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SECTION 1. Preparation of Enzymes 

 

METHODS 

Gene synthesis and cloning. The nucleotide sequences of genes encoding wild-type haloalcohol 

dehalogenase HheC and epoxide hydrolase EchA from Agrobacterium radiobacter AD1 were 

downloaded from GenBank database (accession numbers AF397296.1, Y12804.1, respectively). 

The tag sequence of six histidine codons was attached downstream of the echA gene. Restriction 

sites for cloning into pET21b (NdeI, BamHI) (Merck, Germany) and pET28b (NcoI, HindIII) 

were attached to the sequences of the hheC and echA genes, respectively. Due to the creation of a 

NcoI restriction site, the second codon of the echA gene (ACT) encoding threonine was 

substituted for a GCA codon encoding alanine. Genes of HheC and EchA together with genes of 

the wild-type and mutant haloalkane dehalogenase DhaA and DhaA31 were commercially 

synthesized (Geneart, Germany). Sequences of all genes were optimized for expression in 

Escherichia coli during synthesis. Synthetic genes were subcloned into the NdeI and BamHI 

restriction sites of pET21b (dhaA, dhaA31 and hheC), and NcoI and HindIII restriction sites of 

pET28b (echA). The resulting constructs pET21b::dhaA, pET21b::dhaA31, pET21b::hheC and 

pET28b::echA were transformed into E. coli DH5α using the heat-shock method for plasmid 

propagation.  

Cultivation Conditions and Purification of Enzymes. Competent cells of the E. coli 

BL21(DE3) strain were transformed with pET21b::dhaA, pET21b::dhaA31, pET21b::hheC or 

pET28b::echA using the heat shock method, and plated on LB agar plates with ampicillin (100 

µg.mL
-1

) or kanamycin (50 µg.mL
-1

). Plates were incubated overnight at 37°C. Single colonies 

were used to inoculate 10 ml of LB medium with the respective antibiotic, and cells were grown 

overnight at 37°C. Overnight cultures were used to inoculate 1 L of LB medium with the 

respective antibiotic. Cells were cultivated at 37°C with shaking until an OD600 of 0.4–0.6, after 

which expression was induced with 0.5 mM IPTG. Cells were then cultivated overnight at 20°C. 

Biomass was harvested by centrifugation. Cells were washed and resuspended in purification 

buffer A (20 mM K2HPO4 and KH2PO4, 0.5 M NaCl, 10 mM imidazole, pH 7.5). 1 U of DNaseI 

(New England Biolabs, USA) per 1 mL of cell suspension was added. Cells were disrupted by 

sonication using the ultrasonic processor Hielscher UP200S (Teltow, Germany) with 0.3 s pulses 

and 85% amplitude. Cell lysate was centrifuged for 1 hr at 21,000 g at 4°C, and the resulting cell-
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free extract was decanted. DhaA, DhaA31 and EchA were purified using single-step nickel 

affinity chromatography. Crude 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 and buffer B (20 mM K2HPO4 and KH2PO4, 0.5 M NaCl, 

500 mM imidazole, pH 7.5). Recombinant enzymes were 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. Fractions containing DhaA, DhaA31 or EchA were pooled and proteins were 

concentrated using a stirred ultrafiltration cell (Millipore, USA). Enzymes were dialyzed against 

50 mM phosphate buffer (pH 7.5). HheC was purified using anion-exchange chromatography.
21

 

Crude extract was applied to a 35 mL glass Econo-Column (Bio-Rad, USA) packed with 25 mL 

of Q Sepharose Fast Flow (GE Healthcare, USA). The column was attached to a BioLogic Duo 

Flow (Bio-Rad, USA). The buffer system consisted of buffer A (20 mM Tris-SO4, 1 mM EDTA, 

1 mM β-mercaptoethanol, pH 7.5) and buffer B (20 mM Tris-SO4, 1 mM EDTA, 1 mM β-

mercaptoethanol, 0.45 M (NH4)2SO4, pH 7.5 ). HheC was eluted at 20–25% of buffer B during a 

two-step increasing linear gradient: 0–45% buffer B in 20 column volumes and 45– 100% buffer 

B in 5 column volumes. Fractions containing HheC were pooled and the protein was 

concentrated. Enzyme was dialyzed against PD buffer (50 mM phosphate buffer of pH 7.5 with 2 

mM dithiothreitol). Concentrations of DhaA31, EchA and HheC were determined by Bradford 

Reagent (Sigma-Aldrich, USA). Enzyme purity was judged by SDS-PAGE analysis. Purified 

enzymes were stored for further use at 4°C. 

