
Chem, Volume 7

Supplemental information

Exploring mechanism of enzyme catalysis

by on-chip transient kinetics coupled with global

data analysis and molecular modeling

David Hess, Veronika Dockalova, Piia Kokkonen, David Bednar, Jiri Damborsky, Andrew
deMello, Zbynek Prokop, and Stavros Stavrakis



1 
 

 
 

Table of contents 
 

1. Supplementary Figures ................................................................................................................... 2 

2. Supplemental Tables ..................................................................................................................... 19 

3. Supplemental Experimental Procedures ....................................................................................... 22 

3.1 PDMS Device Fabrication. .................................................................................................... 22 

3.2 Fluoropolymer Device Fabrication. ........................................................................................ 22 

3.3 Model assays ......................................................................................................................... 22 

3.4 Dehalogenase Assays ........................................................................................................... 23 

3.5 Optical Setup and Data Acquisition ....................................................................................... 23 

3.6 Image Processing and Data Analysis. ................................................................................... 23 

3.6.1 Calibration of the device ................................................................................................ 23 

3.6.2 Data analysis of kinetic measurements ......................................................................... 24 

3.7 Stopped-flow fluorescence measurements. .......................................................................... 24 

3.8 Kinetic Data Analysis and Statistics ...................................................................................... 24 

3.9 Molecular Dynamics Simulations........................................................................................... 25 

3.10 Optimization of the mixing process........................................................................................ 26 

3.11 Optimization of the microfluidic device for droplet detection ................................................. 26 

3.12 Photostability of the substrate ............................................................................................... 26 

3.13 Fluoropolymer device description .......................................................................................... 26 

4. Supplemental References ............................................................................................................. 28 

 

 
 
 
 
 
 
 
 
 



2 
 

 

 

 

Figure S1. Designs of the microfluidic devices. The device depicted on top was used for the 
experiments with LinBwt and the one at the bottom for the experiments with the variants LinB32 and 
LinB86. Scale bars are 2 mm in length. 
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Figure S2. Optical set-up. a) Three solid-state lasers (with wavelengths of 488 nm, 532 nm and 635 
nm) are combined using a set of mirrors (M, D1, D2) before passing through an acousto-optic tunable 
filter (AOTF). Next, the beam is expanded to three time its original diameter using an aspheric lens 
pair (L1, L2) and focused onto the sample by means of an acylindrical lens (CL). For imaging, an 
inverted microscope equipped with a 4x objective (NA = 0.2), appropriate long pass filters (LP) and a 
CMOS camera is used. Synchronization of the strobing pulses with the integration periods of the 
camera is achieved using the output signal of the camera to trigger the AOTF. b) Illustrates the 
illumination of a sample placed on the stage of a microscope from the top. The excitation beam 
(green) is expanded and focused into line geometry 
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Figure S3. Schematic of the microfluidic platform. a) Region where droplet formation and mixing of 
the droplets take place. The device has three inlets for aqueous solutions, which contain substrate (S), 
buffer solution (B) and enzyme (E) and one inlet for oil (O). The mixing progress inside the 
microdroplets moving through a winding channel is visualized in a bright-field image (b) using water 
and ink, and in an epifluorescence image (b) using water and fluorescein. Both scale bars are 200 µm 
in length. 
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Figure S4. Droplet velocity in the delay channel. The time series shown in (a) consists of 
fluorescent images of droplets containing fluorescein. The droplets move from the left to the right and 
individual images are shown chronologically from the top to the bottom. On the left of the image, the 
droplets still move at an elevated velocity, which is indicated by the presence of significant motion blur. 
The images were recorded at 1000 fps and the excitation light was strobed at 100 µs (the scale bar is 
500 µm). The trace of one droplet is shown in red and the corresponding time course is presented in 
(b). The average droplet velocity determined from the slope of a linear fit was 9.571 ± 0.008 cm in this 
case. 
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Figure S5. Stroboscopic illumination of droplets by a focused laser line. Droplets containing 333 
nM fluorescein are imaged in the detection channel using stroboscopic illumination. The Intensity profiles 
along the laser line for pulse durations of both 400 µs and 200 µs are shown in (a) and the corresponding 
fluorescence images in (c). The peaks are clearly separated at an effective exposure time of 200 µs, but 
begin to overlap at 400 µs. The different heights of the peaks originate from the heterogeneity in the 
focused excitation beam. This effect was corrected by normalizing the signals. (b) The intensity profile 
perpendicular to the laser line for a single droplet. The FWHM of the Gaussian fit is 4.7 µm. The length 
of the scale bars is 20 µm in (b) and 300 µm in (c). 
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Figure S6. Reaction schemes for the exemplar assays a) Peroxidase mediated oxidation of 
AmplifluTM Red (1) by hydrogen peroxide initially yields the fluorescent product Resorufin (2). In a second 
step, Resorufin is further oxidized to the non-fluorescent Resazurin (3). b) The hydrolysis of Resorufin 
β-D-Galactopyranoside (RGP) (1) is catalyzed by β-Galactosidase, yielding the fluorescent product 
Resorufin (2) and D-Galactose (3).  
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Figure S7. Time traces for individual droplets. The fluorescence signal originating from nine different 
droplets plotted as a function of time. The first four traces correspond to droplets containing 276 nM 
Resorufin. As expected, the intensity is invariant with time. In contrast, the last five droplets contain a 
reaction mixture consisting of 33 units/mL β-Galactosidase and 33 µM Resorufin β-D-
Galactopyranoside. For this reaction, an approximately linear increase in fluorescence intensity is 
observed. 
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Figure S8. Excitation spectrum and temperature calibration of 4-(bromomethyl)-6,7-
dimethoxycoumarin (Br-COU). a) The excitation spectrum (violet) and the emission spectrum (blue) 
of the fluorescent product of the investigated reaction (4-Hydroxymethyl-6,7-dimethoxycoumarin) were 
recorded for a 10 µM solution in the reaction buffer. b) Calibration curve for the applied temperature 
(heating stage) and the measured temperature on chip using a thermocouple. The standard deviation 
corresponds to measurements in three different devices. 
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Figure S9. Light-induced conversion of the fluorogenic substrate. A microfluidic device was filled 
with a solution containing 10 µM of the fluorogenic substrate. Subsequently, the solution was subjected 
to a series of 500 µs long light pulses applying the same optical conditions as we used to measure the 
enzymatic reactions in droplets. The plot shows the increase of the fluorescent intensity as a function of 
the number of excitation pulses. 
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Figure S10. Fabrication of fluoropolymer devices. The elastomer block containing negative 
features is placed into a glass petri dish, which is then filled with uncured elastomer (a). The resulting 
mold with positive features is depicted in (b). Next, metal pins, pierced through short PTFE tube 
pieces are inserted into holes at the positions designated for the inlets and outlets (c). Fluoropolymer 
pellets are melted inside the ready mold and PDMS blocks are pressed into the liquid polymer to 
create a thin and highly transparent window above the detection area. After bonding the structured 
layer to a fluoropolymer sheet, the final device is obtained (d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

