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Abstract of the Dissertation 

Biosynthesis of polybrominated aromatic molecules by marine bacteria 
 

by 

Abrahim Abbas El Gamal 

Doctor of Philosophy in Marine Biology 

University of California, San Diego, 2016 

Professor Bradley S. Moore, Chair 

 

Nature produces a plethora of bioactive secondary metabolites with diverse 

hydrocarbon scaffolds and bioactivities. These natural products serve as signaling and 

defense molecules in their physiological settings, and as inspiration for therapeutics in 

the clinic. Natural product scaffolds are elaborated with functional groups that 

influence their biological activities. One such chemical functionality found in 

thousands of natural product molecules is halogenation. Reflective of the structural 

diversity of halogenated natural products (halometabolites), biology has evolved an 

equally diverse set of enzyme catalysts using numerous strategies for activating 

halides for addition onto various oxidation states of carbon. The last two decades 

have witnessed a renaissance in the discovery of mechanistically diverse halogenating 



 
 

 xv 

enzymes due to the unprecedented opportunity to study them in the context of 

halometabolite biosynthetic pathways afforded by advancements in nucleic acid 

sequencing technologies and computational biology. Despite the fact that the majority 

of halometabolites are brominated compounds derived from the marine environment, 

the majority of halogenting enzymes characterized to date are involved in 

chlorination of terrestrial microbial metabolites. Chapter 2 of this thesis describes the 

biosynthesis of the highly brominated pyrrole-phenol marine bacterial metabolite 

pentabromopseudilin by the brominated marine pyrrole/phenol (Bmp) biosynthetic 

pathway, which revealed the first two examples of brominating enzymes—pyrrole 

and phenol halogenases—from a confirmed biosynthetic context. Chapter 3 provides 

an in-depth investigation of regiopromiscuous pyrrole halogenase Bmp2 in contrast to 

canonical regioselective pyrrole chlorinases. In addition to enzymes involved in the 

addition of halogen atoms to the aromatic building blocks, the Bmp pathway was 

found to contain a dehalogenating enzyme (Bmp8) that partially undoes the work of 

the Bmp2 to allow a free bromopyrrole moiety to participate in the final step of 

pentabromopseudilin biosynthesis. Chapter 4 describes the activity and mechanism of 

Bmp8 as the first example of a dehalogenating tailoring enzyme from the confirmed 

context of a halometabolite biosynthetic pathway. Chapter 5 of this thesis concludes 

with an exploration of additional opportunities in the study of natural products 

containing halogenated pyrrole moieties, describing a strategy for the elucidation of 

the biosynthesis of the bioactive pyrrole-imidazole alkaloid class of sponge secondary 

metabolites.
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Chapter 1: Introduction  
 
1.1 Halogenated natural products: questions and opportunities  
 

Nature synthesizes a remarkable diversity of bioactive halogenated organic 

compounds ranging from simple aliphatic and aromatic molecules to complex 

terpenoids, polyketides, oligopeptides, and alkaloids1,2. Halogenation is of critical 

importance to the bioactivities of natural products used in the clinic, under clinical 

trial, and in their native physiological contexts3-6. For example, the “antibiotic of last 

resort” vancomycin exhibits a drop to 70% of its activity against a model strain of 

Bacillus subtilis following the removal of one of the two chlorines decorating its 

glycopeptide core, and a 50% reduction in activity when both chlorines are eliminated 

(Fig. 1.1)4. In a natural physiological context, tetraiodinated thyroid hormone (T4), a 

modulator of mammalian metabolism, is activated upon enzymatic deiodination to T3, 

and is rendered inactive by a second round of enzymatic deiodination7. Halogenation 

plays a direct role in the mechanism of action of the γ-lactam-β-lactone natural 

product salinosporamide A in clinical trial for the treatment of cancer, which forms a 

covalent adduct with the active site threonine residue of the 20S proteasome 

facilitated by a chlorine leaving group6,8. In addition to halogenation, halogen identity 

also affects the potency of halogenated natural products. For example, replacing the 

two chlorines of balhimycin, a differently glycosylated variant of vancomycin, to 

bromines profoundly alters its antimicrobial profile5. Furthermore, fluorination, while 

exceedingly rare in biology is a well-proven strategy for increasing the efficacy of 

pharmaceuticals9,10.
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Figure 1.1: Halogens matter. Examples of natural products whose biological is 
demonstrated to be influenced by halogenations. 

 

Despite the wealth of halogenated natural products discovered to date (>4,000 

compounds) and their recognized importance as potential therapeutic agents, an 

understanding of the biosynthesis of these compounds has lagged behind their 

discovery largely because relatively few biosynthetic gene loci encoding their 

biosyntheses have been identified and characterized. However, with the rapid growth 

in genetic information made available by advancements in nucleic acid sequencing, 

along with the development of increasingly sophisticated tools to interpret this 

genetic information, understanding of bacterial natural product biosynthesis is on an 

unprecedented upswing11,12. Paralleling the structural diversity of organohalogen 

natural products, the study of their biosynthesis has, in short order, revealed an 

equally diverse array of halogenation biocatalysts13-15. Unlike traditional synthetic 

approaches for halogenation that utilize harsh conditions, and often add halogens in a 

non-regioselective manner, halogenation enzyme catalysts operate in aqueous 

solution under ambient conditions and can be highly regioselective, and even halogen 

specific16,17.  
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From the discovery of the earliest halogenation biocatalyst, a promiscuous 

fungal chloroperoxidase (CPO) fifty years ago, to the more recent discovery of 

exquisitely O2-dependent halogenases over thirty years later, halogenation 

biocatalysts have been enthusiastically explored for their potential biotechnological 

applications through extensive study of their substrate scope and the scalability of the 

reactions they catalyze18,19. An additional lesser-explored area of biotechnological 

interest from both the perspectives of synthetic chemistry and bioremediation of 

organohalogen pollutants, is the discovery of novel biocatalysts that perform 

dehalogenation either in the context of biosynthetic tailoring enzymes, or from the 

degradation pathways of natural organohalogens20-22. This chapter will provide a brief 

overview of the state of the art of understanding of organohalogen biosynthesis with 

an emphasis on the questions and opportunities arising from the study of enzymatic 

transformations involving halogens from within biosynthetic contexts, and 

concluding with motivations for the study of the biosynthesis of polybrominated 

aromatic molecules by marine bacteria that is the subject of this thesis.  

1.2 The inorganic halogen pool  
 
 Halogens are biologically available in the environment as halides (Cl-, Br-, F-, 

and I-). The majority of organohalogen natural products are brominated or chlorinated 

with fewer examples of iodinated compounds, and even rarer examples of fluorinated 

compounds2. While chlorination is represented in both marine and terrestrial 

environments, bromination is almost exclusively a feature of marine natural products 

due to the relatively high bioavailability of bromide in seawater2,23. Remarkably, 

despite the fact that brominated natural products outnumber their chlorinated 
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counterparts, chloride occurs in seawater at a concentration nearly three orders of 

magnitude greater than that of bromide, hinting at the predominance of oxidative 

strategies in organohalogen natural product biosynthesis as bromide is more readily 

oxidized than chloride15,24. Moreover, biological fluorination is exceedingly rare 

despite the great natural abundance fluorine likely due to the extreme 

electronegativity of fluorine24. On the other hand, the scarcity of organoiodine natural 

products (~110 reported), that still outnumber their organofluorine counterparts by 

over tenfold, is explained by the extremely low natural availability of iodide rather 

than redox potential10,24,25. In line with the widespread distribution of natural 

organohalogens, emerging studies have suggested a native role for microbial 

dehalogenation as part of a biogeochemical halogen cycle in marine and terrestrial 

environments20-22. However, in contrast to the abundance of reported halogenated 

natural products, the biochemical transformations leading to their natural formation 

and degradation remain largely unexplored, providing a vast untapped source of novel 

biocatalysts. 

 
1.3 Biological halogenation strategies: as diverse as the scaffolds they modify 
 

The first halogenating biocatalyst reported nearly fifty years ago was an H2O2/ 

heme-dependent chloroperoxidase (CPO) secreted from the terrestrial fungus 

Caldariomyces fumago, and implicated in the  biosynthesis of halogenated 

cylclopentanediol fungal halometabolite caldariomycin26-28. CPO has since been 

thoroughly studied and even marketed as an electrophilic halogenating reagent with 

broad substrate specificty29. The initial characterization of CPO introduced a 

spectrophotometric assay to monitor electrophilic halogenation activity utilizing a 
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chromophoric analog of caldariomycin, monochlorodimedone (MCD), that exhibits a 

loss in absorption at 277 nm following electrophilic halogenation26. The MCD assay 

relies on the ability of a candidate enzyme to oxidize a halide substrate (X-: Cl-, Br-, 

and I-) to form a diffusable hypohalite species (i.e., utilizing an oxidative ‘X+’ 

strategy), and hence inherently selects for promiscuous oxidative halogenation 

enzyme catalysts (Fig. 1.2)30. Utilizing the MCD assay, numerous haloperoxidases 

were discovered, including an additional class of vanadium-dependent 

haloperoxidases found in seaweeds some twenty years after the initial report of the 

first CPO31. 

  

 
Figure 1.2: Schematic for MCD assay for detection of electrophilic halogen 
species. The MCD assay monitors a decrease in the absorbance at 277 nm upon 
electrophilic addition of a halogen to MCD to form the dihalogenated species.  

