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Electrophoretically mediated microanalysis with
partial filling technique and indirect or direct
detection as a tool for inhibition studies of
enzymatic reaction

The inhibition of the model enzyme, haloalkane dehalogenase from Sphingomonas
paucimobilis, was investigated by a combination of electrophoretically mediated
microanalysis with a partial filling technique, followed by indirect or direct detec-
tion. In this setup, part of the capillary is filled with a buffer suitable for the enzymatic
reaction (20 mM glycine buffer, pH 8.6) whereas the rest of the capillary is filled with the
background electrolyte optimal for separation of substrates and products. Two differ-
ent background electrolytes and corresponding detection approaches were used to
show the versatility of the developed method. The inhibition effect of 1,2-dichloro-
ethane on the dehalogenation of brominated substrate 1-bromobutane was studied
by means of 10 mM chromate 2 0.1 mM cetyltrimethylammonium bromide (pH 9.2) in
combination with indirect detection or 20 mM b-alanine – hydrochloric acid (pH 3.5) in
combination with direct detection. The method was used to estimate the inhibition
constant KI (0.44 mM by indirect detection and 0.63 mM by of direct detection) and to
determine the inhibition type. Compared to spectrophotometric and other discontinu-
ous assays, the method is rapid, can be automated, and requires only small amount of
reagents that is especially important in the case of enzymes and inhibitors.
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The study of enzymes remains of great importance not
only to biochemists and molecular biologists since
enzymes are utilized in many industrial applications. In
modern times, the role of enzymes in consumer prod-
ucts and in chemical manufacturing has expanded
greatly. Perhaps one of the most exciting fields of mod-
ern enzymology is the application of enzyme inhibitors.
Many drugs function by inhibiting specific enzymes
which are associated with the disease process. Enzyme
inhibitors are developed as pesticides to protect crops.
Even many chemical warfare agents act as enzyme
inhibitors. For that reason, new methodological ap-
proaches were developed for inhibition studies of enzy-
matic reaction [1].

Haloalkane dehalogenases (EC 3.8.1.5) are enzymes
involved in the biodegradation of halogenated aliphatic
hydrocarbons, a diverse group of industrial chemicals
whose representatives play a significant role as environ-
mental pollutants. They catalyze cleavage of the carbon-
halogen bond [2] producing alcohol, halide, and proton:

CH3(CH2)nX 1 H2O ? CH3(CH2)nOH 1 H1 1 X2

Because of their toxicity, bioconcentration, and persis-
tence, the ubiquitous distribution of halogenated com-
pounds in the biosphere has caused public concern over
the possible effects on the quality of life [3, 4]. As a result,
the study of the biochemistry of dehalogenation pro-
cesses may help to understand and evaluate the potential
for their degradation in the environment. Particularly the
enzyme inhibition can provide insight into the mechanism
of enzyme action since it serves as a major control mech-
anism in biological systems.

Due to the significance of haloalkane dehalogenase for
ecotoxicology, many activity assays have been devel-
oped for this enzyme [5–12] including a new capillary

Correspondence: Dr. Zdeněk Glatz, Department of Biochem-
istry, Faculty of Science, Masaryk University, Kotlářská 2,
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electrophoresis (CE) method [13]. Recently, the combina-
tion of electrophoretically mediated microanalysis (EMMA)
with the partial filling technique has been applied to the
study of enzymes dealing with the high-mobile inorganic
or organic anions as substrates or products [14]. In this
EMMA modification introduced by Van Dyck et al. [15],
part of the capillary is filled with a buffer suitable for en-
zyme reaction whereas the rest of the capillary is filled
with the background electrolyte optimal for separation of
substrates and products. Two different background elec-
trolytes and detection approaches have been proposed:
(i) 10 mM chromate – 0.1 mM cetyltrimethylammonium
bromide (CTAB), pH 9.2, in combination with indirect
detection for nonabsorbing anions, and (ii) 20 mM b-ala-
nine – hydrochloric acid (HCl), pH 3.5, in combination
with direct detection for absorbing anions. Haloalkane
dehalogenase has been chosen as a model enzyme in
this study because of its wide substrate specifity. It uti-
lizes chlorinated as well as brominated substrates pro-
ducing either nonabsorbing (chloride) or absorbing (bro-
mide) anions. The Michaelis constant (KM) of haloalkane
dehalogenase for 1-bromobutane has been determined
by the developed EMMA methodology. The values esti-
mated by indirect and direct detection approaches were
comparable not only with each other but also with the
value estimated by gas chromatography [16].