 

 

Figure S11. Droplet formation in the fluoropolymer devices. Images of a fluoropolymer device. a) 
A photograph showing the channel network of the microfluidic device. At the detection area, the device 
is only one millimeter thick, ensuring high light transmittance. b) A side view of an inlet connected to a 
metal connector. The integrated PTFE tube piece provides a tight seal, preventing leakage even at 
elevated pressures of up to three bars. For demonstration purposes, an ink solution (blue) was 
injected into the device. (Scale bars: 1 mm). c) Device employs the acceleration of droplets 
immediately after their formation to decrease the mixing time. Afterwards, a part of the oil phase is 
removed via side channels to decrease the flow rate in the detection channel. To ensure efficient 
operation, we designed the width of the straight channel through which the droplets move after 
deceleration to be slightly bigger than the diameter of the droplets, thus reducing the backpressure but 
also keeping the order of the droplet sequence fixed. In contrast, the device depicted in panel (d) does 
not rely on the acceleration of droplets. In both cases, the deceleration step was controlled by 
adjusting the pressure applied to drainage channels. Scale bars are 100 µm in length. 
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Figure S12. Design of the detection channel. The interrogation points are indicated with red points. 
The distances between the points are 1 mm, 1.5 mm, 4 mm, 4 mm, 8 mm, 8 mm, 12 mm and 12 mm, 
respectively. Scale bar is 1 mm in length. 
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Figure S13. Transient kinetics and thermodynamics of Br-COU conversion by LinB wild type. 
Stopped-flow fluorescence traces recorded upon rapid mixing of 33 μM LinB wild type with 20 μM Br-
COU (a) and 5 μM LinB wild type with various concentrations of Br-COU ranging from 1 to 10 μM (b). 
Each trace shows the average of seven individual experiments obtained at 303.15 K. c) On-chip single 
turnover data recorded upon rapid mixing of 43 μM LinB wild type with 37.5 μM Br-COU at various 
temperature ranging from 298.5 to 317.1 K. On-chip fluorescence traces recorded upon mixing of 
various ratios of enzyme/substrate ([E]/[S] specified in legends at 298.5 K (d), 305.9 K (e) and 317.1 K 
(f). Each stopped-flow trace represents an average of six to eight replicates (a-b), each data point of on-
chip analysis represents an average analysis of ~200 droplets (c-f). Solid lines represent global fit to the 
kinetic data. 
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Figure S14. Transient kinetics and thermodynamics of Br-COU conversion by LinB32. Stopped-
flow fluorescence traces recorded upon rapid mixing of 20 μM LinB 32 with 10 μM Br-COU (a) and 5 μM 
LinB 32 with various concentrations of Br-COU ranging from 1 to 10 μM (b). Each trace shows the 
average of seven individual experiments obtained at 303.2 K. c) On-chip single turnover data recorded 
upon rapid mixing of 43 μM LinB 32 with 37.5 μM Br-COU at various temperatures ranging from 298.5 
to 317.1 K. On-chip fluorescence traces recorded upon mixing of various ratios of enzyme/substrate 
([E]/[S] specified in legends at 308.4 K (d) and 317.1 K (e). Each stopped-flow trace represents an 
average of six to eight replicates (a-b), each data point of on-chip analysis represents an average 
analysis of ~200 droplets (c-e). Solid lines represent global fitting to the kinetic data. 
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Figure S15. Transient kinetics and thermodynamics of Br-COU conversion by LinB86. Stopped-
flow fluorescence traces recorded upon rapid mixing of 20 μM LinB 86 with 10 μM Br-COU (a) and 5 μM 
LinB 86 with various concentrations of Br-COU ranging from 3 to 16 μM (b). Each trace shows the 
average of seven individual experiments obtained at 303.2 K. c) On-chip single turnover data recorded 
upon rapid mixing of 50 μM LinB 86 with 40 μM Br-COU at various temperatures ranging from 298.5 to 
317.1 K. d) On-chip fluorescence traces recorded upon mixing of various ratios of enzyme/substrate 
([E]/[S] specified in legends) at 308.4 K. Each stopped-flow trace represents an average of six to eight 
replicates (a-b), each data point of on-chip analysis represents an average analysis of ~200 droplets (c-
d). Solid lines represent global fitting to the kinetic data. 
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Figure S16. The implied time-scale plots of the Markov states for LinBwt (a), LinB32 (b) and 
LinB86 (c). 
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Figure S17. Calibration and normalization of droplet signals. a) Variation of the measured 
fluorescence intensity as a function of Resorufin concentration. Each measurement point results from 
the average of more than 100 droplets. b) The normalized fluorescence signal as a function of distance 
along the detection channel. The signal from droplets containing 200 nM Resorufin was normalized with 
the signal obtained from reference droplets containing 400 nM Resorufin. As expected, the normalized 
trace is a straight line with a normalized intensity close to 0.5 
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Table S1. Kinetic and thermodynamic parameters. The rate constants and activation energy (Ea) for 
individual steps of Br-COU conversion by LinBwt, LinB32 and LinB86 were obtained by nonlinear 
regression based on numerical integration of the rate equations derived from input kinetic model (Fig. 
4a). The standard error (± SE) was calculated from the covariance matrix during nonlinear regression. 
Gibbs energy (ΔG≠), entropy (ΔS≠) and enthalpy (ΔH≠) of activation was simulated by using input model 
and best-fitted parameters. The reference temperature is 298.15 K. 

