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Abstract

Enzymatic dehalogenation is an important and well-studied biological process in both the 

detoxification and catabolism of small molecules, many of which are anthropogenic in origin. 

However, dedicated dehalogenation reactions that replace a halogen atom with a hydrogen are rare 

in the biosynthesis of natural products. In fact, the debrominase Bmp8 is the only known example. 

It catalyzes the reductive debromination of the coral settlement cue and the potential human toxin 

2,3,4,5-tetrabromopyrrole as part of the biosynthesis of the antibiotic pentabromopseudilin. Using 

a combination of protein crystallography, mutagenesis, and computational modeling, we propose a 

catalytic mechanism for Bmp8 that is reminiscent of that catalyzed by human deiodinases in the 

maintenance of thyroid hormones. The identification of the key catalytic residues enabled us to 

recognize divergent functional homologues of Bmp8. Characterization of one of these homologues 

demonstrated its debromination activity even though it is found in a completely distinct genomic 

context. This observation suggests that additional enzymes outside those associated with the 

tetrabromopyrrole biosynthetic pathway may be able to alter the lifetime of this compound in the 

environment.
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Halogenation reactions are common chemical transformations in the biosynthesis of natural 

products and are often critical for bioactivity.1 Five distinct families of halogenases typically 

install chlorine or bromine atoms, with a few examples of fluorination and iodination present 

as well. While diverse enzymatic dehalogenation reactions have been well studied in the 

context of small molecule detoxification or catabolism,2–4 dedicated dehalogenation in the 

biosynthesis of natural products is an extremely rare transformation. The only characterized 

example is found in the production of brominated pyrrole containing secondary metabolites 

such as the antibiotic pentabromopseudilin (Scheme 1).5,6 In these biosynthetic pathways, 

proline is converted to 2,3,4,5-tetrabromopyrrole,6,7 which itself has coral settlement 

promoting activity.8 Tetrabromopyrrole must then be debrominated to generate 2,3,4-

tribromopyrrole before further modification yields the final product. The reductive 

debromination is catalyzed enzymatically by Bmp8 using a proposed pair of catalytic 

cysteines (Scheme 1A).5 This contrasts with several examples of cryptic dehalogenation 

reactions, where a halogen is rather used to activate a carbon for subsequent chemistry.9–12 

While dedicated dehalogenation is rare in natural product biosynthesis, a parallel strategy is 

found in the maintenance of thyroid hormones in one class of human deiodinases (Scheme 

1B).13 Similar to Bmp8, these enzymes employ a catalytic selenocysteine–cysteine pair to 

remove iodines from thyroid hormones which alters their bioactivity. Deiodinases (Dios) 

have been a focus of extensive research because their dysfunction in humans can lead to 

hyper- and hypothyroidism.13,14

Not only does Bmp8 catalyze an unusual biosynthetic reaction, but also it acts as the 

important branch point between the coral settlement cue tetrabromopyrrole and downstream 

brominated products. In addition to biosynthetic production by marine bacteria,6 

tetrabromopyrrole is also generated as an anthropogenic byproduct of salt water disinfection.
15 It has been shown to exhibit developmental toxicity15 and is also implicated in 

neurotoxicity,16 making it a human health concern. The importance of Bmp8 in degrading 

this significant small molecule prompted us to explore the mechanism of Bmp8 by 

structural, biochemical, and computational methods to identify motifs that would enable 

bioinformatic identification of other tetrabromopyrrole debrominases. Furthermore, we 

sought to evaluate if the apparent similarities in catalysis between the unrelated Bmp8 and 

human Dio enzymes extend to a conserved dehalogenation strategy.
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MATERIALS AND METHODS

PCR and Cloning.

PCRs were completed using PrimeStar or PrimeStar MAX polymerases according to the 

manufacturer’s instructions (Takara). Primers are listed in Table S1. PCR products were 

purified and cloned into a pET28 vector using the NEBuilder HiFi assembly kit (NEB) 

generating a N-terminal His6 construct. The pET28 vector used for cloning was linearized 

by PCR amplification. The Bmp8 variants were generated using mutagenic primers and 

assembled using the NEBuilder HiFi assembly kit. All Gibson Assembly reactions were 

transformed into DH5α Escherichia coli cells, and constructs were confirmed by Sanger 

sequencing (Genewiz).

Protein Expression and Purification.