In this paper, we propose to extend the applicability of
the innovative methodology on the inhibition studies of
enzymatic reactions. The inhibition effect of 1,2-dichloro-
ethane on the dehalogenation of 1-bromobutane was
studied by both background electrolytes and correspond-
ing detection systems. To the best of our knowledge it is
the first application of EMMA in combination with partial
filling technique and indirect detection for this purpose.
The brominated substrate was selected for the same rea-
son as in the previous work [14], i.e., the results of indirect
and direct detection could be easily compared. Therefore,
the denaturation effect of given background electrolytes
during complex hydrodynamic injection procedure thus
could be simply evaluated.

1-Bromobutane, 1,2-dichloroethane, and CTAB were ob-
tained from Aldrich (Milwaukee, WI, USA). b-Alanine and
glycine were from Sigma (St. Louis, MO, USA). All other
chemicals and solvents were of analytical reagent grade,
supplied from Fluka (Buchs, Switzerland). The background
electrolyte for direct detection was prepared by adding
hydrochloric acid to 20 mM b-alanine solution up to
pH 3.5. For indirect detection, 10 mM chromate – 0.1 mM

CTAB (pH 9.2) was used as background electrolyte no
further pH adjustment was needed. Glycine buffer was
prepared by addition of 0.1 M sodium hydroxide to 20 mM

glycine up to pH 8.6. All solutions were prepared with

Milli-Q water (Millipore, Milford, WA, USA) and filtrated
through a 0.45 mm membrane filter. Enzyme and sub-
strates solutions were prepared freshly each day in 20 mM

glycine buffer (pH 8.6). His-tagged hydrolytic haloalkane
dehalogenase from Sphingomonas paucimobilis UT26
(LinB) purified to homogeneity [12, 17, 18] was used as
model enzyme. To overproduce LinB, the enzyme was
expressed in Escherichia coli BL 21 under isopropyl-
b-thiogalactopyranoside (IPTG) induction. Transformed
E. coli was cultured in 2 L Luria broth at 377C. IPTG was
added to the cells up to a final concentration of 1 mM

when the culture reached an optical density of 0.6 at
660 nm. The cells were harvested after 3 h incubation,
resuspended in 50 mM phosphate buffer, pH 7.5, contain-
ing 1 mM b-mercaptoethanol and 10% glycerol, and dis-
rupted by sonication. After centrifugation at 100 0006g
for 1 h, the supernatant was applied on a Ni-NTA Sepha-
rose column (Qiagen, Hilden, Germany) equilibrated with
20 mM phosphate buffer (pH 7.5) containing 0.5 M sodium
chloride and 10 mM imidazole. The unbound proteins
were washed out by equilibrating buffer and the His-
tagged LinB was eluted by the same buffer containing
0.5 M imidazole. The purified enzyme was stored in 50 mM

phosphate buffer (pH 7.5) containing 1 mM b-mercap-
toethanol and 10% glycerol at 0–47C.

An Agilent 3DCapillary Electrophoresis System (Wald-
bronn, Germany) with a diode-array UV-VIS detector was
used to carry out all CE separations. The CE system auto-
sampler was heated using a recirculating water bath.
Data were collected on a HP Vectra VL5 166 MHz perso-
nal computer using the Agilent 3DCE ChemStation Soft-
ware. A Polymicro Technologies (Phoenix, AZ, USA) 75 mm
fused-silica capillary (64.5 cm total length, 56.0 cm ef-
fective length) was used for all separations in capillaries.
As background electrolyte in indirect detection, 10 mM

chromate – 0.1 mM CTAB (pH 9.2) was used. The in-capil-
lary enzymatic reaction was performed by consecutive
injection of 20 mM glycine buffer (pH 8.6) at 50 mbar for
6.0 s, enzyme solution at 50 mbar for 6.0 s, substrates
solution with or without inhibitor at 50 mbar for 6.0 s,
20 mM glycine buffer (pH 8.6) at 50 mbar for 6.0 s, and
background electrolyte at 50 mbar for 6.0 s into the
capillary. The reaction was initiated by the application of
218 kV separation voltage (negative polarity). The capil-
lary temperature was 257C. Samples were detected at
315 nm sample wavelength with a bandwidth of 10 nm
and 375 nm reference wavelength with a bandwidth of
20 nm. The peak areas were measured by means of
ChemStation software and the concentrations of bromide
were calculated from the calibration graph. The capillary
was washed with 0.1 M NaOH for 1 min, deionized water
for 1 min, and with background electrolyte for 2 min
before each run and 1 min with deionized water after
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Figure 1. Scheme of the combination of EMMA with a partial filling technique.

each run. As background electrolyte in direct detection
20 mM b-alanine – HCl (pH 3.5) was used. The in-capillary
enzymatic reaction was performed by consecutive injec-
tion of 20 mM glycine buffer (pH 8.6) at 50 mbar for 4.0 s,
enzyme solution at 50 mbar for 4.0 s, substrates solution
with or without inhibitor at 50 mbar for 4.0 s, 20 mM gly-
cine buffer (pH 8.6) at 50 mbar for 4.0 s, and background
electrolyte at 50 mbar for 4.0 s into the capillary. The reac-
tion was initiated by the application of 229.9 kV separa-
tion voltage (negative polarity). The capillary temperature
capillary was 257C. Samples were detected at 200 nm
with a bandwidth of 10 nm. The peak areas were meas-
ured by means of ChemStation software and the concen-
trations of bromide were calculated from the calibration
graph. The capillary was washed with background elec-
trolyte for 2 min before each run and 1 min with deionized
water after each run.

