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1. GENERAL INFORMATION 

Solvents used in reactions were p.A. grade. Solvents for chromatography were technical grade 

and distilled before use or purchased in purity grades appropriate for the selected method. 

Reagents were purchased at the highest commercial quality and used without further 

purification. Solvent mixtures are reported as volume/volume (v/v). NMR spectra were 

recorded on a Bruker AV500 spectrometer. The spectra were calibrated using residual 

undeuterated solvent as an internal reference (CHCl3 @ 7.26 ppm, 1H NMR, CHCl3 @ 77.00 

ppm). The following abbreviations (or combinations thereof) are used to explain the 

multiplicities: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, dt = doublet of triplets, 

q = quartet, m = multiplet, br = broad. In addition, the following abbreviations are used: EtOAc 

= ethyl acetate, MeCN = acetonitrile, rt = room temperature, sat = saturated, MES = 2-(N-

morpholino)ethanesulfonic acid, NaOAc = sodium acetate, Tris = 

Tris(hydroxymethyl)aminomethane, HEPES = 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic 

acid, TFA = trifluoroacetic acid, MCD = monochlorodimedone, TB = thymol blue, TMB = 1,3,5 

trimethoxybenzene, PR = phenol red, NaOAc = sodium acetate, IPTG = isopropyl β-D-1-

thiogalactopyranoside; Ni-NTA = nickel-nitrilotriacetic acid, LB = lysogeny broth. Mass spectra 

were determined on a Thermo LCQ fleet coupled with a Dionex UltiMate 3000 HPLC. HR-ESI-

MS, HR-LC-ESI-MS, HR-APCI-MS, and HR-LC-APCI-MS mass spectra were recorded with a 

Thermo LTQ FT Ultra coupled with a Dionex UltiMate 3000 HPLC system. Gas 

chromatography (GC) was performed on a Varian 3900 gas chromatograph equipped with an 

HP-5 capillary column [length = 29.5 m] and a Varian Saturn 2000 as a mass spectrometer. 

Hydrogen was used as the carrier gas, and the constant-flow mode (flow rate = 1.8 mL min–1) 

with a split ratio 1:20 was used. The following temperature-program was used: 60°C for 3 min, 

15°C min-1 to 250°C, and 250°C for 5 min. n-Dodecanol served as an internal standard. High-

performance liquid chromatography (HPLC) analysis was performed on a HITACHI 

Chromaster employing the following conditions: 150 x 4 mm Eurospher II (KNAUER®), 100 Å, 

5 µm, C18, 25°C, flow rate: 1.0 mL min-1, water (+0.01% TFA)/MeCN (+0.01% TFA) gradient: 

90/10 → 0/100 in 13 min. Liquid chromatography-mass spectrometry (LC-MS) analysis was 

performed on an Agilent 1260 Infinity II system using an Agilent Poroshell 120 EC-C18 column 

(2.1 x 50 mm, particle size 2.7 µm). MeCN (solvent B) and 0.1% aqueous formic acid (solvent 

A) were solvents. The flow rate was 0.5 mL min-1. The gradient was 2 to 70% B in A within 7 

min. The detected mass range was 50 – 400 m/z. Phenol served as an internal standard. For 

protein purification, an ÄKTA FPLC system (GE Healthcare) with Histrap FF column (GE 

Healthcare) and Superdex S200 16/60 column (GE Healthcare) was used. Protein 

concentrations were determined using a Nanodrop 2000c spectrophotometer (Thermo 

Scientific) and the NanoPhotometer® N60 (Implen) spectrophotometer (ε(AmVHPO+His) = 
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65,780 M-1cm-1, ε(CpVHPO+His) = 41495 M-1cm-1, ε(CoVHPO+His) = 41495 M-1cm-1). UV/Vis 

spectra were recorded on a BioTek® Eon spectrophotometer. The molecular weight of wild-

type AmVHPO and mutants was 73.13 kDa, wild-type CpVHPO and mutants 66.37 kDa, and 

wild-type CoVHPO and mutants 66.51 kDa.  

 

 

2. ENZYME PRODUCTION 

2.1 Cloning and site-directed mutagenesis 

The codon-optimized synthetic gene of the haloperoxidase I from Acaryochloris marina (wild-

type AmVHPO), cloned into a pET28-based expression vector, was used as a template for 

site-directed mutagenesis experiments.[1] All mutants of AmVHPO were created by PCR using 

primers from STable 1. Genes for wildtype and mutants of CoVHPO and CpVHPO were 

synthesized and cloned into pET28b(+) (Novagen, 69865-3) by Azenta and were confirmed 

via Sanger sequencing (GATC Biotech; Azenta). 

STable 1 | Primer sequences used for site-directed mutagenesis of haloperoxidase I from A. marina 

clone name 
primer 

direction 
sequence (5`−3`) 

Wt-AmVHPO    

R425W forward GAACGTTGAACTTCTGAAACCAAACGGCTTTCAAACCGC 

 reverse TCGCGGTTTGAAAGCCGTTTGGTTTCAGAAGTTCAACGTTC 

R425F forward GAACGTTGAACTTCTGAAAGAAAACGGCTTTCAAACCGCGAG 

 reverse CTCGCGGTTTGAAAGCCGTTTTCTTTCAGAAGTTCAACGTTC 

R425S-AmVHPO    

R425S; E139G forward CGTGCCTGGGGTTCTGCGGGTGCAGGACT 

 reverse CAATTTCGCGCCATCGCCGCCTGCA 

R425S; F401G forward CAGCAGGGCGGTGCGCATTTC 

 reverse TTTATCTTCAACGTCCGGCTTTTGA 
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2.2 Activity screening of AmVHPO single-point mutants 

A site-saturated mutagenesis library of position R425 was ordered from ThermoFisher 

Scientific. The mixture of all mutants was heat-transformed into freshly prepared chemo-

competent E. coli (BL21) cells and spread afterward on kanamycin-containing lysogeny broth 

(LB, Agarose Sigma, A9539, LB Medium Sigma, L3022) agar plates. A 2 mL well-plate with 

94 single-picked colonies was incubated overnight (37 °C; 900 rpm). For expression of the 

enzyme, a second plate was prepared, inoculated, and incubated at 37 °C for 90 min before 

the expression (18 h, 18 °C, 900 rpm) was induced with IPTG (Sigma-Aldrich, I6758, 0.1 mM). 

After 18 h, the cells were centrifuged (2000 g; 10 min), resuspended in Tris (Fluka, T4661) 

pH 7 (50 mM Tris, 300 mM NaCl (Sigma, S9888), 10 mM imidazole (Carbolution, CC03002), 

10% (v/v) glycerol (Alfa Aesar, A16205), and lyzed by the freeze-thaw method. The overnight 

cultures were also used to prepare a glycerol stock master plate. To detect all mutants with 

increased activity, the cultures were centrifuged (2000 g; 10 min) again, and an 

monochlorodimedone (3) (MCD, Carbolution, CC03081) assay was performed with the lysate. 

Therefore, 365 µL of a stock solution containing MCD (50 µM), MES (TCI, M0606) pH 6 

(50 mM), KCl (Sigma, P4504) or KBr (Acros, AC196480010) (200mM), and Na3VO4 (Sigma, 

450243) (300 µM) was mixed with 5 µL of the lysate. The measurement was started by adding 

30 µL H2O2 (Acros, 202460010) (10mM) to the reaction mixture, and a decrease in 

absorbance was monitored at 290 nm and 30 °C for 30 min. Active mutants were identified by 

Sanger sequencing. 

 

SFigure 1 | Expression and screening of site saturated mutagenesis library. Mutants were transformed into 

E. coli (BL21), expressed in 96 well plates and screened via monochlorodimedone assay. 
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STable 2 | Halogenation activities of relevant R425 mutants using the MCD assay. 

R425 mutation 
Conversion of MCD (3) after 
126 s in the presence of Br- 

Conversion of MCD (3) after 
618 s in the presence of Cl- 

wild-type 49.5 %, n = 1 7.53 %, n = 1 

S 99.5 ± 0.2%, n = 4b 66.4 ± 10.7 %, n = 4b 

K 98.4 %. n = 1 53.3 %, n = 1 

P 17.8 ± 15.8 %, n = 2 b 43.8 ± 0.2 %, n = 2 b 

I 43.3 %, n = 1 17.7 %, n = 1 

A 27.0 ± 1.3 %, n = 2 b 29.2 ± 1.3 %, n = 2 b 

Q 99.9 ± 0.1 %, n = 2 b 17.3 ± 5.0%, n = 2 b 

G 90.6 %, n = 1 n. d., n = 1 

T 100.6 %, n = 1 9.0 %, n = 1 

E 99.4 ± 0.1 %, n = 2 b 41.5 ± 3.0 %, n = 2 b 

C 99.2 ± 0.3 %, n = 2 b 18.2 ± 0.5 %, n = 2 b 

D 83.5%, n = 1 2.81 ± 0.2 %, n = 1 

Wc 51.5 ± 15.1%, n = 3d 10.5 ± 0.7 %, n = 3d 

Fc 53.3 ± 9.6 %, n = 3d n. d., n = 3d 

a n. d. = not determined; b replicates are biological replicates; c W and F mutants were not found in the screening 

but tested separately as they are literature known mutants. Performance was examined by monochlorodimedone 

(MCD, 3) assay as described in 4.1. d replicates are technical replicates. 
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2.3 Expression and purification 

Confirmed mutagenesis products were transformed into E. coli BL21 (DE3) using a standard 

heat shock protocol. Recombinant bacteria were grown on LB agar plates and amplified 

afterward in LB mediumat 37 °C to an optical density of 0.6 in the presence of kanamycin 

(50 µg/mL). The protein expression was induced by IPTG (1 mM), and the culture was 

incubated at 18 °C overnight. Cells were collected by centrifugation, washed with saline (0.9% 

NaCl), and resuspended in buffer A (50 mM Tris pH 7.0, 300 mM NaCl, 30 mM imidazole). 