 

    k1 k-1 k2 k3 
  

(μM-1.s-1) (s-1) (s-1) (s-1) 

Li
nB

w
t 

value  ± S.E. 5.1 ± 0.6 - 6.5 ± 0.1 18 ± 1 

Ea (kJ.mol-1) 81 ± 18 - 49 ± 2 21 ± 6 

ΔG≠ (kJ.mol-1) 60 - 68 66 

ΔH≠ (kJ.mol-1) 79 - 47 19 

T.ΔS≠ (kJ.mol-1) 19 - -22 -47 

Li
nB

32
 

value  ± S.E. 0.50 ± 0.05 40 ± 2 3.1 ± 0.2 1.14 ± 0.03 

Ea (kJ.mol-1) 79 ± 14 65 ± 12 44 ± 9 29 ± 3 

ΔG≠ (kJ.mol-1) 66 64 70 73 

ΔH≠ (kJ.mol-1) 77 63 41 27 

T.ΔS≠ (kJ.mol-1) 12 -1 -29 -46 

Li
nB

86
 

value  ± S.E. 0.10 ± 0.01 24 ± 2 3.6 ± 0.2 1.4 ± 0.1 

Ea (kJ.mol-1) 76 ± 9 64 ± 16 48 ± 12 26 ± 12 

ΔG≠ (kJ.mol-1) 70 65 70 72 

ΔH≠ (kJ.mol-1) 74 62 45 23 

T.ΔS≠ (kJ.mol-1) 4 -3 -24 -49 

2. Supplemental Tables 
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Table S2. The statistics of five Markov states in all the LinB variants. The figures shows examples of Br-COU placements within the states. 
 Substrate 

placement Unbound At the surface of 
the enzyme 

At the entrance of 
tunnels In the (main) tunnel or the active site Tightly bound 

Li
nB

w
t 

 

  

 

 

 

 

 

Eq.Prob. 76.2% 3.0%  6.0% 10.5%  4.5% 

ΔG 
(kcal/mol) - -1.5  -1.7 -2.1  -1.8 

Li
nB

32
 

 

 

 

 
  

 

 

Eq.Prob. 66.9%  6.4% 4.8% 16.7% 5.3%  

ΔG 
(kcal/mol) -  -1.9 -1.7 -2.5 -1.8  

Li
nB

86
 

 

  

 

 

 

  

Eq.Prob. 55.1% 11.2% 0.4% 26.7% 6.6%   
ΔG 

(kcal/mol) - -2.3 -0.4 -2.9 -2.0   



 

Table S3. Kinetic parameters from MD simulations.  Ligand binding kinetics (average ± SD) from 
the three-state Markov models constructed by bootstrapping 70% of the data 50 times.  