Bmp8 was expressed and purified as previously described.17 Briefly, the pET28 Bmp8 and 

pCDFDuet Bmp1-TE plasmids were cotransformed into E. coli BL-21 cells. Five milliliters 

of an overnight LB culture was added to 1 L of sterile TB media. The flask was shaken in an 

incubator at 200 rpm at 37 °C until the OD600 reached ~0.8. The incubator was cooled to 

18 °C, and the flasks were shaken for an additional 1 h, after which 0.3 mM IPTG was 

added. The cells remained shaking for 18 h and were harvested by centrifugation. The 

pellets were resuspending in 25 mL of 500 mM NaCl, 20 mM Tris, pH 8.0, and 10% 

glycerol. Cells were lysed by sonication with a Qsonica 6 mm tip at 40% amplitude for 12 

cycles of 15 s on and 45 s off. The lysate was centrifuged at 15 000g to remove cellular 

debris. The cleared lysate was loaded at 2 mL/min onto a 5 mL HisTrap column (GE 

Healthcare Life Sciences) that was pre-equilibrated with buffer A (1 M NaCl, 20 mM Tris, 

pH 8.0, and 30 mM imidazole). After loading, the column was washed at 2 mL/min with 40 

mL of buffer A to remove weakly bound proteins. Bmp8 was eluted using a linear gradient 

of 0 to 100% buffer B (1 M NaCl, 20 mM Tris, pH 8.0, and 250 mM imidazole) over 40 mL 

with 5 mL fractions collected. Pure fractions, as determined by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), were combined, and 60 units of thrombin 

was added. The protein was dialyzed overnight against 50 mM KCl, 20 mM Tris, pH 8.9, 

and 2 mM dithiothreitol (DTT). After confirming complete cleavage of the N-terminal His6 

tag by SDS-PAGE, the protein was loaded onto a 5 mL strong anion exchange Q FF column 

(GE Healthcare Life Sciences) that was pre-equilibrated with 95% buffer C (20 mM Tris, pH 

8.9, and 3 mM DTT) and 5% buffer D (20 mM Tris, pH 8.9, 1 M KCl, and 3 mM DTT). The 

column was washed with 10 mL of 5% buffer D, and Bmp8 was eluted using an 80 mL 

linear gradient starting with 5% buffer D and ending with 70% buffer D with 3 mL fractions 

collected. Pure fractions, as determined by SDS-PAGE, were combined and concentrated. 

The concentrated Bmp8 was loaded onto a HiLoad 16/60 Superdex 75 prep grade column 

(GE Healthcare Life Sciences) pre-equilibrated with Bmp8 storage buffer (20 mM Tris, pH 

8.0, 300 mM KCl, and 10% glycerol). Pure fractions were collected, concentrated, and 

frozen. PLCMD was purified in a similar manner except the Q FF anion exchange column 

purification was not used.
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Crystallization and Data Processing.

Bmp8 was screened for initial crystal hits using commercial sparse screen matrix kits with 

hanging drop vapor diffusion. Optimized crystals were obtained using 1 μL of 7 mg/mL 

Bmp8 with 1 mM tris(2-carboxyethyl)phosphine (TCEP) and 1 μL of mother liquor (2.3 M 

ammonium sulfate and 0.1 M Bis-tris propane, pH 9.0) over a 150 μL well of mother liquor 

at 6 °C. Immediately prior to vitrification in LN2, crystals were briefly soaked in mother 

liquor supplemented with 30% glucose. Phases were obtained by single-wavelength 

anomalous dispersion (SAD) using crystals obtained with 2.3 M ammonium sulfate and 0.1 

M HEPES, pH 8.5, that were soaked in 1 mM methylmercury chloride for 3 h prior to 

vitrification. The cocrystal structure of Bmp8 and tribromopyrrole was obtained with Bmp8 

C82A crystals grown with the same conditions as WT Bmp8. Crystals were then soaked in 

mother liquor containing 1 mM tetrabromopyrrole for 3 h prior to vitrification. All data was 

collected at the Advanced Light Source Macromolecular Crystallography beamlines (8.2.1 

and 8.2.2). A wavelength of 1.00 Å was used for the APO and methylmercury chloride-

soaked crystals. The tetrabromopyrrole crystal data was collected at 0.91 Å. All data was 

indexed and scaled using autoPROC.18 AutoSol from the PHENIX software suite19 was 

used to obtain initial phases from the anomalous diffraction data. The Bmp8 structure was 

built using a combination of Phenix AutoBuild and Buccaneer.20 Structures were refined and 

manually adjusted by iteratively using phenix.refine and COOT.21 All refinement statistics 

are found in Table S2.

