—is medicinally important.9 The specific 
inhibition of CA in the eye has been exploited in the 
development of new antiglaucoma agents.10 The single-
crystal X-ray structure of the carbonic anhydrase has been 
carried out at 2.0-A resolution.11 A broad range of 
arylsulfonamides inhibit the enzyme.9 The binding of 
arylsulfonamides to the active site of the enzyme is well-
understood:9,12 the active site is a cavity, approximately 
15 A deep and 15 A wide. The dissociation constants of 
complexes of arylsulfonamides and CA range from 10-6 to 
lO-OM.9 

We3,13 and others14-17 have demonstrated changes in 
mobility of receptors on binding of ligand under conditions 
of CE. Binding interactions between vancomycin and 
peptides,13'15 between enzyme and cofactors,3 and between 
lectins and sugars14 have been quantified using CE. 
Changes in electrophoretic mobilities of two calcium 
binding proteins, parvalbumin and calmodulin, upon 
binding calcium present in the electrophoresis buffer have 
been demonstrated16 and subsequently quantified.3 Bind
ing of ethidium bromide, a positively charged intercalating 
agent, to DNA restriction fragments in a polyacrylamide 
gel-filled electrophoresis capillary resulted in an increase 
in migration time.17 Affinity methods have also been 
developed using tube and slab gel electrophoresis.6'18 

Results and Discussion 

Capillary Electrophoresis of CA. The sample CA 
was dissolved in electrophoresis buffer (pH 8.3) consisting 
of glycine (192 mM) and Tris (25 mM). This CA sample 
solution also contained mesityl oxide (MO) as neutral 
marker (to measure the rate of electroosmotic flow in the 
capillary) and at least one of the following as noninteracting 
protein markers: horse heart myoglobin (HHM), glucose-
6-phosphate dehydrogenase (G6PDH) from Leuconostoc 
mesenteroides, and soybean trypsin inhibitor (STI). The 
capillary was equilibrated with electrophoresis buffer 

consisting of the same glycine-Tris buffer and known 
concentrations of the charged ligand 1. The initial 
exposure of the enzyme to the ligand(s) occurred on 
introduction of the C A into the preequilibrated capillary. 
In the case of the competition experiment to determine 
the binding constant of a neutral ligand relative to the 
charged ligand 1, the electrophoresis buffer contained 
known concentrations of the two ligands. The electro-
pherograms obtained using different concentrations of 
ligand(s) in the electrophoresis buffer were analyzed for 
changes in the migration time tm of CA as a function of 
the ligand concentration(s). Scatchard analysis allowed 
the measurement of the binding constant for the inter
action of the ligand with CA. The migration times and 
peak widths of the neutral (MO) and protein markers 
(HHM, G6PDH, STI) were essentially invariant in each 
set of experiments. The same series of electropherograms 
were analyzed by comparing with electropherograms 
generated by simulation using different values for k0D and 
fc0ff as input parameters. 

In this study, we synthesized a low molecular weight 
arylsulfonamide ligand 1 designed to bear a charge of -3 
at the pH of the electrophoresis buffer (Scheme I). The 
three key elements in the structure of the charged ligand 
1 are: a sulfonamide group, the moiety that is recognized 
by CA; a tail group composed of three carboxylate groups 
constructed on a tris(hydroxymethyl)aminomethane core 
which gives ligand 1 a net charge of -3 at pH 8.3; and an 
adipate spacer arm. The three sections of the charged 
ligand were conveniently assembled using amide bond-
forming reactions (Scheme I). 