Before sonication of the harvested cells, DNase I (ThermoFisher, EN0521) and protease 

inhibitors (PMSF, ThermoFisher, 36978) were added. After centrifugation, the supernatant 

was heated to 60 °C for 20 min to precipitate unwanted proteins. Soluble target proteins, 

carrying a His-Tag sequence, were purified by an Äkta purifier using a 5 mL Histrap FF column 

(GE Healthcare) and an imidazole gradient from 30 to 500 mM. After analyzing the protein 

peak fractions by SDS-PAGE, haloperoxidase fractions were concentrated by ultrafiltration 

and dialyzed against buffer B (20 mM Tris pH 7.0, 150 mM NaCl) for a size exclusion 

chromatography (S200 16/60 column, GE Healthcare). Target proteins were dialyzed against 

buffer C (50 mM Tris pH 7, 100 µM Na3VO4) for storage and further use.  

 

SFigure 2 | UV-absorbance chromatogram of R425S-AmVHPO. After size-exclusion chromatography using a 

Superdex S200 16/60 column, SDS PAGE analysis shows a clean enzyme in Peak 2 (fractions 10 – 14). 
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3. ENZYME ACTIVITY OF SINGLE-POINT MUTANTS 

3.1 Monochlorodimedone assay 

All reactions were performed in triplicates using 96-well microplates (Brand® F-bottom, UV-

transparent, pureGrade™, 781600). A reaction mixture containing MES buffer pH 6 (50 mM), 

KCl (200 mM), Na3VO4 (1 µM), and the respective AmVHPO variant (4.4 µg/mL) was prepared, 

and MCD (50 µM; 1 mM stock solution in 2 M NaOAc (Fluka, 32319) was added. The volume 

per well was 270 µL. To start the measurement, 30 µL H2O2 (10 mM, final concentration 1 

mM) was added last, and the decrease in absorption (290 nm) was monitored over time 

(30 min) at 30 °C by UV/Vis spectroscopy. Data was analyzed using Microsoft® Excel® 2019 

MSO version 16.0.10366.20016 and OriginPro 2019 version 9.6.0.172. 

 

 

The fastest mutant, R425S, and one of the slowest chlorinating variants, R425D, together with 

the wild-type AmVHPO, are shown here for comparison. 

 

SFigure 3 | Comparison of VHPO variants via MCD assay for chlorination. Wild-type (black) and R425D variant 

(blue) showed almost no activity in the chlorination of monochlorodimedone, while for the R425S variant (green), 

a significant decrease in absorption is noticeable. Data are presented as mean ± SD for n = 3 independent 

experiments. Source data are provided as a Source Data file. MCD = monochlorodimedone. 
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Control experiments confirmed that the observed effect only occurred when all necessary 

components were present in the reaction mixture (H2O2, KCl, enzyme). When there is no 

halide present, a slight signal decrease is observed due to oxidation of MCD by H2O2. This is 

a known shunt pathway for haloperoxidases that can produce singlet oxygen in mildly acidic 

conditions.1 

 

SFigure 4 | Control experiments MCD-assay. A: Wild-type controls; no enzyme in the presence of KCl (■), no 

enzyme in the presence of KBr (●), no halide (▲), no H2O2 in the presence of KBr (▼). B: R425S-AmVHPO 

controls; no enzyme in the presence of KCl (■), no enzyme in the presence of KBr (●), no halide (▲), no H2O2 in 

the presence of KBr (▼), no H2O2 in the presence of KCl (♦). Data are presented as mean ± SD for n = 3 

independent experiments. Source data are provided as a Source Data file. AmVHPO = vanadium-dependent 

haloperoxidase from Acaryochloris marina. 

 

3.2 Phenol red assay 

All reactions were performed in triplicates using 96-well microplates (Brand® F-bottom, 

pureGrade™). Phenol red (Alfa Aesar, B21710) 14.3 µM; stock solution prepared in 100 mM 

NaOH) was added to a mixture of MES buffer pH 6 (50 mM), KX (142 mM, X = Cl, Br), Na3VO4 

(300 µM) and the respective AmVHPO variant (for bromination 6.67 µg/mL; for chlorination 

33.3 µg/mL). The reaction was started by the addition of H2O2 (10 mM), and the absorption 

(590 nm) was measured over time (bromination 10 min; chlorination 45 min) at 30 °C. Data 

were analyzed using Microsoft® Excel® 2019 MSO version 16.0.10366.20016 and OriginPro 

2019 version 9.6.0.172. 

 



11 

 

 

SFigure 5 | Activity assay for the bromination of phenol red. Comparison of bromination activity between the 

wild-type enzyme, the R425S, and the R425D variant. R425S showed a significantly higher reaction rate for the 

bromination of phenol red. Data are presented as mean ± SD for n = 3 independent experiments. Source data are 

provided as a Source Data file. AmVHPO = vanadium-dependent haloperoxidase from Acaryochloris marina. 
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SFigure 6 | Activity assay for the chlorination of phenol red. Comparison of bromination activity between the 

wild-type enzyme, the R425S, and the R425D variant. R425S showed a significantly higher reaction rate for the 

bromination of phenol red. Data are presented as mean ± SD for n = 3 independent experiments. Source data are 

provided as a Source Data file. AmVHPO = vanadium-dependent haloperoxidase from Acaryochloris marina.  
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3.3 1,3,5-Trimethoxybenzene (7, TMB) conversion by LC analysis 

High-performance liquid chromatography was performed on an Agilent 1260 Infinity II system. 

A reaction mixture containing MES buffer pH 6 (55 mM), KCl (550 mM), Na3VO4 (1.1 µM), 200 

µM TMB (Sigma, 138827), and the respective AmVHPO variant (13.2 µg/mL) was prepared 

and incubated in a shaker at 30°C and 850 rpm. 110 µL H2O2 (10 mM, final concentration 1 

mM) was added to start the reaction. 100 µL samples were taken at indicated time points. 

Reactions were quenched by adding 25 µL of sat. NaCl and 25 µL of sat. (NH4)2SO4 

(ThermoScientific, 10556792). 1.5 µL of a 3 mM phenol (Sigma, W3222318) stock solution 

(internal standard) was added, and samples were centrifuged and subjected to LC-MS 

analysis. Samples were analyzed using 2 to 70% or 80% acetonitrile (ThermoScientific, 

10001334) gradient in 0.1% aqueous formic acid (Sigma, 5.330002) over 7 min. 

Chromatograms were extracted at 266 nm. Peak areas (AUC) were determined and 

referenced to the internal standard (phenol). tR (phenol) = 2.7 min, tR (TMB 7) = 5.4 min, tR 

(chlorinated TMB) = 5.7 min. Assays were performed as triplicates. Data were aquired using 

OpenLab CDS Acquisition version 2.6 and OpenLab CDS Analysis version 2.6. Data were 

analyzed using Microsoft® Excel® 2019 MSO version 16.0.10366.20016 and OriginPro 2019 

version 9.6.0.172. 

 

STable 3 | TMB conversion over time measured by LC analysis. 

Time [h] TMB (7) conversion [%] 

 wt-AmVHPO R425S-AmVHPO 

0 0 0 

0.25 8.2 ± 0.9a 67.1 ± 2.9 

0.5 4.3 71.3 ± 1.4 

1 7.7 ± 2.0 71.4 ± 2.7 

2 11.4 ± 0.5 76.4 ± 1.0 

3 18.9 ± 2.3 83.7 ± 0.5 

4 17.8 ± 2.1 85.6 ± 1.4 

6 26.5 ± 1.6 91.8 ± 0.9 

8 28.4 ± 1.7 93.7 ± 0.7 

a Data are presented as mean ± SD for n = 3 independent experiments. TMB = 1,3,5-trimethoxybenzene. 
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SFigure 7 | LC-Measurement of the wild-type- and R425S-AmVHPO catalyzed conversion of TMB (7) after 8h. 

AmVHPO = vanadium-dependent haloperoxidase from Acaryochloris marina. 

Peaks at tR = 5.31, 6.32, and 6.90 min do not show any isotope pattern typical of chlorination. 

While conversion using R425S-AmVHPO yielded ca 75% 8 after 8h, production of less than 

10% 8 were detected by LC-MS using wild-type AmVHPO. 
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SFigure 8 | TMB (7) conversion by chlorination. Black: wild-typeAmVHPO, green: R425S-AmVHPO. Substrate 

conversion was determined by LC-MS analysis. Data are presented as mean ± SD for n = 3 independent 

experiments. Source data are provided as a Source Data file. AmVHPO = vanadium-dependent haloperoxidase 

from Acaryochloris marina. 
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4. ENZYME ACTIVITY OF DOUBLE MUTANTS 

4.1 Monochlorodimedone assay 

All reactions were performed in triplicate using 96-well microplates (Brand® F-bottom, UV-

transparent, pureGrade™). A reaction mixture containing MES buffer pH 6 (50 mM), KCl 

(200 mM), Na3VO4 (1 µM), and the respective AmVHPO variant (4.4 µg/mL) was prepared, 

and MCD (50 µM; 1 mM stock solution in 2 M NaOAc) added. The volume per well was 270 

µL. To start the measurement, 30 µL H2O2 (10 mM, final concentration 1 mM) was added last, 

and the decrease in absorption (290 nm) was monitored over time (30 min) at 30 °C by UV/Vis 

spectroscopy. Data were analyzed using Microsoft® Excel® 2019 MSO version 

16.0.10366.20016 and OriginPro 2019 version 9.6.0.172. 

 

For comparison, the activity of the R425S mutant together with the double mutants R425S, 

E139G, and R425S, F401G are shown here. 

 

SFigure 9 | Comparison of VHPO variants via MCD assay for chlorination. The mutation of E139 to glycine 

(blue) leads to slower chlorination of monochlorodimedone, whereas a mutation of F401 to glycine (black) results 

in a complete loss of chlorination activity. Data are presented as mean ± SD for n = 3 independent experiments. 