Gel Filtration Size Determination.

A 16/60 Superdex 75 prep grade column (GE Healthcare Life Sciences) was pre-equilibrated 

with buffer containing 20 mM Tris, pH 8.0, 300 mM KCl, and 10% glycerol. One vial of 

BioRad Gel Filtration standard (#1511901) was resuspended in 500 μL of H2O. All 500 μL 

was injected onto the column and run at a flow rate of 1 mL/min. Separately, 500 μL of 

Bmp8 was injected on the column and run in the same way. The standards were plotted, and 

the molecular weight of Bmp8 was estimated (Figure S1).

Activity Assays.

Bmp8 activity assays were completed as previously described.17 Briefly, 20 μM Bmp8 and 

500 μM glutathione were mixed in a buffer containing 50 mM KCl and 20 mM Tris, pH 8.0. 

The 400 μL reaction was initiated with 100 μM substrate and quenched with 800 μL of ethyl 

acetate after a 30 min incubation at 28 °C. The samples were thoroughly vortexed to extract 

the remaining substrate and products from the reaction into the ethyl acetate layer. Seven 

hundred microliters of the ethyl acetate layer were removed and evaporated to dryness using 

a miVac DNA system (SP Scientific) system. The residue was resuspended in 80 μL of a 

50% methanol/50% H2O mixture and subsequently analyzed by HPLC or LCMS. Assays 

with tetrachloropyrrole were completed in a similar manner with the exception of 2-

chloro-3,4,5-tribromopyrrole. In this assay, 25 μM Bmp8 and 50 μM substrate were used in a 

reaction buffer of 50 mM KCl, 20 mM Tris, pH 8.0, and 10% glycerol.
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HPLC Quantification.

The activity assay samples were analyzed using an Agilent 1200 series HPLC with a 

Phenomenex Luna 5 μm C18(2), 100 Å, 150 × 4.6 mm column. The following method was 

used: 20 min at 52% solvent B, gradient of 52% to 95% solvent B over 1 min, 95% solvent 

B for 3 min, gradient of 95% solvent B to 52% solvent B over 1 min, and 2 min at 52% 

solvent B. Solvent A is HPLC grade water + 0.1% trifluoroacetic acid (TFA), and solvent B 

is HPLC grade acetonitrile + 0.1% TFA. Absorbance was monitored at 220 nm, and the 

tribromopyrrole product peak was integrated and normalized to the amount produced by WT 

Bmp8.

LCMS Analysis.

To analyze samples by LCMS, 10 μL of an activity assay was injected onto a Phenomenex 

Luna 5 μm C18(2), 100 Å, 150 × 4.6 mm column and analyzed by an Agilent 1260 HPLC + 

Agilent 6530 Accurate Mass Q-TOF mass spectrometer using the following method: 5 min 

at 10% solvent B (0.5 mL/min), 10–70% solvent B over 10 min (0.5 mL/min), 70–80% over 

10 min (0.5 mL/min), 80–100% solvent B over 0.5 min (0.75 mL/min), 2 min at 100% 

solvent B (0.75 mL/min), 100–10% solvent B over 0.5 min (0.75 mL/min), and 3 min at 

10% solvent B (0.75 mL/min). Solvent A is H2O + 0.1% formic acid, and solvent B is 

acetonitrile + 0.1% formic acid.

Computational Methods.

All computations were carried out with the GAUSSIAN 0922 series of programs. All 

graphics on optimized structures were generated with CYLview.23 Reactants, transition 

states, intermediates, and products were optimized using B3LYP functional24–26 with 

Grimme’s D3 dispersion correction27 and 6–31G(d,p) basis set for all atoms except bromine 

and iodine, which used Lanl2dz basis set. Vibrational frequencies were computed to 

determine if the optimized structures are minima or saddle points on the potential energy 

surface corresponding to ground state and transition state geometries, respectively. Single 

point energies were subsequently obtained using B3LYP functional with Grimme’s D3 

dispersion correction and 6–311+G(d,p) basis set for all atoms except bromine and iodine, 

which used SDD basis set. The implicit solvent model, CPCM,28–32 with dielectric constant 

of 4 was used to mimic the hydrophobic pocket of an enzyme. The association enthalpies of 

halogen bonded complexes were calculated according to eq 1.