 

RESULTS 

Expression of DhaA, DhaA31, HheC and EchA in E. coli BL21(DE3) was evaluated by SDS-

PAGE analysis. In contrast to DhaA31 and EchA, sequence optimization during gene synthesis 

did not result in improved expression of HheC in E. coli (data not shown). Therefore, the original 

gene sequence from GenBank was used for further preparations of HheC. Single-step purification 

of DhaA, DhaA31, HheC and EchA resulted in proteins of purity above 95% in the case of 

DhaA, DhaA31 and EchA, and above 85% in the case of HheC as judged from SDS-PAGE 

analysis. The yield of purified enzymes was up to 270 mg of EchA, 170 mg of HheC, 100 mg of 

DhaA31, and 150 mg of wild-type DhaA per 1 L of cell culture prepared in shaking flasks.  
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SECTION 2. Kinetic Resolution of (R,S)-DCP and Analysis of DCP Enantiomers 

 

METHODS 

Kinetic resolution of 2.5 mM (R,S)-DCP catalyzed by HheC was assayed with or without excess 

of EchA in the reaction mixture. Reaction proceeded in 15 mL of 50 mM Tris-SO4 buffer (pH 

8.5) at 37°C. (R) and (S) enantiomers of DCP were quantified by a gas chromatograph Network 

GC System 6890N (Agilent Technologies, USA) equipped with a flame ionization detector and 

capillary column Astec CHIRALDEX B-TA 30 m x 0.25 mm x 0.12 µm (Sigma-Aldrich, USA). 

Samples (0.5 mL) were collected from the reaction mixture, extracted with 1 mL of ethyl acetate 

and dried with anhydrous sodium sulfate. Aliquots (1 µL) were injected into the GC with an 

injector temperature of 200°C and a split ratio of 83:1. The operating column temperature was 

100°C, held for 15 min. Helium with a continuous flow of 0.8 mL.min
-1 

was used as a carrier gas. 

The temperature of the detector was 250°C. A calibration curve of 0.0–2.5 mM of (R,S)-DCP 

with TCP as an internal standard was prepared for the evaluation of measured data.  

 

RESULTS 

 

Figure S1. Kinetic resolution of (R,S)-2,3-dichloropropane-1-ol catalyzed by the haloalcohol 

dehalogenase HheC (in red) and by the HheC mixed with the excess of epoxide hydrolase EchA 

(in blue). Circles represent (S)-2,3-dichloropropane-1-ol and squares represent (R)-2,3-

dichloropropane-1-ol. 
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SECTION 3. Activities of Free and Immobilized Enzymes 

 

 

Figure S2. Relative activities of free enzymes and enzymes immobilized in cross-linked enzyme 

aggregates (CLEAs) and LentiKats (LKs) with their corresponding substrates from the 1,2,3-

trichloropropane pathway: TCP, 1,2,3-trichloropropane; DCP, 2,3-dichloropropane-1-ol; CPD, 3-

chloropropane-1,2-diol; ECH, epichlorohydrin; GDL, glycidol. Colours indicate different 

enzymes: haloalkane dehalogenase DhaA31 (in green), haloalcohol dehalogenase HheC (red) and 

epoxide hydrolase EchA (blue). Error bars represent the standard deviation from three 

independent measurements. Specific activities of free enzyme with corresponding substrate used 

as the reference for 100% relative activity were: 1.09±0.02 µmol.min
-1

.mg
-1

 (DhaA31 with TCP), 

1.61±0.10 µmol.min
-1

.mg
-1

 (HheC with DCP), 3.04±0.09 µmol.min
-1

.mg
-1

 (HheC with CPD), 

29.45±1.73 µmol.min
-1

.mg
-1

 (EchA with ECH), 6.46±0.64 µmol.min
-1

.mg
-1 

(EchA with GDL).   
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Figure S3. Specific activities of free enzymes and enzymes immobilized in LentiKats (LKs) with 

their corresponding substrates from the 1,2,3-trichloropropane pathway: TCP, 1,2,3-

trichloropropane; DCP, 2,3-dichloropropane-1-ol; CPD, 3-chloropropane-1,2-diol; ECH, 

epichlorohydrin; GDL, glycidol. Error bars represent the standard deviation calculated from three 

independent measurements. 
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SECTION 4. Immobilization of EchA using Ni-NTA Agarose and CH Sepharose 4B   

 

METHODS 

Immobilization of EchA on Ni-NTA Agarose. 1 mL of Ni-NTA Agarose matrix (Qiagen, 

Germany) was washed with 10 mL of distilled water, 10 mL of 0.1 M NiSO4 and 10 mL of 

equilibration buffer (20 mM potassium phosphate buffer with 0.5 M NaCl and 10 mM imidazol, 

pH 7.5). Purified recombinant EchA (4.5 mg) with 6xHis tag in 2 mL of equilibration buffer was 

mixed with 1 mL of equilibrated Ni-NTA Agarose and incubated for 1 h at room temperature 

with gentle agitation. Matrix was washed with 25 mL of equilibration buffer to remove unbound 

enzyme. Supernatant and sedimented matrix were used for determination of activity of unbound 

and bound enzyme, respectively.  