Scatchard Analysis of CA Interacting with a 
Charged Ligand (L±). Figure 2a presents an expanded 
set of experimental electropherograms showing the change 
in the migration time and peak shape of the CA peak with 
increasing concentration of charged ligand 1 in the 
electrophoresis buffer. The basis for using Stachard 
analysis to determine the binding constant (KjJ) of 
charged ligand 1 to C A from this set of electropherograms 
is summarized in eqs 2-5. The assumptions19 associated 

J £ - [ C A . L J / [ C A ] [ L J 

5A*m,[LJ = Atm,[LJ _ Atm,[LJ-0 

Rf-iu^vjito, 
= [CA-LJ/([CA] + [CA-LJ) 

H,-Kf[LJ/<l + lS[LJ) 

R/lLJ-Kt-KtRf 

(2) 

(3) 

(4) 

(5) 

(6) 

with the use of eq 2-5 for analyzing the interaction of CA 
with ligand 1 include the following: (a) the interaction 
between the ligand and the CA molecule is monovalent, 
(b) the amount of CA is much lower than the total amount 
of ligand available for binding, and (c) that equilibrium 
is achieved during the electrophoretic run. An added 
assumption, unique to ACE, is that the interaction of the 
ligand and the CA with the capillary wall does not 
significantly alter the binding interaction of the CA with 
the ligand. This assumption is not that the CA does not 
associate with the capillary wall, only that the extent of 
any association is the same with CA and with CA*L±, and 
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that this association is independent of the concentration 
of L± in the buffer. 

Here 5Atm,[L±] is the change in the migration time due 
to the presence of the ligand in the electrophoresis buffer20 

and A£tm,max is the value of 6Atm at saturating concen
trations of charged ligand L±. The ratio Rf also gives the 
averaged fraction of the CA sites occupied by the ligand. 
Eq 6 gives a convenient linearized form appropriate for 
Scatchard analysis. For the set of data presented in Figure 
2a, the binding constant K% obtained using eq 6 was 1.5 
x 106 M"1 (r > 0.98). The dissociation constant K% = 
(1/X£), which is the concentration of the charged ligand 
1 that causes the migration time of CA to change by half 
the maximum attainable change (5A£m,max), was found to 
be 7 jtM. 

Scatchard Analysis of Competitive Binding of 
Electrically Neutral (LQ) and Charged Ligands (L±) 
to CA. Direct analysis of the interaction of CA with 
electrically neutral, low molecular weight ligands (Lo) using 
ACE is not possible because the electrophoretic mobilities 
of CA and CA-Lo complex are relatively similar. The 
neutral ligand Lo does not introduce a change in charge 
of the protein-ligand complex, and complex formation 
results in an undetectable increase in the mass. Thus, the 
analysis outlined in the preceding section is not directly 
applicable. 

One way of estimating the binding constant (K£) of a 
neutral ligand L0 is to allow it to compete with a charged 
ligand L± of known binding constant K%. Figure 3a shows 
a set of electropherograms for CA in an electrophoresis 
buffer containing a fixed concentration (50 fiM) of ligand 
1 and increasing concentration (0-100 nM) of ligand 2. 
The binding constant for the electrically neutral ligand 2 
can then be determined by Scatchard analysis (eqs 7-10) 
following a procedure analogous to that used for the 

Kg = [CA.L0]/[CA][L0] 

m,maz 

= [CA.LJ/([CA] + [CA-LJ + [CA-LJ) 

Rf = (KpILJ/d + (KJ)[LJ + CKb>[LJ) 

jy[L0] = (K£)-(<)fl, 

(7) 

(8) 

(9) 

(10) 

(11) 

charged ligand alone. In this case the change in the 
migration time (5Atm) is measured relative to the migration 
of CA in the presence of the electrophoresis buffer of an 
initial, fixed concentration of the charged ligand 1 alone. 
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Figure 2. The migration time of CA changes with increasing 
concentration of charged ligand 1 in the electrophoresis buffer. 
The nonmobile peak is due to horse heart myoglobin. Stacked 
electropherograms a were obtained experimentally ([CA]0 = 10 
MM; 192 mM glycine-25 mM Tris buffer, pH 8.3) and b-d were 
generated by simulation. Simulation parameters: (b) k0{{ = 1.0 
s-1; fc„„ = 1.5 X 106 M"1 s"1; (c) k0« - 0.1 s"1; fe„„ = 1.5 X 10* M"1 

