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Crystallization and structure determination 

Bpro0530 - The protein (13 mg/ml, in 50 mM Tris-SO4 pH 8.5) was crystallized by hanging 

drop vapor diffusion against 1 M Li2SO4 in 0.1 M Tris-HCl, pH 8.5. The crystals were 

coated in paratone N as cryoprotectant during data collection at 100 K. Diffraction data were 

collected in-house on a MicroMax-007 X-ray generator (Rigaku, The Woodlands, TX, 

USA) with Varimax optics (Rigaku) and a mar345 image plate detector (Marresearch, 

Norderstedt, Germany). Data were reduced in XDS (1), and initially processed in P6n22 but 

various indicators suggested the likelihood of twinning. In the case of hemihedral twinning 

(i.e. merohedral twinning of two domains), the true space group may be P6n, P3n12 or 

P3n21. The phases were solved by molecular replacement with Phaser (2) using a homology 

model built from the structure of PDB code 1AQ6 by SWISSMODEL (3). This procedure 

resulted in a unique solution in space group P65. The correct space group was also 

confirmed by the program Zanuda on the York Structural Biology Laboratory web server 

(http://www.ysbl.york.ac.uk/YSBLPrograms/index.jsp). Refinement was performed in 

REFMAC5 (4) using amplitude-based twin refinement (the twin fraction refined to 44.1%) 

and in Coot (5). Because of twinning and non-crystallographic symmetry, the random FreeR 

flags were selected in thin resolution shells using XPREP (Bruker AXS Inc, Madison, USA) 

to avoid bias. Additionally, the FreeR flags were expanded from P6522 to P65 using the 

program CAD in the CCP4 software package (6) to ensure that twin-related reflections share 

identical FreeR flags.  

Rha0230 - Both the native protein and the Se-Met derivative (24 mg/ml, in 50 mM TrisSO4 

pH 8.5) were crystallized by hanging drop vapor diffusion against 0.6 M trisodium citrate 

and 0.1 M Na-HEPES, pH 7.5. The reservoir buffer supplemented with 16% glycerol was 

used as cryoprotectant. Diffraction data were collected at beamline X8C at the National 

Synchrotron Light Source (Brookhaven, USA). The experiment was performed at the peak 

wavelength of the selenium absorption edge (λ = 0.9795 Å), and the dataset was reduced 

using HKL2000 (7). The heavy atom sites and phases were determined by single wavelength 

anomalous dispersion from the Se-Met protein crystals using SOLVE/RESOLVE (8) and the 
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initial model was built using Arp/wArp (9). The model was then further improved manually, 

and finally refined in REFMAC5 (4) and Coot (5) against the native dataset collected at 

beamline 14BM-C at the Advanced Photon Source (Argonne National Laboratory, Argonne, 

USA).  

PA0810 - The protein (20 mg/ml, in 0.3 M NaCl, 1 mM TCEP and 10 mM Na-HEPES 

pH7.5) was crystallized by hanging drop vapor diffusion against 20% PEG 3350 and 0.2 M 

diammonium citrate. Paratone N was used as cryoprotectant. Diffraction data were collected 

at beamline 19ID at the Advanced Photon Source at the peak wavelength of the selenium 

absorption edge (λ = 0.979 Å) and reduced with XDS (1). Using SOLVE/RESOLVE (8), the 

22 heavy atoms from the four chains were located by single wavelength anomalous 

dispersion, and the initial phases were optimized by histogram matching and solvent 

flattening to yield an electron density map of high quality. The initial model was built using 

Autobuild in Phenix (10) and manually completed in Coot (5). The final refinement was 

performed in REFMAC5 (4).  

RSc1362 - The protein (30 mg/ml, in 0.3 M NaCl, 1 mM TCEP and 10 mM Na-HEPES 

pH7.5) was crystallized by sitting drop vapor diffusion using 15% isopropanol, 0.1 M KCl, 

25 mM MgCl2, 2% 1,4-dioxane and 50 mM sodium cacodylate, pH 6.0. Paratone N was 

used as cryoprotectant. Diffraction data were collected in-house on an FR-E+ Superbright 

X-ray generator equipped with Varimax optics and a Saturn CCD area detector (Rigaku), 

and reduced with XDS (1). The structure was solved by applying the molecular replacement 

program MOLREP (11) using chain A of PDB code 1QH9 as search model. The structure 

was then refined using Phenix (10) and Coot (5). Water molecules were added by 

ARP/wARP (9) after several refinement cycles. The final refinement was performed in 

REFMAC5 (4).  
 
