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Development of Fluorescent Assay for Monitoring of
Dehalogenase Activity
Sarka Nevolova, Elisabet Manaskova, Stanislav Mazurenko, Jiri Damborsky,
and Zbynek Prokop*
The rapid accumulation of sequence data and powerful protein engineering
techniques providing large mutant libraries have greatly heightened interest
in efficient methods for biochemical characterization of proteins. Herein is
reported a continuous assay for screening of enzymatic activity. The assay is
developed and tested with the model enzymes haloalkane dehalogenases and
relies upon a fluorescent change of a derivative of 8-hydroxypyrene-1,3,6-
trisulphonic acid due to the pH drop associated with the dehalogenation
reactions. The assay is performed in a microplate format using a purified
enzyme, cell-free extract or intact cells, making the analysis quick and simple.
The method exhibits high sensitivity with a limit of detection of 0.06mM.
The assay is successfully validated with gas chromatography and then
applied for screening of 12 haloalkane dehalogenases with the environmental
pollutant bis(2-chloroethyl) ether and chemical warfare agent sulfur mustard.
Six enzymes exhibited detectable activity with both substrates. The within-
day variability of the assay for five replicates (n¼ 5) was 21%.
1. Introduction

Millions of novel protein sequences are currently being
discovered at an incredible pace. These new, yet uncharacterized
sequences can be considered as an inexhaustible source of novel
enzymes. Similarly, protein engineering techniques create large
mutant libraries that must be investigated to identify enzymes
fitting biotechnological and biomedical applications.[1] However,
it is not generally easy to screen for suitable biocatalysts. Though
bioinformatics tools combined with molecular modeling
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accelerate the transition from the genetic
pool to selected candidates, the subsequent
wet lab testing is often laborious, time- and
money-demanding. Development of high-
throughput screening techniques is of
great interest to accelerate experimental
testing of novel enzymes.

Enzyme assays are used to make the
enzyme-catalyzed conversions visible and
provide the functional basis for identifying
and selecting interesting enzymes.[2] In the
most convenient and informative enzy-
matic profiling methods, reaction progress
is monitored directly using either a
chromogenic or fluorogenic substrate or
a sensor for product formation without
resorting to any sophisticated reagents.
Such assays are by far the simplest, the
most reliable and the easiest to convert to a
format suitable for high-throughput
screening.[3]

Here we propose a novel assay for
monitoring activity of model pH-lowering
hydrolytic enzymes haloalkane dehalogenases (EC 3.8.1.5).
The reaction of dehalogenases with halogenated substrates
liberates hydrohalic acids, which results in a pH drop of the
reaction medium. Provided that the solution is weakly
buffered, a simple pH indicator such as phenol red,
bromothymol blue, fluorescein or 8-hydroxypyrene-1,3,6-
trisulfonic acid (HPTS) can be used to produce a recordable
signal upon reaction. Although colorimetric assays utilizing
this principle have been reported previously [4a-d], there is a
constant need for highly sensitive and reliable assays for
functional screening of haloalkane dehalogenases. While their
biological function is not fully understood, they are attractive
for both academic research and practical applications. These
enzymes can serve for: 1) biocatalytic preparation of optically
pure building-blocks for organic synthesis; 2) recycling of by-
products from chemical processes; bioremediation of toxic
environmental pollutants; 3) decontamination of chemical
warfare agents; and 4) biosensing of environmental pollutants
and chemical warfare agents; and 5) molecular imaging.[5]

Despite the diversity of reported applications, only two dozen
haloalkane dehalogenases have thus far been made available,
while thousands of putative haloalkane dehalogenases genes
have been identified by bioinformatics analysis.[6] All above
mentioned makes haloalkane dehalogenases an attractive
target for this study.
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Herein, a fluorescent assay for the detection of haloalkane
dehalogenase enzymatic activity has been developed. The
determination based on modified pH indicator HPTS was
performed in a 96-well microplate format using a purified
enzyme, cell-free extract or intact cells. The assay was calibrated
and then validated against gas chromatography. Themethod was
used to screen the activity of twelve purified haloalkane
dehalogenases with the environmental pollutant bis(2-chlor-
oethyl) ether and chemical warfare agent sulfur mustard. New
biocatalysts were found for both substrates.
2. Experimental Section