Immobilization of EchA on activated CH Sepharose 4B. Lyophilized activated CH Sepharose 

4B (0.5 g, GE Healthcare, USA) was washed with 100 mL of 1 mM HCl. Swollen matrix (1 mL) 

was mixed with 3.2 mg of purified EchA in 1 mL of coupling buffer (100 mM NaHCO3 with 0.5 

M NaCl, pH 8.0) and incubated for 2 h at room temperature with gentle agitation. Matrix was 

washed with 25 mL of coupling buffer to remove unbound enzyme. Supernatant and sedimented 

matrix were used for determination of activity of unbound and bound enzyme, respectively.  

Specific activity of free and immobilized EchA with ECH was measured as described in 

Experimental Section of manuscript. The experiments were conducted in triplicate. 

 

RESULTS 

No enzymatic activity was detected in supernatant obtained during washing of Ni-NTA Agarose 

with bound EchA suggesting a complete immobilization of 4.5 mg of purified EchA in 1 mL of 

matrix. Enzymatic activity corresponding to 0.13 mg of EchA was detected in the total volume of 

supernatant obtained during washing of activated CH Sepharose 4B with bound enzyme. 

Therefore, 96% of 3.2 mg of EchA was bound to 1 mL of matrix. EchA immobilized on Ni-NTA 

Agarose retained 93% (27.56±2.60 µmol.min
-1

.mg
-1

) and EchA immobilized on activated CH 

Sepharose 4B retained 68% (20.19±1.78 µmol.min
-1

.mg
-1

) of activity of soluble enzyme. 
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SECTION 5. Storage Stability of Free and Immobilized Enzymes 

 

METHODS 

Storage stability of free and immobilized DhaA31, HheC and EchA was investigated at 4°C and 

in the case of free enzymes, also at room temperature (22±2°C). Free and immobilized DhaA31 

and EchA were stored in 50 mM phosphate buffer (pH 7.5) without additives. Free and 

immobilized HheC was stored in PD buffer (pH 7.5; measurements at 4°C) or in 50 mM 

phosphate buffer (pH 7.5) without additives (measurements at room temperature). The residual 

activities of DhaA31, HheC and EchA stored at 4°C were measured with 10 mM TCP, DCP and 

ECH, respectively, at certain time intervals using conditions described in the Experimental 

section of the manuscript (Enzyme Assays). The residual activities of DhaA31, HheC and EchA 

stored at 22±2°C were measured with 10 mM TCP, DCP and ECH, respectively, in 10 mL of 

Tris-SO4 buffer of pH 8.2 at 22±2°C. 

 

RESULTS 

In parallel with continuous removal of TCP catalyzed by immobilized enzymes in a packed bed 

reactor at room temperature (22±2°C), storage stability of free DhaA31, HheC and EchA at the 

same temperature was tested using periodical analysis of enzyme residual activity at 22°C. In 

contrast to DhaA31 and EchA, HheC showed better storage stability at room temperature than at 

4°C (Figures S4 and S5). The enzyme retained 70% of its initial activity after 10 weeks of storage 

at room temperature in phosphate buffer without additives. This result explains the good 

performance of the packed bed reactor even after two months of operation, which was in contrast 

to the low stability of HheC measured during the storage of enzyme at 4°C.  
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Figure S4. A) Storage stability of free and immobilized haloalkane dehalogenase DhaA31, 

haloalcohol dehalogenase HheC, and epoxide hydrolase EchA at 4°C measured during three-

month interval. Activities measured at the beginning of storage, after 2 and 3 months of storage 

are diversified by fading colors. Free enzymes and LentiKats (LKs) were stored in 50 mM 

phosphate buffer of pH 7.5 without additives (DhaA31 and EchA), or with 2 mM dithiothreitol 

(HheC). Residual activities of DhaA31, HheC and EchA were measured with their corresponding 

substrates from the TCP pathway (1,2,3-trichloropropane, 2,3-dichloropropane-1-ol, and 

epichlorohydrin, respectively) at 37°C.  A relative activity of 100% corresponds to the specific 

activity of: 1.13±0.03 µmol.min
-1

.mg
-1

 (free DhaA31); 0.58±0.03 µmol.min
-1

.mg
-1 

(LKs of 

DhaA31); 1.61±0.20 µmol.min
-1

.mg
-1

 (free HheC); 1.19±0.13 µmol.min
-1

.mg
-1

 (LKs of HheC); 

23.37±0.39 µmol.min
-1

.mg
-1

 (free EchA); 4.96±0.87 µmol.min
-1

.mg
-1

 (LKs of EchA). Error bars 

represent the standard deviation calculated from three independent measurements. B) SDS-PAGE 

analysis of the buffer from storage of LKs of HheC, lane 1, standard sample of 1 µg of purified 

HheC; lane 2, buffer with fresh LKs; lane 3, 1 week of storage; lane 4, 2 weeks of storage; lane 5, 

