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Study of enzymatic reaction by electrophoretically
mediated microanalysis in a partially filled capillary
with indirect or direct detection

Electrophoretically mediated microanalysis (EMMA), in combination with a partial filling
technique and indirect or direct detection, is described for the study of enzymes react-
ing with the high mobiliby inorganic or organic anions as substrates or products. Part of
the capillary is filled with a buffer optimized for the enzymatic reaction, the rest of the
capillary with the background electrolyte being optimal for the separation of substrates
and products. With haloalkane dehalogenase, chosen as a model enzyme, the enzy-
matic reaction was performed in a 20 mM glycine buffer (pH 8.6). Because of the wide
substrate specifity of this enzyme, utilizing chlorinated as well as brominated sub-
strates and producing either nonabsorbing chloride or absorbing bromide ions, two
different background electrolytes and detection approaches were adopted. A 10 mM

chromate-0.1 mM cetyltrimethylammonium bromide background electrolyte (pH 9.2)
was used in combination with indirect detection and 20 mM b-alanine-hydrochloric
acid (pH 3.5) in combination with direct detection. The Michaelis constant (Km) of
haloalkane dehalogenase for 1-bromobutane was determined. The Km values 0.59 mM

estimated by means of indirect detection method and 0.17 mM by means of direct
detection method were comparable with the value 0.13 mM estimated previously by
gas chromatography.

Keywords: Electrophoretically mediated microanalysis / Haloalkane dehalogenase / Kinetics /
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1 Introduction

The accurate measurement of enzymatic activity in bio-
logical samples is important in many fields, not only in
routine and fundamental biochemical as well as molecular
biological research but also in clinical diagnosis and drug
development. Enzyme assays are also important for
the elucidation of the functional properties of enzymes.
In addition, the determination of kinetic parameters is
usually undertaken to characterize an enzyme, to provide
a quantitative evaluation of substrate specificity and to
study kinetic mechanisms [1, 2]. Measurements of en-
zyme activity by capillary electrophoresis (CE) which
have been under active investigation in recent years [3],
include (i) enzyme reaction prior CE analysis, (ii) enzyme
reaction during CE, also known as electrophoretically

mediated microanalysis (EMMA), and (iii) enzyme reaction
after CE separation. Among these approaches EMMA has
shown a high degree of versatility and attracted most re-
search attentions owing to low detection limits, short
analysis times and automation.

EMMA utilizes differential electrophoretic mobilities of
enzyme, substrate and product [4]. Until now three
approaches have been proposed including (i) zonal injec-
tion EMMA [5], (ii) moving boundary EMMA [6], and (iii)
plug-plug EMMA [7]. In zonal injection EMMA, the capil-
lary is filled with an appropriate substrate solution and
upon injection of a zone of enzyme, the product will form
during the electrophoretic mixing of enzyme and sub-
strate. The product is separated from the enzyme and
substrate and on-capillary detected. Moving boundary
EMMA was developed as an alternative to the zonal injec-
tion method. The capillary is initially filled with the enzyme
solution while the faster migrating substrate is maintained
in the inlet reservoir. Upon application of an electric field
electrophoretic merging of the reagents proceeds and the
detectable product is transported to the detector. In plug-
plug EMMA, the substrate and enzyme are introduced
into the capillary as distinct plugs, the first reagent in-
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jected being that one with lower electrophoretic mobility.
After application of an electric field, the two zones inter-
penetrate due the differences in their electrophoretic
mobilities. An enzymatic reaction takes place and the
resultant reaction product as well as the unreacted sub-
strate are electrophoretically transported towards a de-
tector, where they are individually detected. At present
the plug-plug format is probably used most frequently
and it was also applied in this project because it affords
several advantages over the other two formats. (i) There is
no requirement for a chromogenic or fluorogenic reagent.
(ii) Less reagent is needed because only a plug is required
as opposed to filling the capillary or background electro-
lyte reservoirs. (iii) The electropherograms’ evaluation is
simpler than in the zonal injection and moving boundary
formats.