2.1. Safety Precautions

Sulfur mustard and bis(2-chloroethyl) ether are extremely toxic
chemicals, which were handled carefully under appropriate
safety conditions. Personal safety equipment, including labora-
tory coats, chemical goggles and protective gloves, and a fume
hood with a high volume flow were used. The experiments with
sulfur mustard were performed only at specialized facilities
(Military Research Institute, Brno, Czech Republic). All
materials exposed to sulfur mustard were decontaminated
using sodium hypochlorite.
2.2. Chemicals and Materials

The haloalkane dehalogenase LinB from Sphingobium japonicum
UT26was heterologously expressed in Escherichia coliBL21(DE3).
Development and optimization of the assay were performed with
intact cells, a cell-free extract containing the LinB enzyme or with
the enzyme purified by metal affinity chromatography.[7] Purified
haloalkane dehalogenases were also used in tests with sulfur
mustard. Expression andpurification of all enzymes are described
in the Supplementary Information. Sulfur mustard was synthe-
sized by the Military Repair Manufactory Zemjanske Kostolany
(Slovakia) and purified in the Military Research Institute Brno
(Czech Republic) to the final content of 96% (v/v) of the active
component. Ion-paired fluorescent dye HPTS (HPTS-IP) was
prepared as described previously.[8] Sodium hydroxide and
hydrochloric acid were purchased from Penta (Czech Republic).
Ethanol and methanol were obtained from Chromservis (Czech
Republic). HydroMedD4 hydrogel as a 5% (w/w) solution in 90%
(v/v) ethanol was purchased from AdvanSource Biomaterials
(USA). Dextran conjugate of seminaphtharhodafluorescein pH
indicator (SNARF) was obtained from Invitrogen (USA). All other
chemicals were purchased from Sigma-Aldrich (USA). All
reagents were of analytical grade and used without purification.
Solutions were prepared with deionized water with a resistivity of
18.2MΩ cm using a Millipore Milli-Q water purification system
(Millipore Inc., USA).
2.3. Characterization of pH Indicators

Fluorescent properties of pH indicators were determined in
0.1M phosphate buffer at 23 �C. This buffer was used for
Biotechnol. J. 2018, 1800144 1800144 (
dissolution of HPTS and SNARF, providing the final concen-
trations 3.8 and 0.38 μM, respectively. The indicators 5(6)-
carboxynaphthofluorescein (CNF) and HPTS-IP were dissolved
in methanol (10.5mM) and ethanol (4.6mM), respectively and
then diluted in 0.1M phosphate buffer leading to the final
concentrations 3.8 and 2.2 μM, respectively.
2.3.1. Excitation and Emission Spectra Analysis

Excitation and emission spectra of the indicators were measured
in 0.1M phosphate buffer, pH 9.0, using spectrofluorometer
FluoroMax-4P (HORIBA Jobin Yvon, USA) with a 150-W xenon
arc lamp as a light source. A square quartz cuvette with a 1 cm
path length was used under the experimental conditions listed in
Table S2, Supporting Information.
2.3.2. pH Sensitivity Analysis

The pHmeter ORION Star 2 (Thermo Fisher Scientific, USA) with
pH-electrode Double Pore (Hamilton, USA) calibrated using
three pH reference buffers (pH 4.01, 7.00, 10.01; Hamilton,
USA)wasusedforpHmeasurements.Thephosphatebuffer (0.1M)
consisted of a mixture of monobasic sodium phosphate (NaH2PO4