1 month of storage; lane 6, 2 months of storage; lane 7, 3 months of storage. The amount of 

leached enzyme after 3 months of storage was approximately 1.1 mg, which corresponds to 22 % 

of the original amount of HheC immobilized in the LentiKats.    
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Figure S5. Storage stability of free haloalkane dehalogenase DhaA31 (green columns), 

haloalcohol dehalogenase HheC (red columns), and epoxide hydrolase EchA (blue columns) at 

room temperature (22±2°C). Residual activities of DhaA31, HheC and EchA were measured with 

their corresponding substrates from the TCP pathway (1,2,3-trichloropropane, 2,3-

dichloropropane-1-ol, and epichlorohydrin, respectively) at room temperature (22±2°C).  Error 

bars represent the standard deviation from three independent measurements. Specific activities of 

fresh free enzyme with corresponding substrate used as the reference for 100% relative activity 

were: 0.44±0.04 µmol.min
-1

.mg
-1

 (DhaA31 with 1,2,3-trichloropropane), 0.29±0.02 µmol.min
-

1
.mg

-1
 (HheC with 2,3-dichloropropane-1-ol), and 14.11±0.07 µmol.min

-1
.mg

-1
 (EchA with 

epichlorohydrin). 
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SECTION 6. Recycling of Immobilized Enzymes in Batch System  

 

METHODS 

The reusability of DhaA31, EchA and HheC immobilized in LentiKats was assayed in 25 mL 

glass vials with a screw cap mininert valve (Sigma-Aldrich, USA) with 10 mL of 50 mM Tris-

SO4 buffer (pH 8.5) and 1 mM TCP. Each of ten cycles was started by the addition of LentiKats 

containing 1 mg of DhaA31, 2 mg of HheC, and 2 mg of EchA to the reaction mixture. After 100 

min of incubation at 30°C, LentiKats were separated from the reaction mixture by decantation, 

washed in 25 mL of the reaction buffer and used for a new cycle. Samples of the reaction mixture 

(0.5 mL) were collected at the beginning and end of each cycle, mixed with acetone (1:1) 

containing an internal standard and analyzed by GC to determine the concentration of TCP. In 

parallel, samples (0.1 mL) were taken for quantification of GLY under standard conditions. The 

relative efficiency of the biocatalyst in each cycle was calculated from the conversion of TCP to 

GLY, utilizing the conversion in the first cycle as 100%.     

 

RESULTS 

 

Figure S6. Recycling of the 1,2,3-trichloropropane pathway in LentiKats. The relative activity of 

the immobilized biocatalyst during the first cycle is 100% and corresponds to the production of 

0.39 mM of glycerol from 1 mM of 1,2,3-trichloropropane during 100 minutes of reaction time in 

50 mM Tris-SO4 buffer of pH 8.2 at 30ºC. Error bars represent the standard deviation from three 

independent measurements. 
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SECTION 7. Preparation of Combi-LentiKats from Cell-Free Extracts 

 

METHODS 

Cell-free extracts with DhaA31, HheC or EchA were prepared from 200 mL of cell cultures using 

the same cultivation conditions as described previously. Biomass was harvested by 

centrifugation. Cells were washed and resuspended in 3 mL of 50 mM sodium phosphate buffer 

of pH 7.0. 1 U of DNaseI (New England Biolabs, USA) per 1 mL of cell suspension was added. 

Cells were disrupted by sonication using the ultrasonic processor Hielscher UP200S (Teltow, 

Germany) with 0.3 s pulses and 85% amplitude. Cell lysates were centrifuged for 1 h at 21,000 g 

at 4°C, and the resulting cell-free extracts were decanted. Dithiothreitol was added to the cell-free 

extract containing HheC to a final concentration of 2 mM. The total protein concentration in the 

cell-free extracts was determined by Bradford Reagent. Samples of cell-free extracts (5 µg of 

total protein) containing DhaA31, HheC or EchA were loaded onto SDS-polyacrylamide gel. 

Gels were analyzed using a GS-800 Calibrated Densitometer (Bio-Rad, USA). The amount of 

enzyme in the cell-free extract was estimated according to a comparison of the trace density of its 

respective band with the trace density of the standard sample band. CLEAs were prepared from 

cell-free extract containing approximately 25 mg of DhaA31 or EchA (procedure described in the 

Experimental Section of the manuscript). Combi-LentiKats were prepared by mixing cell-free 

extract containing approximately 5 mg of HheC, CLEAs containing approximately 5 mg of 

DhaA31 and aproximately 5 mg of EchA together with solubilized PVA hydrogel (prepared as 

described in the Experimental Section of the manuscript) with a mass ratio 1:4 (mixture of 

CLEAs and cell-free extract : PVA hydrogel). Small droplets (3–4 mm) of mixture were dripped 

on plastic plates and incubated at 37°C until combi-LentiKats lost 70% of their initial wet weight. 

