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Methods 
Preparation of E. coli cells containing haloalkane dehalogenases  
Expression of haloalkane dehalogenases was achieved using E. coli BL21(DE3) containing the 
expression vector with a gene coding the target enzyme. Transformed cells were cultivated in 
LB medium or EnPresso medium (see list of used vectors and cultivation media in Table S1). 
Cultivation in LB medium. Inoculum was prepared by picking one colony of transformed E. coli 
cells to 10 mL of LB medium with ampicillin (final concentration of 100 µg·mL-1) and 
incubated overnight at 37 °C. LB medium with ampicillin (1 L) was inoculated with 5 mL 
of overnight culture and incubated at 37 °C. When optical density measured at 600 nm reached 
approximately 0.6, the expression was initiated by addition of isopropyl β-D-1-
thiogalactopyranoside to a final concentration of 0.5 mM. The cells were further incubated 
overnight at 20 °C. Then, they were harvested by centrifugation for 10 min at 8,000g, stored at 
-70 °C and defrosted before purification.  
Cultivation in EnPresso medium. The cultivation in EnPresso B medium was performed 
according to manufacturer’s instructions [http://biosilta.com/instructionsmsds/]. Inoculum was 
prepared by picking one colony of transformed E. coli to 2 mL of LB medium with antibiotic 
and subsequent shaking for 6 hours at 37 °C. Prior to the cultivation, white-bag tablets were 
dissolved in 50 mL of sterile water in UYF (Thomson Instrument Company, USA). The 
cultivation was initialized by addition of 2 mL of preculture, ampicillin or kanamycin (final 
concentration of 100 µg·mL-1 or 30 µg·mL-1, respectively), 25 µL of Reagent A (glucoamylase) 
and 100 µL·L-1 antifoam agent Struktol SB2020. The flask mouth was covered with the AirOtop 
cover (Thomson Instrument Company, USA). The culture was grown for 18 hours at 30 °C. 
Subsequently, black-bag booster tablet, 75 µL of Reagent A and 0.5 mM final isopropyl β-D-
1-thiogalactopyranoside were added to the shake flasks. The induced cultures were incubated 
for 24 hours at 30 °C (15 °C in case of DpcA) with constant shaking. Cells were harvested by 
centrifugation for 20 min at 5,000g, stored at -70 °C and defrosted before purification.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



4 
 

Table S1. List of expression vectors and cultivation media used for preparation of individual 
haloalkane dehalogenases expressed in cells of E. coli BL21(DE3). 

 
 
 
Preparation of purified haloalkane dehalogenases  
Cells containing expressed haloalkane dehalogenase were disrupted by sonication (5x 7 min, 
0.3 cycle, 85 amplitude). Crude extract was centrifuged (60 min at 21,000g at 4 °C) to remove 
cell debris. Cell-free extract was filtered through a Rotilabo®-Spritzenfilter (0.45 μm) to 
remove remainders of cell debris. The extract was applied to a 5 ml Ni-NTA Superflow column 
(Qiagen, Germany). The column was attached to a BioLogic Duo Flow (Bio-Rad, USA). The 
buffer system consisted of buffer A (20 mM K2HPO4 and KH2PO4, 500 mM NaCl, 10 mM 
imidazole, pH 7.5) and buffer B (20 mM K2HPO4 and KH2PO4, 500 mM NaCl, 500 mM 
imidazole, pH 7.5). The recombinant enzyme was eluted at 60% of buffer B during a two-step 
gradient method: 0-10% in 5 column volumes and 10-60% of buffer B in 10 column volumes. 
The enzyme was dialyzed against 50 mM phosphate buffer, pH 7.5. The purity of enzyme was 
evaluated by SDS-PAGE [1]. The enzyme was concentrated using a stirred ultrafiltration cell 
(Millipore, USA) and lyophilized using freeze dryer ALPHA 1-2 LD (Martin Christ, Germany). 
The enzyme was dissolved in deionized water prior fluorescent assay. PD Mini Trap column 
(GE Healthcare Bio-Sciences, Sweden) with gel filtration medium Sephadex™ G-25 Superfine 
was used for buffer exchange. The enzyme was eluted into 1 mM HEPES buffer, pH 8.2 and 
its concentration was assessed using Bradford method [2]. Enzymatic activity was determined 
with 1,2-dibromoethane and bis(2-chloroethyl) ether at 37 °C using Iwasaki colorimetric 
method [3]. 
 