 LinBwt LinB32 LinB86 

Distance to Nε (Å)  5.00 ± 0.72 5.94 ± 0.72 5.74 ± 0.36 

MFPTbinding (ns)1 966 ± 413 435 ± 100 531 ± 62 

MFPTunbinding (ns)1 75 ± 20 162 ± 11 91 ± 6.8 

kon (M-1s-1) 3.1e+08 ± 9.2e+07 6.1e+08 ± 1.3e+08 4.6e+08 ± 6.1e+07 

koff (s-1) 1.5e+07 ± 5.3e+06 6.1e+06 ± 4.3e+05 1.1e+07 ± 8.0e+05 

Eq. prob. of bound 
state (%)2 7.82 ± 2.30 18.56 ± 2.35 11.14 ± 1.27 

ΔG (kcal/mol) -2.08 ± 0.25 -2.84 ± 0.09 -2.29 ± 0.08 

Kd (M) 0.0335 ± 0.0175 0.0085 ± 0.0013 0.0213 ± 0.0029 

1Mean first passage time (on average, how long does it take to change from one state to another). 

2Equilibrium probability. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
3.1 PDMS Device Fabrication. 
A 10:1 (w/w) mixture of polydimethylsiloxane (PDMS) and curing agent (Sylgard 184, Dow Corning, 
Midland, USA) was degassed in a desiccator for 60 minutes, and then spin-coated on the master mold 
at 400 rpm for 30 seconds. Next, the mold was placed in an oven at 70°C for 60 minutes. 7 mm thick 
PDMS squares were bonded on top of the inlets and outlets, taking care to ensure that the observation 
channel was not obstructed. Afterwards, the wafer was placed on a hotplate at 120°C for 30 minutes to 
complete the bonding process. The PDMS layer was then detached from the wafer and diced to form 
individual devices. Inlets and outlets were formed at the desired locations using a hole puncher 
(Technical Innovations, West Palm Beach, FL, USA). The devices were bonded to PDMS covered glass 
cover slips (Menzel-Gläser, Braunschweig, Germany) using an oxygen plasma (EMITECH K1000X, 
Quorum Technologies, East Sussex, United Kingdom). Five minutes after bonding, channels were filled 
with a solution of 5% (v/v) (Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (ABCR GmbH, 
Karlsruhe, Germany) in HFE-7500 (3M, Minnesota, United States) and left for a period of 15 minutes 
at room temperature. The solution was then removed by connecting one of the inlets to a vacuum. 
Finally, the devices were placed on a hotplate at 120°C for at least 2 hours prior to use. Gastight 
syringes (1710TLL for the injection of the aqueous solutions and 1005TLL for the continuous phase, 
Sigma-Aldrich, Buchs, Switzerland) were connected to PTFE tubing (PTFE tube 0.25 mm ID x 1/16” 
OD, Fisher Scientific, Reinach, Switzerland) using a Luer-lock adapter with the other ends connected 
to a 2 cm length of Tygon tubing (Tygon®S-54-HL ID 250 μm, Fisher Scientific, Reinach, Switzerland) 
directly inserted into the inlets of the devices. 
 
3.2 Fluoropolymer Device Fabrication. 
Master SU-8 molds on silicon wafers were created using conventional photolithographic techniques1 
for the designs depicted in Figure S1. The protocol for fluoropolymer device fabrication was adapted 
from a procedure reported by Begolo et al2 (Figure S10). A 9:1 mixture of Elastosil RT 601 components 
A and B (Wacker Chemie AG, Basel, Switzerland) was poured onto the molds and cured at 70°C for 1 
hour. The structured elastomer block was then fixed to the bottom of a glass petri dish using double 
sided sticky tape and the petri dish filled with another 9:1 mixture of Elastosil RT 601. After curing at 
70°C for 1 hour, the two elastomer parts were carefully separated from each other. Next, metal pins 
(TE Needle 30 GA 1/2” Lavender, Buchsteiner, Gingen, Germany) pierced through 1 mm long PTFE 
tube pieces (0.25 mm ID x 1/16” OD, Fisher Scientific, Reinach, Switzerland) were inserted into holes 
punched through the elastomer mold at the designated positions for inlets and outlets. The mold was 
then filled with fluoropolymer pellets (THV 500GZ, 3MTM DyneonRM Fluoroplastic, Burgkirchen, 
Germany), which were melted overnight at 200°C and 50 mbar in a vacuum oven (Vacucenter VC 50, 
Rotkreuz, Switzerland). Small PDMS blocks (10 mm x 5 mm x 5 mm) were pressed into the liquid 
fluoropolymer above the observation channel to form an approximately 500 µm thick, highly transparent 
inspection area. Afterwards, the mold was cooled to room temperature and the metal pins removed. 
The structured fluoropolymer layer was diced into individual devices, which were bonded to flat 
fluoropolymer sheets (THV 500GZ) approximately 500 µm thick. To this end, a 5% w/v solution of (THV 
221GZ) in acetone was spin-coated onto the fluoropolymer sheets (THV 500GZ) at 6000 RPM for 30 
seconds. The coated sheets were then placed on a hotplate at 120°C for 10 minutes. Finally, the 
structured fluoropolymer layers and the coated sheets were pressed together using a homemade metal 
cage (with pressure adjustments made by tightening four screws) and bonded in a vacuum oven at 
115°C and 50 mbar for 1 hour . Gastight syringes (1710TLL for the injection of the aqueous solutions 
and 1005TLL for the continuous phase, Sigma-Aldrich, Buchs, Switzerland) were connected to PTFE 
tubing (PTFE tube 0.25 mm ID x 1/16” OD, Fisher Scientific, Reinach, Switzerland) using a Luer-lock 
adapter with the other ends connected to metal pins (TE Needle 30 GA 1/2” Lavender, Buchsteiner, 
Gingen, Germany), which could be directly inserted into the inlets of the devices. The integrated PTFE 
tube pieces provided an excellent seal, withstanding pressures of up to 3 bar. 
 