�H2O) and dibasic sodium phosphate (Na2HPO4 � 2 H2O). By
varying the amount of each salt, a rangeof bufferswas prepared. pH
was measured after dissolution of a pH indicator. Alternatively, the
pHofa solutionwasadjustedbyadditionof 3Mhydrochloric acidor
3M sodium hydroxide. The emission spectra of SNARF and CNF
were measured in a 1-cm path length quartz cuvette using the
spectrofluorometer FluoroMax-4P. The emission spectra of HPTS
and HPTS-IP were measured in the Nunc-Immuno MicroWellTM

96-wellpolystyreneplates (ThermoFisherScientific,USA)usingthe
microtiter plate reader FLUOstar OPTIMA (BMG Labtech,
Germany). Experimental conditions of these measurements are
listed in Table S3, Supporting Information. The pKa values were
determined from the inflection point of a sigmoidal fit to
fluorescenceversuspHusingsoftwareOrigin6.1 (OriginLab,USA).
2.4. Determination of Enzymatic Activity Using Optimized
Fluorescent Assay

Enzymatic activity of prepared haloalkane dehalogenases was
tested with bis(2-chloroethyl) ether and sulfur mustard. HPTS-
IP (2mg) was dissolved in 1mL of ethanol, and the solution was
diluted one thousand times using 1mM HEPES buffer, pH 8.2.
A solution of the substrate was prepared by dissolution of bis(2-
chloroethyl) ether or sulfur mustard in 50% (v/v) dimethyl
sulfoxide (DMSO). Mixing solutions of the substrate, enzyme
and pH indicator led to a final DMSO concentration 20% (v/v).
This reaction mixture (100 μL per well) was pipetted into the
Nunc-Immuno MicroWellTM 96-well polystyrene plates (Sigma-
Aldrich, USA) in eight replicates according to Table S4,
Supporting Information. The reaction was started by addition
of the substrate into the reaction mixture. Increasing concen-
trations of the reaction products (protons) were monitored as a
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 6)
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fluorescence change of pH indicator in time at 25 �C. The
fluorescence was read at 520 nm after excitation at 410 and
485 nm (F410 and F485, respectively) using microtiter plate
reader FLUOstar OPTIMA (BMG LABTECH, Germany). The
measured data were rationalized (F485/F410) and plotted
against time.
2.4.1. Enzyme Activity Analysis

Rate constants were determined from the reciprocal value of t1 of
an exponential fit (Equation 1) using the software Origin 6.1
(OriginLab, USA). The specific activities of individual enzymes
were determined from the amounts of reaction products
assessed from calibration curves when using hydrochloric acid
as a standard solution. The activities were calculated by the
estimation of the initial slope from non-linear data using Origin
6.1 (OriginLab, USA) and Microsoft Excel 2010 (Microsoft,
USA). The validation of fluorescent assay is described in
Supplementary Information.

y ¼ y0 þ A1 � exp �x=t1ð Þ ð1Þ
2.4.2. Gas Chromatography Analysis

Final concentrations of bis(2-chloroethyl) ether and sulfur
mustard in the reaction mixtures were determined by mixing
the sample withmethanol in a 1:1 ratio (v/v). The compound 1,2-
dichloroethane was used as an internal standard. In addition,
samples containing sulfur mustard were immediately extracted
in a 1:1 ratio (v/v) by diethyl ether and then dried over anhydrous
sodium sulfate. Analyses of both analytes were performed using
the gas chromatograph GC 7890A (Agilent Technologies, USA)
equipped with the DB-FFAP 30m� 0.25mm� 0.25 μm capil-
lary column (Phenomenex, USA) and the flame ionization
detector (for bis(2-chloroethyl) ether) or amass spectrometer (for
sulfur mustard, Agilent 5975C, USA).
2.5. Statistics

The means and standard errors of the data were calculated. The
outliers were excluded on the basis of Dixon’s Q test. The
statistical significance of the differences was determined using
Student’s t-test with a p-value�0.05 considered to be statistically
significant. The data were analyzed using GraphPad Prism 6
Software (GraphPad Software Inc.; USA).
3. Results and Discussion