ΔHa = H complex − H monomers (1)

RESULTS AND DISCUSSION

Bmp8 Crystal Structure.

Previous mutagenesis and labeling work suggested a Bmp8 mechanism wherein a catalytic 

cysteine attacks tetrabromopyrrole to form a transiently modified cysteine that is resolved by 

a second cysteine to form tribromopyrrole and a disulfide bond (Scheme 1A).5 To evaluate 

and explore the details of this proposal, we began examining the mechanism of Bmp8 by 
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crystallizing and solving the structure to a resolution of 2.3 Å. Bmp8 forms a dimer in the 

asymmetric unit with each monomer composed exclusively of α-helices (Figure 1A). These 

monomers come together to form a highly charged flat surface (Figure 1B). To be solubly 

produced in E. coli, Bmp8 must be coexpressed with the thioesterase domain of Bmp1 even 

though Bmp1 does not copurify with Bmp8.5,17 This charged surface is a possible location 

for the protein–protein interaction.

The Bmp8 fold is completely distinct from the functionally similar Dio, which adopts a 

thioredoxin fold.33 Instead, analysis of Bmp8 with the DALI server34 revealed it to be most 

closely related to the carboxymuconolactone decarboxylase (CMD) family of proteins, 

PFAM PF02627. While the fold is conserved, CMDs are known to catalyze a variety of 

reactions. Canonical CMDs are decarboxylases and are found in degradation pathways of 

phenols and benzoates.35 Conversely, AhpD is a CMD family member36,37 that is primarily 

involved in protein disulfide bond reduction and is particularly important in the antioxidant 

pathway of Microbacterium tuberculosis.36,38 Notably, AhpD can also catalyze reduction of 

alkylhydroperoxides at a low rate.38 Structural alignment of Bmp8 with AhpD showed 

strong structural conservation with minimal sequence similarity (PDB: 1knc, r.m.s.d. of 2.4 

Å over 133 aligned Cα, 16% identity). AhpD and other CMDs are typically found in a ring 

shaped trimeric or hexameric complex, but gel filtration experiments instead suggest that 

Bmp8 is most likely dimer in solution (Figure S1). Curiously, while the overall monomeric 

Bmp8 structure aligns well to AhpD, the putative cysteine containing active sites are located 

in entirely different regions of the proteins (Figure 1C).

To better understand the enzymatic mechanism and basis for substrate binding, we attempted 

to obtain a cocrystal structure of the Bmp8 Cys82Ala variant with the tetrabromopyrrole 

substrate. However, by soaking the Bmp8 Cys82Ala crystals with tetrabromopyrrole, we 

were able solve a 3.2 Å structure that revealed electron density within the active site more 

consistent with the product, tribromopyrrole (Figures 2A and S2A). This assignment was 

further supported by analysis of anomalous diffraction maps that showed the presence of 

only three potential bromines within the active site. The observed tribromopyrrole may have 

formed by the non-enzymatic debromination of tetrabromopyrrole by residual TCEP in the 

crystallization buffer, which we previously showed is possible,17 or slow catalysis by the 

enzyme. Due to the low resolution and globular nature of the missing density in the Fo−Fc 

map (Figure S2A), the bromines of tribromopyrrole were fit into the anomalous densities. 

The C2 bromine appears to have weaker electron density than the other two bromines. This 

observation may indicate that some 3,4-dibromopyrrole is also present in the structure, as 

previously observed in Bmp8 activity assays.5

When compared to the Apo WT Bmp8, there does not appear to be any conformational 

changes in the cocrystal structure (Figure S2B). The tribromopyrrole itself is located within 

a hydrophobic pocket composed of Met27, Phe51, Phe55, Phe89, and Leu166 (Figure 2A). 

The abundance of phenylalanines suggests that halogen–π interactions could be assisting in 

substrate binding. In particular, Phe55 appears well oriented for this interaction. Elsewhere 

in the active site, the nitrogen of the pyrrole is within hydrogen bonding distance (3.3 Å) of 

the histidine residue in the His88–Glu178–Tyr84 hydrogen bonded network (Figure S2C). 
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This combination of a hydrophobic pocket and hydrogen bond locks the planar 

tribromopyrrole in an orientation perpendicular to the proposed catalytic Cys85 (Figure 2A).