8'1; (d) ifeoff = 0.01 s"1; k0B = 1.5 X 103 M"1 s"1. In the simulation, 
the concentration in each compartment was adjusted every 10 
ms and the contents of the compartments for the mobile complex 
was transferred every 100 ms. The graph is a Scatchard plot of 
the experimental data a and simulation data c using eq 6. 
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Eq 8 is analogous to eq 4 and eq 10 to eq 6. The term 
K% is the apparent binding constant of the neutral 
sulfonamide in the presence of the charged ligand. Eq 11 
gives the relationship between the apparent (K£) and 
actual (K£) binding constants for the neutral ligand where 
K% and [L±] are the binding constant and fixed concen
tration of the charged ligand in the electrophoresis buffer, 
respectively. For the data presented in Figure 3a, the 
apparent binding constant K% of the neutral ligand 2 in 
the presence of the charged ligand 1 using eq 10 was 1.3 
X 10s M"1 (r > 0.99). The actual binding constant K£ = 
1.1 X 106 M_1 was obtained using eq 11 and the values 1.5 

I T 
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Figure 3. The migration time of CA changes with increasing 
concentration of neutral ligand 2 in the presence of 50 fiM of 
charged ligand 1 in the electrophoresis buffer. The nonmobile 
peak is due to horse heart myoglobin. Stacked electropherograms 
a were obtained experimentally ([C A]0 = 10 juM; 192 mM glycine-
25 mM Tris buffer, pH 8.3) and b were generated by simulation 
using the parameters fc0ff =0.1 s_1 and fe0I1 = 1.1 X 106 M"1 s_1 for 
the neutral ligand. CA-L0 is not mobile within the reference 
frame. The remainder of the simulation parameters were similar 
to Figure 2c. The graph is a Scatchard plot of the data using eq 
10. 

Table I. Binding Constants of Ligands 2-5 to Bovine CA-B 
Obtained by ACE 

ligand 
ACE" 

(106 M"1) 

1.1 
1.9 
4.5 
7.0 

literature6 

(106M-1) 

0.3 
0.7 
-
2.6 

literature' 
(10»M-») 

0.7 
2.0 
6.8 

16 

" The concentration of the charged ligand 1 was 50 MM. b Literature 
values are for bovine CA-B measured at 25 °C in 0.1 M Tris-HCl 
buffer (pH 7.2) and are taken from ref 23.c Literature values are for 
human CA-C measured at 25 °C in 0.02 M phosphate buffer (pH 6.5) 
and are taken from ref 24. 

x 105 M"1 and 50 iM for K% and [L±], respectively. Table 
I shows the binding constants K£ of a number of neutral 
sulfonamides to bovine C A obtained using this competition 
procedure. For comparison, Table I also shows the binding 
affinity of the same set of ligands reported for bovine21 

and human CA.22 

Simulation of CA Interacting with a Charged 
Ligand (L±). Figure 2a shows that the migration time of 
the CA changes with the concentration of L±. The peak 
for CA also broadens in the region of intermediate 
migration time. This type of broadening has been observed 
previously in many forms of chromatography,25 and reflects 
equilibration between species with different migration 
times (in this instance, free protein and protein-ligand 
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Figure 4. The simulation continuously adjusts the contents of 
each compartment of the reference frame as the frame travels 
through the capillary. For simplicity, the propagation of the 
contents of a single compartment is shown. The elapsed time 
(ms) in the series of frames are (a) 0, (b) 100, (c) 300, and (d) 400. 

complex) occurring with rates comparable to the time 
required for the electrophoresis experiment. To extract 
these rate constants for the peak widths, we simulated the 
behavior of CA under conditions of the ACE experiment. 