 

The paucity of alternative biological halogenation enzymes and strategies 

discovered over the decades that followed the discovery of haloperoxidases, led to the 

assumption that haloperoxidases were the predominant means of halogenation 

underlying the biosynthesis of halometabolites—in other words, absence of evidence 

became evidence for absence32. Indeed, at the time of the discovery of the first CPO, 

this argument was helped by the fact that biological halogenation was largely 

considered to be an accident of biology, as only thirty halogenated natural products 

had been described33. However, with the subsequent discovery of thousands of 

bioactive natural products bearing halogens attached to both electron rich and 
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aliphatic scaffolds in apparently regiospecific configurations, it has become clear that 

halogenation is not a mere accident of Nature (Fig. 1.3)1,2. Moreover, the discovery of 

fluorinated natural products, despite the inability of any known haloperoxidase to 

accept fluoride as a substrate further challenged the notion that these enzymes were 

the sole strategy for biological halogenation10. Hence, the broad structural diversity of 

organohalogen natural products signaled a wealth of substrate-specific biocatalysts 

utilizing alternative halogenation strategies beyond promiscuous haloperoxidases30. 

One of the main obstructions to the discovery new halogenation biocatalysts has been 

the inability to link enzymes with their natural substrates. However, disruptive 

advancements in genome sequencing and computational biology over the last two 

decades have lead to a renaissance in the discovery of natural product biosynthetic 

pathways and tailoring enzymes34. 
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Figure 1.3: Representative diversity of halogenated natural products. Halogens 
decorate a diversity of natural product scaffolds that foretell diverse biological 
halogenation strategies. 

 

Nearly forty years after the discovery of the first haloperoxidase, a new class 

of regioselective O2/flavin-dependent electrophilic halogenases was described35. This 

enzyme, PrnA from the biosynthesis of the anti-fungal pyrrolonitrin, was shown to 

catalyze a regioselective chlorination at the 7-position of L-tryptophan. PrnA is 

related to two-component flavin-dependent monooxoygenases, so-named because 

they require an external NAD(P)H-dependent flavin reductase redox partner (Fig. 

1.4A,B)35-37. Based on structural studies of tryptophan 7-halogenases PrnA and RebH 

from the biosynthesis of the indolocarbazole natural product rebeccamycin, a 

mechanism for flavin-dependent halogenases akin to their monooxygenase 

counterparts has been proposed. The reaction sequence is initiated by the attack of 

molecular oxygen on the C4a position of isoalloxazine moiety of the flavin co-factor 
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to generate a flavin peroxide (FAD-C4a-O-OH) which is then attacked by a halide (X-) 

to release water and form a flavin hypohalite (FAD-C4a-O-X) that is subsequently 

resolved to a diffusable hypohalous acid, the same reactive intermediate proposed for 

haloperoxidases36. Subsequent to its release, the hypohalous acid is proposed to react 

directly with a conserved lysine residue amine side chain to form a chloramine 

intermediate that confers control to the halogenation reaction taking place in the 

substrate-binding pocket36,38. Despite strong evidence for formation of an apparent 

“long-lived” chloramine intermediate, the identity of this adduct is disputed on the 

grounds that such an intermediate might be too unreactive to halogenate tryptophan39. 

In addition to tryptophan 7-halogenases, trytophan 5- and 6- halogenases from the 

biosyntheses of the bacterial natural products pyrrindomycin and thienodolin, 

respectively, have also been described (Fig. 1.4B)40,41. More recently a pair of flavin-

dependent halogenases, KtzQ and KtzR, were shown to perform serial halogenations, 

respectively, of the 6- and 7- positions of L-tryptophan in the biosynthesis of the 

cyclic depsipeptide kutznerides (Fig. 1.4B)42. The discovery of a series of tryptophan 

halogenases catalyzing a range of regioselective halogen additions has provided an 

opportunity for studying the molecular basis of halogenation regioselectivity. Indeed, 

comparative structure-guided mutagenesis of tryptophan halogenases exhibiting 

different regioselectivities has lead to the identification a molecular basis for the 

exquisite regioselectivity exhibited by these halogenating biocatalysts43.  
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Figure 1.4: Flavin-dependent halogenases. (A) The catalytic cycle for typical 2-
component flavin-dependent halogenases (Nu = nucleophile, FR = flavin-reductase, 
NR = NAD(P)+-reductase). (B)-(D) Transformations catalyzed by (B) Tryptophan 
halogenases, (C) pyrrolyl-S-carrier protein(CP) halogenases, and (D) tyrosyl-S-CP 
halogenases. (E) Left hand side shows ribbon structure of CndH in blue with 
“insertions” from PrnA/RebH shown in red and green, and the right hand side shows 
primary amino acid sequence alignments of tyrolsyl-S-CP halogenases (top two lines) 
with RebH and PrnA (bottom two lines) from ref. 49.  

 

Following the discovery of flavin-dependent halogenases that act on a free 

amino (i.e. L-tryptophan), regioselective flavin-dependent halogenases acting on L-

proline-derived pyrrolyl- and L-tyrosine-derived tyrosyl-S-carrier-protein substrates 

were also described, adding to the versatility of flavin-dependent halogenases (Fig. 

1.4C,D)44-48. Based on comparison of the crystal structure of tryptophan halogenase 

PrnA to that of a putative tryrosyl-S-carrier protein halogenase (CndH from the 

biosynthesis of chondrochlorens), a preliminary means of distinguishing between 
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flavin-dependent halogenases acting on free versus thiotemplated substrates was 

proposed based on primary sequence motifs (Fig. 1.4E)49. Prior to the work described 

in this thesis, several examples of flavin-dependent pyrrole 4,5-dichlorinases44-46 and 

one example of a pyrrole 5-chlorinase47 acting on carrier protein-bound substrates 

were described. Chapters 2 and 3 of this thesis characterize a pyrrole brominase that 

exhibits total loss of halogenation regiocontrol to afford fully brominated 2,3,4,5-

tetrabromopyrrole via decarboxylative tetrabromination of a carrier protein-bound 

pyrrole. The availability of pyrrole halogenases displaying a series of regioselectivies 

from mono- through tetra- halogenation affords a unique opportunity to investigate a 

molecular basis for regiocontrol in halogenases acting on thiotemplated substrates, 

which is exploited in Chapter 3 of this thesis.  

Incidentally, the scope of reactions catalyzed by flavin-dependent halogenase 

may extend beyond halogenation for halogenation’s sake. A pair of putative flavin-

dependent halgoenasaes, Mpy10 and Mpy11, was implicated in the atropo-selective 

N-C coupling reaction of two monomers of monodeoxypyoluteorin in the final step of 

the biosynthesis of the marine natural product marinopyrrole A45. While this 

mechanism has not yet been demonstrated, Yamanaka et al. propose that biaryl 

coupling is activated by cryptic C or N halogenation resulting in the loss of a halide 

leaving group (Fig. 1.5). Notably the marinopyrrole biosynthetic pathway also 

contains a flavin-dependent pyrrole dichlorinase, which regiospecifically installs two 

chlorine atoms on an ACP-bound pyrrole substrate. Hence, marinopyrrole A 

biosynthesis may provide an example of the use of halogenation by flavin-dependent 

enzyme catalysts as both a means to an ends and means in and of itself.  
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Figure 1.5: Mechanistic proposal for halogenation-mediated atropo-selective N-
C coupling in the biosynthesis of Marinopyrrole A. The coupling of 
monodeoxypyoluteorin is proposed to occur via either C- or N- halogenation 
involving putative flavin-dependent halogenases Mpy10 and Mpy11. Scheme adapted 
from ref. 45 (Yamanaka et al., J. Am. Chem. Soc. 2012). 

 

The discovery of flavin-dependent halogenases led to reactionary claims that 

this class of enzyme rather than the haloperoxidases was the truly dominant 

regioselective electrophilic halogenation catalyst30,37. While numerous examples of 

natural products gene clusters encoding flavin-dependent halogenases have been 

reported19,44-47,50,51, these absolutist claims have been quickly tempered by the 

subsequent discovery of bacterial H2O2/vanadium-dependent haloperoxidases 

catalyzing highly selective chlorination reactions in confirmed biosynthetic 

contexts52-55. These enzymes are the first examples of vanadium-dependent 

peroxidases of bacterial origin and appear to have evolved from bacterial acid 

phosphatases52. The first bacterial vanadium-dependent haloperoxidase characterized 

was the chloroperoxidase NapHI from the biosynthesis of the polyketide-terpenoid 

(meroterpenoid) antibiotic napyradiomycin that catalyzes a site-specific chlorination-

cyclization reaction54. Another recently described vanadium-dependent 
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chloroperoxidase Mcl24 catalyzes a regioselective chlorination/oxidative 

dearomatization/cyclization reaction sequence in the biosynthesis of the 

meroterpenoids merochlorins A and B55. Notably, the use of an electrophilic 

halogenation strategy would not have been immediately apparent from inspection of 

the structures of these meroterpenoid natural products, which bear halogens on 

aliphatic carbons. Hence, the discovery of regiospecific haloperoxidases delineates 

the importance of studying halogenating enzymes in their biosynthetic contexts.  

The existence of organohalogen natural products bearing halogens on 

unactivated carbons foretold a radical halogenation strategy56,57. Several years after 

the discovery of flavin-dependent halogenases, another O2-dependent class of 

halogenase related to FeII/α-ketoglutarate(α-KG)-dependent dioxygenases was 

reported from the biosyntheses of the non-ribosomal peptides syringomycin A and the 

barbamides, and the non-proteinogenic amino acid armentomycin58-60. These non-

heme O2/FeII/α-KG-dependent halogenases generate a halogen radical from chloride 

(i.e. an ‘X•’ strategy) to halogenate methyl groups of carrier protein-tethered amino 

acids13. Interestingly the kutzernide  biosynthetic pathway contains both flavin-

dependent halogenases and a non-heme O2/FeII/α-KG-dependent halogenases. As 

previously mentioned, the former are involved in the tandem dichlorination of 

tryptophan, while the latter was shown to catalyze a “cryptic” C-H activating 

chlorination reaction leading to cyclopropane ring formation in the biosynthesis of the 

non-proteinogenic amino acid building block derived from L-isoleucine61. Hence the 

kutzernide biosynthetic pathway demonstrates Nature’s capacity to combine multiple 

halogenation strategies, using halogens to manipulate both reactivity and bioactivity.  