The identical setup as in the previously developed EMMA
method [14] with one modification (the inhibitor added to
the substrate solution) was used in this work. The capil-
lary was first filled with the particular background electro-
lyte. Subsequently, a plug of the glycine buffer, a plug of
enzyme solution, a plug of substrate solution with or with-
out the inhibitor, a plug of glycine buffer, and finally a plug
of background electrolyte were injected hydrodynami-
cally into the capillary (Fig. 1). Upon application of an
electric field, the two zones interpenetrated and the enzy-
matic reaction took place. The resultant reaction product
– bromide anion – was electrophoretically transported
towards the detector and quantified. Although some en-
zymatic reactions occurred during injection under influ-
ence of the simple diffusion of enzyme and substrate,
more than 90% of product (bromide) was formed due to
their electrophoretic mixing. This was established by
injections of an intermediate glycine buffer plug of differ-
ent lengths between enzyme and substrate plugs (data
not shown). As these contributions are equal at different
concentrations of substrate, their effect could be omitted.

Typical electropherograms of the in-capillary enzymatic
reaction with the enzyme solution (0.04 mg/mL of protein)
and the substrates solution containing 1.0 mM 1-bromo-
butane using indirect and direct detections systems are
shown in Figs. 2A and 3A, respectively. Whereas only

peaks of bromide and unknown compounds from enzyme
preparation were detected by direct detection, in addition
the chloride and sulfate anions originating from enzyme
preparation are visible by indirect detection. Their identities
were confirmed through spiking the enzyme or substrate
solutions by given anions. The reproducibility of both EMMA
variants for bromide as product of enzymatic reaction was
tested by repeated analyses (n = 10) performed under con-
ditions described in Figs. 2A and 3A. The reproducibilities
of migration time were in both systems , 2.2%, the re-
producibilities of peak area were , 5.2%.

Figure 2. (A) In-capillary haloalkane dehalogenase reac-
tion with the enzyme solution (0.04 mg/mL of protein) in
20 mM glycine buffer (pH 8.6) and the substrate solution
of 1.0 mM 1-bromobutane in 20 mM glycine buffer (pH 8.6).
(B) Same system but with substrate solution spiked with
20 mM 1,2-dichloroethane. Separation conditions: back-
ground electrolyte, 10 mM chromate – 0.1 mM CTAB
(pH 9.2); separation voltage, 218 kV (negative polarity);
75 mm fused-silica capillary (64.5 cm total length, 56.0 cm
effective length); indirect detection at 315 nm sample
wavelength with a bandwidth of 10 nm, 375 nm reference
wavelength with a bandwidth of 20 nm; capillary temper-
ature, 257C; injection, 20 mM glycine buffer (pH 8.6) at
50 mbar for 6.0 s, enzyme solution at 50 mbar for 6.0 s,
substrate solution at 50 mbar for 6.0 s, 20 mM glycine
buffer (pH 8.6) at 50 mbar for 6.0 s, and the background
electrolyte at 50 mbar for 6.0 s consecutively into the
capillary.
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Figure 3. (A) In-capillary haloalkane dehalogenase reac-
tion with the enzyme solution (0.04 mg/mL of protein) in
20 mM glycine buffer (pH 8.6) and the substrate solution
of 1.0 mM 1-bromobutane in 20 mM glycine buffer (pH 8.6).
(B) Same system but with the substrate solution spiked
with 20 mM 1,2-dichloroethane. Separation conditions:
background electrolyte, 20 mM b-alanine – HCl (pH 3.50);
separation voltage, 229.9 kV (negative polarity); 75 mm
fused-silica capillary (64.5 cm total length, 56.0 cm effec-
tive length); direct detection at 200 nm, capillary temper-
ature, 257C, injection mode as in Fig. 3 but only for 4.0 s.