Activity Assays and Mutagenesis.

On the basis of the tribromopyrrole Bmp8 cocrystal structure, we designed a series of 

mutants to test the importance of both the candidate catalytic residues and hydrophobic 

pocket (Figure 2B). While the native in vivo reductant is unknown, activity assays were 

completed in vitro using glutathione as a chemical reductant to generate a catalytic system.17 

It should be noted that tetrabromopyrrole is not completely stable in this system and can be 

spontaneously debrominated by glutathione. The Cys85Ala mutation nearly abolished 

turnover, consistent with its proposed role as the catalytic nucleophile that enables 

debromination. For catalysis, Cys85 needs to be in the thiolate form. Examination of the 

active site identified a nearby Asn170 that could be responsible for stabilization of the 

Cys85 thiolate (Figure 2A). This hypothesis is supported by the diminishment of activity in 

the Bmp8 Asn170Ala variant. Mutation of the other member of the cysteine pair, Cys82, to 

alanine only slightly decreases product formation. This aligns with Cys82’s proposed role of 

resolving the modified Cys85 and generating the inactive disulfide form of the enzyme. If 

the Cys82 is absent, the Cys85 adduct instead spontaneously oxidizes to sulfinic acid and 

can be reduced by chemical reductants,5 making Cys82 unnecessary in this in vitro assay.

The importance of the His88, Glu178, and Tyr84 hydrogen bonding network was also 

explored. Mutation of His88 to Val abolished turnover and indicates that this residue is 

critical for activity. The Bmp8 Glu178Gln variant also possessed diminished turnover but 

was prone to degradation (Figures 2B and S3). Mutation of the final member of the 

hydrogen bonding network, Tyr84, resulted in insoluble protein. Together, these results 

demonstrate the importance of the His88, Glu178, and Tyr84 hydrogen bonding network in 

both catalysis and stability of the enzyme. Additionally, the significance of the hydrophobic 

binding pocket was explored. Expansion of the hydrophobic pocket with Leu166Ala and 

Met27Ala variants resulted in a decrease in the amount of tribromopyrrole formed, while the 

Phe55Ala mutation resulted in insoluble protein.

Mechanistic Proposal Based on Crystal Structure and Computation.

The cocrystal structure of Bmp8 and tribromopyrrole also enabled us to begin evaluating 

different mechanistic routes of debromination. Mutagenesis and the crystal structure 

strongly suggest that Cys85 is the nucleophile of the reaction, but multiple electrophilic 

targets can be proposed (Figure 3). The Cys85 could attack C5 in either the planar sp2-

hybridization form or a tetrahedral sp3-hybridized form that is generated by isomerization of 

N1 to the imine or protonation of C5 to the iminium (2H-pyrrole). Both of these 

mechanisms would promote loss of the bromide anion (Figure 3A,B). Alternatively, direct 

attack of the bromine atom by Cys85 could occur (Figure 3C,D). Because of the low 

resolution of the structure and presence of only the product in the active site, we decided to 

complement the crystallographic data with computational analysis to better explore these 

possible mechanisms. We began by first manually docking tetrabromopyrrole into the Bmp8 

active site by orienting it in the same location as tribromopyrrole (Figure 3E,F). This was 

followed by computational evaluation of each mechanistic hypothesis. Examination of the 
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direct debromination by nucleophilic aromatic substitution (SNAr) at the C5 position showed 

that this reaction pathway involves a low energy barrier (6.0 kcal/mol) at an optimal C–S 

distance of 2.35 Å (Figure 3A). However, the crystal structure of the Bmp8 active site shows 

that the substrate is 6 Å away from Cys85 and likely too far away to achieve the transition 

state involving the cysteine attack of C5. Reaction with C5 in the sp3-hybridized form is also 

unlikely as a backside attack by thiolate is not possible in this orientation and frontside SN2 

is disfavored (Figure 3B).

