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Multiple-injection affinity capillary electrophoresis (MIACE is a versatile
analytical technique to probe bimolecular noncovalent interactions and
to estimate binding constants between receptors and ligands. In this
article, we demonstrate the use of MIACE and several variations to
MIACE to determine binding constants between the glycopeptide
antibiotics vancomycin, ristocetin, and teicoplanin from Streptomyces
orientalis, Nocardia lurida, and Actinoplanes teichomyceticus,
respectively, and D-Ala-D-Ala terminus peptides.

nteractions between biological

species are essential to life and are

involved directly in many of the
enzyme-based reactions involved in cell
division, cell death, and cell transforma-
tions. These biological interactions are
important in the initiation, progression,
and harmful effects of human disease
including Parkinson’s, Alzheimer’s,
AIDS-HIV, and cancer. Advances in
molecular biological tools have yielded a
huge array of biological interactions
focusing foremost on receptor-ligand
interactions. Similarly, combinatorial
chemical techniques have generated mil-
lions of potential drugs and drug precur-
sors. Combined, these two areas of
research have made the development of
new analytical techniques an important
area of research.

During the last decade, affinity capil-
lary electrophoresis (ACE) has emerged
as a useful and sensitive technique for
studying bimolecular noncovalent inter-
actions and for determining binding and
dissociation constants of formed com-
plexes. In 1992, the first reports docu-
menting the use of ACE to study recep-
tor-ligand interactions were published
(1-5). Since then, myriad interactions
including protein-ligand (6-17), pep-
tide—metal (18,19), peptide—peptide
(20-30), protein—peptide (36),

protein—antibody (37), polymer—peptide
(38), antibody—antigen (39),
enzyme—drug (40), and
polymer—cyclodextrin (41) have been
examined successfully using ACE. For
example, Varenne and colleagues used
ACE to examine the binding of
fucoidan, an anticoagulant polysaccha-
ride of marine origin, to antithrombin
(6). Kaddis and colleagues recently deter-
mined binding constants for the activator
fructose-6-phosphate (F6P) and substrate
ATP to the recombinant wild-type (WT)
Rhodobacter Sphaeroides adenosine 5’-
diphosphate-(ADP)-glucose pyrophos-
phorylase (ADPGlc PPase) using ACE
(7). Finally, Lewis and colleagues
described the screening of antimicrobial
targets using ACE (30). In ACE, the
mobility of a receptor (or ligand) changes
upon binding to a ligand (or receptor)
that is present in the electrophoresis
buffer. The change in migration time can
be correlated to a binding constant via
Scatchard analysis or other form of
analysis.

In general, there are three different
types of ACE. In the first type, affinity
ligand and receptor are premixed and an
aliquot of the solution analyzed by CE.
This form of ACE has been used success-
fully in the analysis of DNA—protein,
DNA-DNA, and DNA—small molecule
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Figure 1: Structures of vancomycin,
teicoplanin, ristocetin, and D-Ala-D-Ala lig-
ands 1-6 used in this study.

interactions because many of these inter-
actions have appreciably slow 4, and 4.g
rates and premixing of ligand and recep-
tor are required for formation of com-
plex. In type two, the sample contains
receptor and is injected into a solution
containing the ligand. Changes in migra-
tion time of the formed complex are cor-
related to a binding constant (dissocia-
tion constant). [AUTHOR: Sense of
following sentence ok?]: In type three,
the affinity ligand is immobilized to the
capillary wall, and beads or other matrix
are used as solid support (31-35). Recep-
tor present in solution then flows
through the capillary and binds to the
immobilized ligand. This technique is
used primarily to capture and enrich a
substance of interest as well as for clean-
ing, desalting, and removing unwanted
impurities. For example, there is consid-
erable work in the use of immunoaffinity
CE (IACE) for the capture and enrich-
ment of numerous analytes. The advan-

tages of this technique are small sample
volumes, high-throughput, and sample
automation. Moreover, the technology
has progressed such that limits of detec-
tion (LOD) compare favorably to that
found for HPLC and even the enzyme-
linked immunosorbent assay (ELISA).
The present paper documents our work
using type two ACE.