 

Molecular Dynamics Simulations  

 

All-atom molecular dynamics (MD) simulations were performed for five dehalogenases, 

Bpro0530 (PDB code 3UM9), Rha0230 (PDB code 3UMG), PA0810 (PDB code 3UMC), 
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RSc1362 (PDB code 3UMB), and ST2570 (PDB code 2W43), in explicit water. The N- and 

C-termini of the enzymes were modeled as neutral NH2 and -CO2H groups, respectively, to

reflect the fact that some terminal residues are missing in several of the PDB structures.

Hydrogen atoms were added using the default settings of the GROMACS “pdb2gmx” tool,

with all titratable groups modeled in their standard protonation state at pH 7.0. Each

individual enzyme was solvated in a box of water with periodic boundary conditions to

obtain an initial water density close to 1000 g/l for all systems. Between zero and eleven Na+

counterions were added to neutralize the simulation box (detailed simulation cell

composition described in Table S4). Protein and ions were modeled with the optimized

potentials for liquid simulations (OPLS) all-atom force field (13,14), and the transferable

intermolecular potential 3-point (TIP3P) model (15) was used for water molecules. The

calculations were performed using the macromolecular simulation program GROMACS,

version 4.0.7 (12). Covalent bonds of water and other molecules were constrained with

SETTLE (20) and P-LINCS (21), respectively. Lennard–Jones interactions were evaluated

using a group-based cut-off for separation distances less than 10 Å and otherwise ignored.

Coulombic interactions were calculated using the smooth particle-mesh Ewald (PME)

method (16,17) with a real-space cut-off of 1.2 Å and a Fourier grid spacing of 1.4 Å.

During 500-step steepest-descent energy minimizations performed initially, all heavy atoms

of the enzymes were kept restrained to their crystallographic structure using a force constant

of 1000 kJ×mol-1×nm-2. Unrestrained simulations were then performed on all five enzymes.

Each simulation system was replicated nine times (yielding ten in total) and simulated for

300 ns, for a total simulation time of 3 µs per enzyme.  Each replica simulation was assigned

initial velocities generated from a different random seed. Simulation in the isothermal-

isobaric (NpT) ensemble was achieved by isotropic coupling to a Berendsen barostat (18) at

1 bar with coupling constants of 4 ps and temperature coupling using velocity Langevin

dynamics (19) at 300 K with a collision frequency of 1 ps-1. The integration time step was 2

fs and the non-bonded pair-list was updated every 20 fs. The time trajectories were saved

every 25 ps. The first 50 ns of each trajectory were removed from analysis as equilibration

based on the analysis of backbone RMSD vs. time (Figure S4) and all structural properties
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were computed from the remaining data from t=50 ns to t=300 ns timeframes for all fifty 

trajectories. 

Structural fluctuations in the respective halide-binding pockets were analyzed. 

Pairwise Cα - Cα distances for conserved residues Asp10, Arg41, and Asn119 (Bpro0530 

numbering) were computed using the g_dist tool implemented in GROMACS. The 

Euclidian distance (square root of the sum of the three squared distances) between these 

three residues was used as a single metric to quantify the size of the binding pocket in each 

enzyme at each time step. The individual distributions of these Euclidian distances for each 