Dried combi-LentiKats were soaked in 50 mL of 0.1 M sodium sulfate for 2 hrs to re-swell. 

Combi-LentiKats were washed with PD buffer and stored in the same buffer at 4°C. 

Multienzyme conversion of 5 mM TCP with combi-LentiKats in the batch system was performed 

using the conditions and procedure described in the Experimental Section of the manuscript. 
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RESULTS 

Evaluation of the content of DhaA31, HheC, and EchA in cell-free extracts for preparation 

of combi-LentiKats. Cell-free extracts of total protein concentration 42.5 mg.mL
-1

, 34.4 mg.mL
-

1
, and 49.0 mg.mL

-1
 were prepared from E. coli BL21 (DE3) cells heterologously expressing 

DhaA31, HheC, and EchA, respectively. Samples of cell-free extracts containing 5 µg of total 

protein were loaded onto SDS-polyacrylamide gel together with a standard sample containing 

1.25 µg of purified DhaA31, HheC, and EchA (Figure S7). Comparison of trace densities of 

bands of individual enzymes showed that DhaA31 was expressed to a level of 26% from the total 

protein content in cell-free extract, HheC to 36% and EchA to 40%. In consideration of this 

result, 2.30 mL of cell-free extract with approximately 25 mg of DhaA31, and 1.30 mL of cell-

free extract with aproximately 25 mg of EchA were used for the preparation of CLEAs of 

DhaA31and EchA, respectively. The amount of saturated ammonium sulfate and DPA used for 

preparation of CLEAs was adjusted to compensate for the higher volume of enzyme solution 

introduced into the reaction. Portions of wet CLEAs containing approximately 5 mg of DhaA31 

and 5 mg of EchA were mixed with 0.40 mL of cell-free extract containing approximately 5 mg 

of HheC and the mixture was used in the preparation of combi-LentiKats with a mass ratio of 

DhaA31, HheC, and EchA estimated to be close to 1:1:1.    

 

Figure S7. SDS-PAGE analysis of the cell-free extracts (CFE) samples used for the preparation 

of combi-LentiKats. ST, standard sample containing 1.25 µg of purified EchA, DhaA31, and 

HheC (bands in descending order, respectively); 1, CFE with overexpressed DhaA31; 2, CFE 

with overexpressed HheC; 3, CFE with overexpressed EchA. 5 µg of total protein was loaded 

onto the gel in each of the three samples. 
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SECTION 8. Confocal Microscopy of Immobilized Enzymes  

 

METHODS 

CLEAs of DhaA31 (200 µL) were resuspended in 1 mL of carbonate/bicarbonate buffer (pH 9.5). 

The fluorescent dye fluorescein 5(6)-isothiocyanate (FITC, Invitrogen, USA) was dissolved in 

dimethyl sulfoxide (final concentration of 10 mg.mL
-1

). A solution of FITC (1 µL) was added to 

the CLEAs, which were stained for 60 min at room temperature with shaking. After separation by 

centrifugation at 4,024 g for 15 min at 4 °C, CLEAs were washed three times with 50 mM 

phosphate buffer (pH 7.5). EchA CLEAs (200 µL) were resuspended in 1 mL of 

carbonate/bicarbonate buffer buffer (pH 8.3). The fluorescent dye pacific blue succinimidyl ester 

(PBSE, Invitrogen, USA) was dissolved in dimethyl sulfoxide (final concentration of 10 mg.mL
-

1
). A solution of PBSE (5 µL) was added to the CLEAs, which were stained for 60 min at room 

temperature with shaking. After separation by centrifugation at 4,024 g for 15 min at 4 °C, 

CLEAs were washed three times with 50 mM phosphate buffer (pH 7.5). The fluorescent dye X-

rhodamine-5(6)-isothiocyanate (5(6)-XRITC, Invitrogen, USA) was dissolved in dimethyl 

sulfoxide (final concentration of 1 mg.mL
-1

). A solution of 5(6)-XRITC (20 µL) was added to 

200 µL of soluble HheC (10 mg.mL
-1

) in carbonate/bicarbonate buffer (15 mM sodium 

carbonate, 30 mM sodium bicarbonate, pH 9.5). HheC was stained for 60 min at room 

temperature with shaking. Labelled enzyme was separated from unreacted dye using a disposable 

PD MiniTrap column containing 2.1 mL of Sephadex G-25 medium (GE Healthcare, UK). All 

three labelled enzymes (0.33 mL of solution of free HheC, 0.33 g of DhaA31 CLEAs and 0.33 g 

of EchA CLEAs) were encapsulated in LentiKats by mixing together with 4 mL of PVA and 

PEG solubilized in water. The resulting combi-LentiKats were washed with 200 mL of 50 mM 

phosphate buffer (pH 7.5) and frozen in tissue freezing medium Jung at -26°C using a Leica 