 

 
 

13 

Likely due to the electronegativity of fluorine, no known oxidative or radical 

strategy for its incorporation into natural product scaffolds has been discovered. 

Hence, the halogenation strategy implied by the existence of fluorinated natural 

products is a nucleophilic halogenation strategy that directly utilizes fluoride. Indeed, 

shortly after the discovery of the the first flavin-dependent halogenases, a S-adenosyl 

methionine (SAM)-dependent nucleophilic fluorinase was reported from the soil 

bacterium Streptomyces catteleya known to produce the fluorometabolites 

fluoroacetate and 4’-fluorothreonine62. An additional SAM-dependent nucleophilic 

halogenase was later described from the biosynthesis of the chlorinated marine 

natural product salinosporamide A63. SAM-dependent halogenases directly utilize 

halides (i.e. X-: F- or Cl-) which perform a substitution reaction at the C-5’ position of 

SAM, attacking the nucleophilic sulfonium center, and releasing a neutral L-

methionine leaving group64. The resultant halogenated nucleoside is then metabolized 

to precursors that are incorporated into the final natural product. As such, 

nucleophilic halogenation by SAM-dependent halogenases is a remarkable feat of 

Nature, but is also a highly specialized halogenation strategy. Nonetheless, fluorine, 

which is commonly used to enhance efficacy of clinical drugs, is by far the most well-

represented halogen in pharmaceuticals, and hence novel fluorinated natural products 

and associated fluorinating strategies should continue to be sought9. 

By the start of the decade four additional classes of halogenating enzymes 

utilizing halides via three distinct strategies—oxidative, radical, and nucleophilic—

had been discovered. Remarkably, in a paradigm shift from the biased MCD assay 

used to screen for haloperoxidases, the true substrates for all of these new 
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halogenation biocatalysts are known thanks to their systematic study in their 

biosynthetic contexts34. Moreover, the improved capacity for prediction of 

biosynthetic gene loci from natural product scaffolds has enabled the appreciation of 

halogenating biocatalysts in their physiological contexts, and afforded the opportunity 

for engineering of these biocatalysts for altered regioselectivity and substrate 

scope18,19. The fact that halogenating enzymes like all enzymes of secondary 

metabolism evolved from primary metabolism hints that many more unique 

halogenation biocatalysts remain to be discovered13,65. Indeed, halogenated natural 

products are already being linked to genetic contexts which lack annotations for 

known halogenating enzymes. For example, a putative N-oxidase-like enzyme-BrtJ 

has been proposed to be the halogenase involved in the biosynthesis of the recently 

described cyanobacterial aromatic glycolipid natural product bartolosides66. Further, 

the extensive natural product cataloging efforts of prior decades have endowed 

enzymologists with an inventory of natural products as a springboard for generating 

biosynthetic hypotheses, while sequencing, computational biology, molecular biology, 

metabolic engineering, analytical chemistry, and synthetic chemistry have teamed up 

to provide a direct basis for interrogation of these hypotheses2,67.   

1.4 Comment on the “haloperoxidase doctrine” 
 

In light of the renaissance in halogenation enzymology, it is curious to note 

the persistence of the notion in the scientific literature that haloperoxidases are 

responsible for the bulk of marine halogenation13,68. Apart from a few recent 

examples in which bacterial haloperoxidases found in the contexts of biosynthetic 

gene clusters have been shown to be directly involved in specific reactions, the main 



 

 
 

15 

drivers for the “haloperoxidase doctrine” are studies that rely on transformations of 

putative precursors for natural products for which no genetic information is known68. 

An additional ad ignorantium argument that has persisted in the literature is the 

notion that haloperoxidases are responsible for the majority of brominated natural 

products due to the prevalence of vanadium-dependent bromoperoxidases found in 

red algae that are also an abundant source of bromophenol metabolites32,69. Indeed, 

the first two examples of marine brominases from a physiological context described 

in chapters 2-3 of this thesis are substrate-specific flavin-dependent halogenases and 

not haloperoxidases50. Moreover, another notion challenged by this thesis is the 

dichotomy that flavin-dependent halogenases are regioselective, while 

haloperoxidases are regiopromiscuous30. This thesis describes an “aberrant” 

regiopromiscuous flavin-dependent halogenation that exhibits complete loss of 

halogenation regiocontrol with respect to an ACP-bound pyrrole substrate. This loss 

in regiocontrol in turn serves as a means for elimination of the proline-derived α-

carboxylate, which is otherwise retained in lesser halogenated halopyrrole-containing 

natural products16. Indeed, it seems the only generalization that can be drawn about 

halogenating enzymes, or for that matter any biosynthetic tailoring enzyme, is that 

they are uniquely evolved to influence functional outcomes specified in the contexts 

of  biosynthetic pathways.  

 

1.5 Biological dehalogenation: a new frontier in natural products biosynthesis 
 

While the major part of this chapter has discussed Nature’s strategies for 

adding halogens to hydrocarbon scaffolds, another frontier for biocatalysis is the 
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discovery of enzymes that remove halogen atoms from organic substrates. Enzymatic 

dehalogenation is of particular interest in the remediation of highly brominated 

persistent pollutants of which many have analogs in natural products70. While studies 

have been performed to probe the capacities of microbial communities for 

dehalogenation of man-made compounds, thus far none has looked toward the 

biosyntheses and degradation of highly halogenated microbial natural products as an 

inspiration for the discovery for new dehalogenating biocatalysts71. Apart from the 

few examples of dehalogenations taking place in the course of transformations 

involving cryptic halogenation reactions, in which a halogen installed by a 

halogenating enzyme serves as a leaving group, no example of a dedicated 

dehalogenase tailoring enzyme has been described from the context of a natural 

product biosynthetic pathway45,61,72,73. Moreover, despite a recognition of Nature’s 

capacity to degrade halogenated natural products, no enzyme involved in the natural 

degradation of organohalogen natural products has been identified from an 

environmental context20-22. An illustrative example of the wealth of enzymology 

arising from the formation and metabolism of a halogenated natural product comes 

from the study of thyroid hormone biosynthesis, which has afforded three new classes 

of enzymes—a halogenating enzyme and two classes of deiodinases (flavoprotein and 

selenoprotein) involved in activation-inactivation of thyroid hormone and reclamation 

of scarce iodide7,74. Chapter 4 of this thesis describes the discovery and elucidation of 

a novel class of dehalogenase, Bmp8, providing the first example of a dehalogenase 

tailoring enzyme from the context of a natural product biosynthetic pathway.   

1.6 In this thesis: motivations for the study of the biosynthesis of 
pentabromopseudilin 
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Figure 1.6: Pentabromopseudilin. The compact highly brominated structure of the 
marine microbial natural product pentabromopseudilin is packed with biosynthetic 
opportunity. 

 
 
 Pentabromopseudilin is the first reported marine microbial natural product,  

isolated in 1966 by Burkholder and colleagues from the marine bacterium 

Pseudoalteromonas bromoutilis75. Apart from its place in history, the compact 

structure of pentabromopseudilin which consists of a tribromopyrrole moiety coupled 

to a dibromophenol moiety via a C-C bond is packed with opportunity from a 

biosynthetic standpoint (Fig. 1.6). From the perspective of novel enzymology, no 

brominating enzyme from the confirmed context of a natural product biosynthetic 

pathway had been reported when this study was begun five years ago—the structure 

of pentabromopseudilin suggests at least two brominating enzymes. In addition to 

motivations deriving from biosynthetic novelty, our attention was drawn to the 

biosynthesis of pentabromopseudilin by analogy of both of its brominated aromatic 

moieties to polybrominated aromatic bipyrrole and biphenyl compounds that 

accumulate up the marine food chain70. While bioaccumulative polyhalogenated 

bipyrroles are strictly of natural origin, the hydroxylated polybrominated diphenyl 

ethers (OH-BDEs) are thought to be of mixed natural and anthropogenic origin2. 

However, claims of the natural origin of OH-BDEs at the time of this study were 

based exclusively on circumstantial evidence76,77. Hence, an unfulfilled need 

remained for a genetic or biosynthetic logic with which to mine environmental 
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metagenomes as means of understanding the distribution of sources of natural OH-

BDEs. Critically, the ability to identify a molecular origin for the biosynthesis of OH-

BDEs has the potential to dramatically influence the discussion regarding our small 

molecule interaction with the environment, as most biomonitoring programs ignore 

OH-BDEs altogether, assuming them to be metabolic products of anthropogenic 

polybrominated diphenyl ethers (PBDEs)78,79. The remainder of this thesis will 

describe the enzymatic and chemical diversity afforded by the total in vitro 

reconstitution of the biosynthesis of pentabromopseudilin, as well as questions and 

opportunities arising from the study thereof. This introductory chapter concludes with 

a synopsis of the remaining chapters. 

1.6.1 Chapter 2: Biosynthesis of polybrominated aromatic molecules by marine 
bacteria 
 

 
Figure 1.7: A modular polybrominated pyrrole/phenol (Bmp) biosynthetic 
pathway from marine bacteria. Pentabromopseudilin biosynthesis is encoded by the 
modular Bmp biosynthetic gene cluster that additionally affords combinatorically C-
C and C-O coupled homo- and hetero- coupled bromo- pyrroles and phenols. 