Source data are provided as a Source Data file. MCD = monochlorodimedone; VHPO = vanadium-dependent 

haloperoxidase. 
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4.2 Phenol red assay 

All reactions were performed in triplicates using 96-well microplates (Brand® F-bottom, 

pureGrade™). Phenol red (14.3 µM; stock solution prepared in 100 mM NaOH) was added to 

a mixture of MES buffer pH 6 (50 mM), KX (142 mM, X = Cl, Br), Na3VO4 (300 µM) and the 

respective AmVHPO variant (for bromination 6.67 µg/mL; for chlorination 33.3 µg/mL). The 

reaction was started by the addition of H2O2 (10 mM), and the absorption (590 nm) was 

measured over time (bromination 10 min; chlorination 45 min) at 30 °C. Data were analyzed 

using Microsoft® Excel® 2019 MSO version 16.0.10366.20016 and OriginPro 2019 version 

9.6.0.172. 

 

 

 

 

 

SFigure 10 | Activity assay for the bromination of phenol red. Comparison of the double mutants R425S, 

E139G, and R425S, F401G for the bromination of phenol red. Mutation of F401 and E139 in the R425S mutants 

leads to a decreased activity. Data are presented as mean ± SD for n = 3 independent experiments.  Source data 

are provided as a Source Data file. 
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SFigure 11 | Activity assay for the chlorination of phenol red. Mutation of F401 to glycine in the R425S mutant 

leads to a loss in activity, whereas the substitution of E139 with glycine showed a decreased reaction rate. Data 

are presented as mean ± SD for n = 3 independent experiments. Source data are provided as a Source Data file. 
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5. ENZYME KINETICS 

A 1 mM stock solution of MCD was prepared in 2 M NaOAc. The 270 µL reaction mixture 

consisted of MES buffer (50 mM, pH 6.0), MCD (50 µM), KBr (200 mM) or KCl (200 mM), 

Na3VO4 (1 µM), and R425S-AmVHPO (final concentration 4.4 µg/mL). For Michaelis-Menten 

kinetic studies for H2O2 consumption, H2O2 concentrations were varied in a 2-fold dilution 

series starting from 10 mM to 0.039 mM (the concentration of the 100 mM stock solution was 

verified by titration using KMnO4), while keeping KCl concentration at 2 M. Final enzyme 

concentration for R425S-AmVHPO was 4.4 µg/mL. For Michaelis-Menten kinetic chlorination 

studies, KCl concentrations varied from 50-2000 mM while keeping the H2O2 concentration at 

1 mM. The final enzyme concentration for R425S-AmVHPO was 4.4 µg/mL. For Michaelis-

Menten kinetic studies for bromination, KBr concentrations varied from 6.25-1200 µM, keeping 

the H2O2 concentration at 1 mM. The final enzyme concentration for R425S-AmVHPO was 2 

µg/mL. The decrease in absorbance at 290 nm was monitored continually while keeping the 

temperature at 30°C and mixing at 410 rpm. Pseudo-first-order kinetics were applied. All 

assays were performed thrice in triplicates in 96-well polystyrene microplates (Brand® F-

bottom, UV-transparent, pureGrade™). The concentration of converted monochlorodimedone 

was calculated from A290 using the following equation.  

𝑐 (𝑀𝐶𝐷) =  
𝐴290

Ɛ𝑀𝐶𝐷 ∙ 𝑙
 

Ɛ𝑀𝐶𝐷 = 19.9 𝑚𝑀−1𝑐𝑚−1;  𝑙 = 0.91 𝑐𝑚 

 

 

Data were analyzed using Microsoft® Excel® 2019 MSO version 16.0.10366.20016 and 

OriginPro 2019 version 9.6.0.172. 
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AmVHPO K
m

H2O2 [mM] k
cat

 [s
-1

] 
kcat

H2O2/KM
H2O2 

[s-1 mM-1] 
A

spec
 [U/mg

-1
] 

wild-type2 0.06 n.d. n.d. n.d. 

R425S 0.066 ±  0.002 0.50 ±  0.03 7.58 ± 1.5 0.41 ± 0.01 

 

 

 

 

 

 

 

 

  

AmVHPO K
M

Cl [mM] k
cat

 [s
-1

] kcat
Cl/KM

Cl [s-1 mM-1] A
spec

 [U/mg
-1

] 

wild-type2,a n.d. n.d. n.d. n.d. 

R425S 167 ± 12 0.58 ±  0.12 3.47 · 10-3 0.47 ± 0.04 

Determination of the kinetic parameters was not possible for the wild-type AmVHPO because of its low 

chloroperoxidase activity. 
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AmVHPO K
M

Br [mM] k
cat

 [s
-1

] kcat
Br/KM

Br [s-1 mM-1] A
spec

 [U/mg
-1

] 

wild-type2 0.4 8.4 20 23.3 

R425S 0.55 ± 0.06 46 ± 5 84 43 ± 5 

 

SFigure 12 | Enzyme kinetics of the wild-type AmVHPO and its R425S variant. Michaelis-Menten plots of 

R425S-AmVHPO in the MCD assay with varying H2O2, chloride, or bromide concentrations. Comparison of 

Michaelis-Menten constant, turnover number, and specific activity of the wild-type AmVHPO. Data are presented 

as mean ± SD for n = 3 independent experiments. Source data are provided as a Source Data file. AmVHPO = 

vanadium-dependent haloperoxidase from Acaryochloris marina; KM = Michaelis-Menten constant; kcat = catalytic 

efficiency; Aspec = specific activity. 

 

STable 4 | Comparison of the chlorination activity of VHPOs from different organisms and mutants. 

Organism Species Mutation K
M

Cl [mM] 

cyanobacteria Acaryochloris marina R425S 167 

red seaweed Corallina officinalis wild-type n.d. 

  Corallina pilulifera wild-type n.d. 

    R397W3 780 

    R397F3 670 

brown algae Ascophyllum nodosum wild-type4 344 

fungi Curvularia inaequalis wild-type5 0.25 

VHPO = vanadium-dependent haloperoxidase; KM = Michaelis-Menten constant. 
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6. COMPETITION ASSAY FOR CHLORINATION OF MCD (3) AND TMB (7) 

A 2 mM MCD (3) stock solution in 2 M NaOAc and a 2 mM TMB (7) stock solution in DMSO 

(Acros, 390750010) was prepared. Into 875 µL of a master mix containing MES buffer (50 mM, 

pH 6.0), KBr (200 mM, for wt_AmVHPO) or KCl (200 mM, for R425S_AmVHPO), Na3VO4 

(1 µM), and the respective enzyme (final concentration 4.4 µg mL-1), 100 µL of a TMB (7) 

solution in DMSO was added and incubated for 30 min at rt. Initial concentrations of TMB (7) 

solutions in DMSO were 2 mM, 1 mM, 0.75 mM, 0.5 mM, 0.25 mM, 0.125 mM, and 0 mM 

(pure DMSO). After incubation, 25 µL of the MCD (3) stock solution was added. 270 µL of this 

solution (triplicates) were pipetted into a 96-well polystyrene microplate (Brand® F-bottom, 

UV-transparent, pureGrade™), and the reaction was started by the addition of 30 µL 10 mM 

H2O2. The decrease in absorbance at 290 nm was monitored continually while keeping the 

temperature at 30°C and mixing at 410 rpm. All assays were performed at least three times in 

triplicates. Pseudo-first-order kinetics were applied. Initial velocities of MCD consumption in 

the presence of TMB (7) were plotted against the ratio of TMB (7) to the sum of MCD (3) and 

TMB (7). Data were analyzed using Microsoft® Excel® 2019 MSO version 16.0.10366.20016 

and OriginPro 2019 version 9.6.0.172. 

 

 

SFigure 13 | Competition of MCD (3) consumption by increasing concentrations of TMB (7). Initial velocities of 

MCD (3) consumption in the presence of increasing TMB (7) concentrations. Data are presented as mean ± SD for 

n = 3 independent experiments.  Source data are provided as a Source Data file. AmVHPO = vanadium-dependent 

haloperoxidase from Acaryochloris marina; MCD = monochlorodimedone; TMB = 1,3,5-trimethoxybenzene. 
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SFigure 14 | Competition of MCD (3) consumption with increasing concentrations of TMB (7). Plot of initial 

velocities of MCD (3) consumption against the excess of TMB (7) over MCD (3). A: wild-type AmVHPO in the 

presence of bromide. B: R425S-AmVHPO in the presence of chloride. Assays were performed in triplicates. Data 

are presented as mean ± SD for n = 3 independent experiments. Source data are provided as a Source Data file. 

AmVHPO = vanadium-dependent haloperoxidase from Acaryochloris marina; MCD = monochlorodimedone; TMB 

= 1,3,5-trimethoxybenzene. 

 

SFigure 14 shows the kinetic analysis of the competition assays between MCD (3) and TMB 

(7) bromination and chlorination. Shown are the initial velocities of MCD (3) halogenation 

plotted against the excess of the concentrations of TMB (7) over MCD (3). Both curves follow 

an exponential decay described by 𝑣 = 𝐴𝑒−𝑥/𝜏 + 𝑣0. 𝑣0. This describes the velocity the system 

evolves to at an ever-increasing excess of TMB (7). 𝜏 describes the excess of TMB (7) at 

which the system reaches a velocity of 1/e (appr. 37%) of the highest velocity. For the graph 

in SFigure 14A, which shows bromination in the presence of wild-type AmVHPO, 𝑣0 eventually 

approaches 0 with 𝜏 at approximately 2, meaning 37% of the starting velocity is reached at a 

twofold excess of TMB (7) over MCD (3). 

In contrast, in SFigure 14B, where chlorination in the presence of R425S-AmVHPO is depicted, 

the graph plateaus already at a higher level, taking into consideration that chlorination 

generally proceeds much slower than bromination and initial velocities are therefore lower. 

Furthermore, 𝜏 is at approximately 1.3, meaning TMB (7) reduces the initial velocity to 37%, 

already at a 1.3fold excess over MCD (3).  