Enzyme Expression 
vector 

Cultivation medium with antibiotic 

LinB pET21b LB medium with ampicillin 

DhaA pET21b LB medium with ampicillin 

DbeA pET21b EnPresso B medium with ampicillin 

DmxA pET21b EnPresso B medium with ampicillin 

DpcA pET21b EnPresso B medium with ampicillin 

DmmA pET24a EnPresso B medium with kanamycin 

DmbA pET21b LB medium with ampicillin 

DppA pET28a EnPresso B medium with kanamycin 

DadB pET24a EnPresso B medium with kanamycin 

DhaA115 pET21b LB medium with ampicillin 

ancDbjA-DbeA node 3 (Anc01) pET21b LB medium with ampicillin 

ancLinB-DmbA (Anc02) pET21b LB medium with ampicillin 
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Characterization of pH indicators 
Excitation and emission spectra and pH sensitivity of fluorescent pH indicators were 
determined according the procedure described in the main text. Experimental details are listed 
in Table S2 and Table S3. 
 
Table S2. Experimental conditions used for the determination of excitation (λex) and emission 
(λem) spectra of fluorescent pH indicators. 

pH indicator Concentration (µM) Instrument λex (nm) λem (nm) 

HPTS 3.8 FluoroMax-4P 405; 450  
 

510 

SNARF 0.38 FluoroMax-4P 580 
 

637 

CNF 3.8 FluoroMax-4P 593 
 

668 

HPTS-IP 2.2 FluoroMax-4P 402; 467 
 

510 

 
Table S3. Experimental conditions used for the determination of pH sensitivity of fluorescent 
pH indicators. 

pH indicator Concentration (µM) Instrument λex (nm) λem (nm) 

HPTS 3.8; 38; 380 FLUOstar OPTIMA 410; 485  
 

520 

SNARF 0.38 FluoroMax-4P 580 
 

637 

CNF 3.8 FluoroMax-4P 593 
 

668 

HPTS-IP 2.2; 22; 220 FLUOstar OPTIMA 410; 485 
 

520 

 
Immobilization of pH indicator and its characterization 
Fluorescent pH indicator 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) dissolved in 
formamide (3.2 mg·mL-1) was mixed with D4 hydrogel to a final concentration of 380, 38 and 
3.8 µM. The mixture was sonicated for 15 min and then pipetted into a 96-well microtiter plate 
with clear bottom (50 µL per well; PerkinElmer, USA). Afterwards, the hydrogel was allowed 
to dry on air overnight at 23 °C. Fluorescence of the immobilized indicator was measured using 
microtiter plate reader FLUOstar OPTIMA (BMG LABTECH, Germany) after conditioning 
for 5 min with 100 µL of 0.1 M phosphate buffer possessing specific pH. The pKa values were 
determined from inflection point of a sigmoidal fit to fluorescence versus pH using the software 
Origin 6.1 (OriginLab, USA). 
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Confocal microscopy of E. coli cells 
Harvested cells E. coli with expressed haloalkane dehalogenase LinB (0.5 mL) were mixed 
with 1 mL of 1 mM HEPES buffer, pH 8.2. Fluorescent pH indicators HPTS (2 mg) and HPTS-
IP (2 mg) were dissolved in 1 mL of 1 mM HEPES buffer, pH 8.2 and ethanol, respectively. 
Subsequently, the dye solution was added to diluted E. coli cells to reach the concentration of 
380, 190 and 38 µM for HPTS and 290, 145 and 29 µM for HPTS-IP. Fluorescent intercalating 
agent propidium iodide was added into each sample for control to reach the dye concentration 
of 15 µM. After 10 min incubation, the samples were spread over a glass slide and visualised 
using an Olympus Fluoview 500 confocal microscope (Olympus, Japan) equipped with 60× 
and 100× objectives. Images were digitised and analysed using the software Fluoview 
(Olympus, Japan).  
 
Determination of enzymatic activity using fluorescent assay  

Enzymatic activity of prepared haloalkane dehalogenases was tested with bis(2-chloroethyl) 
ether and sulfur mustard according optimized procedure described in the main text. During 
development of the assay, HPTS or HPTS-IP (2 mg) were dissolved in 1 ml of ethanol, and the 
solution was diluted one thousand times using 1 mM HEPES buffer, pH 8.2. A solution of the 
substrate was prepared by dissolution of bis(2-chloroethyl) ether in 1 mM HEPES buffer, pH 
8.2, 25% or 50% (v/v) dimethyl sulfoxide (DMSO). Sulfur mustard was used only in 50% (v/v) 
DMSO. The reaction mixture (100 µl per well) was pipetted into 96-well polystyrene plates 
according to Table S4. 
 