The EMMA methodology has been described by Bao
and Regnier in 1992 [8]. Since its discovery it has been
applied in a number of biochemical systems – for assays
of enzyme activities, determinations of substrates,
Michaelis constants, inhibitors and inhibition constants
[8–22], etc. As mentioned above, EMMA utilizes the dif-
ferent electrophoretic mobilities of enzyme, substrate
and product to initiate an enzymatic reaction inside of
the separation capillary, followed by their separation. Its
original arrangement, employing the same buffer for the
enzymatic reaction and the electrophoretic separation,
results in a fundamental restriction because the compo-
sition and pH of the background electrolyte must be
optimized for both the enzymatic reaction and the sub-
sequent separation of substrate and product. To over-
come this limitation, Van Dyck et al. [17] introduced the
combination of the EMMA methodology with a partial fill-
ing technique. In this setup, part of the capillary is filled
with the buffer optimized for the enzymatic reaction
whereas the rest of the capillary is filled with the back-
ground electrolyte optimal for the separation of substrate
and product. So far, several background electrolytes
have been applied in this advanced EMMA modification,
such as background electrolyte containing SDS for
micellar electrokinetic capillary chromatography (MEKC)
of uncharged compounds [17], low pH background elec-
trolytes for absorbing inorganic ions with high mobilities
[20, 21], or even background electrolytes containing
30 mM sorbic acid-0.1 mM cetyltrimethylammonium bro-
mide (CTAB) for nonabsorbing organic ions with moder-
ate mobilities [22]. In this paper, the background electro-
lyte containing 10 mM chromate-0.1 mM CTAB was used
for the same purpose. The applicability of the EMMA
methodology in combination with the partial filling tech-
nique thus can be extended on enzymes utilizing high
mobile nonabsorbing inorganic and organic anions as
substrates or products.

2 Materials and methods

2.1 Materials

CTAB, tetradecyltrimethylammonium bromide (TTAB),
and 1-bromobutane were obtained from Aldrich (Milwau-
kee, WI, USA). b-Alanine and glycine were obtained from
Sigma (St. Louis, MO, USA). All other chemicals and sol-
vents (analytical reagent grade), were supplied by Fluka
(Buchs, Switzerland). The background electrolyte for
direct detection was prepared by adding hydrochloric
acid (HCl) to 20 mM b-alanine solution up to pH 3.5.
10 mM chromate-0.1 mM CTAB (pH 9.2) was used as a
background electrolyte for indirect detection, no further
pH adjustment was needed. Glycine buffer was prepared
by addition of 0.1 M sodium hydroxide (NaOH) to 20 mM

glycine solution up to pH 8.6. All solutions were prepared
with Milli-Q Academic water (Millipore, Milford, WA, USA)
and filtrated through a 0.45 mm membrane filter. Enzyme
and substrate solutions were prepared in 20 mM glycine
buffer (pH 8.6) freshly each day.

2.2 Enzyme preparation

His-tagged hydrolytic haloalkane dehalogenase from
Sphingomonas paucimobilis UT26 (LinB), purified to
homogeneity [23, 24], was used as a model enzyme. To
overproduce LinB, the enzyme was expressed in Escher-
ichia coli BL21 under isopropyl-b-thiogalactopyranoside
(IPTG) induction. Transformed E. coli was cultured in 2 L
of Luria broth at 377C. IPTG was added to the cells 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, containing 1 mM b-mercaptoethanol and
10% glycerol, and disrupted by sonication. After centrifu-
gation at 100 0006g for 1 h, the supernatant was applied
on a Ni-NTA Sepharose column (Qiagen, Hilden, Ger-
many) 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-mercaptoethanol and 10% glycerol at 0–47C.

2.3 Instrumentation

An Agilent 3DCapillary Electrophoresis System (Wald-
bronn, Germany) with a diode-array UV-VIS detector was
used to carry out the CE separations. The CE system
autosampler was heated using a recirculating water
bath. Data were collected on a HP Vectra VL5 166 MHz
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personal computer using the Agilent 3DCE ChemStation
Software. A Polymicro Technology (Phoenix, AZ, USA)
75 mm fused-silica capillary was used for all separations
in capillaries.