These results lead to two conclusions: The lower 𝜏 value in SFigure 14B hints that TMB (7) is 

converted to the chlorinated species quicker compared to the bromination in the wild-type 

enzyme. If conversion to the chlorinated species is only dependent on the presence of a free-

diffusing HOX species interacting with free-diffusing substrates, one would assume that 𝜏 is 

comparable to or higher than the value for bromination, as TMB (7) is less reactive than MCD 

(3). However, the lower 𝜏 can be attributed to the fact that TMB (7) is binding to the mutant 

enzyme and blocks chlorination of MCD (3) already at lower concentrations. Another 
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interesting observation is that TMB (7) cannot reduce the velocity of MCD (3) chlorination to 

zero as opposed to bromination in the wild-type enzyme, meaning that there is a saturation of 

the effect starting at an approximately 2fold excess of TMB (7) over MCD (3). Above that value, 

we do not see a deceleration of MCD (3) chlorination, meaning that free-floating, non-binding 

TMB (7) is not converted to the chlorinated species. This underlines our hypothesis that 

chlorination of TMB (7) can only happen in close proximity to the active site of the enzyme. A 

substrate binding pocket, as we see it in our crystal structure, seems to be a plausible 

explanation. As TMB (7) most probably does not bind with high affinity as it is a small molecule 

with only one aromatic moiety, it is not surprising that chlorination of MCD (3) cannot be 

completely inhibited in such a case. 
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7. COMPUTATIONAL SCREENING FOR MUTATION SITES CLOSE TO THE 

VANADATE BINDING SITE 

7.1 Structure preparation 

Due to the lack of resolution of the loop at positions 389 to 405 in the PDB, 5LPC crystal 

structure of the bromoperoxidase2 AlphaFold26 was used to create a model of the monomer 

structure. Complex assembly was performed with the Rosetta suite of biomolecular modeling 

software7 (v.3.13 2021.16+release). A symmetry definition file was created8 based on the 

biological assembly of PDB: 5LPC and used to construct a dodecamer consisting of twelve 

copies of the AlphaFold2 model. The model was minimized with symmetry definitions to 

resolve potential clashes in the structure. 

 

7.2 Sequence design 

The sequence was designed step by step with the deep learning-based method 

ProteinMPNN.9 First, the designable space was reduced. For this, the distance to the catalytic 

residue K228 (max 10 Å) as well as the solvent-accessible surface area (SASA > 0) were 

used as filters to select positions for the design. Residue distances and SASA were calculated 

with the Biopython library,10 the latter using the ShrakeRupley11 class. Sequence design was 

performed position by position, keeping all other residue identities fixed. Conditional 

probabilities were predicted for the predicted monomer and composite dodecamer structure 

and the 5LPC crystal structure with a temperature of 0.3. 

 

7.3 ΔΔG calculations 

Structure optimization and energy calculations were performed in the Rosetta suite. ΔΔGs 

were computed following the Rosetta implemented cartesian ΔΔG protocol.12 The dodecamer 

structure was relaxed in cartesian space, and the ΔΔG for every amino acid substitution was 

calculated for the 5 best scoring structures out of 500. For each structure and mutation, 10 

ΔΔG iterations were performed. The best-scoring mutant out of 10 was used for energy and 

SASA calculations. 

 

7.4 Visualization 

Structural visualizations were created with chimerax.13 
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SFigure 15 | Sequence design of residues near the enzymatic pocket. a) Conditional probabilities of amino 
acids at selected positions were calculated with ProteinMPNN.9 The designed positions had to be no further than 
10 Å away from K428 and a SASA (solvent-accessible surface area)> 0. Positions were furthermore sorted by 
facing towards (yellow) or away (blue) from the binding pocket. Noteworthy is that position 425 allows amino acids 
with different sizes and functional groups. b) Visualisation of the selected positions in the AlphaFold2 model. Two 
chains of the homo-dodecamer are shown, and the position of the PO4

- was superimposed from 5LPC.2 C) 
Computed ΔΔG values for each amino acid substitution at position 425 in Rosetta energy units (REU). 
 
 
 

 

SFigure 16 | AlphaFold model of the vanadium-dependent haloperoxidase from A. marina. a) Monomer 
model colored by confidence score (dark blue – high, orange – low confidence). b) Superimposition of the model 
with the 5LPC crystal structure (white). In 5LPC, the missing loop is highlighted. c) The assembled dodecamer 
structure is shown in surface representation. 
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SFigure 17 | In the enzymatic pocket, the conservation scores of selected residues (SFigure13a). All selected 
residues are highly conserved. 

 

 

SFigure 18 | ΔΔG at position 425 plotted against the solvent-accessible surface area (SASA) of the catalytic 
pocket. Large hydrophobic amino acids (W, Y, F) seem to score well but close off the binding pocket. Small amino 
acids might not have a good Rosetta energy score but increase the solvent accessibility of the pocket. ddG = ΔΔG. 
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7.5 Molecular dynamics (MD) simulations 
 

To explore the conformational landscape of the loop region spanning position 389 to 405 in 

the wild type compared to the R425S variant, Hamiltonian replica exchange (HREX) molecular 

dynamics (MD) simulations were conducted. The starting configurations of wild-type and 

variant were based on the R425S crystal structure. For the wild-type, the S425 residue was 

reverse-mutated to Arginine. Parameters for the Histidine-Vanadate complex were adapted 

from the literature.14 HREX MD simulations were performed based on the protocol described 

in Schwarten et. al.15 Simulation setup and production runs were carried out with GROMACS 

2023.1.16 Both the wild type and the R425S variant systems were modeled as homo-dimers, 

including the active center and substrate tunnel formed by the two monomers. Each system 

was solvated in a square water box with a side length of 127.3 Å. Na+ and Cl- ions were added 

to neutralize the system at a salt concentration of ~200 µM. The AMBER99SB-ILDN force 

field17 was used for molecular interactions, and the TIP3P18 water model for solvation. In total, 

the system contained 62257 water molecules, 232 Na+ and 190 Cl- ions in addition to the 

protein chains. 

Minimization was carried out using a steepest descent protocol. Subsequently, two 

equilibration steps were performed: an equilibration under constant volume (NVT) and a 

second under constant pressure (NPT) at 300 K, with durations of 1 ns each, employing the 

v-rescale thermostat19 and c-rescale barostat.20 The same thermostat and barostat were 

employed during all production runs. Eight HREX replicas were carried out, with temperatures 

spanning from 300 K to 457 K. The “hot” region included all atoms of residues Phe389 to 

Gly405. Each replica was simulated for 200 ns at constant pressure, with an average 

exchange rate of 0.36 to 0.41. This resulted in a cumulative trajectory time of 1.6 µs per system. 

Principle component analysis was applied to pairwise Cα-distance matrices to characterize 

the diversity of the conformational landscape across the two simulations Loop conformations 

were clustered using the DBScan algorithm implemented in the scikit-learn package.21  

Setup and simulation data are available at https://github.com/ClaraTSchoeder/schoederlab.  
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SFigure 19 | Enhanced molecular dynamics simulations of the loop near the active site (position 389 to 
401) with structures of the AmVHPO R425S variant and wild-type sequence. (A) Principal component analysis 
(PCA) of the pairwise C-alpha distances of the loop. (B) Root mean square fluctuation (RMSF) of each C-alpha 
atom in the loop region. (C) DBSCAN clustering of the PCA output. (D) Structure representatives of each cluster 
colored in the corresponding cluster color. The loop of the R425S variant crystal structure is not colored. PC = 
principal component; Ang = Angström; DBSCAN = Density-Based Spatial Clustering of Applications with Noise 

 

During the simulation the wildtype and variant structure partly occupy the same but also 

different loop conformations. Consequently, there is a difference between the loop dynamics 

in the R425S variant vs the wildtype (SFigure 19A). At the start of the loop (p. 390/391) as 

well as at the end of the loop (p. 401), the RMSF of the wild-type is increased compared to 

the variant. This might indicate a reduced stability of the loop in the wild type (SFigure 19B). 

These positions also agree with the missing resolution in the loop in the wild-type crystal 

structure. Even though the variant also shows flexibility, the respective cluster of a different 

conformation (Cluster 5) is rarely occupied (SFigure 19C). On the other side, cluster 4 is highly 

occupied in the wild-type simulations, which might indicate a fluctuation between this 

conformation and the conformations in cluster 2 (SFigure 19C). The conformations in cluster 

4 highly deviate from the crystal structure, which can be seen in SFigure 19D. 
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8. CRYSTALLIZATION 

8.1 Crystallization of AmVHPO variants  

AmVHPO (15 mg/mL) was crystallized by the hanging drop vapor diffusion method at 20 °C. 

For co-crystallization experiments, the surrogate 1,3,5-trimethoxybenzene (TMB, 7, 100 mM 

stock solution in acetonitrile) was added to AmVHPO variants in a final concentration of 1 mM. 

Crystallization drops had a maximum volume of 2 µl with a 2:1 ratio of protein and reservoir 

solution (0.1 M Tris pH 8.5, 2 M NH4H2PO4 (Sigma, 2004005), 0.5 mM K3VO4, FisherScientific, 

11328308). Crystals were cryoprotected by a 7:3 mixture of mother liquor and 100% (v/v) 

ethylene glycol (Sigma, 293237) and subsequently vitrified in liquid nitrogen. 

 

8.2 Structure determination of AmVHPO variants 

Datasets of AmVHPO variants were recorded with synchrotron radiation of λ = 1.0 Å at the 

beamline X06SA, Swiss Light Source (SLS), Paul Scherrer Institute, Villigen, Switzerland. 