 
 This published chapter (Agarwal and El Gamal et al., Nat. Chem. Biol., 2014) 

consists of the initial description of the brominated marine pyrrole/phenol (Bmp) 

biosynthetic pathway found across several species and genera of host-associated 

marine γ-proteobacteria (Fig. 1.7). In this study several genomes of marine γ-
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proteobacteria confirmed to produce pentabromopseudilin were sequenced, and 

interrogated using genes from the biosynthesis of the halopyrrole moiety of 

pyoluteorin44. This query lead to the identification of a modular biosynthetic gene 

locus, which was heterologously expressed and functionally interrogated in vivo and 

in vitro. This study confirmed the hypothesis that the bromopyrrole moiety of 

pentabromopseudilin arises from a conserved halopyrrole biosynthetic logic. 

Additionally, this chapter describes the first two examples of marine brominating 

enzymes from the confirmed context of a natural product biosynthetic pathway. The 

pyrrole halogenase Bmp2 is homologous to previously described flavin-dependent 

pyrrole halogenases and is demonstrated to catalyze an unprecedented three 

brominations on an ACP-bound pyrrole substrate. The phenol halogenase Bmp5 

employs a decarboxylative halogenation mechanism to convert p-hydroxybenzoic 

acid to 2,4-dibromophenol. The architecture of Bmp5 is unique among flavin-

dependent halogenases characterized to date in that its protein sequence resembles 

that of single-component monooxygenases, meaning that it does not require an 

external NAD(P)H-dependent flavin reductase and contains sequence motifs for 

binding both flavin and a NAD(P)H. It was also revealed that these marine 

brominating enzymes are selective for bromide and exclude chloride, providing a 

basis for comparing flavin-dependent chlorinases (accept Cl-, Br-) to brominases 

(accept on Br-) toward understanding the fundamental question of halogen specificity 

of halogenating enzymes. Also characterized in the chapter is the versatile 

cytochrome P450 Bmp7 that forms the basis for combinatorial C-C and C-O coupling 

of the bromopyrrole and bromophenol building blocks produced by the Bmp pathway 
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to afford an astonishing chemical diversity consisting of fifteen metabolites, several 

of which are new chemical entities. Notably, OH-BDEs were found to be among the 

metabolites synthesized by the Bmp pathway. This initial report provided the near 

complete in vitro reconstitution of the pentabromopseudilin biosynthetic pathway, but 

left unanswered the enzymes and reaction sequence leading to the offloading and 

decarboxylation of the bromopyrrole moiety. The elucidation of these transformation 

and associated enzymes form the basis for chapter 3 and 4 of this thesis.  

 

1.6.2 Chapter 3: Biosynthesis of the coral larval settlement cue 
tetrabromopyrrole in marine bacteria by a uniquely adapted brominase-
thioesterase enzyme pair 
 

 
Figure 1.8: A modular polybrominated pyrrole/phenol (Bmp) biosynthetic 
pathway from marine bacteria. Pentabromopseudilin biosynthesis is encoded by the 
modular Bmp biosynthetic gene cluster that additionally affords combinatorically C-
C and C-O coupled homo- and hetero- coupled bromo- pyrroles and phenols. 

 
 This published chapter (El Gamal and Agarwal et al., Proc. Natl. Acad. Sci. 

USA, 2016) focuses on the unusual mechanism of offloading and decarboxylation of 

the bromopyrrole moiety of pentabromopseudilin. This study was originally 

motivated by another related bromopyrrole natural product, tetrabromopyrrole, which 

is a coral larval settlement cue produced by marine bacteria that form biofilms on 

coral substrates80. In the initial elucidation of the the biosynthesis of 
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pentabromopseudilin, asymmetric tribromopyrrole—not tetrabromopyrrole—was 

identified as the substrate for the bromo- phenol/pyrrole coupling enzyme Bmp7. 

However, this finding stood at odds with a symmetric pyrrole intermediate implied by 

shuffling with respect to C-C coupling in earlier isotope feeding studies of 

pentabromopseudilin biosynthesis81. Hence, studying the biosynthesis of 

tetrabromopyrrole had the potential to address two biosynthetic questions. Firstly, the 

presence of a bromine in place of the anticipated proline-derived α-carboxylate in 

tetrabromopyrrole implied a brominative decarboxylation mechanism. Secondly, the 

elucidation of the tetrabromopyrrole biosynthetic pathway offered to address the 

question of the identity of the symmetric intermediate implied in the biosynthesis of 

pentabromopseudilin. Sequencing of two tetrabromopyrrole-producing bacteria and 

querying with Bmp biosynthetic genes revealed that only the bromopyrrole module of 

the Bmp pathway was present in their genomes. Further, this study revealed that the 

pyrrole front-end of the Bmp pathway produced tetrabromopyrrole as its sole 

enzymatic product. Moreover, it was demonstrated that the pyrrole halogenase Bmp2 

catalyzes a fourth halogenation of the carrier protein-bound pyrrole scaffold that 

triggers the thioesterase-mediated release of the pyrrole, and leads to spontaneous 

decarboxylation to tetrabromopyrrole (Fig. 1.8). Hence, the decarboxylative 

halogenation mechanism of Bmp2 mirrors that of the p-hydroxybenzoic acid 

brominase/decarboxylase Bmp5. Notably, Bmp2 provides the first example of a 

flavin-dependent halogenase exhibiting a complete loss of regiocontrol. While 

previously characterized pyrrole halogenases catalyze up to two regiospecific 

halogenation on carrier protein-bound pyrrole scaffolds, Bmp2 catalyzed an 
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unprecedented four halogenations. To interrogate a molecular basis for halogenation 

regiospecificity, high-resolution crystal structures were generated for the pyrrole 

dichlorinase Mpy16 from the biosynthesis of marinopyrrole A45 and tetrabrominase 

Bmp2. Structure-guided mutagenesis of the active site of Bmp2 to resemble that of 

Mpy16 lead to a reduction in the degree of halogenation catalyzed from four down to 

one. The discovery of tetrabromopyrrole as the enzymatic product of the 

bromopyrrole biosynthetic “module” of the Bmp pathway, leads to the natural follow-

on question as to the mechanism for the conversion of symmetric tetrabromopyrrole 

to the asymmetric Bmp7-substrate tribromopyrrole in the biosynthesis of 

pentabromopseudilin. The elucidation of an unusual dehalogenase tailoring enzyme-

Bmp8 catalyzing this transformation forms the basis for Chapter 4 of this thesis.   

 

1.6.3 Chapter 4: An alkylhydroperoxidase-like debrominase is an enzymatic 
switch in the biosynthesis of pentabromopseudilin  
 

 
Figure 1.9: A dehalogenase switch in pentabromopseudilin biosynthesis. 
Dehalogenase-Bmp8 utilizes a cofactor-independent redox thiolate mechanism to 
transforms 2,3,4,5-tetrabromopyrrole (Br4Py) to 3,4,5-tribromopyrrole (Br3Py) to 
permit coupling with 2,4-bromophenol in the formation of pentabromopseudilin. 

 
This chapter describes a new class of co-factor independent reductive-

dehalogenases. We show that Bmp8 catalyzes the transformation of 

tetrabromopyrrole to the Bmp7-substrate tribromopyrrole, reconciling the 
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pentabromopseudilin biosynthetic scheme with earlier isotope feeding studies and the 

biosynthesis of tetrabromopyrrole. This chapter describes the mass-spectrometry-

driven elucidation of Bmp8, which revealed that Bmp8 utilizes a redox active 

cysteine residue side chain thiol in its reaction mechanism. Mining publically 

available databases with the primary sequence of Bmp8 revealed hundreds of 

homologs from different biosynthetic contexts bearing a simple conserved motif that 

could be used to predict for the ability to dehalogenate bromopyrroles. Homology-

guided mutagenesis was further performed to identify residues in the motif that are 

critical to the activity of Bmp8. To the best of our knowledge, Bmp8 is the first 

reported example of a dehalogenating tailoring enzyme from the context of a 

biosynthetic pathway. Additionally, Bmp8 is only the second example of a reductive 

dehalogenase that utilizes a cofactor-independent mechanism (the other is a 

mammalian selenoprotein deiodinase that uses a similar mechanism that likely 

exemplifies a case of convergent evolution), as well as the only other physiologically 

confirmed dehalogenating enzyme described in biology (Fig. 1.9)7. Hence, this 

chapter concludes the total in vitro characterization of the biosynthesis of 

pentabromopseudilin.  

1.6.4 Chapter 5: Opportunities in halopyrrole biosynthesis  
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Figure 1.10: A metagenomics approach toward elucidation of pyrrole-imidazole 
alkaloid biosynthesis.  A conserved halopyrrole biosynthetic logic may serve as a 
handle to mine for pyrrole-imidazole alkaloid biosynthetic gene loci, unlocking the 
biosynthesis of a diverse class of bioactive natural products. 

 
 One of the key challenges in the identification of gene clusters encoding the 

biosyntheses of non-canonical natural products (i.e. neither NRPS nor PKS) is the 

lack of an appropriate query with which to search genomic datasets. One strategy for 

going after chemical moieties that lack biosynthetic precedents is to identify natural 

products that wed the familiar to the exotic. For example, in the case of the hybrid 

pyrrole-phenol structure of pentabromopseudilin (Chapter 2), the familiar halopyrrole 

moiety served as a biosynthetic hook with which to extract the biosynthesis of the 

bromophenol moiety. Chapter 5 explores the application of the same halopyrrole 

biosynthetic probe toward the elucidation of the biosynthesis of the pyrrole-imidazole 

alkaloid (PIA) class of sponge natural products. This intriguing class of bioactive 

natural products consists of over 150 chemical structures ranging in complexity from 

the simplest achiral building block oroidin to the awe-inspiring oroidin dimer 

palau’amine whose hexacyclic core consists of eight contiguous stereocenters82. This 

chapter will describe an approach toward the identification of a genetic basis for PIA 

biosynthesis from sponge metagenomes, along with insights gained from an initial 

application of this approach to two metagenomes of sponges harboring PIAs (Fig. 