Cryocut 1800 Cryostat (Leica Microsystems, Germany). Samples were then sectioned vertically 

and horizontally with a thickness of 5 µm and mounted on glass slides with Mowiol 40-88 

(Sigma-Aldrich, USA). Microscopy observations of labelled free HheC, CLEAs of DhaA31 and 

EchA, and combi-LentiKats were performed with the Olympus IX81 imaging station 

FluoView500 (Olympus C&S Ltd., Czech Republic) using 10x, 20x and 40x objectives. Images 

were analyzed using Olympus Fluoview (Olympus, Japan) and Imaris (Bitplane, Switzerland). 
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SECTION 9. Packed Bed Reactor and Analysis of Enzyme Leakage  

 

 

Figure S8. Schematic overview and photograph of the packed bed reactor used for removing 

1,2,3-trichloropropane from the water under continuous operation. The system consisted of two 

glass columns (C1 and C2) packed with immobilized biocatalysts, two peristaltic pumps (P1 and 

P2), and three glass vessels connected with polytetrafluoroethylene tubing. A feed vessel (FV) 

contained 1 L of 0.1 M Tris-SO4 with 5 mM (week 1) or 10 mM (week 2-10) of TCP. Effluent 

vessel 1 (EV1) was used to collect samples downstream of column 1 and as a feeding bottle for 

column 2; effluent vessel 2 (EV2) was used to collect final samples downstream of column 2. 

The site for determining the TCP concentration in the input of column 1 is indicated with a red 

arrow. The part of tubing with connector was unscrewed from the column and sample of water 

with TCP was withdrawn from the tubing downstream the pump 1. 

 

 

 
Figure S9. SDS-PAGE analysis of enzyme leakage from the packed bed reactor over 10 weeks 

of operation. M, protein marker (116, 66.2, 45, 35, 25, 18.4 and 14.4 kDa); ST, standard sample 

of epoxide hydrolase EchA, haloalkane dehalogenase DhaA31, and haloalcohol dehalogenase 

HheC (bands in descending order, respectively), 1µg of each protein was loaded onto the gel; 1-6, 

8 and 10, samples collected from the effluent vessel 2 during corresponding weeks of bioreactor 

operation, samples (50 ml) were concentrated 25-times and 10 µL of each sample were loaded 

onto the gel. Total amounts of leaked enzymes calculated according to densitometric analysis of 

the gel were: HheC, 10.0 mg; DhaA31, 4.5 mg; EchA, 4.7 mg. 



S16 

 

SECTION 10. Multienzyme Conversion of TCP 

 

METHODS 

Multienzyme conversion of 5 mM TCP at pH 7 and pH 10 at 20°C with LentiKats in a batch 

system was performed using the procedure described in the Experimental Section. For evaluation 

of the effects of pH and lower temperature, conversion of TCP was assayed in 25 mL glass vials 

with a screw cap mininert valve (Sigma-Aldrich, USA) containing 15 mL of 50 mM sodium 

phosphate buffer of pH 7.0 or 50 mM NaOH/glycine buffer of pH 10. Vials were incubated in the 

water bath GLS Aqua Plus (Grant Instruments, UK) with shaking (200 rpm) at 20°C.  

RESULTS 

 
Figure S10. Time courses of multienzyme conversions of 1,2,3-trichloropropane (TCP) with the 

pathway immobilized in LentiKats. (A) reaction in 50 mM sodium phosphate buffer of pH 7.0; 

and (B) 50 mM NaOH/glycine buffer of pH 10. All reactions were performed using enzymes 

with a mass ratio of 1:1:1 mg in 15 mL of reaction mixture at 20°C. DCP, 2,3-dichloropropane-1-

ol; ECH, epichlorohydrin; CPD, 3-chloropropane-1,2-diol; GDL, glycidol; GLY, glycerol. Each 

data point represents the mean value ± standard deviation from three independent experiments. 
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SECTION 11. Operational Conditions for GC and GC-MS Analyses  

 

METHODS 

A Gas Chromatograph 6890N with flame ionization detector (Agilent Technologies, USA) and a 

capillary column ZB-FFAP 30 m x 0.25 mm x 0.25 µm (Phenomenex, USA) was used for routine 

analysis of samples from multienzyme reactions. A Gas Chromatograph 7890A and Mass 

Spectrometer 5975C MSD (Agilent Technologies, USA) equipped with a capillary column ZB-

FFAP 30 m x 0.25 mm x 0.25 µm (Phenomenex, USA) was used for verification of the presence 

of individual metabolites from the TCP pathway in selected samples from the multienzyme 

reactions. Samples (2 µL) were injected into the GC with an inlet temperature of 250°C and split 

ratio 20:1. The operational conditions for the column were: helium carrier gas with an initial flow 

of 0.6 mL.min
-1

 for 1 min, followed by a flow gradient from 0.6 to 1.8 mL.min
-1

 (ramp 0.2 

mL.min
-1

), temperature program set to give an initial column temperature of 50°C for 1 min, 

followed by a temperature gradient from 50 to 220°C hold for 2 min (ramp 25°C.min
-1