The model26"28 we used to analyze the migration of CA 
in an electrophoresis buffer containing ligand assumed a 
reference frame that traveled along the capillary at the 
velocity of the free CA (Figure 4). The origin of the 
reference frame was designated as the position of migration 
of CA without bound ligand in the electrophoresis buffer. 
The terminus of the reference frame was set as the position 
of the maximum displacement.29 This latter condition is 
satisfied at saturating concentrations of the ligand in the 
electrophoresis buffer. Thus, the CA-ligand complex was 
mobile within this reference frame, and its velocity within 
the frame was determined from the difference in the 
migration times of CA with no ligand in the electrophoresis 
buffer and with saturating concentration of the ligand. 

The reference frame was subdivided into two linear 
arrays of compartments: one array represented the 
compartments for the free CA and the other for the C A-L± 
complex. The unbound CA was introduced in a Gaussian 
distribution into the compartments reserved for free CA 
centered on the origin of the reference frame. The width 
of the Gaussian distribution was adjusted to match the 
peak width of C A in the electropherogram obtained in the 
absence of ligand in the buffer. As in the actual exper
iment, CA was introduced in the compartments as free 
CA and did not interact with the ligand until the simulation 
was initiated. 

The main element of the simulation was a continuous 
iteration cycle that consisted of two steps: an equilibration 
step and a translation step. Figure 4 shows the early steps 
of the simulation for the propagation of the contents a 
plug of C A initially occupying a single compartment. The 
equilibration step involved periodic adjustment (At = 1-10 
me)30 of the concentrations of the free and complexed 
proteins in every set of paired compartments (eqs 12-14). 
The term A[CA]x,At in eq 12 represents the net change in 
concentration of C A in xth paired compartments over the 
time interval At. To simplify the simulation, the rate of 

formation of the CA-ligand complex (eq 12) was approx
imated using first-order kinetics by assuming a steady 
state concentration for the ligand (L±) equal to its initial 
concentration in the electrophoresis buffer. Eqs 13 and 
14 update the concentration in each compartment to reflect 
the new concentrations of CA and CA-L* after a time 
interval of At using the value obtained from eq 12. 

A t C A ]x , i t = *off[CA-LJ I i tAt - fcon[CA]I|t[LJ At (12) 

[ C A l ^ - r . C A J ^ + A I C A ] ^ (13) 

[CA-LJ I t + A t = [CA-LJ x , t - A[CA] I M (14) 

The content of the xth compartment for C A-L± complex 
was periodically shifted to the (x + l ) th compartment 
every time interval (100 ms) equivalent to the time required 
by the CA-L± complex to travel the width of the com
partment of the reference frame under the conditions of 
electrophoresis.29 This translation step stimulated the 
fact that the C A-L± was mobile within the reference frame; 
the free CA remained immobile in the reference frame by 
definition. 

The simulation was terminated when the total time for 
the simulation equaled the experimentally determined 
migration time (tm) for the C A in the electrophoresis buffer 
without ligand. The contents of each pair of compartments 
(CA and CA-L±) were summed and then plotted versus 
distance from the origin of the moving reference frame to 
provide the distribution of the CA at different positions 
of the reference frame. This distribution provided a 
"snapshot" approximation of the experimental electro
pherogram. We assumed that the experimental electro
pherogram was a real-time record of the UV absorbance 
due to the protein as the hypothetical reference frame 
moved past the detector. 

We carried out a number of simulations to approximate 
the experimental electropherograms (Figure 2a) by using 
different combinations of kon and k0tt for eq 12. Figures 
2b-d are three of the simulation-generated electrophero
grams. The search for the correct combination of koa and 
fe0ff to use in the simulation was limited to combinations 
that gave a binding constant equal to the binding constant 
obtained experimentally. Scatchard analysis of the sim
ulation-generated electropherograms (Figure 2c) using eq 
6 gave a K% of 1.5 X 105 M 1 (r > 0.99).31 

An important finding from the simulation was that only 
one set of the simulation-generated electropherograms 
(Figure 2c) approximated the peak widths of the exper
imental electropherogram (Figure 2a). The values of k0n 
(0.1 s"1) and koa (1.5 X 104 M"1 s"1) used to generate Figure 
2c fall within the range of values of k0if (0.05-0.5 s"1) and 
k0„ (104-106 M 1 s~l) reported for a number of aryl-
sulfonamides.22b'24 The increase in the peak width did 
not result from the extra time the CA spent in the 
capillary.32 In fact, the CA peak sharpens at saturating 
concentrations of the charged ligand despite having longer 
migration time. 