3.1. Principle, Selection, and Characterization of pH
Indicators

Enzyme assays are usually based on time-dependent monitoring
of product formation or substrate depletion. Since reactions of
haloalkane dehalogenases result in a drop of pH, use of a
Biotechnol. J. 2018, 1800144 1800144 (
proper pH indicator is the simplest way to assay dehalogenase
activity. The selected indicator has to fulfill several criteria: 1)
possess proper excitation and emission spectra — the use of
common microtiter plate reader for evaluation of the assay is
desirable, ratiometric measurement can be advantageous; 2)
exhibit pH sensitivity overlapping the typical pH optimum of
haloalkane dehalogenases— these enzymes usually possess pH
optimum in weakly alkaline or alkaline pH [5]; 3) be soluble in
aqueous buffer or buffer with low content of organic co-solvent
— haloalkane dehalogenases are prone to damage by higher
concentrations of organic solvents, however, their substrates are
more soluble in organic solvents than in water.[9] Potential pH
indicators were identified by the literature search and their
applicability for the assay was verified experimentally. Spec-
trochemical properties, that is, spectral maxima and pH
sensitivity of CNF,HPTS, and SNARFwere determined (Figure 1
and Figure S-1, Supporting Information).

Fluorescent dyes CNF and SNARF exhibited similar proper-
ties. They were excited by visible light of 593 and 580 nm,
respectively, and possessed large Stokes shift. Both indicators
were sensitive in the pH range from 6.6 to 8.6 with the pKa value
of 7.6. On the contrary, HPTS was excited by two different
wavelengths. While emission increased with increasing pH
when excited at 450 nm, the emission spectra measured at the
excitation wavelength of 415 nm exhibited reverse behavior.
HPTS (pKa value of 7.0) showed pH sensitivity in the range from
6.0 to 8.0. Though all tested indicators were found to be suitable
for monitoring the activity of haloalkane dehalogenases, HPTS
was selected for the development of the enzymatic assay. This
dye offers the advantage of ratiometric measurement which
eliminates the effect of the dye concentration in the sample or
fluctuation of the excitation source.[10] Further, the indicator
exhibits adequate pH sensitivity, excellent solubility in aqueous
solution, and is cheap and nontoxic.

Further experiments were performed with this dye to select
the optimal concentration for the assay. The measured pH
sensitivity of HPTS was strongly affected by the concentration of
the dye: a significant increase of the pKa value was observed with
increasing dilution (Figure S-2, Supporting Information). HPTS
in the lowest tested concentration (3.8 μM) reacted to pH from
6.0 to 8.0, which covers the pH changes accompanying
enzymatic action of haloalkane dehalogenases. In parallel,
immobilization of HPTS was investigated to facilitate perfor-
mance of the assay. Though several immobilization methods for
HPTS were reported [11a-d], we tested immobilization into
HydroMed D4 hydrogel that proved to be useful in our previous
study.[12] The pKa values of the immobilized indicator were
independent of the tested concentrations. However, the
measurement with this indicator led to higher standard
deviations compared to the soluble form, and leaching of the
dye into circumjacent solution was also observed.
3.2. Selection of Enzyme Preparation Levels