3.3 Model assays 
For the β-Galactosidase assay, we used phosphate-buffered saline (pH 7, Life Technologies, Zug, 
Switzerland) containing 1 mM MgCl2 (Sigma-Aldrich, Buchs, Switzerland) and 0.05 % v/v Tween 20 
(Sigma-Aldrich, Buchs, Switzerland). One of the syringes was filled with buffer, one with a mixture of 
100 U/mL β-Galactosidase from Escherichia coli (Grade VIII, ≥500 units/mg, Lot SLBF5960V, Sigma-
Aldrich, Buchs, Switzerland) and 10 µM Resorufin (Sigma-Aldrich, Buchs, Switzerland) and one with 
150 µM Resorufin β-D-Galactopyranoside (Sigma-Aldrich, Buchs, Switzerland). To perform the HRP 
assay, we used Phosphate-buffered saline (pH 7, Gibco, Paisley, United Kingdoms). The syringes 

3. Supplemental Experimental Procedures  



 

contained the buffer solution, a 200 µM AmplifluTM Red (Sigma-Aldrich, Buchs, Switzerland) solution 
and a freshly prepared mixture (less than 30 minutes before the measurement) of 32 µM HRP (Type 
VI, essentially salt-free, lyophilized powder, Sigma-Aldrich, Buchs, Switzerland) and 30 µM H2O2. The 
concentration of HRP was determined spectrophotometrically, assuming a molar absorptivity 𝜀𝜀403 𝑛𝑛𝑛𝑛

𝐻𝐻𝐻𝐻𝐻𝐻 =
102′000 𝑀𝑀−1𝑐𝑐𝑐𝑐−1.3 To measure the concentration of H2O2 we used a titration assay with HRP and 
observed the peak change at 403 nm.3 The two MP-11 assays were performed in pH 7 phosphate 
buffered saline (Gibco, Paisley, United Kingdoms). One of the syringes was filled with buffer, one with 
200 µM MP-11 and 50 µM AmplifluTM Red or 50 µM MP-11 and 500 µM AmplifluTM Red and one with 
either 400 mM H2O2 or 200 mM H2O2. 

3.4 Dehalogenase Assays 
The oil phase consisted of a mixture of fluorinated oil and surfactant (Droplet Generation Oil for Probes, 
Bio-Rad Laboratories, Hercules, United States). The three aqueous solutions were prepared in a 
mixture of 90 vol% phosphate buffered saline (50 mM, pH 8.0, potassium phosphate dibasic, Sigma-
Aldrich, Buchs, Switzerland) and 10 vol% DMSO (Acros Organics, Geel, Belium). The first solution 
contained the enzyme (LinBwt, LinB32 or LinB86) and the second solution contained 4-Bromomethyl-
6,7-dimethoxycoumarin (Tokyo Chemical Industry, Tokyo, Japan) was kept in the dark at all times. It 
should be noted that no more than two hours passed between the preparation of this solution and the 
final measurement. Finally, the third solution was prepared by mixing 2 µL of the first and 498 µL of the 
second solution, followed by an incubation time of 10 minutes, during which the substrate was 
completely converted to the fluorescent product 4-Hydroxymethyl-6,7-dimethoxycoumarin. 
 
3.5 Optical Setup and Data Acquisition 
After passing through an acousto-optical tunable filter (AOTF nC-400-650-TN, AA Opto-Electronic, 
Orsay, France), the laser beam was relayed using several mirrors, expanded to three times its original 
size using an aspherical lens pair and focused into a slit-shaped field oriented along the observation 
channel by an acylindrical aspheric lens (with an effective focal length of 20.0 mm). Fluorescence 
emission was collected by a 4x objective (Plan Apo 4x/ NA 0.2, Nikon, Zurich, Switzerland) and filtered 
using either a 488 nm (mixing assay) or 532 nm (enzymatic reactions) long-pass filter (IDEX Health & 
Science, Buffalo, USA). Fluorescence emission was detected using an ORCA-flash 4.0 CMOS camera 
(Hamamatsu, Solothurn, Switzerland) controlled by MicroManager Software (Micro-Manager 1.4, 
University of California, San Francisco, USA). The AOTF was triggered by the CMOS camera using a 
20-ms TTL pulse to allow synchronization of the laser strobe and camera shutter. Synchronization was 
controlled using an AOTF controller (ESio AOTF Controller, ESImaging, Kent, United Kingdom). The 
height of the ROI was adjusted to approximately 16 pixels, which was sufficient to image the volume 
excited by the focused laser line. Typically, images were acquired at 2000 Hz with an exposure time of 
0.5 milliseconds and excitation pulse lengths of 100 µs. 
 