simulation repeat are shown in Figure S3.  
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Figure S1. Ribbon representations of HAD monomers. Although all four enzymes are dimeric 
proteins all crystallographically independent monomers in an asymmetric unit were superimposed. 
Only the Cα atoms of the core domain were used in the superposition to reveal any potential 
interdomain displacement. Different subunits of the same proteins were also superposed when the 
crystal’s asymmetric unit contains multiple protein subunits. A) Bpro0530 – 2 copies. Only a short 
loop assumes the position of the subdomain insert. Superposition of the 2 subunits reveals no 
obvious interdomain displacement. B) Rha0230 – 8 copies. This enzyme contains a ‘flap’ 
subdomain outside the active site entrance. The 8 cap domains display the largest positional 
difference at the tip of the protein, suggesting the possibility of hinge-like interdomain motion. C) 
PA0810 – 4 copies. Its overall fold, including the ‘flap’ subdomain, closely resembles that of 
Rha0230. The positional differences of the 4 cap domains also hint at similar hinge-like 
interdomain motions. Additionally, the variations in α2 conformations (Arg44-Ala50) reveal 
inherent flexibility in this region of the cap domain (boxed). D) RSc1362 – 1 copy. This protein 
again lacks a subdomain insert.  
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Figure S2. Relative displacement between the cap and core domains in HADs. The structures are 
compared by superposition of the Cα atoms of core domain residues. The number of monomers in 
the crystals’ asymmetric units is listed as n. L-Dex YL (PDB code 1ZRM, n=1, blue), DehlB 
(1QQ5, n=2, red), DehIVa (2NO4, n=2, grey), ST2570 (2W43, n=2, orange), Bpro0530 (3UM9, 
n=2, green), Rha0230 (3UMG, n=8, pink), PA0810 (3UMC, n=4, cyan) and RSc1362 (3UMB, 
(n=1, purple). The maximum rotation angle observed between these examples of HADs is 16°.  
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Figure S3. Probability distribution of the Euclidian distance d between the Ca-atoms of 
residues D10-R41-N119 (Bpro0530 numbering; corresponding residues for the other four 
enzymes) from ten independent 300 ns MD simulations of each enzyme at 300 K.  
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Figure S4. Structural fluctuations of dehalogenases in molecular simulations. Root-mean-square 
deviations of backbone atoms ('N', 'CA', 'C', 'O') were computed with respect to initial 
crystallographic models as a function of simulation time, for all ten independent simulation 
repeats for each of the five dehalogenases, Bpro0530 (PDB-ID: 3UM9), Rha0230 (PDB-ID: 
3UMG), PA0810 (PDB-ID: 3UMC), RSc1362 (PDB-ID: 3UMB), and ST2570 (PDB-ID: 2W43). 
At a simulation time of t=300 ns, average RMSD across all simulation repeats was 2.2 ± 0.2, 2.2 ± 
0.2, 1.9 ± 0.1, 2.7 ± 0.1, 2.4 ± 0.2, for PA0810, RSc1362, ST2570, Bpro0530, Rha0230, 
respectively. Here, error is reported as the standard error of mean over the RMSD values of the ten 
simulation repeats at time 300 ns.
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Table S1. X-ray diffraction data and refinement statistics 

Enzyme PA0810 RSc1362 Bpro0530 Rha0230* 
Modification Se-Met Se-Met 
PDB code 3UMC 3UMB 3UM9 3UMG 
X-ray source 19ID, APS FR-E MicroMax-007 14BM-C, APS 
Wavelength (Å) 0.979 1.54 1.54 0.980 

Resolution limit (Å) 
28.4-2.15 

(2.27-2.15) 
25.0-2.20 

(2.32-2.20) 
19.0-2.20 

(2.25-2.20) 
38.5-2.25 

(2.31-2.25) 

〈I〉/〈σ(I)〉 10.4 (2.4) 13.0 (3.5) 32.8 (3.8) 19.6 (3.9) 
Space group C2 C222 P65 P212121 
No. molecules in ASU 4 1 2 8 
Unit cell parameters 
a (Å) 
b 
c 

73.4 
123.9 
125.6 

66.4 
129.6 
54.3 

96.6 
96.6 
92.0 

102.2 
148.7 
152.6 

α (°) 
β 
γ 

90 
90.97 

90 

90 
90 
90 

90 
90 
120 

90 
90 
90 

Rsym (%) 7.2 (30.1) 5.0 (21.4) 6.1 (42.9) 6.9 (46.8) 
Completeness (%) 99.9 (100.0) 99.9 (100) 99.1 (89.0) 96.6 (97.8) 
Bond lengths rmsd (Å) 0.008 0.010 0.020 0.018 
Bond angles rmsd (°) 1.02 1.17 1.818 1.613 
Rcrys (%) 18.4 22.9 14.8 21.5 
Rfree (%) 22.1 27.2 19.8 27.2 
Ramachandran plot (%) 
Favored 91.2 91.1 92.8 91.1 
Allowed 8.4 8.3 6.8 8.7 
Generously allowed 0.4 0.0 0.5 0.1 
Outlier 0.0 0.6 0.0 0.0 