). The 

temperature of the detector was 250°C. MS scan speed was 6.9 s
-1

. This method was used for all 

GC analyses. For that purpose, calibration curve of 0 – 5 mM of TCP, DCP, ECH, CPD and GDL 

with internal standard hexan-1-ol was prepared. Detection limits calculated using the software 

OriginPro v8 (OriginLab Corporation, USA) were 3 µM, 5 µM, 6 µM, 186 µM and 22 µM for 

TCP, DCP, ECH, CPD and GDL, respectively.   
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SECTION 12. Supporting Tables  

Table S1. Operational conditions of the packed bed reactor.  

week of operation 1 1
1
 2 3 4 5 6 7 8 9 10 

operational period (h) 33 66 166 166 166 166 166 166 166 166 166 

volumetric flow column 1 

(mL.min
-1

) 

0.50 0.50 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

volumetric flow column 2 

(mL.min
-1

) 

0.50 0.25 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

1
Two cycles were conducted during the first week of operation to optimize running conditions. 

Table S2. Concentrations of metabolites from the time course of the multienzyme conversion of 

1,2,3-trichloropropane catalyzed by free purified DhaAwt, HheC and EchA. 

time 
(min) 

TCP std. DCP std. ECH std. CPD std. GDL std. GLY std. sum 

0 4.683 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 4.683 

50 3.935 0.027 0.179 0.051 0.000 0.000 0.000 0.000 0.069 0.011 0.033 0.000 4.216 

100 3.509 0.052 0.559 0.105 0.000 0.000 0.000 0.000 0.209 0.024 0.099 0.022 4.376 

200 2.860 0.040 0.913 0.155 0.000 0.000 0.000 0.000 0.481 0.054 0.166 0.017 4.420 

400 1.938 0.072 1.171 0.108 0.000 0.000 0.000 0.000 0.715 0.028 0.562 0.089 4.386 

750 0.989 0.110 1.287 0.127 0.000 0.000 0.000 0.000 0.621 0.017 1.492 0.198 4.389 

1260 0.340 0.098 1.124 0.156 0.000 0.000 0.000 0.000 0.434 0.013 2.596 0.206 4.494 

1800 0.107 0.056 0.888 0.199 0.000 0.000 0.000 0.000 0.259 0.027 3.358 0.130 4.613 

Abbreviations: TCP, 1,2,3-trichloropropane; DCP, 2,3-dichloropropane-1-ol; ECH, epichlorohydrin; CPD, 3-

chloropropane-1,2-diol; GDL, glycidol; GLY, glycerol; std., standard deviation. Each value represents the mean 

value ± standard deviation from three independent experiments. 

 

Table S3. Concentrations of metabolites from the time course of the multienzyme conversion of 

1,2,3-trichloropropane catalyzed by free purified DhaA31, HheC and EchA. 

time 
(min) 

TCP std. DCP std. ECH std. CPD std. GDL std. GLY std. sum 

0 4.574 0.071 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 4.574 

50 1.109 0.003 1.480 0.211 0.000 0.000 0.000 0.000 1.133 0.081 0.330 0.007 4.059 

100 0.243 0.004 1.875 0.036 0.000 0.000 0.000 0.000 1.573 0.082 0.903 0.027 4.622 

200 0.009 0.001 1.625 0.078 0.000 0.000 0.000 0.000 1.022 0.080 1.942 0.034 4.624 

400 0.000 0.000 0.861 0.159 0.000 0.000 0.000 0.000 0.365 0.078 2.968 0.054 4.193 

750 0.000 0.000 0.367 0.064 0.000 0.000 0.000 0.000 0.156 0.075 3.862 0.128 4.385 

1260 0.000 0.000 0.105 0.011 0.000 0.000 0.000 0.000 0.029 0.013 4.203 0.018 4.336 

1800 0.000 0.000 0.041 0.009 0.000 0.000 0.000 0.000 0.000 0.000 4.320 0.059 4.360 

Abbreviations: TCP, 1,2,3-trichloropropane; DCP, 2,3-dichloropropane-1-ol; ECH, epichlorohydrin; CPD, 3-

chloropropane-1,2-diol; GDL, glycidol; GLY, glycerol; std., standard deviation. Each value represents the mean 

value ± standard deviation from three independent experiments. 