In the case of dehalogenases, kinetic experiments were conducted using the optical setup described 
above, except that we used a 375 nm diode laser (PhoxX plus® 375-70, Omicron-Laserage, Rodgau-
Dudenhofen, Germany). Fluorescence emission was filtered using a 390 nm long-pass filter. A time-
integrated fluorescence emission spectrum of the fluorescent dye 4-Hydroxymethyl-6,7-
dimethoxycoumarin is shown in Figure S8a. At each investigated temperature four types of 
measurements were conducted. The first was used to determine the background signal, with droplets 
containing pure enzyme solution. The second was used for spatial normalization along the channel, 
with droplets containing pure dye solution (converted substrate). Subsequent measurements were used 
to measure the actual reaction, with droplets containing enzyme as well as substrate in defined ratios. 
Finally, a time series to determine the velocity of the droplets was recorded at 2000 fps. The measured 
time series always consisted of 200 images. For experiments with LinBwt, images were recorded at 10 
fps with exposure times of 100 ms and the excitation light was strobed at 700 µs. For studies of the 
variants LinB32 and LinB86, images were recorded at 2 fps with exposure times of 500 ms and the 
excitation light was strobed at 500 µs. 
 
3.6 Image Processing and Data Analysis. 
3.6.1 Calibration of the device  
The first step in data analysis involved conversion of the fluorescence images into a one-dimensional 
signal. For this purpose, an average signal along the laser line was extracted for each image. As seen 
in Figure S5 each peak in the resulting intensity profile corresponds to a single droplet. The amplitude 
of each peak defined the fluorescence signal of a droplet, and the peak center as the droplet position. 



 

Knowledge of the droplet velocity as well as the frame rate was then used to track the droplets through 
each frame and to obtain kinetic traces for all the droplets 
For quantitative measurements, signals must be proportional to the concentration of the fluorescent 
reporter contained within the droplets. In addition, the position of a droplet in the detection channel 
should not influence the determined signal in any way. For the current system, the radiation density 
along the focused laser line is relatively heterogeneous. Accordingly, all signals were normalized 
against droplets containing known fluorophore concentrations. Specifically, the measured signal (for a 
droplet) was corrected using the following equation  

 
 

𝑆𝑆(𝑥𝑥) =
𝑆𝑆𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑥𝑥) − 𝑆𝑆𝑏𝑏𝑏𝑏(𝑥𝑥)
𝑆𝑆𝑛𝑛,𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑏𝑏𝑚𝑚(𝑥𝑥) − 𝑆𝑆𝑏𝑏𝑏𝑏(𝑥𝑥)

         (2) 

 
Here, 𝑆𝑆𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑥𝑥) is the measured signal for a droplet at position 𝑥𝑥, 𝑆𝑆𝑛𝑛,𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑏𝑏𝑚𝑚(𝑥𝑥) is the averaged signal 
of multiple reference droplets containing a fixed amount of fluorophore at position 𝑥𝑥, and 𝑆𝑆𝑏𝑏𝑏𝑏(𝑥𝑥) denotes 
the background signal at position 𝑥𝑥 (which was normally assumed to be a constant equal to the dark 
counts of the camera). A normalization protocol, accounting for auto-fluorescence and optical crosstalk, 
was obtained using a position-dependent background signal, and was based on the measurement of 
empty droplets containing a pure buffer solution. Figure S17a presents a calibration curve highlighting 
the linear dependence of the fluorescence signal on the concentration of the fluorescent dye Resorufin. 
Figure S17b results from the normalization of signals from droplets containing 200 nM Resorufin with 
reference droplets containing 400 nM Resorufin. 
 
3.6.2 Data analysis of kinetic measurements  
The recorded time series carrying information about the background, the spatial inhomogeneity of the 
detection/excitation (for normalization) and the enzymatic reaction were each “averaged” to obtain 
single images. To this end, the initial 200 images were grouped into 10 subsets containing 20 images 
each and subsequently a maximum intensity projection was applied to each set. Next, a medium 
intensity projection was applied to the resultant 10 images to finally obtain a single image. The 
combination of maximum and median projections resulted in high signals, while outliers from the applied 
maximum projection were suppressed. Finally, ROIs along the observation window, where the channel 
containing the droplets crossed the laser line (Figure S12), were defined and the average intensities 
measured. The velocity of the droplets was determined from the time series recorded at 2000 fps and 
used to relate the position of the ROIs to corresponding reaction times 
 
3.7 Stopped-flow fluorescence measurements.  
Before each experiment, enzyme and buffer solutions were mixed with DMSO and a stock solution of 
Br-COU in DMSO was dissolved in buffer (50 mM phosphate buffer, pH 8.0) to maintain the same 
composition of the reaction mixture (10% of DMSO and 90% phosphate buffer). All solutions were 
degassed before measurement. The reaction was initiated by rapid mixing of the substrate with the 
enzyme at a ratio 1:1 to the total volume of 150 μl. A total flow rate of 16 ml/s provided a dead-time of 
0.3 ms. The mixture in the reaction cuvette was continuously excited at 345 nm (2 nm bandwidth). A 
long-pass filter (435 nm) was employed for the detection of emitted light. All conventional stopped-flow 
experiments were performed at 30°C. 
 