Rsym = Shkl Sj |Ihkl,j – <Ihkl>| / Shkl Sj Ihkl,j 

Where<Ihkl> is the average of symmetry- (or Friedel-) related observations of a unique reflection. 

Rcrys = Σ||Fo|−|Fc|| / Σ|Fo| 

Rfree is the same as Rcrys, but for a subset of 5% of all reflections never used in crystallographic refinement. 

Ramachandran analysis performed by MolProbity (22). 

Numbers in parentheses represent those in the highest resolution bin. *A dataset collected at X8C 
(National Synchrotron Light Source, Brookhaven National Laboratory, Brookhaven, USA) on a Se-
Met derivatized crystal was used for phase determination by single wavelength anomalous 
dispersion, and for building the initial atomic model. Data included in this column refer to the native 
data set collected later at beamline 14-BM-C, BioCARS, Advanced Photon Source, Argonne National 
Laboratory, Lemont, IL, USA) and used in refinement. Names of defluorinating enzymes are on green 
backgrounds.  
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Table S2. RMSD values for Ca-atoms (in Å) when the structures of the various HADs are 
superimposed with help of the cealign algorithm of the program PyMOL.[16] Numbers above the 
diagonal refer to values for the cap domains and those below the diagonal to values for the core 
domains. The three enzymes with the capability to break carbon-fluorine bonds are marked with a 
green background.  

LDexYL	 DhlB	 DehlVa	 RSc1362	 PA0810	 Rha0230	 Bpro0530	 ST2570	
LDexYL	 -	 1.37	 1.62	 1.28	 4.35	 2.35	 0.68	 2.29	
DhlB	 2.64	 -	 2.64	 1.98	 3.20	 3.14	 1.42	 2.66	
DehlVa	 1.21	 1.71	 -	 1.62	 2.49	 4.25	 1.61	 3.13	
RSc1362	 1.05	 1.64	 1.30	 -	 2.62	 3.96	 1.96	 3.51	
PA0810	 2.49	 3.76	 2.56	 2.43	 -	 2.25	 3.59	 3.17	
Rha0230	 2.55	 3.71	 2.63	 2.54	 0.70	 -	 3.34	 3.13	
Bpro0530	 1.45	 2.27	 1.63	 1.45	 2.6	 2.70	 -	 2.79	
ST2570	 1.76	 2.24	 1.81	 1.83	 2.68	 2.96	 1.69	 -
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Table S3. Interatomic distances in active sites of crystalline HADs. 
 

 
 
The active sites of all HADs crystal structures are analyzed. Defluorinating enzymes are 
marked by a green background. 
a - Distances to the aspartate nucleophile are not measured because of its unusual 
conformation. b - The halide binding arginine adopts two conformations, and the more 
deeply buried conformer was measured. c - Disordered aspartate nucleophile; active site 
distances are estimated from the superposed aspartate from L-Dex YL (1ZRM).  d - The 
chloride ion is not bound in the halide pocket, but to the serine residue of the carboxylate 
recognition pocket instead.  
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Table S4. Simulation cell composition for all molecular simulation systems. 
 

System Protein structure* # Na+ ions # Cl- ions # water molecules   cell size (in nm)    
         

Bpro0530      3UM9     6    0     20,181 8.17 x   9.75 x 7.99     
Rha0230      3UMG  11    0     21,855 7.94 x 10.54 x 8.27    
PA0810      3UMC    7    0     17,849 9.86 x   7.75 x 7.56    
RSc1362      3UMB     2    0     21,006 9.40 x   8.60 x 8.30    
ST2570      2W43     0    1     21,067 8.70 x   8.76 x 8.77    
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