Since biotechnological applications require assaying enzymes at
different production stages, various levels of enzyme preparation
were screened: 1) purified enzyme; 2) cell-free extract; and 3)
whole cells containing the enzyme haloalkane dehalogenase
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 6)
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Figure 1. Properties of tested fluorescent pH indicators: 5(6)-carboxynaphthofluorescein (CNF); 8-
hydroxypyrene-1,3,6-trisulfonic acid (HPTS) and seminaphthorhodafluor (SNARF).
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(Figure 2). HEPES buffer (1mM, pH 8.2) was used as the most
suitable reaction medium for all the three enzyme preparations
due to its low buffering capacity and suitable pKa. Dehalogenase
reaction led to a significant drop in recorded signal (higher than
75% compared to an initial value) for all the tested enzyme
preparations. Control measurements consisting of blank of
substrate, enzyme, and buffer exhibited a negligible or minor
decrease of the measured signal (less than 15% for all
measurements). These initial measurements confirmed that
the signal drop in the case of the complete reaction mixture is
caused mainly by the pH change accompanying the enzymatic
Figure 2. Enzymatic activity of haloalkane dehalogenase LinB with 3mM bis(2-chloroethyl)
ether. Rate constants were determined for the purified enzyme A); cell-free extract B) and intact
cells E. coli expressing dehalogenase enzyme C). Measurements were performed with pH
indicator 8-hydroxypyrene-1,3,6-trisulfonic acid dissolved in 1mM HEPES buffer (pH 8.2) at
25 �C using fluorescent assay. The standard deviations were calculated from eight measure-
ments (n¼ 8).
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reaction, while the effect of spontaneous
hydrolysis of substrate or decrease of
fluorescence of the indicator were
negligible.

The established assay enabled a quali-
tative assessment of the enzymatic activ-
ity with the tested substrate as well as
evaluation of reaction rate. While 90% of
the signal change was observed in the first
10min of the enzymatic reaction with
purified enzyme, it took approximately
30min to achieve the same signal change
for whole cells containing the haloalkane
dehalogenase, which was reflected on the
difference in the rate constant (Figure 2).

Interestingly, approximately half of the
initial signal was observed in the mea-
surement with intact cells possessing
expressed enzyme compared to that of the cell-free extract
though identical conditions were used. Therefore, penetration of
the pH indicator into the cells was investigated. More details and
Figure S-3, Supporting Information are given in the Supple-
mentary Information.

3.3. Effect of DMSO and Calibration of Fluorescent Assay

The fluorescent assay has been developed and tested with the
haloalkane dehalogenase LinB and the halogenated substrate
bis(2-chloroethyl) ether. The only buffer used
in the novel assay for determination of
enzymatic activity was 1mM HEPES buffer.
However, the assay was intended for screening
of dehalogenase activity with various haloge-
nated substrates often possessing a low
aqueous solubility and exhibiting susceptibi-
lity to spontaneous hydrolysis. Addition of
organic co-solvents into reaction mixture can
prevent these undesirable effects. DMSO was
selected as an appropriate co-solvent for this
assay, based on our previous testing.[9]

Therein, the solvent caused a slight decrease
in the activity of haloalkane dehalogenase
LinB due to the disruption of the secondary
and tertiary structure (approximately 85% of
initial activity retained for solution containing
10 and 20% of DMSO). Activation effect was
observed for these concentrations of solvent in
case of haloalkane dehalogenases DhaA and
DbjA (approximately 110% of initial activity).
Several molecular mechanisms of enzyme
activation have been proposed: 1) small
perturbations of the enzyme molecule in-
duced by binding of co-solvent molecules at
the activation sites; 2) increased affinity of the
enzyme with its substrates; 3) dissociation of
oligomeric enzymes due to weakening of
intersubunit interactions by co-solvent; and
4) the influence of the cosolvent on the
catalytic steps of enzymatic reactions.[9] The
18 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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fluorescent assay with haloalkane dehalogenase LinB and bis(2-
chloroethyl) ether exhibited similar time behavior when HEPES
buffer, 10 and 20% DMSO solution were used (Figure S-7,
Supporting Information). The rate constants determined for
enzymatic reaction in pure buffer, 10 and 20% DMSOwere 0.67,
0.56, and 0.58min�1, respectively.