3.8 Kinetic Data Analysis and Statistics 
The single turnover and multiple turnover kinetic data obtained by stopped-flow measurements at 
303.15 K and microfluidic device collected at a variable temperatures (ranging from 298.6 to 326.2 K) 
were fit globally by using dynamic kinetic simulation program KinTek Global Kinetic Explorer version 
6.0 (KinTek, USA), which includes the capability to fit temperature-dependent rate constants.4 The 
observable fluorescence signal was defined as the sum of the contributions of each species to the total 
fluorescence with scaling factors for different species 
 

𝐹𝐹 = 𝑓𝑓𝑛𝑛. (𝑆𝑆 + 𝑎𝑎.𝐸𝐸𝑆𝑆 + 𝑏𝑏. (𝐸𝐸𝐸𝐸 + 𝑃𝑃)  
 
where, fn scales the fluorescence signal to concentration for individual experiment n, whereas a define 
the change in fluorescence upon forming enzyme-substrate complex (ES) and b scales the change of 
the fluorescence signal upon forming of enzyme intermediate (EI) and product (P) relative to 
fluorescence of free coumarin substrate. The definition of the fluorescence signal was build based on 
experimental analysis of quantum yield for substrate (15 %), alkyl-enzyme intermediate (83%) and 



 

product (85%).5 Different scales for the fluorescence signal to concentration was used for individual 
experiments relating different sensitivity of spectrophotometric setup, but fluorescence scaling factors 
for the substrate to intermediate/product change were shared constant within every global fit and were 
nearly identical among global analysis of all three enzyme variants (a = 0.46 ± 0.15; b =  10.4 ± 0.2). 
To account for variations in the data, enzyme and substrate concentrations were slightly adjusted by 
treating them as parameters during the fitting procedure with enforced boundaries at ±10%.  For data 
fitting we used numerical integration of rate equations from an input model (Figure 4a) searching a set 
of parameters that produce a minimum Chi Square Distribution (χ2) value using a nonlinear regression 
method ( Levenberg-Marquardt method).4 Residuals were normalized by sigma value for each data 
point. The standard error (S.E.) was calculated from the covariance matrix during nonlinear regression. 
 
3.9 Molecular Dynamics Simulations. 
System preparation. The crystal structures (PDB IDs 1MJ5 (LinBwt), 4WDQ (LinB32) and 5LKA 
(LinB86)) were downloaded from the RSCB Protein Data Bank.6- 8 Extra ligands and salt ions were 
removed. The hydrogen atoms were added to the structures with the H++ web server at pH 7.5.9 The 
water molecules from the crystal structures, which did not overlap with the protonated structures, were 
retained. One Br-COU molecule was manually set to the entrance of the main tunnel of the enzymes 
using PyMol. The systems were solvated in an cubical water box of TIP3P water molecules so that all 
atoms were at least 10 Å from the surface of the box using the solvate method of HTMD.10 Cl- and Na+ 
ions were added to neutralize the charge of the protein and yield a final concentration of 0.1M. The 
system was built with the Amber ff14SB force field. The gaff2 force field parameters and partial charges 
for Br-COU were obtained from the parameterize function of HTMD.10 
System equilibration. The first equilibration step started with a 500-step conjugate gradient 
minimization. Then the system was heated and equilibrated using the Equilibration_v2 protocol of 
HTMD as follows: (I) 2.5 ns of NPT equilibration with Langevin thermostat with 1 kcal.mol-1.Å-2 
constraints on all heavy atoms of the protein and (II) 2.5ns of NPT equilibration with the Langevin 
thermostat without constraints. During these equilibration simulations, holonomic constraints were on 
all hydrogen-heavy atom bond terms and the mass of hydrogen atoms was scaled with factor 4, 
enabling the 4 fs timestep.11-14 The simulations employed periodic boundary conditions, using the 
particle mesh Ewald method for treatment of interactions beyond a 9 Å cut-off, electrostatic interactions 
suppressed > 4 bond terms away from each other and the smoothing of van der Waals and electrostatic 
interactions at 7.5 Å.11 The smoothing of van der Waals and electrostatic interactions is a linear scaling 
of interactions between this distance and the cut-off value to prevent jumps in the energy when atoms 
pass the cut-off value. 
 
Adaptive sampling using HTMD/AceMD and Markov state model construction. The production 
simulations were run as adaptive epochs at 300 K using the same settings as the last step of the 
equilibration. The metric used in the adaptive sampling was the distance of the Br atoms of the Br-COU 
molecule to the Nε of the halide stabilizing tryptophan. The total simulation time was 25 000 ns for all 
variants. The Markov state models were built by calculating the distances of the Br atoms of Br-COU to 
the Nε of the halide stabilizing tryptophan and C atoms of Br-COU (the targets of the nucleophilic attack) 
to the Cγ of the nucleophile. Distances longer than 15 Å were truncated to 15 Å (corresponding to the 
unbound state). 2-dimensional TICA was used to find the correlations of states in time with a 5 ns lag 
time.15 The data was clustered using MiniBatchKmeans algorithm to 1000 clusters. The implied 
timescale plot (Markov state model at various lag times) was constructed to select a lag time for the 
Markov model construction. As the time scales stabilize at 20 ns lag time, this was used in the models 
to construct five Markov states. 
 