1.10). 
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Chapter 2: Biosynthesis of polybrominated aromatic 
molecules by marine bacteria 
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Chapter 2, in full, is a reprint of materials as it appears in “Biosynthesis of 

polybrominated aromatic molecules by marine bacteria” in Nature Chemical Biology, 

2014, Agarwal V., El Gamal A., Yamanaka K., Poth D., Kersten R. D., Schorn M., 

Allen E. E., and Moore, B. S., The dissertation author was one of two equally 

contributing primary investigators and authors of this paper.  

V.A., A.A.E., E.E.A. and B.S.M. designed research; V.A., A.A.E. and K.Y. 

performed genetic experiments; V.A., A.A.E. and R.D.K. performed in vitro 

experiments; M.S. and E.E.A. generated sequencing data; D.P. contributed new 

analytical reagents; and V.A., A.A.E., E.E.A. and B.S.M. analyzed data and wrote the 

manuscript.
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Chapter 3: Biosynthesis of coral settlement cue 
tetrabromopyrrole in marine bacteria by a uniquely 

adapted brominase-thioesterase enzyme pair 
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SUPPLEMENTARY TABLES 
 
Table S1. Bmp homology. 

Protein name Annotation PS5 X Mm 
(% amino acid 

similarity/ identity)  

PS5 X A757  
(% amino acid 

similarity/ identity) 

Bmp1 Acyl carrier protein(ACP)-thioesterase didomain 83/70 98/94 
Bmp2 FADH2-dependent pyrrolyl-S-ACP brominase 89/83 99/95 
Bmp3 FADH2-dependent prolyl-S-ACP dehydrogenase 84/76 97/93 
Bmp4 L-proline adenylation domain 67/51 93/85 
Bmp5 FADH2-dependent p-hydroxbenzoate 

brominase/decarboxylase 
No PS5 homolog 

found 
- 

Bmp6 Chorismate lyase No PS5 homolog 
found 

- 

Bmp7 Bromo- pyrrole/phenol coupling cytochrome P450 No PS5 homolog 
found 

- 

Bmp8 Carboxymuconolactone decarboxylase/peroxidase No PS5 homolog 
found 

- 

Bmp9 Ferredoxin 73/64 98/93 
Bmp10 Ferredoxin reductase 61/42 82/69 
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Table S2. Data collection and refinement statistics for Mpy16, Bmp2, and Bmp2-TM structures.  
 Mpy16 Bmp2 Bmp2-TM 
Data collection    
Space group P21 21 21 P21 21 2 P21 
a, b, c (Å 62.83, 73.28, 189.72 82.97, 90.48, 57.92 49.23, 51.53, 77.06 
α, β, γ 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 100.89, 90.00 
Rmerge (%) 0.09 (0.64) 1 0.08 (0.94) 0.06 (0.49) 
I/σ(I) 37.6 (3.0) 24.9 (1.9) 30.0 (8.5) 
Completeness (%) 100.0 (99.8) 100.0 (100.0) 98.8 (99.5) 
Total reflections 64779 36287 26147 
Redundancy 12.0 (11.7) 7.0 (7.0) 6.3 (5.9) 
    
Refinement    
Resolution (Å) 38.08 – 1.95 19.23 – 1.87 32.97 – 1.98 
Rwork/Rfree 0.172/0.212 0.188/0.224 0.179/0.215 
    
Number of atoms    
Protein 6825 3148 3096 
Solvent 428 274 219 
FAD 106 53 53 
    
Average B values    
Protein  31.53 27.75 26.00 
Solvent 35.77 33.99 31.77 
FAD 23.14 19.49 16.09 
    
R.m.s. deviations    
Bond lengths (Å) 0.007 0.007 0.007 
Bond angles (°) 1.036 1.097 1.085 

 

1Values for the highest resolution shell are reported in parentheses. 
	
 	



 

 
 

122 

 

 

 

 25 

References 
 

1. Bankevich A, et al. (2012) SPAdes: a new genome assembly algorithm and its applications to single-cell 
sequencing. J Comput Biol 19(5):455-477. 

2. Aziz RK, et al. (2008) The RAST Server: rapid annotations using subsystems technology. BMC 
Genomics 9:75. 

3. Agarwal V, et al. (2014) Biosynthesis of polybrominated aromatic organic compounds by marine 
bacteria. Nat Chem Biol 10(8):640-647. 

4. Sneed JM, Sharp KH, Ritchie KB, & Paul VJ (2014) The chemical cue tetrabromopyrrole from a 
biofilm bacterium induces settlement of multiple Caribbean corals. Proc Biol Sci 281(1786). 

5. Whalen KE, Poulson-Ellestad KL, Deering RW, Rowley DC, & Mincer TJ (2015) Enhancement of 
antibiotic activity against multidrug-resistant bacteria by the efflux pump inhibitor 3,4-dibromopyrrole-
2,5-dione isolated from a Pseudoalteromonas sp. J Nat Prod 78(3):402-412. 

6. Feher D, Barlow R, McAtee J, & Hemscheidt TK (2010) Highly brominated antimicrobial metabolites 
from a marine Pseudoalteromonas sp. J Nat Prod 73(11):1963-1966. 

7. Eichhorn E, van der Ploeg JR, & Leisinger T (1999) Characterization of a two-component 
alkanesulfonate monooxygenase from Escherichia coli. J Biol Chem 274(38):26639-26646. 

8. Gilow HM & Burton DE (1981) Bromination and Chlorination of Pyrrole and Some Reactive 1-
Substituted Pyrroles. J Org Chem 46(11):2221-2225. 

9. John EA, Pollet P, Gelbaum L, & Kubanek J (2004) Regioselective syntheses of 2,3,4-tribromopyrrole 
and 2,3,5-tribromopyrrole. J Nat Prod 67(11):1929-1931. 

10. Wang MZ, et al. (2011) Design, synthesis and antifungal activities of novel pyrrole alkaloid analogs. 
Eur J Med Chem 46(5):1463-1472. 

11. Jansen PA, et al. (2013) Discovery of small molecule vanin inhibitors: new tools to study metabolism 
and disease. ACS Chem Biol 8(3):530-534. 

12. Agarwal V, et al. (2015) Chemoenzymatic synthesis of acyl coenzyme A substrates enables in situ 
labeling of small molecules and proteins. Org Lett 17(18):4452-4455. 

13. Otwinowski Z, Borek D, Majewski W, & Minor W (2003) Multiparametric scaling of diffraction 
intensities. Acta Crystallogr A 59(Pt 3):228-234. 

14. Kantardjieff KA & Rupp B (2003) Matthews coefficient probabilities: Improved estimates for unit cell 
contents of proteins, DNA, and protein-nucleic acid complex crystals. Protein Sci 12(9):1865-1871. 

15. McCoy AJ, et al. (2007) Phaser crystallographic software. J Appl Crystallogr 40(Pt 4):658-674. 
16. Stein N (2008) CHAINSAW: a program for mutating pdb files used as templates in molecular 

replacement. J App Cryst 41:641-643. 
17. Buedenbender S, Rachid S, Muller R, & Schulz GE (2009) Structure and action of the Myxobacterial 

chondrochloren halogenase CndH: A new variant of FAD-dependent halogenases. J Mol Biol 
385(2):520-530. 

18. Emsley P & Cowtan K (2004) Coot: model-building tools for molecular graphics. Acta Crystallogr D 
Biol Crystallogr 60(Pt 12 Pt 1):2126-2132. 

19. Perrakis A, Sixma TK, Wilson KS, & Lamzin VS (1997) wARP: improvement and extension of 
crystallographic phases by weighted averaging of multiple-refined dummy atomic models. Acta 
Crystallogr D Biol Crystallogr 53(Pt 4):448-455. 

20. Zwart PH, et al. (2008) Automated structure solution with the PHENIX suite. Methods Mol Biol 
426:419-435. 

21. Kleywegt GJ & Brunger AT (1996) Checking your imagination: applications of the free R value. 
Structure 4(8):897-904. 

22. Yamanaka K, Ryan KS, Gulder TA, Hughes CC, & Moore BS (2012) Flavoenzyme-catalyzed atropo-
selective N,C-bipyrrole homocoupling in marinopyrrole biosynthesis. J Am Chem Soc 134(30):12434-
12437. 

23. Lee J, et al. (2013) Structural and functional insight into an unexpectedly selective N-methyltransferase 
involved in plantazolicin biosynthesis. Proc Natl Acad Sci U S A 110(32):12954-12959. 



 

 
 

123 

 

 

Chapter 3, in full, is a reprint of materials as it appears in “Biosynthesis of a 

coral chemical cue tetrabromopyrrole in marine bacteria by a uniquely adapted 

brominase-thioesterase enzyme pair” in Proceedings of the National Academy of 

Sciences U.S.A., 2016.  El Gamal A., Agarwal V., Diethelm S., Rahman I., Schorn M., 

Sneed J.M., Louie G.V., Whalen, K.E., Mincer T.J., Noel J.P., Paul V.J., and Moore 

B.S. The dissertation author was one of two equally contributing primary 

investigators and authors of this paper. 

A.E., V.A., and B.S.M. designed research; A.E., V.A., S.D., I.R., and M.A.S. 

performed research; S.D., J.M.S., G.V.L., K.E.W., T.J.M., J.P.N., and V.J.P. 

contributed new reagents/analytic tools; A.E., V.A., S.D., and B.S.M. analyzed data; 

and A.E., V.A., and B.S.M. wrote the paper. 