Although ACE has been shown to be
effective in estimating binding parame-
ters of ligands to receptors, in cases in
which only small quantities of material
are available, analysis by traditional ACE
techniques is made difficult. In addition,
expeditious analysis of the interaction in
question also can be desirable, particu-
larly when combinatorial approaches to
drug design are utilized. In cases in
which both conditions are needed, modi-
fications in the standard ACE technique
are warranted. Herein, we describe our
work in the development of multiple
injection ACE (MIACE) to examine the
binding of three glycopeptide antibiotics
to small peptides. In this technique, mul-
tiple samples of receptor (or ligand) are
injected into the capillary column and
electrophoresed in increasing concentra-
tions of ligand (or receptor). Multiple
binding constants for the same interac-
tion subsequently are obtained, thereby
shortening the ACE experiment. Several
variations of MIACE are detailed that
demonstrate the versatility of the tech-
nique for evaluating binding interactions
between receptors and ligands.

Materials and Methods

Chemicals and Reagents: All chemicals
were analytical grade. Vancomycin, D-
Ala-D-Ala, N-acetyl-D-Ala-D-Ala (5),
N, N -diacetyl-Lys-D-Ala-D-Ala (6),
nicotinamide adenine dinucleotide
(NAD), nicotinamide adenine dinu-
cleotide, reduced form (NADH), and 4-
carboxybenzenesulfonamide (CBSA) (7)
were purchased from Sigma Chemical
Company (St. Louis, Missouri) and were
used without further purification.
Teicoplanin®HCI was purchased from
Advance Separation Technologies, Inc.
(Whippany, New Jersey) and was used
without further purification. Ristocetin
was obtained from BioData (Horsham,
Pennsylvania) and was used without fur-
ther purification. Fmoc-Gly-NHS,
Fmoc-Ala-NHS, Fmoc-Phe-NHS, and
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Fmoc-Val-NHS were purchased from
Bachem California, Inc. (Torrance, Cali-
fornia). Mesityl oxide was purchased
from Calbiochem (San Diego, Califor-
nia). MIACE. Stock solutions of van-
comycin (0.2 mg/mL), teicoplanin (1.0
mg/mL), and CBSA (0.5 mg/mL) each
were prepared by dissolving in buffer (20
mM phosphate buffer, pH 7.5). Stock
solutions of the N-protected amino acids
(4 mM) were prepared by dissolving the
compounds in buffer. Fmoc-Gly-D-Ala-
D-Ala (1), Fmoc-Ala-D-Ala-D-Ala (2),
Fmoc-Phe-D-Ala-D-Ala (3), and Fmoc-
Val-D-Ala-D-Ala (4) were prepared based
upon literature procedures (42). PMI-
ACE Stock solutions of vancomycin (0.2
mg/mL), teicoplanin (1.0 mg/mL), NAD
(0.5 mg/mL), and NADH (0.5 mg/mL),
each were prepared by dissolving in
buffer (192 mM glycine-25 mM Tiis,
pH 8.3). Stock solutions of the N-pro-
tected amino acids (4 mM) were pre-
pared by dissolving the compounds in
buffer.

Receptor PFMIACE: Stock solutions
of vancomycin (0.2 mg/mL), teicoplanin
(0.2 mg/mL), and horse heart myoglobin
(HHM, 1 mg/mL) each were prepared
by dissolving in buffer (192 mM
glycine—25 mM Tiis, pH 8.3). Stock
solutions of the N-protected amino acids
(4 mM) were prepared by dissolving the
compounds in buffer. For CAB, stock
solutions of CAB (1 mg/mL), HHM (2
mg/mL), MO (100 wL/1000 pL buffer)
each were prepared by dissolving in
buffer (192 mM glycine-25 mM Tris,
pH 8.3). Stock solutions of ligands 7-11
(1 mg/mlL) were prepared by dissolving
the compounds in buffer. Peptide PFMI-
ACE: Stock solutions of vancomycin (0.2
mg/mL), teicoplanin (1.0 mg/mL), risto-
cetin (1.0 mg/mL), NAD (0.2 mg/mL),
and NADH (0.2 mg/mlL), each were
prepared by dissolving in buffer (192
mM glycine-25 mM Tris; pH 8.3).
Stock solutions of the N-protected
amino acids (4 mM) were prepared by
dissolving the compounds in buffer.

Apparatus

MIACE: The CE system used in this
study was a Beckman Coulter Model
P/ACE 5510 (Fullerton, California). The
capillary tubing (Polymicro Technology,
Inc., Phoenix, Arizona) used for the
experiment was uncoated fused silica
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Table I: Experimental values of binding constants K, (103M1) of ligands 1-6 to Van

and Teic obtained by equations 2 and 4

Van
Teic
Van
Teic
Van
Van
Van
Teic
Van 6

VUl B WINN =

2232
144.0b
15.3¢
21.1d
40.2
25.9
3.7¢
20.7f
43.0

@Previous estimates [25]: Ky, = 41.6 x 103 M1 (pH 7.5).