If tetrabromopyrrole remains in the planar sp2-hybridized C5 form, the bromine atom can be 

removed by direct attack of thiolate through a halogen bond (Figure 3C). The halogen bond 

is a highly directional, strong intermolecular interaction between a Lewis-acidic halogen 

atom and a Lewis base.39 The strength of a halogen bond is comparable to that of a 

hydrogen bond and is increasingly recognized as a potential tool in the fields of self-

assembly, crystal engineering, liquid crystals, materials science, biochemistry, and medicinal 

chemistry.39 The optimized complex between tetrabromopyrrole and thiolate is at a S–Br 

distance of 2.96 Å at a C–Br–S angle of nearly 180°. The modeled position of 

tetrabromopyrrole in the active site is more than 3.5 Å further away than the most favorable 

distance of Cys85 (Figure 3A). Furthermore, the angle of attack suggested by the crystal 

structure differs from the ideal angle by more than 80°. Together, these results indicate that a 

major active site rearrangement or different mode of tetrabromopyrrole binding would be 

required to mimic this transition state. Not only does geometry disfavor a direct attack 

mechanism, but also the energetics are unfavorable. Attempts to locate a transition state for 

the attack by Cys85 were unsuccessful, and the debrominated product complex is very 

thermodynamically unfavorable (Figure S4).

The formation of a sp3-hybridized carbon could position the bromine atom within 5 Å of 

Cys85, a closer distance for attack (Figure 3D). The formation of this intermediate would be 

facilitated by isomerization or protonation involving His88, suggesting possible roles for this 

residue in catalysis. His88 has increased basicity due to the hydrogen bonding network with 

Glu178 and Tyr84. A similar scenario is well established in serine proteases where a 

carboxylate modulates the pKa of histidine to deprotonate a serine residue. Likewise, His88 

may be involved in deprotonating the pyrrole nitrogen during the isomerization step even 

though it has a relatively high pKa of ~17. Alternatively, the nitrogen could instead remain 

protonated and form an iminium intermediate that is stabilized by His88 (Figure S5).

Indeed, the computational results also favor the isomerization mechanism suggested by the 

crystal structure. While the cocrystal structure is not high resolution, the observed distance 

and angle of attack of the modeled sp3-hybridized 2H-pyrrole intermediate are better aligned 

with the computational results of an isomerization mechanism than any of the others 

proposed (Figure 3D). Moreover, the energetics of this isomerization mechanism are more 

favorable than the direct attack mechanism, as the reaction forms a thermodynamically 

favored debrominated product (Figure S4).

Collectively, the crystallography, mutagenesis, and computational work suggest a 

mechanism where tetrabromopyrrole binds in the hydrophobic pocket of Bmp8 (Scheme 2). 

His88 isomerizes or deprotonates the bromopyrrole to form a tetrahedral C5 intermediate 
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(int1). The Cys85 thiolate, stabilized in the active site by Asn170, then attacks the bromine 

and forms the tribromopyrrole product upon rearomatization and reprotonation of N1. The 

brominated Cys85 can be directly attacked by the Cys85 thiolate to liberate bromide and 

form a disulfide bond. Alternatively, the brominated Cys85 could be spontaneously oxidized 

to release bromide and subsequently form the disulfide bond (Figure S5). Reduction of the 

disulfide bond by either a small molecule or disulfide reductase would complete the catalytic 

cycle.

Mechanistic Comparison to Dio.

While the overall dehalogenation is similar to human Dio, some mechanistic details in our 

Bmp8 proposal differ from previous work on Dios.40,41 It had previously been hypothesized 

that the selenol could attack on the iodine center of the keto form of thyroxine, similar to 

Bmp8 (Figure 4A, mechanism 2).42 However, Dios can utilize a variety of substrates and 

remove iodine at different locations within a single compound. This lead to the 

isomerization mechanism to be disregarded because other substrates incapable of keto–enol 

isomerization, such as iodinated methoxybenzoate, could be converted by certain Dio 

enzymes.43–45 Instead, the current hypothesis is that the selenocysteine–cysteine pair in the 

Dio active site directly removes iodine atoms from a sp2-hybridized carbon through a strong 

halogen bond (Se–I bond) assisted by a chalcogen bond (S–Se) (Figure 4A, mechanism 1). 

The experimental and theoretical investigations suggest that two chalcogen atoms in 

proximity to each other are necessary for a complete cleavage of the C–I bond.41 Simple 

selenols, which lack any additional thiol or selenol groups, do not exhibit deiodinase activity 

as the strength of halogen bond is not sufficient to cleave the C–I bond.