 
 
 
 
 
  26 

24. Fushinobu S, et al. (2002) Crystal structures of a meta-cleavage product hydrolase from Pseudomonas 
fluorescens IP01 (CumD) complexed with cleavage products. Protein Sci 11(9):2184-2195. 

 
 



 
 

 124 

Chapter 4: An alkylhydroperoxidase-like debrominase is an 
enzymatic switch in the biosynthesis of pentabromopseudilin 
 
4.1 Introduction 
 

Halogenated organic compounds (organohalogens) are pervasive in the 

environment2,23. Efforts toward the bioremediation of anthropogenic organohalogen 

toxins have led to the identification of microbes and associated enzymes capable of 

dehalogenation through to complete mineralization of a wide range of man-made 

pollutants71,83,84. In particular, cobalamin-dependent reductive dehalogenases have 

been the focus of much study due to their ability to couple dehalogenation with 

microbial respiration in contaminated sediments 85. Though considerable progress has 

been made in the study of their structure and mechanism, these oxygen-sensitive and 

often membrane-associated proteins have proven to be largely intractable to direct 

interrogation86. In addition to man-made organohalogens, is an astonishing diversity 

of organohalogens of natural origin ranging from simple aliphatic and aromatic 

molecules that resemble structures and sub-structures of man-made pollutants23,70 to 

complex natural product scaffolds such as terpenoids, oligopeptides, alkaloids, and 

polyketides with diverse biological activities1. In line with the widespread distribution 

of natural organohalogens, emerging studies have suggested a native role for 

microbial dehalogenation as part of a biogeochemical halogen cycle in marine and 

terrestrial environments20-22. However, in contrast to the abundance of reported 

halogenated natural products (> 4,000 compounds)2, the biochemical transformations 

leading to their natural formation and degradation remain largely unexplored, 

providing a potential untapped source of novel biocatalysts2,20,23.  Moreover, an 
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example of a dedicated dehalogenase from the context of a confirmed microbial 

natural product biosynthetic pathway has yet to be reported.  

The terminal reaction in biosynthesis of the highly brominated bacterial 

marine natural product pentabromopseudilin (1) by the Bmp pathway involves the 

coupling of asymmetric 2,3,4-tribromopyrrole (2) to 2,4-dibromophenol catalyzed by 

cytochrome P450(CYP450)-Bmp7 (Fig. 4.1A,B)50. This biosynthetic scheme is at 

odds with earlier isotope feeding studies that implied a symmetric intermediate in the 

biosynthesis of 1 due to shuffling of  the 13C-labeled 5-position of L-proline with 

respect C-C coupling of the L-proline-derived bromopyrrole moiety of 1 (Fig. 

4.1B)81. In corroboration of these isotope experiments, we recently confirmed that 

symmetric 2,3,4,5-tetrabromopyrrole (3) (Fig 4.1B), which is not a substrate for 

Bmp7, is an intermediate in the biosynthesis of 116,50. Therefore, in order to reconcile 

these observations, 3 must undergo a dehalogenation to 2 via an unknown 

mechanism. Here we demonstrate that the transformation of 3 to 2 is catalyzed by a 

dedicated dehalogenase enzyme-Bmp8 encoded in the Bmp biosynthetic pathway 

utilizing a cofactor-independent thiolate redox mechanism. We probed 

(meta)genomic datasets and found hundreds of Bmp8 homologs from diverse genera 

and varied genetic contexts bearing a conserved catalytic triad, and demonstrate that a 

distant homolog of Bmp8 is also able to catalyze the dehalogenation of 3 via an 

analogous mechanism. To best of our knowledge Bmp8 is the first reported example 

of a bacterial cofactor-independent dehalogenase, as well as the first example of a 

dehalogenase enzyme from the context of a confirmed natural product biosynthetic 

pathway. 
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While we previously showed that degradation of 3 to 2 occurs in aqueous 

solution under reducing conditions (Fig. S4.15)16, the fact that 1 is a major product of 

the Bmp pathway suggested a direct enzymatic route for the conversion of 3 to Bmp7 

substrate 250. In search of a dehalogenase catalyzing the conversion of 3 to 2, we re-

examined the Bmp biosynthetic gene cluster for open reading frames (ORFs) possibly 

encoding dehalogenating enzymes. The Bmp biosynthetic gene cluster consists of 

modularly encoded bromopyrrole (Bmp1–4, Bmp_BrPy) and bromophenol (Bmp5–6, 

Bmp_BrPh) enzymes united by coupling CYP450-Bmp7 (Fig. 4.1A,B). In turn these 

modules are flanked by genes encoding Bmp7 redox partners Bmp9–10 (Fig. 4.1A). 

Upstream of bmp9–10 is an additional ORF bmp8 (Fig. 4.1A) putatively encoding a 

~21 kDa protein that annotates as a member of the carboxymuconolactone 

decarboxylase superfamily (CMD), which takes its name from decarboxylases 

participating in the degradation of monocyclic aromatic molecules, but also includes 

alkylhydroperoxidase subunit D (AhpD) involved in intracellular defense against 

oxidative stress87. Bacteria that produce 3 and not 1 such as the biofilm-associated 

marine bacterium Pseudoalteromonas sp. PS5 possess only Bmp_BrPy and vestigial 

bmp9–10 (Bmp7 is not present in these bacteria), while bmp8 is notably absent in the 

genomes of these bacteria (Fig. 4.1A). Our previous studies confirmed the functions 

of Bmp1–7 along with Bmp9–10, but the role of Bmp8 remained speculative50. On 

the basis of primary sequence annotation as a “decarboxylase” we initially postulated 

that Bmp8 might play a role in the elimination of proline-derived alpha-carboxylate 

of a tribromopyrrolyl-S-acyl carrier protein(ACP) intermediate leading to 1 (Fig. 

4.1C) 50. Involvement of Bmp8 in the bromopyrrole biosynthesis was supported by 
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our observation that in vivo expression of bmp8 with bmp1–7 in Escherichia coli led 

to an increase in the heterologous production of 2 and 1 with a concomitant decrease 

in the level of 3 50. However, this proposal was challenged by our more recent finding 

that elimination of the prolyl alpha-carboxylate is mediated by a brominative 

mechanism catalyzed by pyrrole halogenase-Bmp2 and leading to 3 (Fig. 4.1C)16. 

Hence, we were presented with an alternate hypothesis that Bmp8 might be a 

reductive dehalogenase that converts 3 to 2 (Fig. 4.1B), consistent with its in vivo 

activity and distant homology to AhpD redox enzymes. Therefore, we sought to 

purify recombinant Bmp8 to interrogate its function in vitro. 

 
Figure 4.1: Bmp biosynthetic pathway. (A) Bmp gene clusters from M. 
mediterranea MMB-1 (Mm_bmp) and P. sp. PS5 (PS5_bmp); bromopyrrole (BrPy) 
and bromophenol (BrPh) biosynthetic modules are labeled below; bmp9–10 encode 
CYP450-Bmp7 redox partners ferredoxin (Fd) and ferredoxin reductase (Fd Red), 
respectively. Mm_bmp features a putative permease (grey) inserted between bmp3 
and bmp4 of the BrPy module. (B) Biosynthetic scheme for 1 including the 
hypothesized Bmp8-catalyzed dehalogenation of 3. The position of 13C-isotope label 
from Ref. 14 is indicated by the blue circle at the 5-position L-proline and then again 
in 1. (C) Terminal reaction sequence leading to 3; 2 arises as an off-pathway 
reductive degradation product of 3. 

 

 
4.2 Results and Discussion 
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Insolubility of Bmp8 had precluded previous functional characterization 50. 

However, the fact that Bmp8 demonstrated in vivo activity in E. coli heterologously 

expressing the Bmp pathway implied that its soluble expression might rely on the co-

expression of another component of the Bmp pathway. We recently showed that 

thioesterase domain of the ACP-thioesterase(TE) didomain-Bmp1, Bmp1(TE), 

catalyzes offloading of a tetrabrominated pyrrole from Bmp1(ACP) en route to 3 (i.e., 

the reaction sequence directly preceding proposed dehalogenation of 3) (Fig. 4.1C)16. 

Fortuitously, co-expression of N-His6-tagged-Bmp8 with untagged Bmp1(TE), lead 

to soluble expression of Bmp8 from the Marinomonas mediterranea MMB-1 Bmp 

gene cluster (Fig. 4.1A) as a stand-alone recombinant protein not in complex with 

Bmp(TE) following purification by affinity chromatography (Fig. S4.1). We 

subsequently performed proteolytic cleavage of the N-terminal His6-tag prior to 

biochemical characterization of Bmp8.  

With purified soluble Bmp8 in hand, we tested the hypothesis that Bmp8 

catalyzes the dehalogenation of 3 to 2 (Fig. 4.2A, S4.10). Incubation of synthetically 

prepared 3 with equimolar Bmp8 as-purified lead to rapid and complete turnover to 2 

(Fig. 4.2B). Pre-incubation of Bmp8 with EDTA did not alter activity, implying that 

Bmp8 does not utilize a metal cofactor (Fig. 4.2B). Addition of 3 in 2-fold excess to 

Bmp8 led to incomplete conversion to 2, while turnover was achieved by the addition 

of glutathione, suggesting that Bmp8 undergoes oxidation in the course of the 

debromination of 3 and is rescued by an exogenous reducing agent (Fig. 4.2A,B). 