Subsequently, calibration curves in 1mM HEPES buffer
without and with 20% DMSO present were determined as a
dependence of fluorescence ratio on the amount of hydrochloric
acid (Figure S-8, Supporting Information). Both curves exhibited
an exponential shape, nevertheless, the calibration curve
measured in 20% DMSO exhibited a more significant decrease
compared to the curve measured in HEPES buffer. The
calculated limits of detection were 0.064 and 0.041mM for
measurement with 20% DMSO and in pure HEPES buffer,
respectively. Iwasaki colorimetric assay,[13] which is used for
routine monitoring of dehalogenase reaction based on detection
of halide ions has a common limit of detection of 0.272mM.
Therefore, the newly developed fluorescent assay will enable
detection of a lower haloalkane dehalogenase activity than the
gold standard Iwasaki method. This is in agreement with the
previous observations that fluorescent assays are more sensitive
than spectrophotometric measurements [14a-b].
3.4. Screening for Enzymatic Activity

The fluorescent assay was validated (for more details see the
Supporting Information) and then used for the activity screening
of purified haloalkane dehalogenases toward the environmental
pollutant bis(2-chloroethyl) ether and the chemical warfare agent
sulfurmustard (Figure 3). Six haloalkanedehalogenaseswere able
to hydrolyze both those compounds. The highest activity with
bis(2-chloroethyl) etherwasobserved for haloalkanedehalogenase
DmbA(0.013μmol s�1mg�1).Theactivity towards sulfurmustard
was confirmed for all previously reported haloalkane dehaloge-
nases LinB, DhaA and DmbA[15] (approx. 0.020 μmol s�1mg�1)
and newly identified for both enzymes engineered by ancestral
reconstruction (0.016 and 0.007μmol s�1mg�1, respectively) and
Figure 3. Specific activity of tested haloalkane dehalogenases with
3.0mM bis(2-chloroethyl) ether and 4.4mM sulfur mustard. Measure-
ments were performed in 20 % (v/v) DMSO at 25 �C using fluorescent
assay. Standard deviations were calculated from eight measurements
(n¼ 8). Abbreviations: Anc01 - ancDbjA-DbeA node 3; Anc02 - ancLinB-
DmbA.
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DadB (0.002μmol s�1mg�1). Interestingly, all tested enzymes
weremore active with sulfurmustard than with bis(2-chloroethyl)
ether. Moreover, the observed spontaneous hydrolysis for the
sulfur mustard and bis(2-chloroethyl) ether was 0.252 and
0.003μmol s�1, respectively. This indicates that the warfare agent
has a higher susceptibility to hydrolysis than themore stable bis(2-
chloroethyl) ether. This observation is in agreement with the
results obtained by using colorimetric pH stripes, where the limit
of detection for sulfur mustard was significantly lower than for
bis(2-chloroethyl) ether.[12]
4. Conclusion

The fluorescent assay described in this article allows fast, simple,
and sensitive screening of pH-changing enzymatic activity. The
measurement is performed in a 96-wellmicroplate format with use
of apurifiedenzyme, cell-freeextractsor intact cells.Thecontinuous
read assay enables not only a qualitative assessment of enzymatic
activity but also quantitative estimates. Herein, the validated assay
was applied in the screening of twelve haloalkane dehalogenases.
Two substrates with different chemical properties, namely the
environmental pollutant bis(2-chloroethyl) ether and the chemical
warfare agent sulfur mustard, were tested. Significant activity with
sulfur mustard has been found for dehalogenases designed by the
ancestral reconstruction. The developed assay will be applicable for
identification and biochemical characterization of novel haloalkane
dehalogenases and for high-throughput screening of enzymes
improved by protein engineering in the form of purified enzymes,
cell-free extracts, and intact cells. Moreover, developed assay is
applicable for other enzymes that cause the formation or
consumption of protons during their catalytic cycle.
Abbreviations
CNF, 5(6)-carboxynaphthofluorescein; DMSO, dimethyl sulfoxide; HPTS,
8-hydroxypyrene-1,3,6-trisulfonic acid; HPTS-IP, ion-paired 8-hydroxypy-
rene-1,3,6-trisulfonic acid; SNARF, dextran conjugate of
seminaphtharhodafluorescein pH indicator.
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