Simulation of CA Interacting with One Charged 
(L±) and One Neutral (L„) Ligands. The model we 
used can be readily extended to simulate the migration of 
CA in the capillary while interacting simultaneously with 
two or more ligands. For the case of CA interacting with 
two ligands: L± (charged ligand) and L„ (neutral ligand), 
a third linear array of compartments was added to the 
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reference frame to contain the CA-L0 complex. This 
variation assumed that the interconversion between C A-L± 
and CA-Lo had to proceed through free CA (eq 15). 

"off " on 

CA-L± ^ CA f CA-L0 (15) 
™OD * Off 

Thus, the equilibration step of the simulation was ex
panded to compute the amounts of CA-L± and CA*L0 

alternately using eqs 12-14. The translation step shifted 
only the contents of the compartments for CA-L± because 
the CA-L± complex was mobile within the reference frame 
(MCA ^ MCA-U) and t n e ^ r e e CA and the CA-L0 complex 
were immobile (MCA — MCA-IJ- The rest of the simulation 
was basically the same. 

Figure 3b shows the electropherograms predicted by 
the model for the migration of CA in an electrophoresis 
buffer containing 50 pM of charged ligand 1 and increasing 
amounts of neutral ligand 2. The binding constants 
K% and K^ used as input parameters in the simulation 
were 1.5 X 108 M"1 and 1.1 x 106 M"1, respectively. 
Scatchard analysis of the simulation-generated electro
pherograms (Figure 3b) using eq 10 did not return the 
original value of the binding constant used in the simu
lation but instead gave a value of 1.3 x 106 M"1 (r > 0.99); 
this value was equal to the apparent K£' measured 
experimentally (Figure 3a). The original value of the 
binding constant (K£) used in the simulation was ob
tained using eq 11. 

Conclusion 

ACE is a useful method to study protein-ligand inter
actions. The attractive features of ACE include its ability 
to provide assessment of protein-ligand interactions using 
very small amounts of samples and Uganda in relatively 
short time. ACE relies only on the migration time and 
shape of the peak and not on its area. The concentration 
of the protein in the sample does not appear in the 
equations used for Scatchard analysis (eqs 6 and 10). The 
protein need not be pure; simultaneous determination of 
individual binding constants using a sample of a mixture 
of isozymes or different proteins is possible.3 In this study, 
ACE allowed simultaneous measurement of the binding 
constant of 1 to CA, through changes in migration time 
and of the off rate for the binding interaction from the 
peak width.33 

A major consideration in using ACE remains the 
tendency of proteins to adsorb on the wall of uncoated 
capillaries; this tendency becomes more pronounced when 
the pH of the electrophoresis buffer is close to or lower 
than the pi of the protein. A number of approaches are 
available to control this interaction between protein and 
capillary wall including the use of additives to the buffer 
and chemical modification of the silanol groups of the 
capillary wall.34 ACE requires that at least one of the 
ligands should have a sufficient charge to cause a mea
surable change in the migration time of the protein-ligand 
complex. 