Reflection intensities were evaluated with the program package XDS, and data reductions 

were carried out with XSCALE22 (Table S5). Each structure was solved by Patterson search 

calculations with REFMAC523 and coordinates of AmVHPO (PDB ID 5LPC).2 The models were 

completed using COOT24 in combination with REFMAC5, respectively. Notably, the 

AmVHPO_R425S was determined in the absence and presence of 1,3,5-trimethoxybenzene 

(TMB, 7). Restrained and TLS (Translation/Libration/Screw) REFMAC refinements yielded 

excellent Rwork and Rfree values as well as root-mean-square deviation (rmsd) values of bond 

lengths and angles. All crystal structures have been deposited in the RCSB Protein Data Bank 

(Table S5). 
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STable 5 | Crystallographic data collection and refinement statistics 

 AmVHPO_R425D 
 

AmVHPO_R425S AmVHPO_R425S: 
TMB (7) 

    

Crystal parameters    
Space group F4132 F4132 F4132 
Cell constants a=308.4 Å a=306.7 Å a=305.8 Å 
LplA1 / AUa 1 1 1 
    
Data collection    
Beamline X06SA, SLS X06SA, SLS X06SA, SLS 
Wavelength (Å) 1.0 1.0 1.0 
Resolution range (Å)b 30-3.5 (3.6-3.5) 30-3.3 (3.4-3.3) 30-3.3 (3.4-3.3) 
No. observations 80007 92577 81200 
No. unique reflectionsc 15830 17667 17934 
Redundancy 5.0 5.2 4.5 
Completeness (%)b 96.5 (96.6) 92.3 (94.8) 94.3 (95.5) 
Rmerge (%)b, d 12.2 (63.2) 11.9 (64.1) 10.8 (62.9) 
I/σ (I)b 9.4 (2.4) 9.9 (2.3) 9.6 (2.0) 
    
Refinement 
(REFMAC5) 

   

Resolution range (Å) 30-3.5 30-3.3 30-3.3 
No. refl. working set 15012 16761 17015 
No. refl. test set 790 882 895 
No. non hydrogen 4886 4937 4950 
No. of ions 2 2 1 
No. of ligands 0 0 1 
Solvent 0 0 0 
Rwork/Rfree (%)e 22.4 / 24.4 21.0 / 23.3 21.6 / 24.8 
r.m.s.d. bond (Å) / 
(angle)f 

0.002 / 1.2 0.002 / 1.2 0.002 / 1.2 

Average B-factor (Å2) 96.5 81.2 83.8 
Ramachandran Plot 
(%)g 

96.1 / 3.9 / 0 96.2 / 3.8 / 0 96.7 / 3.3 / 0 

    

PDB accession code 8Q20 8Q21 8Q22 
 
[a] Asymmetric unit 
[b] Values in parentheses for resolution range, completeness, Rmerge, and I/σ (I) correspond to the highest 

resolution shell 
[c] Data reduction was carried out with XDS and from a single crystal. Friedel pairs were treated as identical 

reflections 
[d] Rmerge(I) = ΣhklΣj | I(hkl)j - <I(hkl)> | / Σhkl Σj I(hkl)j, where I(hkl)j is the jth measurement of the intensity of 

reflection hkl and <I(hkl)> is the average intensity 
[e] R = Σhkl | |Fobs| - |Fcalc| |/Σhkl |Fobs|, where Rfree is calculated without a sigma cut-off for a randomly 

chosen 5% of reflections, which were not used for structure refinement, and Rwork is calculated for the 
remaining reflections 

[f] Deviations from ideal bond lengths/angles 
[g] Percentage of residues in favored region / allowed region / outlier region 
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8.3 Electron density maps 
 

 
 
SFigure 20 | Electron density maps of AmVHPO-R425S mutant. a) In the R425S:TMB complex (color-coding 

according to Figure 5, PDB ID 8Q22), the region between residue 389 and 403 is shown in the 2FO-FC electron 

density map (grey mash, contoured to 1.0 σ). TMB (7), phosphate, and Ser425 have been omitted for phasing. The 

corresponding FO-FC electron density map contoured to +2.5 σ (green) highlights both ligands and the mutation 

site. b) In the R425S apo structure (PDB ID 8Q21), TMB (7) was modeled with coordinates of the R425S:TMB 

complex. For phasing, the temperature factor of TMB (7) was set to the average for protein residues (81 Å2, 

STable 5), while phosphate and Ser425 have been omitted. The FO-FC electron density map contoured to -2.5 σ 

(red) proves the absence of TMB (7). AmVHPO = vanadium-dependent haloperoxidase from Acaryochloris marina; 

TMB = 1,3,5-trimethoxybenzene. 

 

8.4 Comparison of the possible loop regions in the AmVHPO variants 
 

 

SFigure 21 | Surface cross-section of AmVHPO variants in complex with 1,3,5-trimethoxybenzene (7). The 

cartoon represents one of 12 active sites in AmVHPO. The substrate binding pocket comprises two AmVHPO 

subunits shown in green and grey, respectively. Other subunits of the dodecamer are colored brown. TMB (7) is 

only bound in the R425S mutant (PDB ID 8Q22). Superposition of the liganded AmVHPO-R425S mutant with wild-

type (PDB ID 5LPC) and R425D (PDB ID 8Q20) structures illustrates how 7 may bind in these variants. Residue 

425 (magenta) has a significant impact on the shape of the specificity pocket: TMB (7) is stabilized by a defined 

loop region from the adjacent subunit (residues 390-404, highlighted in cyan), which is fully resolved in R425S, 

flexible in the wild-type structure and partially present in R425D. AmVHPO = vanadium-dependent haloperoxidase 

from Acaryochloris marina; TMB = 1,3,5-trimethoxybenzene.  
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9. COMPARISON OF THE STRUCTURE AND THE CHLORINATION ACTIVITY OF 

DIFFERENT VHPOS 
 

 

 

 

SFigure 22 | Access to the active site in different VHPOs. Enzymes are depicted as dimeric units (grey and 

light green), except CiVHPO, which mainly acts as a monomer. In the case of the dodecamers wild-type AmVHPO, 

CoVHPO, and CpVHPO, a combination of two subunits was chosen that resembles the densest packing around 

the prosthetic vanadate and phosphate group, respectively (blue spheres), as it can be found in the complete 

protein. AmVHPO = vanadium-dependent haloperoxidase from Acarychloris marina; CoVHPO = vanadium-

dependent haloperoxidase from Corallina officinalis; CpVHPO = vanadium-dependent haloperoxidase from 

Corallina pilulifera; AnVHPO = vanadium-dependent haloperoxidase from Ascophyllum nodosum; CiVHPO = 

vanadium-dependent haloperoxidase from Curvularia inaequalis; NapH1 = vanadium-dependent napyradiomycin 

haloperoxidase from Streptomyces sp. CNQ-525. 

 

The upper row in SFig.22 depicts exclusively vanadium-dependent bromoperoxidases. In all 

three of them, the active site vanadate is located at the end of a broad funnel, ensuring fast 

substrate access and release of the electrophilic HOBr species for bromination outside the 

enzyme. The lower row represents vanadium-dependent peroxidases capable of conducting 

chlorinations. The AnVHPO shows weak chloroperoxidase activity and is rather 

communicated as a bromoperoxidase. The active site is solvent-exposed, but dimerization 

leads to a tunnel-like structure at the interface of the two subunits shielding the prosthetic 

group. In the strong chloroperoxidase CiVHPO, this group is even more enclosed and buried 

at the end of a tunnel, in this case, formed in the monomeric structure already (no dimeric 

structure available). In NapH1, a chloroperoxidase catalyzing stereoselective 

chlorofunctionalizations, vanadate is no longer solvent exposed and entirely covered by the 

protein. This qualitative inspection of different haloperoxidases reveals a tendency to 

chlorination activity when the enzyme environment somewhat shields the prosthetic group. 

 

Vanadium-dependent Bromoperoxidases 

Vanadium-dependent Chloroperoxidases 
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SFigure 23 | Influence of loop structures on formation of the active site entrance. Enzymes are depicted as 

dimeric units (grey and light green), except CiVHPO, which mainly acts as a monomer. In the case of the 

dodecamers wild-type AmVHPO, CoVHPO, and CpVHPO, a combination of two subunits was chosen that 

resembles the densest packing around the prosthetic vanadate and phosphate group, respectively (blue spheres), 

as it can be found in the complete protein. Cyan represents a loop in the grey subunit and yellow in the light-green 

subunit. AmVHPO = vanadium-dependent haloperoxidase from Acarychloris marina; CoVHPO = vanadium-

dependent haloperoxidase from Corallina officinalis; CpVHPO = vanadium-dependent haloperoxidase from 

Corallina pilulifera; AnVHPO = vanadium-dependent haloperoxidase from Ascophyllum nodosum; CiVHPO = 

vanadium-dependent haloperoxidase from Curvularia inaequalis; NapH1 = vanadium-dependent napyradiomycin 

haloperoxidase from Streptomyces sp. CNQ-525. 

 

In the five dimeric structures, the access to the active site forms close to the interface between 

two protein subunits, and the interaction between those subunits is primarily determined by 

loop structures. In fact, in NapH1, there are two prominent loops in the respective N-terminal 

part of each subunit (cyan belonging to the grey subunit, yellow belonging to the light-green 

subunit) that strongly interact with each other at the monomers’ interface and are responsible 

for the dense packing around the active site. Upon inspection of CoVHPO and CpVHPO, 

which are more related to AmVHPO, it becomes apparent that the loop of the neighboring 

subunit (light green) forms the shape of the active site in the grey subunit. While in the wild-

type AmVHPO, especially the upper loop is not resolved, leaving broad access to the vanadate 

group, two distinct loops in CoVHPO and CpVHPO frame the active site entrance and form a 

wide funnel. In AnVHPO, however, it is mainly the upper loop that engages in tunnel formation 

in front of the active site, correlating with an onset of chlorination activity. This loop is in the 

same region as the non-resolved loop in AmVHPO that becomes ordered in the R425S mutant, 

hinting at the influence of this structure on halogen selectivity. The chloroperoxidase CiVHPO, 
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acting as a monomer, also uses a loop structure in front of the active site that closes off the 

entrance and takes part in tunnel formation, underlining the importance of defined loop 

formation at the active site.  
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SFigure 24 | Structural comparison of the access to the prosthetic group in the wild-type AmVHPO and 

variants R425D (no chlorination activity) and R425S (chlorination activity). Enzymes are depicted as dimeric 

units (grey and light green), except CiVHPO, which mainly acts as a monomer. In the case of the dodecamers wild-

type AmVHPO, CoVHPO, and CpVHPO, a combination of two subunits was chosen that resembles the densest 

packing around the prosthetic vanadate and phosphate group, respectively (blue spheres), as it can be found in 

the complete protein. Cyan represents a loop in the grey subunit, and yellow is a loop in the light-green subunit. 