Slight conversion of 3 to 2 was also observed in the presence of glutathione and 

absence of Bmp8 (Fig.  4.2B), consistent with our previous observation that 3 is 



 

 
 

129 

labile to aqueous reductive degradation. A minor product with predicted molecular 

formula C4NH3Br2 confirmed to be symmetric 3,4-dibromopyrrole (4) by 1H-NMR 

was additionally observed in all reactions where Bmp8 was present indicating that 2 

might also be a substrate for Bmp8 (Figs. 4.2A,B and S4.10). Consistent with this 

observation, incubation of Bmp8 with a 2-fold excess of 2 and glutathione lead to 

partial conversion of 2 to 4, in contrast to complete conversion of 3 to 2 for the same 

incubation time (Figs. 4.2B and S4.11). Hence, Bmp8 regioselectively dehalogenates 

the symmetric 2/5-position of 3. The loss in efficiency exhibited by the second 

dehalogenation is likely due to a change in the reactivity of the pyrrole upon 

elimination of an electron-withdrawing bromine atom. To explore halogen specificity, 

we incubated Bmp8 with the chlorinated analog of 3, 2,3,4,5-tetrachloropoyrrole, and 

glutathione and observed partial conversion to a product with molecular formula 

C4NH2Cl3 as determined by high resolution mass spectrometry (Figs. S4.2 and S4.9). 

The difference in reactivity between the brominated and chlorinated substrates is 

likely explained by significant differences in bond dissociation energies between C-Cl 

and C-Br bonds (ΔΔHf ~ 120 KJ/mol)88. Consistent with this observation, non-

enzymatic dechlorination of 2,3,4,5-tetrachloropyrrole by glutathione was not 

observed (Fig. S4.2). Taken together these results indicate that Bmp8 is a cofactor-

independent reductive dehalogenase that catalyzes a series of regioselective 

dehalogenations of halopyrroles that appears to be oxidized in the course of 

dehalogenation (Fig. 4.2A). In further support of loss of activity of Bmp8 due to 

oxidation, we showed that Bmp8 exhibits a loss of activity following extended pre-

incubation in air (Fig. S4.13). Additionally, we showed that Bmp8 dialyzed after 
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treatment with excess 1 exhibits a loss of activity that can be recovered upon 

subsequent dialysis with a reducing agent (Fig. S4.12). We next investigated the 

mechanism of dehalogenation employed by Bmp8.  

 

 

Figure 4.2: Debromination of bromopyrroles by Bmp8. (A) Scheme for reductive 
dehalogenation 3 and 2 and recycling of Bmp8 by glutathione (GSH). (B) Combined 
extracted ion chromatograms (EICs) for m/z’s corresponding to [M-H]1- ions for 3 
(shaded green), 2 (shaded orange), and 4 (shaded red) for organic extracts of Bmp8 
incubated with 3 or 2 at various ratios of substrate to enzyme with and without 
additives for a fixed reaction time (30 min); remaining starting material is indicated 
by an asterisk (*). 

 

Due to the fact that the transformation of 3 to 2 is a net 2e- reduction reaction, 

we inspected the primary sequence of Bmp8 for redox motifs. Bmp8 bears homology 

to the CMD superfamily member AhpD, whose primary function is that of a 

thioredoxin that reduces the side chain thiolate of the catalytic cysteine residue of the 

alkylperoxidase AhpC, but has also been shown to possess alkylhydroperoxidase 
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activity (ROOH to ROH and H2O)87,89. AhpD contains a redox motif found among 

diverse classes of enzymes catalyzing disulfide exchange reactions (i.e., thioredoxins) 

consisting of two cysteine residues separated by two variable amino acid residues 

(CXXC) 90. Consistent with its homology to AhpD, Bmp8 contains a CXXC motif 

(Bmp8-CXXC) comprised of amino acid residues Cys82 and Cys85 (Fig. 4.3A). 

Additionally, our query of publically available (meta)genomic datasets with the 

primary amino acid sequence of Bmp8 lead to the discovery of an expanded 

conserved CXYCXXH motif present among hundreds of homologs from genomic 

and marine environmental metagenomic sequences (Fig. S4.3).  The Bmp8 homolog 

sequences for which genomic information was available represent diverse genera of 

marine bacteria, and the vast majority of these sequences are derived from genetic 

contexts other than the Bmp pathway (Fig. S4.3). We next explored the functional 

significance of the conserved CXYCXXH motif identified in our homology search.  

 We first investigated the role of the Bmp8-CXXC motif in the redox 

mechanism of Bmp8. In mechanisms described for CXXC-containing reductases, the 

substrate is first attacked by an electron-donating cysteine residue side chain thiolate 

to form a thioether, which is then resolved by attack of  the thioether bond by the 

second cysteine side chain thiolate resulting in release of the reduced product and 

formation of an intramolecular disulfide bridge at the enzyme active site 90. Hence we 

reasoned that the mechanism of Bmp8 might terminate in the formation of disulfide 

bridge between Bmp8-Cys82 and Bmp8-Cys85 (Fig. 4.3B). To investigate the role of 

Bmp8-CXXC in the Bmp8 reaction mechanism, we incubated fully reduced Bmp8 

with a 2-fold excess of 3 or an equivalent volume of buffer and monitored the redox 



 

 
 

132 

state of the Bmp8-CXXC by mass spectrometric analysis of the trypsin-digested 

enzyme. For Bmp8 incubated with a 2-fold excess 3 we observed only one population 

corresponding to the oxidized Bmp8-CXXC-containing trypsin-digested fragment (-

2H), while for the untreated sample we observed populations corresponding to both 

the oxidized and reduced fragments as anticipated due to increased susceptibility to 

oxidation of the cysteine residue side-chain thiols upon denaturation of the protein 

(Fig. 4.3C). To eliminate adventitious oxidation, we repeated the experiment, but 

quenched the intact enzyme with a thiol alkylating agent iodoacetamide prior to 

digestion. As expected, for the enzyme incubated with 3 we observed no alkylation of 

the trypsin-digested fragment containing the Bmp8-CXXC, while for the untreated 

protein we observed only the alkylated species (Fig. 4.3D). This binary result 

confirms oxidation of the Bmp8-CXXC in the course of dehalogenation of 3, and also 

demonstrates that the enzyme as-purified is initially in its fully reduced state, which 

we also confirmed by alkylation of the intact enzyme at the starting point of the 

reaction (Fig.  S4.4). Bmp8 homologs derived from the Bmp pathway context contain 

an additional two conserved cysteine residues corresponding to Cys57 and Cys163 in 

M. mediterranea Bmp8 (Fig. S4.5). Hence we also investigated the potential of these 

additional conserved Cys residues to participate in the redox mechanism of Bmp8. 

While mutagenesis of either residue  lead to insolubility of the protein, levels of 

alkylation of the trypsin-digested fragments containing either Cys57 and Cys163 were 

comparable between both 3-treated and untreated Bmp8, indicating that these 

additional conserved Cys residues are not involved in the redox reaction mechanism 

of Bmp8, but may instead serve a stabilizing role. 
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Figure 4.3: Redox state of Bmp8-CXXC. (A) Alignment (MAFFT) focusing on the 
region containing the conserved CXXC  motif for Bmp8 from three marine bacteria 
harboring the Bmp pathway, M. mediterranea (Mm_Bmp8; ‘Bmp8’ in main text), P.  
luteoviolacea 2ta16 (2ta16_Bmp8), and Pseudoalteromonas phenolica O-BC30 
(OBC30_Bmp8), in addition to functionally characterized bacterial 
alkylhydroperoxidase thioredoxin AhpD (Mycobacterium tuberculosis H37Rv, 
GenBank AAA86657.1); cysteine residues corresponding to the CXXC motif are 
highlighted in red with corresponding residue numbering indicated above for 
Mm_Bmp8 and below for AhpD. (B) Hypothesis scheme for redox state of the Bmp8-
CXXC with and without treatment with a 2-fold excess of 3 and alkylation thereof 
with iodoacetamide (IAA). (C) EICs for the predicted m/z’s for [M+2H]2+ ions for the 
trypsin-digested peptide fragment containing Bmp8-CXXC in the reduced state (top, 
left) and oxidized state (bottom, left). Due to overlap between the oxidized and 
reduced peptide isotopic masses, the oxidized peptide mass extracts with the reduced 
mass, therefore the peak corresponding to the reduced peptide is highlighted in red for 
clarity. To the right of EICs, mass spectra averaged over EIC peaks corresponding to 
reduced and oxidized fragments with the -2H shift indicated for the oxidized peptide 
spectrum with respect to the reduced peptide spectrum (only the spectra corresponding 
to oxidized fragment for ‘-3’ is shown for the sake of space). Calculated isotope 
distributions are indicated by the red lines. (D) EICs for m/z’s for predicted [M+2H]2+ 
ions for alkylated and oxidized trypsin digested Bmp8-CXXC-containing peptide 
fragments with corresponding mass spectra averaged over EIC peaks shown to the 
right; predicted peptide distributions are indicated by the red lines. 
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Having identified the electron-donating role of Bmp8-CXXC, we next sought 

to determine the individual roles of Bmp8-Cys82 and Bmp8-Cys85 in the Bmp8 

reaction mechanism. The mechanism for 2-Cys peroxidases such as AhpD involves 

an “peroxidatic” Cys residue that is critical to peroxidase activity and performs the 

initial attack of the peroxide (ROOH) to form a sulfenic acid species (Cys-S-OH), 

which is then resolved by a second non-essential Cys residue side chain thiolate 

releasing water and forming a disulfide bridge; the function of the resolving Cys can 

be complemented by exogenous nucleophiles in 1-Cys peroxidases that lack a 

resolving Cys residue 91. In the case of the peroxidase activity of Bmp8-homolog M. 

tuberculosis AhpD, Cys133 (corresponding to Bmp8-Cys85) serves the role of the 

peroxidatic residue, while Cys130 (corresponding to Bmp8-Cys82) provides the 

resolving thiolate and is not required for activity (Fig. 4.3A)87. To distinguish the 

roles of Bmp8-CXXC cysteine residues, Cys82 to Ala (Bmp8:C82A) and Cys85 to 

Ala (Bmp8:C85A) mutants were constructed and assayed for activity. Incubation of 

Bmp8:C82A with a 2-fold excess of 3 and glutathione lead to complete conversion to 

2 and 4, while no conversion was observed for Bmp8:C85A treated in the same 

manner (Figs. 4.3A and 4.4A). Hence Cys85 is essential to activity, while Cys82 

plays a non-essential role that appears to be complemented by an exogenous 

nucleophile. 