Table S4. Composition of reaction mixture pipetted into a well of microtiter plate. Mixing 
solutions of substrate, enzyme, pH indicator and solvent led to a final DMSO concentration 
20% (v/v). 

Amount of reagent 
(µl) 

Enzymea Indicator 
(2 µg·mL-1) 

Substrateb Solventc 

Enzyme sample  50 10 40 0  

Blank of substrate 0 10 40 50 

Blank of enzyme 50 10 0 40 

Blank of buffer 0 10 0 90 

aFinal concentrations of haloalkane dehalogenases in the reaction mixture with bis(2-
chloroethyl) ether and sulfur mustard were approximately 1.8 and 3.0 mg·mL-1, respectively.  
bFinal concentrations of bis(2-chloroethyl) ether and sulfur mustard in the reaction mixture with 
50% DMSO were determined 3.0 and 4.4 mM, respectively. 
c1 mM HEPES buffer, pH 8.2; 50% (v/v) DMSO/1 mM HEPES buffer, pH 8.2 or 25% (v/v) 
DMSO/1 mM HEPES buffer, pH 8.2 were used for blank of substrate, blank of enzyme and 
blank of buffer, respectively.  
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Calibration of fluorescent assay 
HPTS-IP dissolved in ethanol (2.9 mM) was diluted in 1 mM HEPES buffer, pH 8.2 or 20% 
(v/v) DMSO to a final concentration of 2.9 µM. Calibration solutions were prepared by mixing 
the HPTS-IP solution with 100 mM hydrochloric acid in glass vials to achieve the following 
final concentrations of acid: 0, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90 and 1.00 
mM. Each calibration solution (100 µl per well) was pipetted into the Nunc-Immuno 
MicroWellTM 96-well polystyrene plates (Sigma-Aldrich, USA) in eight replicates. The 
fluorescence was read at 520 nm after excitation at 410 and 485 nm (F410 and F485, 
respectively) at 25 °C using the microtiter plate reader FLUOstar OPTIMA (BMG LABTECH, 
Germany). The measured data were rationalized (F485/ F410) and fitted using a sigmoid. The 
limits of detection were calculated as the concentration of an analyte required to give a signal 
equal to the background (blank) plus three times the standard deviation of the blank. 
 

Validation of fluorescent assay  
Validation of the fluorescent assay utilizing haloalkane dehalogenase LinB was performed with 
gas chromatography.  
Sulfur mustard. The assay with sulfur mustard was performed with two modifications of the 
procedure described in the section 2.4: (i) reaction mixture contained 1 mM HEPES buffer, pH 
8.2 instead of a mixture of organic co-solvent and 1 mM HEPES buffer and (ii) the reaction 
temperature was 37 °C. Chromatographic determination of dehalogenase activity with sulfur 
mustard was based on reaction performed in 50 mL of phosphate buffer, pH 7.5 with haloalkane 
dehalogenase LinB (5 mg) at 37 °C. The reaction was initiated by addition of 1 mL of sulfur 
mustard in methanol to a final concentration 0.6 mM. The 0.5 mL samples of the reaction 
mixture were withdrawn and mixed with 0.5 mL of diethylether. After extraction, the ether 
layer containing the substrate was separated from the water and the sulfur mustard 
concentration was analyzed using the gas chromatograph equipped with the capillary column 
DB-FFAP (30 m × 0.25 mm × 0.25 µm capillary, J&W, USA) and the flame ionization detector 
(GC Trace 2000, Finnigan, USA).  
Bis(2-chloroethyl) ether. The assay was used for determination of the dehalogenase activity 
with bis(2-chloroethyl) ether as described in 'Determination of enzymatic activity using 
fluorescent assay' in Materials and Methods of the main text (section 2.4). Chromatographic 
determination of dehalogenase activity with bis(2-chloroethyl) ether was based on the reaction 
mixture consisting of 8 mL of 1 mM HEPES buffer, pH 8.2 and 2 mL of DMSO. Bis(2-
chloroethyl) ether was injected in a final concentration of 7.6 mM. After equilibration to 25 °C, 
haloalkane dehalogenase LinB was added to start the enzymatic reaction (final concentration 
of 0.04 mg·mL-1). The 0.5 mL samples of the reaction mixture were withdrawn into 0.5 mL of 
methanol with 1,2-dichloroethane added as an internal standard. A gas chromatograph 7890A 
(Agilent Technologies, USA) equipped with a DB-FFAP 30 m × 0.25 mm × 0.25 µm capillary 
column (Phenomenex, USA) and a flame ionization detector was used to quantify the reaction 
product 2-(2-chloroethoxy) ethanol.  
 