PPrevious estimates [25,26]: Ky, = 220 x 103 M1 (pH 8.3), K, = 21.8 x 103 M1 (pH 7.5)
CPrevious estimate [25]: Ky, = 174.5 x 103 M1 (pH 7.5).

dprevious estimate [23]: K, = 185.1 X 103 m! (pH 7.5).

€Previous estimate [9,25]: Kp = 3.6-5.0 X 103 m-! (pH 8.3).

fPrevious estimate [26]: Ky, = 44.0 x 103 M1 (pH 8.3).

with an internal diameter of 50 pm,
length from inlet to detector of 40.5 cm
(49 cm for teicoplanin and compounds 1
and 2), and a length from detector to
outlet of 6.5 cm (11 e¢m for teicoplanin
and compounds 1 and 2). The condi-
tions used in CE were as follows: for
vancomycin and teicoplanin, voltage, 25
kV; current, 6.8 LA for vancomycin, 7.9
WA for teicoplanin; detection, 200 nm;
temperature, 23.0 + 0.1 °C; for CAB,
voltage, 30 kV; current, 7.5 pA; detec-
tion, 200 nm; temperature, 23.0 + 0.1
°C. Data was collected and analyzed with
Gold or 32 Carot software (Beckman).

PMIACE

The CE system used in this study was
MDQ (Beckman). The capillary tubing
(Polymicro) used for the experiment was
uncoated fused silica with an internal
diameter of 50 pm, length from inlet to
detector of 40.5 cm (49 cm for
teicoplanin and compounds 1 and 2),
and a length from detector to outlet of
6.5 cm (11 cm for teicoplanin and com-
pounds 1 and 2). CE conditions: for
vancomycin, ristocetin, and teicoplanin,
voltage, 25 kV; current, 6.8 pA for van-
comycin, 7.9 WA for ristocetin and
teicoplanin; detection, 200 nm; tempera-
ture, 23.0 + 0.1 °C. Data were collected
and analyzed with 32 Carot software
(Beckman).

Receptor PFMIACE: The CE system
used in this study was a P/ACE 5510
(Beckman). The capillary tubing
(Polymicro) used for the experiment was
uncoated fused silica with an internal

diameter of 50 pm, length from inlet to
detector of 40.5 cm, and a length from
detector to outlet of 6.5 cm. CE condi-
tions: for vancomycin and teicoplanin,
voltage, 25 kV; current, 6.7 pA for van-
comycin, 7.9 nA for teicoplanin; detec-
tion, 200 nm; temperature, 23.0 + 0.1
°C; for CAB, voltage, 25 kV; current, 8.0
WA; detection, 200 nm; temperature,
23.0 + 0.1 °C. Data were collected and
analyzed with Gold software (Beckman).
Peptide PFMIACE: The CE system
used in this study was the MDQ (Beck-
man). The capillary tubing (Polymi-
croused for the experiment was uncoated
fused silica with an internal diameter of
50 pm, length from inlet to detector of
50.0 cm, and a length from detector to
outlet of 11 cm. CE conditions: for van-
comycin, teicoplanin, and ristocetin,
voltage, 25 kV; current, 7.8 pA for van-
comycin, 7.9 pA for teicoplanin and ris-
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tocetin; detection, 200 nm; temperature,
23.0 + 0.1 °C. Data were collected and
analyzed with 32 Karat software (Beck-
man).

Procedures

MIACE: For vancomycin, the capillary
first was equilibrated with buffer (192
mM glycine-25 mM Tris; pH 8.3) con-
taining increasing concentrations of pep-
tide (0-100 wM). Separate plugs of sam-
ple solution (3.6 nL each [a 1-s injection
of sample equals 1.2 nL of solution for a
50-pm inner diameter capillary per ven-
dor specifications]) containing the
marker MO, five plugs of vancomycin,
and second marker (CBSA) then were
introduced by pressure injection each
separated by a plug of buffer (18-s injec-
tion). The electrophoresis was carried out
using Tris—glycine buffer with increasing
concentrations of ligand at 25 kV for 6.0
min to complete the detection of all
species. Experimental conditions for
teicoplanin and CAB were similar except
only three plugs of receptor were intro-
duced and experiments were run for 7.0
min to teicoplanin. For CAB, HHM was
used as a marker and was introduced
directly after introduction of the first
marker MO.