2.4 Monitoring of haloalkane dehalogenase
reaction by EMMA and indirect detection

A 75 mm fused-silica capillary (64.5 cm total length,
56.0 cm effective length) was washed with 10 mM chro-
mate-0.1 mM CTAB (pH 9.2) as a background electrolyte
for 3 min. The in-capillary enzymatic reaction was per-
formed by injection of 20 mM glycine buffer (pH 8.6) at
50 mbar for 6.0 s, of the enzyme solution at 50 mbar for
6.0 s, of the substrate solutions at 50 mbar for 6.0 s, of
20 mM glycine buffer (pH 8.6) at 50 mbar for 6.0 s, and of
the background electrolyte at 50 mbar for 6.0 s consecu-
tively into the capillary. The reaction was initiated by the
application of 218 kV separation voltage (negative polar-
ity). The temperature of the capillary was 257C. Samples
were detected at the sample wavelength of 315 nm with
10 nm bandwidth, and at the reference wavelength of
375 nm with 20 nm bandwidth. The peak areas were
measured by means of ChemStation software and the
concentrations of bromide were calculated from the cali-
bration 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 deio-
nized water after each run.

2.5 Monitoring of haloalkane dehalogenase
reaction by EMMA and direct detection

A 75 mm fused-silica capillary (64.5 cm total length,
56.0 cm effective length) was washed with 20 mM b-ala-
nine-HCl (pH 3.5) as a background electrolyte for 3 min.
The in-capillary enzymatic reaction was performed by
injection of 20 mM glycine buffer (pH 8.6) at 50 mbar for
4.0 s, of the enzyme solution at 50 mbar for 4.0 s, of the
substrate solutions at 50 mbar for 4.0 s, of 20 mM glycine
buffer (pH 8.6) at 50 mbar for 4.0 s, and of the background
electrolyte at 50 mbar for 4.0 s consecutively into the
capillary. The reaction was initiated by the application
of 229.9 kV separation voltage (negative polarity). The

temperature of the capillary was 257C. Samples were
detected at 200 nm with a bandwidth 10 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 1 min
with deionized water after each run.

3 Results and discussion

3.1 Haloalkane dehalogenases

Haloalkane dehalogenases (EC 3.8.1.5) are enzymes
involved in the biodegradation of halogenated aliphatic
hydrocarbons. These compounds represent one of the
largest groups of environmental pollutants, entering the
biosphere by their widespread use as solvents, pesti-
cides, herbicides, insecticides, and chemical intermedi-
ates [25, 26]. Haloalkane dehalogenases catalyze the
cleavage of the carbon-halogen bond, consuming one
molecule of water per molecule of substrate. The reaction
products are a primary alcohol, a halide, and a proton
[27]: CH3(CH2)nX 1 H2O? CH3(CH2)nOH 1 H1 1 X2.

Recently, a new sensitive method has been developed for
the determination of haloalkane dehalogenase activity by
means of CE [28]. The enzymatic reaction is carried out
directly in the thermostated autosampler vial, containing
the substrate in glycine buffer (pH 8.6), and formation of
the product (halide) is monitored by sequential CE runs.
Because of the wide substrate specifity of the enzyme,
utilizing chlorinated as well as brominated substrates
and producing chloride, respective by bromide ions, two
different background electrolytes and the following detec-
tion approaches can be used: (i) 5 mM chromate-0.5 mM

TTAB (pH 8.4) in combination with indirect detection for
chlorinated and brominated substrates, and (ii) 100 mM

b-alanine-HCl (pH 3.5) in combination with direct detec-
tion for brominated substrates. Both these possibilities
were investigated.

3.2 Optimization

In the EMMA method, as applied in this study and sche-
matically shown in Fig. 1, the capillary was first filled with
a given background electrolyte. Subsequently, plugs of

Figure 1. Schematic diagram of the combination of the EMMA methodology with a partial filling technique.
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Figure 2. Typical electropherogram of the in-capillary
haloalkane dehalogenase reaction (A) with the enzyme
solution (0.04 mg of protein per mL) in 20 mM glycine buf-
fer (pH 8.6) and the substrates solution of 1.0 mM 1-bro-
mobutane in 20 mM glycine buffer (pH 8.6), (B) with the
enzyme solution spiked with 1 mM sodium bromide.
Separation conditions: background 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 sample wavelength 315 nm with a bandwidth
10 nm, reference wavelength 375 nm with a bandwidth
of 20 nm; temperature of capillary, 257C. Injection: 20 mM

glycine buffer (pH 8.6) at 50 mbar for 6.0 s; enzyme solu-
tion in 20 mM glycine buffer (pH 8.6) at 50 mbar for 6.0 s;
substrate solution in 20 mM glycine buffer (pH 8.6) 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 consecutively into the capillary.