To further explore this mechanistic difference between Dio and Bmp8, we completed 

calculations with the thyroxine model compound 2,6-diiodobenzene-1,4-diol and a 

selenolate adduct (Figure 4B). Our results indicate that the Se–I halogen bond in the Dio 

model system is more energetically favorable than the S–Br halogen bond that forms in 

Bmp8 (−6.8 and −5.1 kcal/mol, respectively). This may result from both smaller sigma holes 

for Br and Cl compared to I39,46–48 and decreased nucleophilicity of thiolate compared to 

selenol.49 The energy difference likely enables direct loss of iodine in Dio, while Bmp8 

evolved an isomerization step to overcome the thermodynamic limitation of the S–Br bond.

Bmp8 Activity with Alternative Substrates.

We sought to explore the limits of Bmp8’s ability to utilize alternative substrates and 

catalyze dechlorination reactions. When incubated with 2,3,4,5-tetrachloropyrrole, Bmp8 is 

able to form trichloropyrrole but at a much lower level than the debromination activity 

(Figure S6). We also tested specificity with the mixed halogenated substrate 2-chloro-3,4,5-

tribromopyrrole and found that Bmp8 was selective for only the debromination reaction and 

did not catalyze dechlorination (Figure S7). Although the rate-determining step of the 

mechanism is unknown, this difference in reactivity is correlated with three factors: the 

intrinsic stabilities of tetrahalo-2H-pyrrole intermediates, strengths of their complexation 

with thiolate, and the bond energies of C–X2 (Figure 4C). Calculated results show that the 

brominated 2H-pyrrole intermediate (int1a) is intrinsically more stable than the chlorinated 

pyrroles (int1b and int1c). This may be related to the pyrrole isomerization step. In addition, 
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halogen bond strengths between 2H-pyrrole intermediates and thiolate as well as C–X2 bond 

dissociation energies are greatest in the brominated 2H-pyrrole. If the second step of the 

mechanism (rearomatization) is the rate-determining step, then these correlations can 

explain the observed reaction rates.

Bmp8 Functional Homologue Identification.

With a mechanism proposed and key residues identified, we aimed to examine the 

abundance and distribution of debrominase homologues. BlastP searches of both 

nonredundant and environmental sample databases identified over 1000 Bmp8 homologues 

with similarity scores of <e−5, most of which were isolated from marine sources. To analyze 

their predicted functions, we used the Bmp8 amino acid sequence to create a sequence 

similarity network50 and a genome neighborhood network51 (Figure 5A). Bmp8 itself is 

located within a small cluster of seven homologues that are all from Pseudoalteromonas and 

found within similar gene clusters, suggesting that they have the same enzymatic activity 

(Figures 5A (bromopyrrole cluster) and S8). Other Bmp8 homologues are located within 

clusters that have enzymes consistent with aromatic amino acid degradation, suggesting they 

are canonical members of the carboxymuconolactone decarboxylase super-family family 

(Figures 5A (CMD clusters) and S8). Notably, the major cluster, which is composed of 307 

unique sequences, does not contain a consistent genomic context. Instead, homologues 

within this cluster appear to be often located near nucleases such as RecJ52 and the oxidative 

stress protein OsmC53 (Figure S8). Curiously, Pseudoalteromonas luteoviolacea 2ta16 

contained two Bmp8 homologues, one within a homologous bromopyrrole gene cluster and 

the other within the RecJ/OsmC cluster context, which we named PLCMD. Bmp8 showed 

high sequence identity to PLCMD (32%), and all catalytic residues from Bmp8 are 

conserved (Figure S9). In fact, alignment of 1000 Bmp8 homologues generated conserved 

sequence motifs that are found throughout different isofunctional groups and correspond 

with key Bmp8 catalytic residues (Figure 5B). To determine if PLCMD is capable of 

debromination activity, we expressed and evaluated it in vitro. Surprisingly, PLCMD was 

able to catalyze debromination, albeit at a slower rate than Bmp8 (Figure 2B). This 

observation demonstrated that debromination activity can be found in the distantly related 

Bmp8 homologues even though they are likely responsible for orthogonal reactions in vivo.