PMIACE

For analysis of 1 and 2, the capillary was
first equilibrated with buffer (192 mM
glycine—25 mM Tris, pH 8.3) containing
increasing concentrations of vancomycin
(0-230 pM). Separate plugs of sample
solution (3.6 nL) containing the marker
(MO), second marker (NAD), 2, buffer
(18.0 nL), and 1 were then introduced

[~ | ]

e

Time (s)

Figure 2: Schematic of an MIACE experiment.
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Table Il: Experimental values of binding constants Ky, (103M-1) of ligands 1-4 to Van,

Rist, and Teic obtained by equation 2

1 9.8 (0.931)2 11.7 (0.936)b 237.5 (0.930)¢
2 11.4 (0.936)d 17.1 (0.864)¢ 153.2 (0.913)f
4 171.4 (0.987) 13.0 (0.845)9 21.5 (0.808)
3 24.3 (0.808) 25.5 (0.964)h 15.5 (0.877)

@Previous estimates [23]: Ky, = 41.6 X 103 m-1 (pH 7.5).

bprevious estimates [28]: Ky = 41.4 X 103 m-1 (pH 8.3), Ky, = 8.2 X 103 m-1 (pH 7.5)
CPrevious estimate [23]: Kp =218 X 103 m! (pH 7.5).

dprevious estimate [23]: Ky, = 174.5 X 103 m-! (pH 7.5).

€Previous estimate [28]: Kp = 9.1 X 103 m-1 (pH 8.3); [23] Ky, = 52.4 X 103 m-1 (pH 7.5).
Previous estimate [23]: Kp = 185.1 X 103 M1 (pH 7.5).

previous estimate [28]: Kp, = 25.3 x 103 M1 (pH 8.3).

Nprevious estimate [28]: Kp = 16.4 X 103 m-1 (pH 8.3).

o |7 300 pM

75 uM

0 pM

150 200 250 300 350

Time (s)

Figure 3: A representative set of electropherograms of vancomycin (darkened diamond, tri-
angle, square, circle, and open square) in 192 mM glycine-25 mM Tris buffer (pH 8.3) contain-
ing various concentrations of 1 using the MIACE technique. The total analysis time in each
experiment was 6.0 min at 25 kV (current 6.8 pA) using a 40.5-cm (inlet to detector), 50-um
i.d. open, uncoated capillary. MO (open circle) and CBSA (open triangle) were used as inter-
nal standards.

by pressure injection. The electrophoresis ~ were used for the studies.

was carried out using Tris—glycine buffer
with increasing concentrations of van-
comycin at 25 kV for 7.0 min to com-
plete the detection of all species. For ris-
tocetin the markers NAD and NADH

Receptor PEMIACE: For vancomycin,
the capillary was first equilibrated with
buffer (192 mM glycine-25 mM Tris,
pH 8.3) for 0.5 min. A 0.12-min buffer
plug then is introduced containing
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increasing concentration of peptide
(0-300 p.M).

Separate plugs of sample solution (5-s
injections each, 6 nL) containing the
marker MO, four plugs of vancomycin,
and a second marker HHM were intro-
duced by pressure injection each sepa-
rated by a plug of buffer (36-s injection).
The electrophoresis was carried out using
Tris—glycine buffer containing no ligand
at 25 kV for 8.0 min to complete the
detection of all species. Experimental
conditions for teicoplanin were similar
except that three injections of teicoplanin
were used, each separated by an 18-s
plug of buffer.

Peptide PFMIACE: For analysis of 1
and 2, separate plugs of solution (3.6 nL)
containing the marker (MO), 2, buffer
(18.0 nL), and 1 were introduced by
pressure injection followed by an injec-
tion of antibiotic (96-s at 0.7 psi) and
electrophoresed at various increasing
concentrations of antibiotic. The elec-
trophoresis was carried out using
Tris—glycine buffer at 25 kV for 7.0 min
to complete the detection of all species.
For ristocetin and teicoplanin NADH
was used as the noninteracting standard.
For CAB, separate plugs of solution of
ligand (0.12 min at high pressure), mark-
ers (MO and HHM), buffer, CAB,
buffer, CAB, buffer, and CAB, were elec-
trophoresed at increasing concentrations
of ligand. The electrophoresis was carried
out using Tris—glycine buffer at 25 kV
for 8.0 min to complete the detection of
all species.

Forms of Analysis

Two forms of analysis, one using two
markers (equations 1 and 2) and the
other using a single marker (equations 3
and 4), were used to estimate Kj. In the
dual marker form of analysis, Kj, is esti-
mated using two noninteracting stan-
dards, which we term the relative migra-
tion time ratio (RMTR) (equation 1)
).