AmVHPO = vanadium-dependent haloperoxidase from Acarychloris marina. 

While the designated loop structure from residues 390 – 404 in the wild-type enzyme is not 

resolved, pointing to high flexibility, this area becomes more defined in variant R425D and is 

ultimately resolved in R425S. As seen, the area around the prosthetic group becomes 

progressively buried in a tunnel structure with increasing loop definition, underlining our 

hypothesis that this structural change influences halogen selectivity. 

Overall, the structural comparison of different VHPOs points toward a correlation 

between the chloroperoxidase activity and the enclosure of the active site prosthetic 

group within the enzyme, which is influenced by loops surrounding the entrance to the 

active site. 

  



37 

10. BROMINATION AND CHLORINATION ACTIVITY OF CORALLINA VHPOS AND 

THEIR R→S MUTANTS 

In order to test if the exchange of Arg i-3 from the active site Lys (i) in other VBPOs shows 

similar biological effects as in the VBPO of A. marina, we chose to substitute R396 and R397 

in the bromoperoxidases of Corallina officinalis and Corallina pilulifera, respectively. Both 

show a similar three-dimensional structure compared to the AmVHPO and also strong 

sequence similarity. A sequence alignment of the complete amino acid sequence for these 

VBPOs is shown in SI chapter 12. Here, the mutated region is shown: 

                           425 

A. marina:       ...TRGLKAVRFQKFNV... 

                           396 

C. officinalis:  ...TRALKAVRYQKFNI... 

                           397  

C. pilulifera:   ...TRALKAVRYQKFNI... 

 

10.1 Monochlorodimedone assay 

Assays were performed as described in chapter 4.1 and performed in triplicate, n = 3. 

 

SFigure 25 | Haloperoxidase activity of different VHPOs and respective R→S mutants. A: bromoperoxidase 

activity; B: chloroperoxidase activity.  wild-type AmVHPO,   R425S-AmVHPO,  wild-type CoVHPO, 

  R396S-CoVHPO,  wild-type CpVHPO,   R397S-CpVHPO. Activity was evaluated using MCD 

assay in presence of potassium chloride or bromide. Data are presented as mean ± SD for n = 3 independent 

experiments. Source data are provided as a Source Data file. 

 

All enzymes show bromination activity as shown in SFig. 10A. While for R425S-AmVHPO, 

bromoperoxidase activity slightly increases compared to wild-type AmVHPO, R396S-

CoVHPO and R397S-CpVHPO show a slight decrease. In contrast to that, all mutants show 

increased chloroperoxidase activity compared to wild-type enzymes (SFig. 10B). 
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10.2 TMB (7) conversion 

The chlorination of TMB (7) in the presence of mutants of Corallina species was investigated 

as described in chapter 11.1.  

 

SFigure 26 | Chlorination of TMB (7) by different VHPOs and respective R→S mutants.  

 

All mutants show conversion of TMB (7) in the presence of potassium chloride. While for 

R396S-CoVHPO product formation occurred only slowly, R397S-CpVHPO gave complete 

conversion with mainly formation of chlorinated TMB (8), resembling varying activities found 

in the MCD-assay (chapter 5.1). Similarly to R425S-AmVHPO, products at retention times 

around 5.1 and 6.7 min were found, that did not show any chlorination pattern.  
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11. AROMATIC CHLORINATION CATALYZED BY R425S-AMVHPO 

11.1 General Procedure 

R425S-AmVHPO variant (273.7 µg/mL) was preincubated with a 1.74 mM solution of Na3VO4. 

Substrate (7.43 mM; 11.9 µmol) was solved in an MES (50 mM pH 6) buffered solution of 

water and acetonitrile (1/1 v/v), containing KCl (4.4 eq., 32.5 mM) H2O2 (16.4 mM) and the 

enzyme in a total volume of 1.60 mL. The reaction mixture was incubated for 24 h at 30 °C. 

Afterward, halfmolar amounts of standard with respect to initial substrate concentration were 

added, and the reaction was stopped by adding a sat. NaCl/(NH4)2SO4 solution and extracted 

with ethyl acetate. Standards were phenol (LC-MS), n-dodecanol (Sigma, 443816) (GC-MS) 

or 1,4-dibromobenzene (abcr, AB111795) (NMR). The solvent was removed under reduced 

pressure, and the product was analyzed without further purification. 1H-NMR spectra are 

shown for the purified main products. LC-MS data were obtained using OpenLab CDS 

Acquisition version 2.6 and OpenLab CDS Analysis version 2.6. GC-MS data were obtained 

using MassHunter Workstation GC/MS Data Acquisition version 10.2.489 and MassHunter 

Workstation Qualitative Analysis version 10.0 NMR data were analyzed using MestReNova 

version 14.1.0-24037. 
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11.2 Chlorination of 1,3,5-trimethoxybenzene (7) 
 

 

time Conversion of 7 Isolated yield of 8 

24 h 75% 59% 

 

 

SFigure 27 | Chlorination of TMB (7) using AmVHPO-R425S  
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SFigure 28 | 1H-NMR spectrum of product 8  

 

2-Chloro-1,3,5-trimethoxybenzene (8):2 1H-NMR (400 MHz, CDCl3) δ = 6.12 (s, 2H), 3.83 (s, 

6H), 3.75 (s, 3H) ppm; MS (8, EI, 70eV): m/z (%) = 204 [M]+ (12), 202 [M]+ (35), 168 [M]+ (100), 

139 [M]+ (92), 125 [M]+ (21), 65 [M]+ (29). 

The physical and spectroscopic data agree with those reported in the literature.2  
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11.3 Chlorination of thymol (S1) 
 

 

time Conversion of S1 Ratio of p-10:o-10 

(enzymatic conversion) 

Isolated yield of 10 Ratio of p-10:o-10 
(chemical 

conversion) 

24h 66% 100:0 44% 55:45 

 

SFigure 29 | Chlorination of thymol (S1) using AmVHPO-R425S  
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SFigure 30 | 1H-NMR spectrum of product p-10  

 

4-Chloro-5-methyl-2-(propan-2-yl)phenol (p-10):2 1H-NMR (500 MHz, CDCl3) δ = 7.11 (s, 

1H), 5.63 (s, 1H), 3.30-3.23 (m, 1H), 2.42 (s, 3H), 1.22 (d, J = 6.9 Hz, 6H) ppm; MS (p-10, EI, 

70eV): m/z (%) = 186 [M]+ (8), 184 [M]+ (29), 171 [M]+ (30), 169 [M]+ (100). 

The physical and spectroscopic data agree with those reported in the literature.2  
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11.4 Chlorination of 1,3-dimethoxybenzene (S3) 
 

 

time Conversion of S2 Ratio of p,o-11:o,o-11 

(enzymatic conversion) 

Ratio of p,o-11:o,o-11 
(chemical conversion) 

Isolated yield of p,o-11 

24 h 89% 99:1 100:0 82% 

 

 

SFigure 31 | Chlorination of 1,3-dimethoxybenzene (S2) using AmVHPO-R425S  
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SFigure 32 | 1H-NMR spectrum of product p,o-11  

 

1-Chloro-2,4-dimethoxybenzene (p,o-11):25 1H-NMR (400 MHz, CDCl3) δ = 7.18 (d, J = 8.7 

Hz, 1H), 6.43 (d, J = 2.2 Hz, 1H), 6.36 (dd, J = 8.7, 2.7 Hz, 1H), 3.80 (s, 3H), 3.72 (s, 3H) ppm; 

MS (p,o-11, EI, 70eV): m/z (%) = 174 [M]+ (8), 172 [M]+ (26), 138 [M]+ (100), 109 [M]+ (36), 95 

[M]+ (23). 

The physical and spectroscopic data agree with those reported in the literature.25  
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11.5 Chlorination of N,N-Dimethylaniline (S3) 
 

 

time Conversion of S3 Ratio of o-12:p-12 Ratio of o-12:p-12 
(chemical conversion) 

Isolated yield 

o-12 

24 h 97% 87:13 62:38 80% 

 

SFigure 33 | Chlorination of N,N-dimethylaniline (S3) using AmVHPO-R425S  
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SFigure 34 | 1H-NMR spectrum of product o-12  

 

2-Chloro-N,N-dimethylaniline (o-12):25 1H-NMR (400 MHz, CDCl3) δ = 7.38 (dd, J = 7.9, 1.6 

Hz, 1H), 7.24 (ddd, J = 8.9, 7.3, 1.6 Hz, 1H), 7.12 (d, J = 8.5 Hz, 1H), 6.98 (td, J = 7.6, 1.6 Hz, 

1H), 2.85 (s, 6H) ppm; MS (o-12, EI, 70eV): m/z (%) = 156 [M]+ (11), 154 [M]+ (36), 121 [M]+ 

(31), 120 [M]+ (30), 92  [M]+ (34), 91 (58), 78 (100). 

The physical and spectroscopic data agree with those reported in the literature.25  



48 

11.6 Chlorination of 3,5-dimethyl-1H-pyrrole-2-carboxylic acid ethyl ester (S5) 

 

 

time Conversion of S5 isolated yield of 13 

24 h 93% 81% 

 

SFigure 35 | Chlorination of 3,5-dimethyl-1H-pyrrole-2-carboxylic acid ethyl ester (S5) using AmVHPO-

R425S  
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SFigure 36 | 1H-NMR spectrum of product 13  

 

Ethyl 4-chloro-3,5-dimethyl-1H-pyrrole-2-carboxylate (13):25 1H-NMR (400 MHz, CDCl3) 

4.24 (q, J = 7.1 Hz, 2H), 2.21 (s, 3H), 2.18 (s, 3H), 1.29 (t, J = 7.1 Hz, 3H) ppm; MS (13, EI, 

70eV): m/z (%) = 203 [M]+ (14), 201 [M]+ (66), 156 [M]+ (53), 155 [M]+ (100), 92  [M]+ (38), 91 

(24), 78 (43), 65 (24). 