The simulation suggests that the electropherograms 
resulting from protein-ligand interaction can be explained 
in terms of relatively few variables: on and off rates (and 
thus, binding constant), concentration of the ligand(s), 
and the relative mobilities of the protein and the protein-
ligand complex(es).28 The simulation also suggests that 
quantitative determination of high binding constants 
(associated with slow dissociation of the ligand from the 

protein) can be achieved by increasing the residence time 
of the protein in the capillary to allow for equilibration to 
take place. This will also require adjusting the amount 
of protein so that it is lower than the amount of ligand 
available for binding.19 Qualitative screening of strong 
binding ligands can be undertaken using shorter run times; 
the expected electropherograms will resemble Figure 2d. 
For weak protein-ligand interactions, high background 
absorbance and changes in buffer properties due to the 
ligand should be anticipated at the high concentration of 
ligand required to influence the mobility of the protein.36 

Experimental Section 
Apparatus. The ISCO 3140 capillary electrophoresis appa

ratus (ISCO, Inc., Lincoln, NE) was used in this study with the 
anode on the injection side and the cathode on the detection 
side. The capillary tubing (Polymicro Technologies, Inc., Phoe
nix, AZ) was of uncoated fused silica with an internal diameter 
of 50 pm and a total length of 100 cm (75 cm from the injection 
side to the detector) unless stated otherwise. The elution was 
monitored on-column at 200 nm. The temperature of the column 
was maintained at 30 ± 1 °C. The electropherogram raw data 
were collected using ICE software (ISCO, Inc., Lincoln, NE) and 
later exported as ASCII files for processing and analysis using 
Kaleidagraph (Synergy Software, Reading, PA). 

Simulation. The simulation programs were written in PASCAL. 
The reference frame was constructed by dividing the frame into 
two arrays of compartments parallel to the direction of travel. 
The width of the compartments corresponds to the distance that 
the protein-ligand complex would have traveled in the reference 
frame using experimentally determined velocities for the free 
and the complexed CA. The concentration in each paired 
compartment was iteratively adjusted every 1-10 ms using eqs 
12-14. The concentration of the ligand was assumed constant 
and equal to the concentration in the electrophoresis buffer. The 
concentration of the complexed CA in the xth compartment was 
transferred to the (x + l)th compartment every 100 ms. The 
simulation generated data were also analyzed and plotted using 
Kaleidagraph. 

Chemicals. Bovine carbonic anhydrase B (EC 4.2.1.1), glucose 
6-phosphate dehydrogenase (Leuconostoc mesenteroides, EC 
1.1.1.49) and soybean trypsin inhibitor were purchased from 
Sigma. Horse heart myoglobin was purchased from U.S. Bio
chemical Corp. Stock solutions (1 mg/mL) of bovine carbonic 
anhydrase, horse heart myoglobin, glucose-6-phosphate dehy
drogenase, and soybean trypsin inhibitor were each prepared by 
dissolving the lyophilized proteins in glycine (192 mM) and Tris 
(25 mM) buffer. Benzenesulfonamide, 4-toluenesulfonamide, and 
4-nitrobenzenesulfonamide were purchased from Aldrich. 2,4,5-
trichlorobenzenesulfonamide was prepared from 2,4,5-trichlo-
robenzenesulfonyl chloride (TCI-America) and recrystallized 
from 95% ethanol, mp 187-189 'C.38 

Procedures. Eight nanoliters of a sample solution containing 
0.3 mg/mL of CA and 0.3 mg/mL of each of the noninteracting 
protein markers and mesityl oxide (neutral marker) in 192 mM 
glycine-25 mM Tris buffer (pH 8.3) was introduced into the 
capillary by vacuum injection. The electrophoresis was carried 
out using an electrophoresis buffer (pH 8.3) consisting of 192 
mM glycine, 25 mM Tris, and appropriate concentrations (0-200 
MM) of arylsulfonamideligand(s). The electrophoresis was carried 
out under constant voltage of 30 kV generating a current of 
approximately 10 /uA. 