Here, t,,
migration times of the antibiotic peak

t,, and t, are the measured

(for example, vancomycin), and two
noninteracting standard peaks (CBSA
and MO), respectively. A Scatchard plot
can be obtained via equation 2.
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Figure 4: (a) Schematic of the plug-sequence used to separate peptides of similar charge and
mass using the MIACE technique. (b) Schematic of PFMIACE experiment.

ARMTRp  /[L]=K,ARMTRp, ™ — K, ARMTRp,  (2)

Here, ARMTRp, is the magnitude of
change in the RMTR as a function of
the concentration of peptide. In the sec-
ond form of analysis, K}, is estimated
using one noninteracting standard that
relates changes in the electrophoretic
mobility (wpy) of, for example, van-
comycin on complexation with the lig-
and (L) present in the buffer to Kj,.

Analysis of the magnitude of the
change in mobility Apyp,,L as a function
of the concentration [L] of ligand yields
K, (equation 3).

Appr = ppr = pe = lla/ VIQ oy = Ve p) = (Uep = 1/t,)] (3)

Here, App; is the change in mobility
of vancomycin as a function of the con-
centration ofbpeptide, #; and 1 are
the measured migration times of van-
comycin and a noninteracting standard
(for example, MO or CBSA) at the con-
centration of peptide, respectively, /.
(cm) is the total length of the capillary, /
(cm) is the length of capillary from the
inlet end of the capillary to the detector,
£, (s) is the measured migration time of
the noninteracting standard, #p is the
measured migration time of the van-
comycin, and V'is the voltage across the
capillary. Equation 4 can then be used
for Scatchard analysis.

A pa /TA] = Ky Appp ™ — KA pa (4)
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Results and Discussion

MIACE: Receptor as sample: In the first
series of experiments, we examined the
binding of D-Ala-D-Ala terminus pep-
tides to vancomycin using the MIACE
technique (Figure 1) (29). Vancomycin-
group antibiotics are glycopeptides that
kill bacterial cells by inhibiting peptido-
glycan biosynthesis (43—49). They func-
tion by binding to the terminal D-Ala-
D-Ala dipeptide of bacterial cell wall
precursors, thereby, impeding further
processing of these intermediates into
peptidoglycan. Vancomycin, from Strep-
tomyces orientalis, has been called the
antibiotic of last resort because of its
effectiveness in treating infections caused
by bacteria resistant to other antibiotics
such as Staphylococcus aureus. Bacteria
also have conferred resistance to van-
comycin through the substitution of the
D-Ala-D-Ala terminus of the peptidogly-
can precursor by D-Ala-D-Lac (Lac =
lactic acid). The great numbers of muta-
tions that have evolved in bacteria have
made it increasingly important to
develop new vancomycin-group antibi-
otics, study their physicochemical param-
eters, and to examine their activity
against vancomycin-resistant enterococci
(VRE).

In the MIACE technique, a plug of
sample containing the noninteracting
standard MO was injected first into the
capillary column followed by five plugs
of sample containing vancomycin (Figure
2). Between each injection of van-
comycin was placed a small plug of
buffer to aid in the separation of all van-
comycin peaks. A final plug of the sec-
ond noninteracting standard, 4- CBSA,
was then injected and electrophoresed.
Upon electrophoresis, individual plugs of
sample migrate through the capillary col-
umn to afford seven peaks (five for van-
comycin and two for the standards). Fig-
ure 3 shows a representative series of
electropherograms of vancomycin in a
capillary filled with increasing concentra-
tions of 1 at 200 nm. The peaks for van-
comycin are not baseline resolved but
can be differentiated from each other eas-
ily. As the concentration of 1 was
increased (0 to 300 wM) in the running
buffer, the peaks for vancomycin shifted
to longer migration times as the Van-1
complexes are more negative than van-
comycin itself. The inverted peaks to the
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Table Ill: Experimental values of binding constants K, (103M1) of ligands 1, 3-6 to

Van and Teic obtained by equations 2 and 4

Van
Van
Teic
Van
Teic
Van
Teic
Teic

SuUTuUl b B WWw-—

19.5
102.42 40.0
62.4b 15.5
19.1¢ 25.9
122.3d 21.5
7.2e 3.7
24.9f 20.7
78.1

right of the vancomycin peaks are due to
the dilution of 1 in the running buffer
upon complexation to vancomycin. Due
to the higher mass of the newly formed
complex upon increasing the concentra-
tion of 1 the height of the peaks for van-
comycin increase in comparison to the
MO marker.