Analysis of the binding kinetics and conformational flexibility. The binding kinetics of Br-COU were 
calculated from bootstrapping 70% of the data 50 times, using the distance of the nearest Br-COU 
heavy atom to the Nε of the halide stabilizing tryptophan as the metric and requesting 3 Markov states. 
The data does not show huge differences between any of the variants (Table S2). The cap domain of 
LinB86 and LinBwt should be more mobile than that of LinB32 and the enzymes should display open 
and closed conformations.16 However, sampling the root-mean-square (RMSD) of the backbone atoms 
in the simulations with Br-COU the backbone remains really stable (RMSD of Cα atoms <2 Å) and no 
significant cap domain opening or movement were observed. It is possible that the ligand interaction 
makes the enzyme to prefer the closed conformation. The binding of Br-COU to LinBwt does not occur 
more quickly than to the other variants, which may be caused by the relatively short simulation times 
(Table S3). 



 

3.10 Optimization of the mixing process. 

Equation 1 provides an estimation of the scaling of the mixing time tmix, where w is the cross-sectional 
dimension of the channel, a is the dimensionless length of the droplet relative to w, U is the velocity and 
D is the diffusion coefficient.17 
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According to this treatment, mixing times can be reduced either by shrinking droplet dimensions or by 
increasing the droplet velocity. In this respect, back-pressure issues and difficulties that arise from 
handling small droplets are the limiting factors when reducing the size of channel cross sections and 
droplet sizes, whilst increasing the linear velocity eventually results in droplet breakup.18 Additionally, 
fast-moving droplets are challenging to probe in a robust manner, since they increase the back-pressure 
and make tracking droplets over extended periods of time difficult.The mixing time will be a function of 
the diffusion coefficients of the reactants, as can be seen from Equation 1. Accordingly, the calculated 
mixing times must be corrected to match the conditions of the investigated enzymatic reaction. In the 
proposed platform, the dependence of the mixing time on diffusion coefficients is relatively small, as 
the dominating factor is the droplet velocity, thus errors associated with the estimation of diffusion 
coefficients of the reagents are negligible. 
 
3.11 Optimization of the microfluidic device for droplet detection   
Characteristic droplet velocities before and after the deceleration step were determined by analysis of 
time series recorded with a high-speed camera. The final design allowed operation with droplet 
velocities between 0.8 and 1 m/s for the mixing part, depending on the flow rates applied during 
experiment. In the expansion channel, the droplet velocity dropped by a factor of 8, resulting in a final 
velocity of approximately 10 cm/s. Figure S4 shows an example of a time series of fluorescence images 
of a droplet moving through the detection channel and the corresponding velocity of a selected droplet. 
As mentioned previously the detection is based on stroboscopic epifluorescence imaging. The primary 
innovation developed in the current study is illumination from the top, where the excitation light is 
focused into a line using an acylindrical lens (Figure S5a, b) leading to an observation of the reaction 
along a single straight channel. Such an approach allows for the focusing of an excitation beam into a 
thin line oriented parallel to the channel, which only excites the central part of a droplet, thus increasing 
the local light density over two orders of magnitude. In addition, reducing the region of interest (ROI) to 
a stripe increases the frame rate at which time series can be recorded. To measure and track individual 
droplets it is necessary to prevent the overlap of signal peaks from neighboring droplets by adjusting 
the pulse duration (Figure S5c). To extract kinetic traces, individual droplets were tracked between 
frames within the recorded time series. This was accomplished using information about the acquisition 
frame rate and the droplet velocity (Figure S7).  
 
3.12 Photostability of the substrate 
To minimize the impact of the poor photostability of the substrate (Figure S8), we limited the total 
number of light pulses that each droplet was exposed to by reducing the frame rate at which 
fluorescence images were recorded. Although this resulted in a significantly lower throughput (of 
approximately one measurement per minute) and a relatively high sample consumption (of up to one 
microliter per experiment), it still represented a significant improvement compared to state-of-the-art 
bulk measurements and allowed for the acquisition of extensive data sets.  
 
3.13 Fluoropolymer device description  
The fluoropolymer devices used in this study were fabricated using PDMS molds and allowed for near 
perfect replication of the channel structures for the designs presented Figure S1. Bonded monolithic 
devices withstood pressures of up to three bars, with the fluorinated surfaces of the channels being 
ideal to create droplets using fluorinated oils as the carrier phase. Most importantly, absorption of the 
fluorogenic substrate to the surface was almost completely avoided, which made long-term 
measurements over several hours possible. In order to enhance the light transmittance of the 
fluoropolymer devices, polymer thickness in the area where the detection took place was reduced to 
less than one millimeter (Figure S11a). Another helpful innovation was the integration of PTFE tube 
pieces into the devices to provide for tight access ports for metal connectors, which could be used to 
connect the inlets and outlets (Figure S11b). Droplet formation in the two types of fluoropolymer 
devices used for this study is shown in Figure S 11c, d. The device shown in panel (a) was used to 



 

perform kinetic measurements of LinBwt. To measure the slower kinetics of the variants LinB32 and 
LinB86, the maximal observable reaction time was extended up to 10 s by using the device shown in 
panel (b). Here, the droplets are no longer accelerated after their formation and their velocity in the 
detection channel is reduced further by not only draining oil from the main channel but also removing a 
significant percentage of the droplets. Mixing times in this second type of device were significantly 
longer; 10-20 ms compared to 1-2 ms for the device shown in panel (a). 
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