CONCLUSIONS

The high concentration of halogens within the ocean has facilitated the evolution of a rich 

source of halogenated natural products. While a wide variety of halogenases have been 

described and characterized, Bmp8 represents an unusual example of dedicated 

dehalogenation present in the bio-synthetic pathway of a natural product. This activity 

combined with the seeming similarity to human Dio prompted us to explore its structure and 

mechanism. Our data demonstrate that Bmp8 has adapted the conserved CMD fold to 

catalyze a dehalogenation reaction. By combining our structural results with computational 

calculations, we propose a reductive dehalogenation mechanism that first proceeds through 

an isomerization step before attack of the bromine atom by the Cys85 thiolate. The 

formation of the sp3-hybridized carbon is critical because it moves the bromine into closer 

contact with the nucleophilic Cys85 thiolate but also is necessary because the S–Br halogen 
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bond is not strong enough to enable cleavage of the planar C–Br bond. This contrasts with 

human Dio that employs a catalytic selenocysteine. This unusual amino acid can form a 

much stronger Se–I bond and directly deiodinate human thyroid hormones. While the 

overall reaction between Bmp8 and Dio is similar, slight alterations in the mechanism are 

required to compensate for the differences in halogen bond energies. This mechanistic 

understanding of Bmp8 has allowed for bioinformatic identification of functional 

homologues and suggests that conserved enzymes in a variety of genomic contexts have the 

capacity to dehalogenate tetrabromopyrrole and alter its lifetime in the environment. This is 

significant as altering the persistence of tetrabromopyrrole in the environment has the 

potential to affect the settlement of new coral in the ocean. Together, our crystallographic, 

mutagenesis, and modeling work has offered new insights into the unusual chemistry of a 

biosynthetic debrominase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Bmp8 forms a dimer in the asymmetric unit. (B) The dimeric Bmp8 structure forms a 

highly acidic surface. (C) Bmp8 monomer (brown) aligned with CMD family protein AhpD 

(green). Locations of the catalytic cysteines are indicated.
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Figure 2. 
(A) Active site of Bmp8 C82A with tribromopyrrole bound. Fourier (Fo−Fc) and anomalous 

maps calculated with tribromopyrrole removed prior to one round of refinement, contoured 

to 4 σ (green mesh) and 3 σ (red mesh), respectively. (B) HPLC-based activity assay with 

the amount of tribromopyrrole produced normalized to WT production.
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Figure 3. 
Computationally optimized binding modes for the proposed Bmp8 transition states 

compared to the modeled location within the crystal structure. Cysteine has been truncated 

to thiolate for computational efficiency and because only the side chain is involved in the Br 

attack. (A) Attack on sp2-hydridized C5 (SNAr); (B) attack on sp3-hybridized C5 (SN2); (C) 

attack on C5sp2-Br (direct attack mechanism); (D) attack on C5sp3-Br (isomerization-based 

mechanism); (E, F) modeled substrate within the crystal structure.
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Figure 4. 
(A) Possible mechanisms of dehalogenation by Dio (left) and Bmp8 (right). For 

tetrabromopyrrole, X1 = Br and X2 = Br. For tetrachloropyrrole, X1 = Cl and X2 = Cl. For 2-

chloro-3,4,5-tribromopyrrole, X1 = Br and X2 = Cl. (B) Computed halogen bonding 

strengths for 2,6-diiodobenzene-1,4-diol-selenolate adduct (Dio) and tetrahalopyrrole-

thiolate adducts (Bmp8). (C) Computed energies and halogen bond strengths of 

tetrahalo-2H-pyrrole intermediates and thiolate. Halogen atoms are colored as follows: 

purple is I, red is Br, and green is Cl.
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Figure 5. 
(A) Sequence similarity network generated from the Bmp8 amino acid sequence. Some 

clusters have been labeled with colocalized enzymes or putative functions. Bmp8 and 

PLCMD are indicated with a black outline in the bromopyrrole and RecJ/OsmC clusters, 

respectively. (B) Weblogo analysis of 1000 Bmp8 homologues. Residues in red were 

mutated, and the resulting Bmp8 variant was tested for activity (Figure 2B). Residues are 

numbered according to the Bmp8 sequence.
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Scheme 1. (A) Biosynthesis of Pentabromopseudilin; (B) Deiodination of Human Thyroid 
Hormonea

a The reaction in (A) proceeds through the debromination activity of Bmp8. The reaction in 

(B) is catalyzed by deiodinases (Dios).
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Scheme 2. Proposed Bmp8 Mechanisma

a Alternative mechanisms are proposed in Figure S5.
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