S19 

 

Table S4. Concentrations of metabolites from the time course of the multienzyme conversion of 

1,2,3-trichloropropane catalyzed by immobilized purified DhaA31, HheC and EchA. 

time 
(min) 

TCP std. DCP std. ECH std. CPD std. GDL std. GLY std. sum 

0 4.710 0.270 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 4.710 

50 1.855 0.185 1.135 0.032 0.000 0.000 0.000 0.000 0.329 0.053 0.107 0.035 3.427 

100 0.889 0.058 1.535 0.177 0.000 0.000 0.000 0.000 0.884 0.051 0.281 0.015 3.589 

200 0.134 0.009 1.544 0.161 0.000 0.000 0.000 0.000 1.461 0.150 1.064 0.136 4.203 

400 0.000 0.000 1.300 0.119 0.000 0.000 0.000 0.000 1.044 0.151 2.049 0.057 4.388 

700 0.000 0.000 1.023 0.156 0.000 0.000 0.000 0.000 0.526 0.042 2.766 0.157 4.315 

1320 0.000 0.000 0.524 0.069 0.000 0.000 0.000 0.000 0.265 0.042 3.479 0.187 4.269 

1800 0.000 0.000 0.340 0.065 0.000 0.000 0.000 0.000 0.163 0.027 3.936 0.072 4.439 

Abbreviations: TCP, 1,2,3-trichloropropane; DCP, 2,3-dichloropropane-1-ol; ECH, epichlorohydrin; CPD, 3-

chloropropane-1,2-diol; GDL, glycidol; GLY, glycerol; std., standard deviation. Each value represents the mean 

value ± standard deviation from three independent experiments. 

 

Table S5. Concentrations of metabolites from the time course of the multienzyme conversion of 

1,2,3-trichloropropane catalyzed by immobilized cell-free extracts with DhaA31, HheC and 

EchA. 

time 
(min) 

TCP std. DCP std. ECH std. CPD std. GDL std. GLY std. sum 

0 4.863 0.100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 4.863 

50 2.187 0.057 0.915 0.036 0.000 0.000 0.000 0.000 0.319 0.318 0.153 0.020 3.574 

100 1.035 0.140 1.282 0.056 0.000 0.000 0.000 0.000 0.897 0.828 0.588 0.125 3.802 

200 0.245 0.076 1.340 0.075 0.000 0.000 0.000 0.000 0.828 0.961 1.494 0.366 3.907 

400 0.000 0.000 1.214 0.063 0.000 0.000 0.000 0.000 0.373 0.422 2.477 0.353 4.063 

700 0.000 0.000 0.884 0.061 0.000 0.000 0.000 0.000 0.118 0.123 3.057 0.274 4.059 

1320 0.000 0.000 0.471 0.020 0.000 0.000 0.000 0.000 0.000 0.000 4.136 0.236 4.607 

1800 0.000 0.000 0.245 0.024 0.000 0.000 0.000 0.000 0.000 0.000 4.318 0.144 4.563 

Abbreviations: TCP, 1,2,3-trichloropropane; DCP, 2,3-dichloropropane-1-ol; ECH, epichlorohydrin; CPD, 3-

chloropropane-1,2-diol; GDL, glycidol; GLY, glycerol; std., standard deviation. Each value represents the mean 

value ± standard deviation from three independent experiments. 
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Table S6. Concentrations of metabolites in a packed bed reactor and the calculated efficiencies of 

columns 1 and 2. 

weeks of 
operation 

1 1 2 3 4 5 6 7 8 9 10 

TCP in IC1 
(mM) 

2.250 3.030 5.908 6.540 7.327 7.974 6.310 7.935 6.646 6.795 7.023 

TCP in EV1 
(mM) 

0.000 0.000 0.000 0.000 0.121 0.152 0.111 0.120 0.360 0.614 0.739 

DCP in EV1 
(mM) 

2.124 2.891 5.545 6.672 6.639 7.449 5.778 8.030 6.520 6.137 7.520 

DCP in EV2 
(mM) 

0.151 0.109 0.342 0.345 0.336 0.635 0.743 1.325 1.373 1.514 2.496 

GDL in EV2 
(mM) 

0.000 0.000 0.000 0.000 0.000 0.168 0.263 0.468 0.519 0.642 1.087 

GLY in EV2 
(mM) 

1.822 2.813 5.687 6.874 6.971 6.728 5.599 5.193 4.447 3.927 2.561 

efficiency of C1 
(%)

1
 

100 100 100 100 98 98 98 98 95 91 89 

efficiency of C2 
(%)

2
 

93 96 94 95 95 89 83 78 71 65 52 

efficiency of 
GLY production 
(%)

3
 

81 93 96 100 95 84 89 65 67 58 36 

Each number in mM represents a mean value from at least two technical replicates.  

Abbreviations: TCP, 1,2,3-trichloropropane; DCP, 2,3-dichloropropane-1-ol; GDL, glycidol; GLY, glycerol; IC1, 

input of column 1; EV1, effluent vessel 1; EV2, effluent vessel 2; C1, column 1; C2, column 2.  

1
Calculated as:  

2
Calculated as:  

3
Calculated as:  

 

 

 

 

 

 

 

 

 

 