The average binding constant was
determined to be 22.3 X 103M-!. In our
previous work at pH 7.5 and in phos-
phate buffer, we determined a value for
K of 41.6 X 103M-! (25). Using a simi-
lar injection sequence, we determined
the binding affinities of ligands 2-6 to
vancomycin. Table I summarizes the
binding data obtained for vancomycin
and ligands 2-6. The binding constants
obtained using MIACE were comparable
to those determined using standard ACE
techniques (9,23,25,26).

We also examined the binding of sev-
eral D-Ala-D-Ala terminus peptides to
teicoplanin. Like vancomycin,

teicoplanin is a linear heptapeptide,
cross-linked between residues 1 and 3, 2
and 4, and 4 and 6 by diphenyl ether
bridges and between residues 5 and 7 by
a biphenyl bridge. Teicoplanin is a mix-
ture of five closely related analogues, des-
ignated T-A,_; through T-A,_s. They dif-
fer by approximately 20 molecular mass
units because of the variation of the car-
bon length and substituent groups of the
hydrophobic acyl side chain (hydropho-
bic tail) that is attached to a 2-amino-2-
deoxy-f-D-glucopyranosyl moiety. This
hydrophobic tail gives teicoplanin its
unique characteristics. Table II lists the
binding data for teicoplanin and ligands
1, 2, and 5.

MIACE: Ligand as sample: In some
cases, the lack of receptors precludes the
use of standard ACE techniques whereby
the receptor is injected as the sample.
Furthermore, there is sometimes the
need for examining more than one inter-
action pair at a time, especially when

Table IV: Experimental values of binding constants Ky, (103M-1) of ligands 3-6 to Van,

Rist, and Teic obtained by equation 2

1 16.9 (0.977)a
2 60.5 (0.936)d
3 81.5 (0.959)

4 273.1(0.935)

16.6 (0.907)P
16.0 (0.916)¢

68.3 (0.938)¢
68.5 (0.887)f

29.3 (ITC)

35.4 (0.972)9 108.8 (0.930)
46.9 (ITC)

25.7 (0.920)h 13.5 (0.950)
40.0 (ITC)

@Previous estimates [24]: Ky, = 41.6 x 103 M1 (pH 7.5).

bprevious estimates [24,29]: Ky, = 41.4 x 103 M1 (pH 8.3), K}, = 8.2 x 103 M (pH 7.5)
CPrevious estimate [24]: Kp =218 X 103 m! (pH 7.5).

dPrevious estimate [24]: Ky, = 174.5 x 103 M1 (pH 7.5).

EPrevious estimate [24,29]: Ky, = 9.1 X 103 M1 (pH 8.3); [23] K}, = 52.4 X 103 M1 (pH 7.5).
Previous estimate [24]: Ky, = 185.1 X 103 m-! (pH 7.5).

9Previous estimate [29]: Ky, = 16.4 x 103 M (pH 8.3).

hprevious estimate [29]: Kp =253 % 103 m-1 (pH 8.3).
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Figure 5: A representative set of electro-
pherograms of ligands 3 (darkened square)
and 4 (darkened circle) in 192 mM glycine-25
mM Tris buffer (pH 8.3) containing various
concentrations of ristocetin using the MIACE
technique. The total analysis time in each
experiment was 7.0 min at 25 kV (current
34-35 pA) using a 49-cm (inlet to detector),
50-pum i.d. open, uncoated capillary. NAD
(open circle) and NADH (open square) were
used as internal standards. The negative
peaks are explained in the text.

high-throughput screening of potential
drug targets is warranted. In such cases,
ligands can be utilized as the sample.
Analyzing ligands of similar charge and
nominal differences in mass can pose
problems as their electrophoretic mobili-
ties are practically the same resulting in
either a single peak or, at best, overlap of
peaks with little to no baseline resolu-
tion. To remedy this problem, we modi-
fied our original MIACE techniques by
utilizing a novel plug injection sequence.
Figure 4a shows the schematic of the
plug injection used to examine peptides
of similar mass and the same charge. In
this technique, separate plugs of sample
containing noninteracting standards,
peptide one, buffer, and peptide two, are
injected into the capillary column and
electrophoresed. Peptides migrate
through the column at similar elec-
trophoretic mobilities but remain as dis-
tinct zones due to the buffer plug
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Figure 6: A representative set of electro-
pherograms of vancomycin (darkened dia-
mond, triangle, circle, and open triangle) in
192 mM glycine-25 mM Tris buffer (pH 8.3)
containing various concentrations of 3 using
the PFMIACE technique. The total analysis
time in each experiment was 8.0 min at 25
kV (current 6.7 pA) using a 40.5-cm (inlet to
detector), 50-um i.d. open, uncoated capil-
lary. MO (open circle) was used as an internal
standard. The asterisks are explained in the
text.

between peptides. Upon electrophoresis
all species migrate through the capillary
at their respective electrophoretic mobili-
ties. Because of the buffer plug inserted
between peptides both peptides remain
as separate zones of sample during elec-
trophoresis and do not mix during the
experiment.