The inhibition activity of 1,2-dichloroethane on haloalkane
dehalogenase reaction can be seen from the electro-
pherograms measured under the same conditions but
with the addition of 20.0 mM 1,2-dichloroethane to the
plug of substrate (Figs. 2B and 3B). Although haloalkane
dehalogenase is a bi-substrate enzyme, it is obeying the
monosubstrate kinetics since the changes in the concen-
tration of second substrate – water – are negligible [19].
Consequently, the inhibitory study was performed by
measuring the initial velocities v0 of the enzymatic reac-
tion at the varying concentrations of the substrate [S]
and the inhibitor [I]. Each substrate and inhibitor combi-
nations were analyzed in triplicate. The concentrations of
1-bromobutane and 1,2-dichloroethane in the substrate
plugs were considered to be equal to the concentrations
in the vials before sampling. The initial reaction velocities
were measured from the bromide peak areas since the
reaction time was constant due to the identical lengths of
the enzyme and substrate plugs during all experiments.
The calibrations were performed by analyzing bromide
standards in glycine buffer, injected instead of enzyme
solution. The calibration curves for both systems were
linear in the range of 30–1000 mM with correlation co-
efficients better than 0.997. The detection sensitivity (S/N
� 3) for direct detection was approximately three times

higher in comparison with indirect detection. While chro-
mate is the most commonly used carrier electrolyte for
the determination of low-molecular-mass anions by indi-
rect detection, the selection of different absorbing probe
could overcome this drawback. However, the final deci-
sion should be based on matching the relative mobility of
the probe with the mobility of the particular product of
enzymatic reaction, the choice of the electroosmotic flow
modifier, etc. [20].

Figures 4A and 5A show the Michaels-Menten plots of
initial velocities versus substrate concentrations obtained
at four different concentrations of substrate and four

Figure 4. (A) Michaelis-Menten and (B) corresponding
Lineweaver-Burke plots for the enzymatic reaction of
haloalkane dehalogenase inhibited by (d) 0 mM, (s)
1 mM, (.) 5 mM, (,) 20 mM 1,2-dichloroethane at vary-
ing concentrations of 1-bromobutane estimated by indi-
rect detection. Separation conditions as in Fig. 2.
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different concentrations of inhibitor analyzed by indirect
and direct detection. The corresponding Lineweaver-
Burke double reciprocal plots are linear intersecting
the 1/v0 axis in the point 1/Vmax and illustrate that 1,2-di-
chloroethane is a competitive inhibitor of haloalkane de-
halogenase (Figs. 4B and 5B). It can combine only with
the free enzyme in such a way that it competes with the
normal substrate for binding at the active site:

E þ S Ð ES Ð E þ P
þ
I (1)

Ð

EI

This finding also corresponds to the structure of 1,2-di-
chloroethane, which is related to the structure of sub-
strates. The competitive inhibition mechanism is in agree-
ment also with the study of Oakley et al. [21]. The relation
between initial reaction velocity v0 and substrate [S] and
inhibitor [I] concentrations then can be described mathe-
matically by the Michaelis-Menten equation as:

v0 ¼ Vmax½S�

KM

�
1þ ½I�

KI

�
þ ½S�

(2)

where Vmax is a maximum velocity and KI is an inhibition
constant.

The KI values of 0.44 mM estimated by indirect detection
method and 0.63 mM by direct detection were computed
from electrophoretic data using the Sigma Plot software
8.02 (SPSS, Chicago, IL, USA). Only small differences
can be seen, proving that both approaches could be
used for the study of inhibition characteristics of haloal-
kane dehalogenase. Furthermore, the close KI values to-
gether with previous results of KM determination exclude
also any cross-contamination of enzyme reaction buffer
by particular background electrolyte in the capillary.

Inhibition of haloalkane dehalogenase can be easily per-
formed by the previously developed EMMA methodology.
The method can be used just to estimate KI but also to
determine the inhibition type. Besides it can be applied
(with or without changes in the injection order of the
enzyme and substrate/inhibitor plugs) to kinetic studies
of other enzymes dealing with high-mobile inorganic
or organic anions as substrates or products. As the
overall performance of both electrolyte and detection
approaches is more or less comparable, their choice will
depend on the studied enzyme system. In addition,
EMMA brought a dramatic improvement in the methodol-
ogy of inhibition studies of enzymatic reaction. Whereas
the whole study by means of EMMA required only 20 mL
of the enzyme preparation (minimal amount for sampling
in given CE apparatus), an approximately 50-times higher

Figure 5. (A) Michaelis-Menten and (B) corresponding
Lineweaver-Burke plots for the enzymatic reaction of
haloalkane dehalogenase inhibited by (d) 0 mM, (s)
1 mM, (.) 5 mM, (,) 20 mM 1,2-dichloroethane at varying
concentrations of 1-bromobutane estimated by direct
detection. Separation conditions as in Fig. 3.

amount would be necessary for an identical study by
means of a traditional, e.g. spectrophotometric, assay.
Moreover, the automatization of all assay steps – sam-
pling, mixing, separation, and quantitation – not only mini-
mized the possible errors but also saved experimental
time.
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