glycine buffer, enzyme solution, substrate solution, gly-
cine buffer and of the background electrolyte were in-
jected hydrodynamically into the capillary. The order of
the enzyme and substrate plugs was determined experi-
mentally. Small buffer plugs were injected before the en-
zyme and after the substrate plugs to shield the enzy-
matic reaction from the denaturating effect of the applied
background electrolytes. The exact injections parameters
are described in Section 2.5. Other parameters such as
the optimal buffer for the enzyme reaction and back-
ground electrolytes, with appropriate separation and
detection conditions, were adapted, with slight modifica-
tion, from the previously described off-capillary method.
The concentration of chromate in the background electro-
lyte for indirect detection was increased to get appropri-
ate stacking which also resulted in the change of the EOF
modifier for CTAB with better reproducibilities of migra-
tion times and peak areas. Moreover, the stability of back-

ground electrolyte was also enhanced. On the contrary,
the concentration of b-alanine was decreased to over-
come the problem with current fluctuation. The bromi-
nated substrate 1-bromobutane was used throughout
the study for easier comparison of the results obtained
by indirect and direct detection.

Typical electropherogram of the in-capillary enzymatic
reaction, using 10 mM chromate-0.1 mM CTAB (pH 9.2)
as a background electrolyte, in combination with indirect
detection is shown in Fig. 2A. The identity of the enzyme
product, bromide, was confirmed by spiking the enzyme
solution with sodium bromide (Fig. 2B). The same result
was observed when the substrates solution was spiked
(data not shown). Although the background electrolyte
contained bromide as a co-ion no corresponding system
peak was detected. This phenomenon has been usually
observed at higher concentrations of the bromide form
of EOF modifiers (. 2.5 mM) [29]. The conversion of
CTAB to its hydroxide form was not necessary. The other
peaks are chloride, sulfate, and an unknown compound
from the enzyme sample where sodium chloride was
used to suppress nonspecific ionic interactions and sulfu-
ric acid for the pH adjustment. Their higher concentration
could interfere with this assay especially in the case of
chlorinated substrates and dialysis of the sample would
be essential.

For the in-capillary enzymatic reaction, using 20 mM

b-alanine-HCl (pH 3.5) as a background electrolyte, and
direct detection only the peaks of bromide and unknown
compounds are detectable (Fig. 3A). The identity of bro-
mide was confirmed as previously described (Fig. 3B). A
measurable amount of bromide was formed in both sys-
tems during interpenetration of the enzyme and substrate
zones and, therefore, the voltage at the time when the
zones completely merge did not have to be turned off.
This so-called “zero potential amplification” is useful for
enzyme preparations with low activity or for poorer en-
zyme substrates. It allows the enzymatic reactions to
continue with resultant product accumulation and conse-
quently increased detection limit.

3.3 Reproducibility

The intra-day reproducibility for bromide as product of
enzymatic reaction was tested by repeated analyses
(n = 10), using both systems and the same separation
and injection conditions as specified in Figs. 2A and 3A.
Good reproducibilities for the migration time were found
in both cases whereas the reproducibilities for the peak
area were a little infenior because this parameter is
effected the injections of the enzyme and substrate solu-
tions as well as the enzymatic reaction itself (Table 1). The
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Figure 3. Typical electropherogram of (A) the in-capillary
haloalkane dehalogenase reaction with the enzyme solu-
tion (0.04 mg of protein per mL) in 20 mM glycine buffer
(pH 8.6) and the substrate solutions of 1.0 mM 1-bromo-
butane in 20 mM glycine buffer (pH 8.6), (B) with the
enzyme solution spiked with 1 mM sodium bromide.
Separation conditions: background electrolyte, 20 mM

b-alanine-HCl (pH 3.5); separation voltage, 229.9 kV
(negative polarity); 75 mm fused-silica capillary (64.5 cm
total length, 56.0 cm effective length); direct detection at
200 nm with a bandwidth of 10 nm; temperature of capil-
lary, 257C. Injection: 20 mM glycine buffer (pH 8.6) at
50 mbar for 4.0 s; enzyme solution in 20 mM glycine buffer
(pH 8.6) at 50 mbar for 4.0 s; substrate solution in 20 mM

glycine buffer (pH 8.6) at 50 mbar for 4.0 s; 20 mM glycine
buffer (pH 8.6) at 50 mbar for 4.0 s, and background elec-
trolyte at 50 mbar for 4.0 s consecutively into the capillary.