Preparation of 6. To a solution of 4-(aminomethyl)ben-
zenesulfonamide hydrochloride (10.0 g, 45 mmol) and trieth-
ylamine (9.0 g, 89 mmol) in dimethylformamide (150 mL) at 0 
°C was added methyl adipoyl chloride (8.0 g, 45 mmol). The 
mixture was stirred at 0 °C for 1 h and then at room temperature 
for 6 h. The solution was filtered and concentrated in vacuo. 
Flash chromatography on silica gel (chloroform-methanol, 9:1) 
afforded the methyl ester of 6 as a solid (14.0 g, 95%). The 
product was recrystallized from a mixture of chloroform and 
methanol to yield planar crystals: mp 124-125 °C; *H NMR (400 
MHz, DMSO-d6) S 8.43 (t, J = 5.9 Hz, 1H, Nff), 7.77 (d, J - 8.3 
Hz, 2 H, aryl H), 7.41 (d, J - 8.3 Hz, 2 H, aryl H), 7.33 (s, 2 H, 
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S02Ntf2), 4.32 (d, J = 5.9 Hz, 2 H, ArCff2N), 3.58 (s, 3 H, OCH3), 
2.32 (t, J = 6.9 Hz, 2 H, CH2Cff2C02CH3), 2.17 (t, J = 6.9 Hz, 
2 H, CH2C/72CONH), 1.53 (m, 4 H, Cff2CH2);

 13C NMR (100.6 
MHz, DMSO-d6) & 173.4,172.2,143.9,142.6,127.5,125.8, 51.3, 
41.7,35.0,33.1,24.8,24.1; HRMS (FAB) m/e 329.1181 (M + H)+, 
calcd for C14H21N206S 329.1171. 

To a solution of sodium hydroxide (0.1 N, 200 mL) was added 
the methyl ester of 6 (4.0 g, 12.2 mmol). The solution was stirred 
at room temperature for 7 h and then acidified with concentrated 
HC1 to pH ~ 3. The resulting precipitate 6 was filtered, washed 
with acidic water, and air-dried. This solid was recrystallized 
from acidic water to yield white needles (3.5 g, 92%): mp 121-
122 °C; *H NMR (400 MHz, DMSO-d6) 6 8.42 (t, J = 5.9 Hz, 1 
H, NH), 7.76 (d, J = 8.3 Hz, 2 H, aryl H), 7.40 (d, J - 8.3 Hz, 
2 H, aryl H), 7.31 (s, 2 H, S02Ntf2), 4.31 (d, J = 5.9 Hz, 2 H, 
ArCff2N), 2.22 (t, J = 7.0 Hz, 2 H, CH2Ctf2C02H), 2.16 (t, J = 
7.0 Hz, 2 H, CH2CH2CONH), 1.52 (m, 4 H, Cif2Cff2);

 13C NMR 
(100.6 MHz, DMSO-d6) o174.4,172.1,143.9,142.5,127.4,125.7, 
41.7,35.0,33.4,24.8,24.2; HRMS (FAB) m/e 315.1005 (M + H)+, 
calcd for Cl3H19N206S 315.1015. 

Preparation of Trimethyl Ester of 1. To an ethyl acetate 
solution (10 mL) of the Boc-protected tris(trimethyl) ester 737 