 
 
 



8 
 

Results 

Selection of enzyme preparation levels  

Since biotechnological applications require assaying enzymes at different production stages, 
various levels of enzyme preparation were screened: (i) purified enzyme, (ii) cell-free extract 
and (iii) whole cells containing the enzyme haloalkane dehalogenase (Figure 2).  

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

Interestingly, approximately half of the initial signal was observed in the measurement 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 (Figure S-3). HPTS has been used for measurement of cytoplasmic pH in many 
cell types previously, however, lack of cell permeability was described [4]. Herein, we applied 
confocal microscopy to visualize the distribution of the indicator after mixing with cells E. coli. 
The dye HPTS was observed to penetrate into the cells selectively stained by fluorescent 
intercalating agent propidium iodide. The contrast between the labeled cells and the background 
was higher using the lowest concentration of the dye (38 µM for HPTS). When the highest 
concentration of the dye (380 µM) was used, the strong background fluorescence was observed. 
The microscopic experiment confirmed that the pH indicator was able to penetrate the bacterial 
cells. This observation could possibly explain the lower initial signal at the beginning of the 
enzymatic reaction with cells compared to the signal obtained from blanks of buffer or 
substrate. Therefore, the assay performs excellently for the purified enzyme, and it can also be 
used with intact cells or cell-free extracts. 

Further, the assay was performed with purified enzyme, cell-free extract and whole cells 
containing the enzyme haloalkane dehalogenase with one modification – the pH indicator HPTS 
was in immobilized form (Figure S-4). Even though the standard deviations of the measured 
signal were slightly higher, the assay performance and resulted rate constants were comparable 
to the assay based on the soluble indicator. 

 

Optimization of assay 

When searching for optimal conditions of the assay, the pH indicator HPTS ion-paired with 
hexadecyltrimethylammonium bromide (HPTS-IP) was found in the literature [5]. Chemical 
modification of the indicator was reported to change optical properties, fluorescence spectra 
and pH sensitivity. Therefore, the performance of modified indicator was studied into detail 
(Figure S-5 and S-6) and compared with a precursor dye. While the excitation and emission 
spectra were in full agreement for both dyes, the difference in pH sensitivity was observed. 
Though the sigmoidal shape of the fluorescence dependence on pH was observed for both 
soluble HPTS and HPTS-IP, significant differences were detected in their dynamic ranges. The 
pH sensitivity of HPTS-IP was shifted into alkaline pH region compared to a performance of 
HPTS in rather neutral region. This change in sensitivity is in perfect agreement with the pH 
optimum of the second component of the assay, namely the enzyme haloalkane dehalogenase. 
Importantly, the pKa of HPTS-IP (approximately 7.5) was not concentration-dependent. 
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Confocal microscopy showed that this dye is able to penetrate into cells similarly to HPTS 
(Figure S-3). Though immobilization of HPTS-IP was tested, it did not provide any benefit for 
the assay. Therefore, the assay based on soluble HPTS-IP was further used.       

 

Validation of fluorescent assay 

The final step in the assay development was evaluation of its quantitative performance by 
determination of accuracy and precision of the measurements (Figure S-9 and S-10). The rate 
constant of haloalkane dehalogenase LinB obtained with fluorescent assay was 1.82 ± 0.20 
min-1 for sulfur mustard. The dehalogenase activity measured with the conventional gas 
chromatographic method was 25% lower than that of the assay (Figure S-9). However, the 
conditions used for both measurements slightly differed from a standard procedure for the assay 
due to the fact that sulfur mustard is a classified warfare agent and the handling with this 
chemical is strongly restricted. Therefore, we had to follow conventional detection by gas 
chromatography in a certified laboratory (fluorescent assay: 1 mM HEPES buffer, pH 8.2; 37 
°C; gas chromatography: 50 mM phosphate buffer, pH 7.5; 37 °C).  