We first examined the binding of lig-
ands 14 to ristocetin. Ristocetin, like
vancomycin, also inhibits cell wall pepti-
doglycan biosynthesis in susceptible bac-
teria by binding to key peptidoglycan
intermediates. It was clinically employed
to treat bacterial infections into the late
1950s, but due to undesirable side
effects, was discontinued. Recently, the
increasing incidence of vancomycin-
resistant strains of infectious bacteria has
sparked interest in the synthesis of these
new ristocetin derivatives. Figure 5 is a
representative series of electropherograms

of peptides 3 and 4 in capillaries filled
with ristocetin at 200 nm. For clarity,
only six electropherograms are shown. At
ristocetin concentrations of 6 and 18
M ligands 3 and 4 migrate at similar
electrophoretic mobilities as the marker
NAD, respectively, and are not observed
in the electropherograms. As the concen-
tration of ristocetin was increased in the
running buffer the peaks for 3 and 4
shift to a shorter migration time on for-
mation of the 3-ristocetin and 4-risto-
cetin complexes and are observed clearly
in the electropherogram.

The negative peaks to the right of MO
are due to the dilution of ristocetin in
the electrophoresis buffer. As can be seen
in Figure 5, the greater the concentration
of ristocetin the more pronounced the
negative peaks are. There is some varia-
tion in the values for K between the
four ligands and ristocetin. We also
examined the binding of ligands 1-4 to
vancomycin and teicoplanin. Table II
lists the binding data for teicoplanin and
ligands 1-4.

PFMIACE: Receptor as sample: There
are cases in which both receptor and lig-
and are sparse. In such scenarios, stan-
dard ACE techniques will not yield accu-
rate affinity parameters. With this in
mind, we modified MIACE by utilizing
partial-filling methods in techniques we
call partial filling MIACE (PFMIACE).
Two variations of PFMIACE are
described herein. In the first technique,
the capillary is partially filled with ligand
at increasing concentrations, a noninter-
acting standard, three or four separate
plugs of receptor, each separated by small
plugs of buffer, a plug containing a sec-
ond noninteracting standard, and then
electrophoresed in buffer. Upon contin-
ued electrophoresis, equilibrium is estab-
lished between the ligand and receptors,
causing a shift in the migration time of
the receptors with respect to the nonin-
teracting standards. This change in
migration time is utilized for estimating
values for K. We first examined the
binding of 3 to vancomycin. Using the
PFMIACE technique, a buffer plug of 3
was introduced at increasing concentra-
tions of ligand, followed by a sample
plug containing the noninteracting stan-
dard MO and then four plugs of sample
containing vancomycin (Figure 4b).
Between each injection of vancomycin
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was placed a small plug of buffer to aid
in the separation of the vancomycin
zones of solution. Upon application of a
voltage, the individual plugs of sample
migrate through the capillary and into
the zone of 3. Figure 6 shows a represen-
tative series of electropherograms of van-
comycin in a capillary partially filled
with increasing concentrations of 3. The
height of the ligand plateaus present in
the electropherograms increase as a result
of the increasing concentration of 3 par-
tially filled in the capillary. As the con-
centration of 3 in the capillary increases,
the peak for the vancomycin species shift
to a greater migration time due to forma-
tion of Van-3, which is more negatively
charged than vancomycin alone. Table
I summarizes the binding data obtained
for vancomycin and ligand 3 and other
ligands used in this study. We also exam-
ined the binding of teicoplanin to lig-
ands 1, 2, 4, and 5. A similar injection
sequence was used for analysis of
teicoplanin and the ligands and the val-
ues for binding constants listed in Table
1I1.

PFMIACE: Ligand as sample: In the
second technique, separate plugs of sam-
ple containing noninteracting standards,
peptide one, buffer, and peptide two,
were injected into the capillary column.
The capillary is partially filled with a
series of buffers containing an antibiotic
at increasing concentrations and elec-
trophoresed. Peptides migrate through
the column at similar electrophoretic
mobilities because their charge-to-mass
ratios are approximately the same but
remain as distinct zones due to the buffer
plug between peptides. Upon elec-
trophoresis, the plug of antibiotic flows
into the peptide plugs affecting a shift in
the migration time of the peptides with
respect to the noninteracting standards
occurs due to formation of the of the
antibiotic-peptide complex.