(l.Og, 1.5 mmol) was added trifluoroacetic acid (0.6 mL, 7.5 mmol). 
The solution was stirred at room temperature for 2 h. The 
reaction mixture was diluted with ethyl acetate, washed with 
20% aqueous sodium bicarbonate, water, and saturated sodium 
chloride, respectively. The organic layer was dried using an
hydrous magnesium sulfate and concentrated in vacuo. The 
product, isolated as the free amine (0.52 g, 61 %), was used directly 
for the next coupling reaction. To a solution of amine 7 (0.52 g, 
0.93 mmol) in ethyl acetate (20 mL) and 6 (0.29 g, 0.92 mmol) 
in acetone (15 mL) at 0 8C was added dicyclohexylcarbodiimide 
(0.21 g, 1.01 mmol) and 1-hydroxybenzotriazole (0.14 g, 0.92 
mmol). After mixing, the reaction was allowed to warm to room 
temperature and stirred for 24 h. The solution was filtered and 
concentrated in vacuo. Flash chromatography on silica gel 
(chloroform-methanol, 20:1) afforded the desired product as a 
yellow oil (0.70 g, 89%): JH NMR (400 MHz, DMSO-d6) 6 8.38 
(t, J = 5.9 Hz, 1 H, NH), 7.76 (d, J = 8.3 Hz, 2 H, aryl H), 7.40 
(d, J = 8.3 Hz, 2 H, aryl H), 7.32 (s, 2 H, S02Nff2), 7.06 (s, 1 H, 
NH), 4.31 (d, J = 5.8 Hz, 2 H, ArCff2N), 3.63 (s, 9 H, (C02Cif3)3), 
3.54 (s, 6 H, C(Ctf20)3), 3.44 (t, J = 5.5 Hz, 6 H, (OCif2CH2)3), 
3.33 (s, 6 H, SCif2C02CH3)3), 2.60 (t, J = 7.2 Hz, 6 H, 
(OCH2CH2CH2S)3), 2.13 (t, J - 6.9 Hz, 2 H, Ctf2C(=0)NH), 
2.07 (t, J = 6.9 Hz, 2 H, CH2C(=0)NH), 1.72 (m, 6 H, 
(OCH2CH2CH2S)3), 1.47 (m, 4 H, Cff2CH2CH2C(=0)NH); 13C 
NMR (100.6 MHz, DMSO-d6) 6 172.3,172.1,170.7,143.8,142.5, 
127.4,125.6,69.0,68.0,59.6,52.0,48.6,41.6,35.6,35.2,32.6,28.6, 
25.1, 24.9; HRMS (FAB) m/e 878.2679 (M + Na)+, calcd for 
C3BH67N30,3S4Na 878.2672. 

Preparation of Ligand 1. To a methanol solution (5 mL) of 
the trimethyl ester of 1 (0.5 g, 0.6 mmol) was added 1 N sodium 
hydroxide (5 mL, 5 mmol). The reaction was carried out at room 
temperature and monitored by TLC (chloroform-methanol = 
9:1, v/v). The hydrolysis of the triester was completed after one 
day. Dowex 50W-X8 (H+ form, 20-50 mesh) resin was added to 
the solution that its pH was 3.5. The solution was stirred at 
room temperature for 2 h, and acidity of the solution was 
monitored using pH indicator strips. The desired product 1 
obtained following filtration and concentration in vacuo was 
isolated as a yellow oil (free acid form; 0.4 g, 84%): JH NMR (400 
MHz, DMSO-de) * 8.38 (t, J = 5.9 Hz, 1H, NH), 7.76 (d, J - 8.3 
Hz, 2 H, aryl H), 7.40 (d, J = 8.3 Hz, 2 H, aryl H), 7.32 (s, 2 H, 
S02NH2), 7.06 (s, 1 H, NH), 4.31 (d, J = 5.9 Hz, 2 H, ArCtf2N), 
3.54 (s, 6 H, C(Ctf20)3), 3.41 (t, J = 6.1 Hz, 6 H, (OCH2-
CH2CH2S)3), 3.21 (s, 6 H, (SCH2C02H)3), 2.60 (t, J = 7.2 Hz, 6 
H, (OCH2CH2Cff2S)3), 2.14 (t, J = 7.1 Hz, 2 H, CH2C(=0)NH), 
2.07 (t, J - 7.1 Hz, 2 H, CH2C(=0)NH), 1.73 (m, 6 H, 
(OCH2Cif2CH2S)3), 1.48 (m, 4 H, Ctf2CH2CH2C(=0)NH); 13C 
NMR (100.6 MHz, DMSO-d6) S 172.4,172.2,171.1,143.9,142.5, 
127.5,125.7,69.1,68.0,59.6,41.7,35.7,35.2,33.2,28.7,28.6,25.1, 
24.9; HRMS (FAB) m/e 836.2192 (M + Na)+, calcd for 
C32H5iN3Oi3S4Na 836.2202. 
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