The physical and spectroscopic data agree with those reported in the literature.25  
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11.7 Chlorination of 2-methylindole (S6) 

 

 

time Conversion of S6 Isolated yield of 14 

40 h 63% 49% 

 

SFigure 37 | Chlorination of 2-methylindole (S6) using AmVHPO-R425S  
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SFigure 38 | 1H-NMR spectrum of product 14  

 

3-Chloro-1-methyl-1H-indole (14):25 1H-NMR (400 MHz, CDCl3) δ = 7.47 – 7.44 (m, 1H), 

7.19 – 7.17 (m, 1H), 7.11 – 7.05 (m, 2H), 2.35 (s, 3H) ppm; MS (14, EI, 70eV): m/z (%) = 167 

[M]+ (29), 165 [M]+ (100), 130 [M]+ (69), 101 [M]+ (13), 91 (38), 78 (77). 

The physical and spectroscopic data agree with those reported in the literature.25 
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11.8 Chlorination of 2,6-dimethoxypyridine (S7) 
 

 

time Conversion of S7 isolated yield of 15 

48 h 37% 21% 

 

SFigure 39 | Chlorination of 2,6-dimethoxypyridine (S7) using AmVHPO-R425S  
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SFigure 40 | 1H-NMR spectrum of product 15  

 

3-Chloro-2,6-dimethoxypyridine (15):25 1H-NMR (400 MHz, CDCl3) δ = 7.43 (d, J = 8.3 Hz, 

1H), 6.22 (d, J = 8.4 Hz, 1H), 3.94 (s, 3H), 3.84 (s, 3H) ppm; MS (15, EI, 70eV): m/z (%) = 175 

[M]+ (33), 173 [M]+ (100), 144 [M]+ (53), 138 [M]+ (61), 110 [M]+ (23), 108 (83), 91 (52), 79 (94). 

The physical and spectroscopic data agree with those reported in the literature.25 
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11.9 Chlorination of carbazole (S8) 

 

 

time Conversion of S8 

24 h < 1% 

 

SFigure 41 | Chlorination of carbazole (S8) using AmVHPO-R425S  
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11.10 Chlorination of 3,5,4‘-Trimethoxystilbene (S10) 
 

 

time Conversion of S10 

24 h < 1% 

 

 

SFigure 42 | Chlorination of 3,5,4’-trimethoxystilbene (S10) using AmVHPO-R425S   
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12. CHEMICAL CHLORINATION  

12.1 General Method 

A round bottom flask equipped with a stirring bar was charged with the arene/heterocycle (0.22 

mmol, 1.0 eq.), N-chlorosuccinimide (NCS, Alfa Aesar, A10310, 1.1 eq.), and DABCO (Sigma-

Aldrich, D27802, 5-10 mol%). Dichloromethane (Acros, 8812283) (5 ml) was added. The 

reaction vessel was sealed and stirred at ambient temperature overnight. The crude product 

was purified by column chromatography using silica gel with ethyl acetate in hexane as the 

eluent. LC-MS data were obtained using OpenLab CDS Acquisition version 2.6 and OpenLab 

CDS Analysis version 2.6. GC-MS data were obtained using MassHunter Workstation GC/MS 

Data Acquisition version 10.2.489 and MassHunter Workstation Qualitative Analysis version 

10.0. 1H-NMR spectra are shown for the purified main products. NMR data were analyzed 

using MestReNova version 14.1.0-24037. 

 

 

2-Chloro-1,3,5-trimethoxybenzene (8): white solid, 54% yield. 1H NMR 

(400 MHz, CDCl3) δ  6.21 (s, 2H), 3.90 (s, 6H), 3.83 (s, 3H) ppm. 

 

4-chloro-5-methyl-2-(propan-2-yl)phenol (p-10) and 2-chloro-3-

methyl-6-(propan-2-yl)phenol (o-10): 55:45 mixture of regioisomers, 

white solid, 31.3 mg, 77% yield. 1H NMR (400 MHz, CDCl3) δ 7.73 (m, 

0.5 H), 7.56 (m, 0.5 H), 7.03 (d, J = 9.8 Hz, 1 H), 6.79 (d, J = 6.1 Hz, 1 H), 

4.25 (sep, J = 7.2 Hz, 1 H), 3.30 (sep, J = 8.8 Hz, 1 H), 2.44 (s, 3H), 2.36 

(s, 3H), 1.26 (d, J = 4.2Hz, 6 H), 1.24 (d, J = 4.5 Hz, 6 H) ppm. 

 

1-Chloro-2,4-dimethoxybenzene (p-10): colorless oil, 28.4 mg, 75% 

yield. 1H NMR (400 MHz, CDCl3) δ 7.24 (d, J = 10.9 Hz, 1H), 6.50 (d, J 

= 3.4 Hz, 1H), 6.43 (dd, J = 10.9, 3.4 Hz, 1H), 3.87 (s, 3H), 3.79 (s, 3H) 

ppm. 
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2-Chloro-N,N-dimethylaniline (o-12): colorless oil, 11.0 mg, 32% yield. 

1H NMR (400 MHz, CDCl3) δ 7.35 (dd, J = 9.9, 2.0 Hz, 1H), 7.22 (td, J = 

9.9, 2.0 Hz, 1H), 7.13 (br), 6.96 (t, 9.8 Hz), 2.84 (s, 6H) ppm. 

 

 

4-Chloro-N,N-dimethylaniline (p-12): colorless oil, 20% yield. 1H NMR 

(400 MHz, CDCl3) δ  7.20 (dt, J = 9.0, 3.5 Hz, 2H), 6.68 (d, J = 7.7Hz, 

2H), 2.95 (s, 6H) ppm. 

 

Ethyl-4-chloro-3,5-dimethyl-1H-pyrrole-2-carboxylate (13): light red 

solid, 28% yield. 1H NMR (400 MHz, CDCl3) δ  8.76 (s br, 1H), 4.31 (q, J 

= 7.1 Hz, 2H), 2.28 (s, 3H), 2.25 (s, 3H), 1.36 (t, J= 7.1 Hz, 3H) ppm. 

 

3-Chloro-2-methyl-1H-indole (14): red solid, 25% yield. 1H NMR (400 

MHz, CDCl3) δ  7.86 (s br, 1H), 7.54 – 7.51 (m, 1H), 7.27 – 7.24 (m, 1H), 

7.18 – 7.13 (m, 2H), 2.43 (s, 3H) ppm. 

 

3-Chloro-2,6-dimethoxypyridine (15): colorless oil, 24.3 mg, 64% yield. 

1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 10.3 Hz, 1H), 6.30 (d, J = 10.4 

Hz, 1H), 4.03 (s, 3H), 3.93 (s, 3H) ppm. 

 

3,6-Dibromo-9H-carbazole (S14): beige solid, 16% yield.  1H NMR (400 

MHz, CDCl3) δ  8.09 (br s, 1H), 7.99 (d, J = 2.4 Hz, 2H), 7.52 (dd, J = 

10.8, 5.2 Hz, 2H), 7.31 (d, J = 10.6 Hz, 2H) ppm. 

 

1-Chloro-2,4-dimethoxy-5-[(E)-2-(4-methoxyphenyl)-ethenyl]-

benzene (S13): white solid, 31% yield. 1H NMR (400 MHz, CDCl3) δ 

7.50 (d, J = 11 Hz, 2H), 7.41 (d, J = 20.3 Hz, 1H), 7.00 (d, J = 20.3 

Hz, 1H), 6.91 (d, J = 11 Hz, 2H), 6.80 (d, J = 3.5 Hz, 1H), 6.44 (d, J 

= 3.3 Hz, 1H), 3.89 (s, 3H), 3.86 (s, 3H), 3.84 (s, 3H) ppm. 

The physical and spectroscopic data agree with those reported in the literature.25 
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13. SEQUENCE ALIGNMENT OF VHPOS 
 

 

 

 

 

 

 

 

 

 

 

1

| | |

Am VHPO . . . . . . . . . . . . . . M N T R R Q Q A Q N I R N N A A E L A A N . R P H P Q H I N N K E E Y E Y R R P K K D G N E

Cp VHPO . . . . . . . M G I P A D N L Q S R A K A S F D T R V A A A E L A L N . R G V V P S F A N G E E L L Y R N P D P D N T D

Co VHPO . . . . . . . M G I P A D N L Q S R A K A S F D T R V A A A E L A L A . R G A V P S F A N G E E L L Y R N S E . . T G D

An VHPO Q T C S T S D D A D D P T P P N E R D D E A F A S R V A A A K R E L E G T G T V C . . . . . . . . . . . . . Q I N N G E

Ci VHPO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

20 40

| | |

Am VHPO P S H I A N F T K G L P H D E H T G L L L N S A D Y D Q F V L G I Q S G D T T D F A R T P L G P A E L P K V H G C L S K

Cp VHPO P S F I A S F T K G L P H D D N . G A I I D P D D F L A F V R A I N S G D E K E I A D L T L G P A R D P E T . . . . . .

Co VHPO P S F I G S F T K G L P H D D N . G A I I D P D D F L A F V R A I N S G D E K E I A A L T L G P A R D P E T . . . . . .

An VHPO T D L A A K F H K S L P H D D L G Q . . V D A D A F A A L E D C I L N G D L S I C E D V P V G N S . . . . . . . . . . .

Ci VHPO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . M G S V T P I P L P K I D E P E E . . . . . .