Figure 7 shows a schematic representa-
tion of the injection plug sequence. In
this technique, separate plugs of sample
solution containing the marker (MO),
second marker (NADH), 2, buffer, and 1
were introduced via pressure injection
followed by partially filling the capillary
with an antibiotic. Upon electrophoresis,
the plug of antibiotic migrates into the
zones of the two ligands due to it having
a greater electrophoretic mobility. The
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Figure 7: A schematic representation of the sample injection sequence using the partial fill-
ing multiple injection technique to estimate binding interactions of ligands to vancomycin,

ristocetin, and teicoplanin.

ligand-antibiotic complex is then
detected by UV-Vis absorption. Figure 8
illustrates a representative series of elec-
tropherograms of 1, 2, and increasing
concentrations of vancomycin partially
filled in the capillary column. Upon
increasing the concentration of van-
comycin, a shift in the migration time of
1 and 2 is observed. The newly formed
Van-1 and Van-2 complexes have differ-
ent chargeto-mass ratios than the
unbound species causing a shift to less
migration time relative to the standards.
The two markers (MO and NAD) are
unaffected during the experiment.
Increasing concentrations of vancomycin
can be seen as a height increase of the
vancomycin plateaus. At the zero concen-
tration of vancomycin, the peaks are
baseline resolved clearly showing the sep-
aration between ligands 1 and 2. Ata
vancomycin concentration of 60 M the
peaks for 1 and 2 have shifted completely
to the left of the NAD marker. Further
increasing the concentration of van-
comycin shifts the Van-1 and Van-2

complexes to even shorter migration time
2. Only six electropherograms were
reproduced to grant clarity to Figure 8
although more concentrations were used
to obtain the Kj,.

The dual marker form of analysis was
used to calculate Kj. Table IV lists the
values obtained using the PFMIACE
technique. Ligands 3 and 4 also were
studied with vancomycin. Our results
show that different binding constants are
obtained for 1-4 to vancomycin contrary
to previous studies that have shown that
modification at the N-terminus does not
significantly affect binding. It is possible
that upon complexation to vancomycin,
the side group of the amino acid alpha to
the D-Ala-D-Ala terminus peptide might
cause a structural change to the binding
pocket and changing the proximity of
the five key hydrogen bonds, hence, giv-
ing either a favorable or unfavorable
interaction. Moreover, interactions such
as hydrophilic, hydrophobic, sterics, and
others might also play a role in the dif-
ferent binding affinities. A series of
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Figure 8: A representative set of electro-
pherograms of ligands 1 (darkened square)
and 2 (darkened circle) in 192 mM glycine-25
mM Tris buffer (pH 8.3) containing various
concentrations of vancomycin using the
PFMIACE technique. The total analysis time
in each experiment was 7.0 min at 25 kV
(current 8-12 pA) using a 50-cm (inlet to
detector), 50-um i.d. open, uncoated capil-
lary. MO (open circle) and NAD (open
square) were used as internal standards.

experiments also were conducted with
ristocetin. Table IV illustrates the data
afforded by the PFMIACE technique.

One of the major advantages of
PFMIACE over MIACE and other ACE
techniques is the quantity of sample used
in the experiment. Whereas in MIACE
multiple zones of vancomycin migrate
through a constant flow of solution con-
taining ligand, in PFMIACE the capil-
lary is only partially filled with ligand.
The amount of ligand used in PFMI-
ACE analysis for vancomycin and
teicoplanin is 170 and 89 pmol, respec-
tively; in MIACE 592 pmol.

Conclusion
We have demonstrated the development
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of multiple injection ACE (MIACE)
technique to estimate binding constants
using as a model system the glycopeptide
antibiotics vancomycin, teicoplanin and
ristocetin. In these techniques, multiple
injections of sample containing receptor
(or ligand) was subjected to an increasing
concentration of ligand (or receptor) in
the running buffer. A change in migra-
tion time upon formation of complex
was used in the Scatchard analysis and
realized multiple binding constants com-
parable to those obtained using other
ACE techniques and traditional assay
methods. The advantages of MIACE are
several fold: One, smaller quantities of
ligand are needed to conduct the studies
in comparison to other assay techniques.
Two, purification of the sample before
injection is not necessary as long as the
component to be analyzed can be sepa-
rated from other species. Three, multiple
binding constants can be obtained in a
series of ACE experiments shortening the
amount of time required to conduct the
assay. Finally, the commercial availibility
of automated instrumentation, and high
reproducibility of data, make it experi-
mentally convenient.
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