Another validation experiment has been performed using surrogate chemical bis(2-chloroethyl) 
ether. This compound is not classified as a chemical weapon and we could conduct all validation 
experiments in our laboratory. Both methods, fluorescence assay and detection by conventional 
gas chromatography, have been performed under standard conditions (20% DMSO/ 1 mM 
HEPES buffer, pH 8.2; 25 °C) and used to complement validation of the novel assay. These 
additional experiments confirm good correlation of the results obtained by using fluorescence 
assay with those recorded by gas chromatography (Figure S-10). The within-day variability of 
the assay which quantifiers the precision under the same operating conditions over a short 
interval of time was found to be 21% (for n = 5). 
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Figure S-1. Fluorescence spectra of selected fluorescent dyes as a function of pH. Excitation 
spectra of 5(6)-carboxynaphthofluorescein (A; λem = 668 nm), 8-hydroxypyrene-1,3,6-
trisulfonic acid  (C; λem = 510 nm) and seminaphthorhodafluor SNARF (F; λem = 637 nm). 
Emission spectra of 5(6)-carboxynaphthofluorescein (B; λex = 593 nm), 8-hydroxypyrene-
1,3,6-trisulfonic acid  (D and E; λex = 405 nm and 450 nm, respectively) and 
seminaphthorhodafluor SNARF ( (G; λex = 580 nm). All spectra were measured in 0.1 M 
phosphate buffer at 25 °C. 

 

 

Figure S-2. pH sensitivity of fluorescent pH indicator 8-hydroxypyrene-1,3,6-trisulfonic acid 
in a soluble (A) and an immobilized form (B). Measurements were performed with different 
concentrations of the indicator in 0.1 M phosphate buffer. Standard deviations were calculated 
from four independent measurements (n = 4). 
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Figure S-3. Confocal fluorescence micrographs of E. coli cells labelled with fluorescent dye 
propidium iodide (red images) and simultaneously by fluorescent pH indicator 
8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) or its ion-paired variant (HPTS-IP, green 
images).  
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Figure S-4. Enzymatic activity of haloalkane dehalogenase LinB with 3 mM bis(2-chloroethyl) 
ether. Rate constants were determined for purified enzyme (A); cell-free extract (CFE, B) and 
intact cells E. coli (C) possessing expressed enzyme. Measurements were performed with 
immobilized pH indicator 8-hydroxypyrene-1,3,6-trisulfonic acid in 1 mM HEPES buffer (pH 
8.2) at 25 °C using fluorescent assay. The standard deviations were calculated from eight 
measurements (n = 8). 
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Figure S-5. Fluorescence spectra of ion-paired fluorescent pH indicator 8-hydroxypyrene-
1,3,6-trisulfonic acid as a function of pH. Excitation spectra (A; λem = 510 nm), emission spectra 
(B and C; λex = 402 and 467 nm, respectively). All spectra were measured in 0.1 M phosphate 
buffer at 25 °C. 

 

 

Figure S-6. pH sensitivity of ion-paired fluorescent pH indicator 8-hydroxypyrene-1,3,6-
trisulfonic acid in a soluble (A) and an immobilized form (B). Measurements were performed 



15 
 

with different concentration of the indicator in 0.1 M phosphate buffer. Standard deviations 
were calculated from four independent measurements (n = 4). 

 

 

Figure S-7. Enzymatic activity of haloalkane dehalogenase LinB with 3 mM bis(2-chloroethyl) 
ether measured at 25 °C. Measurements were performed in 1 mM HEPES buffer (pH 8.2, A); 
10% (v/v) DMSO (B) and 20% (v/v) DMSO (C) using the fluorescent assay. The standard 
deviations were calculated from eight measurements (n = 8). 
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Figure S-8. Calibration curves for fluorescent assay measured in 20% (v/v) DMSO and 1 mM 
HEPES buffer (pH 8.2) at 25 °C. The standard deviations were calculated from eight 
measurements (n = 8). 

 

 

Figure S-9. Comparison of rate constants for enzymatic reaction of haloalkane dehalogenase 
LinB with sulfur mustard obtained from fluorescent assay and gas chromatography (GC). 
Measurements were performed in 50 mM phosphate buffer (pH 7.5) at 37 °C using fluorescent 
assay. 
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Figure S-10. Comparison of specific activity of haloalkane dehalogenase LinB with bis(2-
chloroethyl) ether obtained from fluorescent assay and gas chromatography (GC). 
Measurements were performed in 1 mM HEPES buffer (pH 8.2) at 25 °C. Standard errors were 
calculated from five independent measurements (n = 5). 

 

 