60 80 100

| | |

Am VHPO Q K I D C D D D H R S G F W K S Q I A Q G A A G G D G A K L R A W E S A G A G L V F D L E G P D A Q A V T M P P A P R L

Cp VHPO . . . . . . . . . G L P I W R S D L A N . . . . S L E L E V R G W E N S S A G L T F D L E G P D A Q S I A M P P A P V L

Co VHPO . . . . . . . . . G L P I W R S D L A N . . . . S L D L E V R G W E N S S A G L T F D L E G P D A Q S V A M P P A P V L

An VHPO . . . . . . . . . . . . . . . . . . . . . . . . . E G D P V G R L V N P T A A F A I D I S G P A F S A T T I P P V P T L

Ci VHPO . . . . . Y N T N Y I L F W N H V G L E . . . . . . . . . . . . . . . . . . . . . . . . . . . . L N R V T H T V G G P L

160140120

| |

Am VHPO E S P E L . . . . . . . . T S E I A E V Y S Q A L L R D I H F S Q L R D P G L G D Q V N A C D S C P T Q L S I Y E A I D

Cp VHPO T S P E L . . . . . . . . V A E I A E L Y L M A L G R E I E F S E F D S P K N A E Y I Q . . . . . . . . . . . . . . . .

Co VHPO T S P E L . . . . . . . . I A E M A E L Y L M A L G R D I E F S E F D S P K N A A F I R . . . . . . . . . . . . . . . .

An VHPO P S P E L . . . . . . . . A A Q L A E V Y W M A L A R D V P F M Q Y G T D D I T V T A . . . . . . . . . . . . . . . . .

Ci VHPO T G P P L S A R A L G M L H L A I H D A Y F . S I C P P T D F T T F L S P D T E N A . . . A Y R L P S P N G A N D A R Q

180 200

| | |

Am VHPO I L N T V Q I E G Q . . N W F S A N C C D L . . T . . . . . D D E Q A R Q R P L V T R Q N I F R G I A P G D D V G P Y L

Cp VHPO . F A I D Q L N G L . . E W F N T P A K L G . D P . . . . . P A E I R R R R G E V T V G N L F R G I L P G S E V G P Y L

Co VHPO . S A I E R L N G L . . E W F N T P A K L G . D P . . . . . P A E I R R R R G E V T V G N L F R G I L P G S E V G P Y L

An VHPO . . . A A N L A G M . . E G F P N L D A . . . . . . . . . . . V S I G S D G T V D P L S Q L F R A T F V G V E T G P F I

Ci VHPO A V A G A A L K M L S S L Y M K P V E Q P N P N P G A N I S D N A Y A Q L G L V L D R S V L E . . . A P G G V D R E . .

220 240 260

| |

Am VHPO S Q F L L I G N N A L G G G V F G Q . . . . . . . . . . . E A G H I G Y G A I R I D Q R V R K A T P C K D F M . . . . .

Cp VHPO S Q Y I I V G S K Q I G S A T V G N K T L V S P N A A D E F D G E I A Y G S I T I S Q R V R I A T P G R D F M . . . . .

Co VHPO S Q F I I V G S K Q I G S A T V G N K T L V S P N A A D E F D G E I A Y G S I T I S Q R V R I A T P G R D F M . . . . .

An VHPO S Q L L V N S . . . . . . . . . . . . . . . . . . . . . . . . . . F T I D S I T V E P K Q E T F A P D V N Y M . . . . .

Ci VHPO S A S F M F G . . . . . . . . . . E . . . . . . D V A . . . D V F F A . . . L L N D P R . . . . . . G A S Q E G Y H P T

300280

| |

Am VHPO . . . . . . T N F E T W L . . . . . . . D V Q N G A D L R G L E T Y V D A D . . . P G K . . . . . . C R E F P A Y R V I

Cp VHPO . . . . . . T D L K V F L . . . . . . . D V Q D A A D F R G F E S Y E . . . . . . . . . . . . . . . . . . . P G A R L I

Co VHPO . . . . . . T D L K V F L . . . . . . . D V Q D A A D F R G F E S Y E . . . . . . . . . . . . . . . . . . . P G A R L I

An VHPO . . . . . . V D F D E W L . . . . . . . N I Q N G G P P A G P E L L D . . . . . . . . . . . . . . . . . . . D E L R F V

Ci VHPO P G R Y K F D D E P T H P V V L I P V D P N N P N G P K M P F R Q Y H A P F Y G K T T K R F A T Q S E H F L A D P P G L

320 340

| |

Am VHPO T T P R D L A T Y V H Y D A L Y E A Y L . N A C L . . . . . . . . . . . . . . . . . . . . . . . . I L L G M G A P F D P

Cp VHPO R T I R D L A T W V H F D A L Y E A Y L . N A C L . . . . . . . . . . . . . . . . . . . . . . . . I L L A N G V P F D P

Co VHPO R T I R D L A T W V H F D S L Y E A Y L . N A C L . . . . . . . . . . . . . . . . . . . . . . . . I L L A N G V P F D P

An VHPO R N A R D L A R V T F T D N I N T E A Y . R G A L . . . . . . . . . . . . . . . . . . . . . . . . I L L G L D A F N R A

Ci VHPO R S N . . . . . . . . . . A D E T A E Y D D A V R V A I A M G G A Q A L N S T K R S P W Q T A Q G L Y W A Y D G S N L I

360 380

| |

Am VHPO G I P F . . . . . . . . . . . . . Q K P D V E D K Q Q G F A H F G G P Q I L T L V C E A A T R G L K A V R F Q K F N V H

Cp VHPO N L P F . . . . . . . . . . . . . Q Q E D K L D N Q D V F V N F G S A H V L S L V T E V A T R A L K A V R Y Q K F N I H

Co VHPO N L P F . . . . . . . . . . . . . Q Q E D K L D N Q D V F V N F G S A H V L S L V T E V A T R A L K A V R Y Q K F N I H

An VHPO G V N G . . . . . . . . . . . . . . P F I D I D R Q A G F V N F G I S H Y F R L I G A . A E L A Q R S S W Y Q K W Q V H

Ci VHPO G T P P R F Y N Q I V R R I A V T Y K K E E D L A N S E V N N A D F A R L F A L V D V A C T D A G I F S W K E K W E . .

400 420

| | |

Am VHPO R R L R P E A L G G L V D R Y K H G K G A G D E L K P V A A L V E A L E N V G L L S K V V A H N Q L Q N Q N L D R S G D

Cp VHPO R R L R P E A T G G L I S V N K I A A Q K G E S I F P E V D L A . . V E E L . . . G D I L E K A E I S N R K Q N I A D G

Co VHPO R R L R P E A T G G L I S V N K N A F L K S E S V F P E V D V L . . V E E L . . . S S I L D D S A S S N E K Q N I A D G

An VHPO R F A R P E A L G G T L H L T I K G E L N A D F D L S . . . . . . L L E N A E L L K R V A A I N . . . . . . . . . A A Q

Ci VHPO . . . . . . . . . . . . . . . . . . . . . F E F W R P L S G V R . . . . . . . . . . . . . . . . . . . . . . . . . D D G

480460440
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SFigure 43 | Sequence alignment of various VHPOs to determine important amino acids for halogen specificity.[1,8-

12] Fully conserved residues are highlighted in red bars. 

  

| | |

Am VHPO P S S A G D N Y F L P M A F P E . . . . . . . G S P M H P S Y G A G H A T V A G A C V T M L K A F F D H G . . . W Q L N

Cp VHPO D P D P D P S F L L P M A F A E . . . . . . . G S P F H P S Y G S G H A V V A G A C V T I L K A F F D S G . . . I E I D

Co VHPO D V S P G K S F L L P M A F A E . . . . . . . G S P F H P S Y G S G H A V V A G A C V T I L K A F F D A N . . . F Q I D

An VHPO N P N N E V T Y L L P Q A I Q E . . . . . . . G S P T H P S Y P S G H A T Q N G A F A T V L K A L I G L D . . . R G G D

Ci VHPO R P D H G D P F W L T L G A P A T N T N D I P F K P P F P A Y P S G H A T F G G A V F Q M V R R Y Y N G R V G T W K D D

500 520 540

| |

Am VHPO L G M A N G K Y . . . . . . . . . . . . . . I . S Y E P N Q D G S S L Q Q V L L D . C P L T V E G E L N K I A A N I S I

Cp VHPO Q V . . . . . . . . . . . . . . . . . . . . . . . F E V D K D E D K L V K S S F K . G T L T V A G E L N K L A D N I A I

Co VHPO Q V . . . . . . . . . . . . . . . . . . . . . . . F E V D T D E D K L V K S S F P . G P L T V A G E L N K L A D N V A I

An VHPO C Y . . . . . P . . . . . . . . . . . . . . D . P V Y P D D D G L K L I D F . R G . S C L T F E G E I N K L A V N V A F

Ci VHPO E P D N I A I D M M I S E E L N G V N R D L R Q P Y D P T A P I E D Q P G I V R T R I V R H F D S A W . E L M F E N A I

580560

| |

Am VHPO G R D W A G V H Y F T D Y I E S L R L G E K I A . . I . G I L E E . . . Q K L T Y G E N F T M T V P L Y D G G S I Q I .

Cp VHPO G R N M A G V H Y F S D Q F E S L L L G E Q V A . . I . G I L E E . . . Q S L T Y G E N F F F N L P K F D G T T I Q I .

Co VHPO G R N M A G V H Y F S D Q F E S L L L G E Q I A . . I . G I L E E . . . Q S L T Y G E N F F F N L P K F D G T T I Q I .

An VHPO G R Q M L G I H Y R F D G I Q G L L L G E T I T . . V . R T L H Q . . . E L M T F A E E S T F E F R L F T G E V I K L F

Ci VHPO S R I F L G V H W R F D A A A A R D I L I P T T T K D V Y A V D N N G A T V F Q N V E D I R Y T T R G T R E D . . . . .

620600

Am VHPO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cp VHPO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Co VHPO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

An VHPO Q D G T F T I D G F K C P . . . . . G L V Y T G V E N C V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ci VHPO E E G L F P I G G V P L G I E I A D E I F N N G L K P T P P E I Q P M P Q E T P V Q K P V G Q Q P V K G M W E E E Q A P

Am VHPO . . . . . .

Cp VHPO . . . . . .

Co VHPO . . . . . .

An VHPO . . . . . .

Ci VHPO V V K E A P
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