Table 1. Quantitative parameters of the developed meth-
ods

Parameter Indirect
detection
method

Direct
detection
method

Migration time reproducibility (n = 10) 1.3% 2.2%
Peak area reproducibility (n = 10) 4.9% 5.2%
Calibration curve linearity 30–1000 mM 10–1000mM

Calibration curve equationa) y = 47.8
x 1 2.4

y = 85.9
x 1 2.6

a) y, peak area; x, bromide concentration

comparable values have been estimated in the study on
rhodanase, with 100 mM b-alanine-HCl (pH 3.5) as a
background electrolyte and direct detection [20]. The cali-
brations were performed by analyzing bromide standards
(1–2000 mM) in glycine buffer, injected instead of the en-
zyme solution. Good linearities and correlation coeffi-
cients were obtained for both systems (Table 1).

3.4 Michaelis constant

Using the optimized conditions (see Section 3.2), the
EMMA method was used to evaluate the Michaelis con-
stant (Km) for 1-bromobutane. Although haloalkane deha-
logenase is a bisubstrate enzyme, as hydrolase it can be
taken as example of monosubstrate kinetics, since the
changes in the concentration of the second substrate,
namely water, are negligible. The relation between initial
reaction velocity v and concentration of substrate [S]
thus can be described by the simple Michaelis-Menten
equation:

v ¼ Vmax½S�
Km þ ½S� (1)

Figure 4. Electropherograms of in-capillary haloalkane
dehalogenase reactions at six different concentrations of
1-bromobutane between 0.1–2.0 mM and indirect detec-
tion. Separation and injection conditions as in Fig. 2.

Figure 5. Electropherograms of in-capillary haloalkane
dehalogenase reactions at six different concentrations of
1-bromobutane between 0.1–2.0 mM and direct detection
approach. Separation and injection conditions as in Fig. 3.
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Figure 6. (A) Michaelis-Menten and (B) corresponding Lineweaver-Burke doubled reciprocal plots of initial velocity and
concentrations of 1-bromobutane for haloalkane dehalogenase estimated by means of indirect detection approach.

Figure 7. (A) Michaelis-Menten and (B) corresponding Lineweaver-Burke doubled reciprocal (B) plots of initial velocity and
concentrations of 1-bromobutane for haloalkane dehalogenase estimated by means of direct detection approach.

where Vmax is the maximum velocity. The determination
of Km was performed by changing the concentration
of 1-bromobutane. Each substrate concentration was
analyted in triplicate. Figures 4 and 5 show the overlaid
electropherograms obtained for six different concentra-
tions of 1-bromobutane, analyzed by indirect and direct
detection methods. The Michaelis-Menten and the cor-
responding Lineweaver-Burke plots are depicted in
Figs. 6 and 7. The initial reaction velocities were meas-
ured from the bromide peak areas. The concentrations of

1-bromobutane in the substrate plugs were taken to be
equal to the concentrations in the vial before sampling.
The Km values 0.59 mM estimated by means of the indi-
rect detection method and 0.17 mM by means of direct
detection method were computed from these data using
Sigma Plot 8.02 (SPSS, Chicago, IL, USA). Small differ-
ence can be seen however, both values are in the same
concentration order and also in good agreement with the
value of 0.13 mM, previously found by gas chromatogra-
phy [30].
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4 Concluding remarks

The determination of the Michaelis constant of haloalkane
dehalogenase by the combination EMMA methodology
with a partial filling technique is described. For the first
time, the chromate background electrolyte, containing
tetraalkylammonium salt as an EOF modifier, and indirect
detection were used in this advanced EMMA modifica-
tion. This methodology thus can be applied to other enzy-
matic systems dealing with high mobility nonabsorbing
inorganic and organic anions as substrates or products.

This work was supported by grant No. 203/03/1125 from
Grant Agency of Czech Republic. Authors express thanks
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Expr. Purif. 1999, 17, 299–304.

[25] Fetzner, S., Appl. Microbiol. Biotechnol. 1998, 50, 633–657.
[26] Hardman, D. J., Crit. Rev. Biotechnol. 1991, 11, 1–40.
[27] Fetzner, S., Lingens, F., Microbiol. Rev. 1994, 58, 641–685.
[28] Glatz, Z., Marini, V., Wimmerová, M., Damborský, J.,
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