 To investigate the role of the glutathione thiolate as a complementary 

nucleophile, we monitored Bmp8:C82A incubated with glutathione by whole-protein 

spectrometry. Upon addition of a 2-fold excess of 3, we observed a mass shift 

consistent with glutathionylation of Bmp8:C82A. By contrast no glutathionylation 
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was observed Bmp8:C85A, indicating that the observed modification takes place on 

the side chain thiolate of Bmp8-Cys85 (Figs. 4.4B and S4.6, Table S4.1). Hence, the 

glutathione thiolate appears to complement for the resolving role of Bmp8-Cys82 side 

chaine thiolate. Interestingly, addition of 3 to wildtype Bmp8 lead to positive mass 

shifts consistent with singly and doubly glutathionylated species, as well a negative 

mass shift that likely corresponds to the oxidized (-2H) form (Figs. 4.4B and S4.6, 

Table S4.1). This observation is consistent with the mechanism of disulfide bridge 

opening by glutathione, in which the glutathione thiolate would attack either the side 

chain sulfurs of Bmp8-Cys82 or Bmp8-Cys85 to form a disulfide bridge with one 

side chain thiol, while liberating the other. If the Bmp8-Cys82 side chain sulfur is the 

initial site of attack by the glutathione thiolate, then Bmp8-Cys85 would still be 

available to perform its catalytic function, leading to a second glutathionylation 

following an additional round of catalysis to afford doubly gluathionylated Bmp8, 

which we observed as the major gluathionylated species in the reaction with wildtype 

Bmp8 (Figs. 4.4B and S4.6, Table S4.1). On the other hand, if the Bmp8-Cys85 side 

chain were the initial site of attack, Bmp8 would have to be recycled back to its full 

reduced form before turnover could be restored, consistent with our observation of 

minor population of singly gluathionylated wildtype Bmp8 (Figs. 4.4B and S4.6, 

Table S4.1). Therefore, the fact that doubly gluathionylated species is the major 

species observed indicates a strong bias for nucleophilic attack on the side chain 

sulfur of Cys82, consistent with its resolving role. We further investigated whether 

adducts were formed upon incubation of Bmp8-Cys82 with 2 and 5, and observed no 

change in mass, consistent with the relatively unproductive interaction of these 
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substrates with Bmp8 (Fig. S4.16). Having confirmed the mechanism for 

complementation of Cys82 by glutathione, we further sought to explore an 

evolutionary justification for conservation of the CXXC motif among Bmp8 

homologs.  

The proposed role for the resolving Cys residue in 2-Cys peroxiredoxins is to 

protect that attacking Cys thiol from over-oxidation (i.e. to sulfinic acid, Cys-S-O2H), 

which leads to inactivation of the enzyme92. Hence, we reasoned that Bmp8-Cys82 

may serve the evolutionary function of protecting Bmp8-Cys85 from over-oxidation. 

Moreover, if Bmp8-Cys85 is susceptible to over-oxidation Bmp8:C82A should be 

capable of multiple turnovers in the absence of an exogenous reducing agent, where 

water rather than glutathione might serve as the exogenous resolving nucleophile. 

Indeed, incubation of Bmp8:C82A as-purified with a 2-fold excess of 3 in the absence 

of glutathione lead to complete conversion to 2 and 4 in contrast to only partial 

conversion observed for the wildtype enzyme treated with a 2-fold excess of 3 (Fig. 

4.4A). To verify the formation of a sulfinic acid species with side chain thiol of 

Bmp8-Cys85, we monitored Bmp8:C82A by whole-protein mass spectrometry before 

and after the addition of 3 in the absence of an exogenous reductant. Addition of 3 to 

Bmp8:C82A in the absence of glutathione lead to an observed mass shift consistent 

consistent with the formation of a sulfinic acid species (i.e., + 2[O]) (Figs. 4.4C and 

S4.6, Table S4.1). In contrast, pre-incubation of Bmp8:C82A with DTT (an 

alternative reductant to glutathione) lead to no change in mass upon addition of 3, 

further supporting that the mass shift observed in the absence of reductant is due to 

over-oxidation (Figs. 4.4A,C and S4.6, Table S4.1). We additionally showed that the 
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Bmp8 mechanism does not involve molecular oxygen by perform the reaction under 

anaerobic conditions; hence the apparent addition of oxygen is likely due to 

hydroxylation by water rather than addition of molecular oxygen (Fig. S4.14). To 

resolve the site of proposed hydroxylation, we additionally monitored Bmp8:C85A 

and wildtype Bmp8 before and after addition of 3 in the absence an exogenous 

reductant. Upon addition of 3, wildtype Bmp8 exhibited a subtle but significant 

downshift in mass likely due to disulfide bridge formation, while no mass shift was 

observed for Bmp8:C85A treated with 3, coincident with its lack of activity (Fig. 

4.4C, Fig. S4.6, Table S4.1). Hence we deduced that over-oxidation in Bmp8:C82A 

takes place on the side chain thiolate of Bmp8-Cys85. Taken together these results 

indicate that Bmp8-Cys85 is essential for activity, while Bmp8-Cys82 protects 

Bmp8-Cys85 from over-oxidation. We next explored the role of the His and Tyr 

residues of the CXYCXXH motif conserved among Bmp8 homologs.  
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Figure 4.4: Biochemical interrogation of Bmp8-CXXC. (A) Combined EICs for 
predicted m/z’s of [M-H]1- ions corresponding to 2 (highlighted orange), 3 
(highlighted green), and 4 (highlighted red) for organic extracts of reactions 
consisting of Bmp8:C82A (C82A), Bmp:C85A (C85A), or wildtype Bmp8 (WT) 
incubated with a 2-fold excess of 3 and with reductants (GSH or DTT), and without 
reductants (-red); all reactions were quenched after a fixed incubation time of 30 min. 
(B)-(C) Mass spectra corresponding to the 21+ ion for Bmp8:C82A  (C82A), 
Bmp:C85A (C85A), and wildtype Bmp8 (WT) incubated under various conditions 
before and after addition of a 2-fold excess of 3; red dashed lines indicated peak-to-
peak alignments between treatments. Mass calculations for panels ‘B’ and ‘C’ are 
detailed in Fig. S6 and Table S1. 

 

 The YCXXH portion of the motif conserved among Bmp8 homologs suggests 

a potential Cys-Try-His catalytic triad essential to the reaction mechanism. To 

investigate the role of the conserved His residue, we performed site-directed 

mutagenesis of Bmp8-His88 to Val (Bmp8:H88V). Incubation of Bmp8:H88V with a 

2-fold excess of 3 and glutathione led to no turnover, in support of its role in the 

Bmp8 reaction mechanism (Fig. 4.5A,B). Attempts to characterize the role of the 

conserved Tyr residue Bmp8-Tyr84 were precluded by insolubility of both Bmp8-

Tyr84 to Phe and Ile mutants, perhaps supporting a stabilizing role for Tyr84. We 

further explored the relevance of the conserved CXYCXXH motif in predicting 
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bromopyrrole dehalogenation activity. Among the hits from our query of genomic 

databases with the sequence of Bmp8 was a distant Pseudoalteromonas luteoviolacea 

2ta16 homolog (2ta16_Bmp8-H; 55% Mm_Bmp8) from the genetic context of ORFs 

putatively encoding enzymes involved in the electron transport, suggestive of a role 

in scavenging reactive oxygen species93 (Figs. 4.5A, S4.3, and S4.7). Notably, P. 

luteoviolacea 2ta16 also contains a functional Bmp8 homolog from the context of the 

Bmp pathway (2ta16_Bmp8), which possesses even lower pairwise amino acid 

similarity to 2ta16_Bmp8-H than does M. mediterranea MMB-1 Bmp8 (48.5% for 

2ta16_Bmp8 as compared to 55% for Mm_Bmp8) (Fig. S4.8). We expressed and 

purified ~22 kDa 2ta16_Bmp8-H and incubated the purified recombinant protein with 

a 2-fold excess of 3 and glutathione. Incubation of the reaction with 2ta16_Bmp8-H 

lead to partial conversion 3 to 2 for the same period in which full conversion was 

observed for incubation with Bmp8, while extended incubation time led to complete 

conversion of 3 to 2 and 4 (Figs. 4.5B and S4.7). Individual point mutagenesis of the 

the Cys and His residues of the CXYCXXH motif of 2ta16_Bmp8-H led to the same 

activity profile as exhibited for the corresponding Bmp8 mutants, implying an 

analogous dehalogenation reaction mechanism involving these conserved residues 

(Fig. 4.5A,B). Although lack of solubility precluded characterization of Bmp8-Y84F, 

the corresponding Tyr to Phe mutant of 2ta16_Bmp8-H (Bmp8-H:Y80F) was soluble, 

and demonstrated loss of activity with respect to dehalogenation of 3 (Fig. 4.5B). As 

Tyr and Phe only differ by a hydroxyl group, this result suggests a stabilizing 

hydrogen-bonding role for the conserved Tyr residue in 2ta16_Bmp8-H, and by proxy 

in Bmp8. 
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Figure 4.5: Biochemical interrogation of the conserved CXYCXXH of 
Mm_Bmp8 and a distant homolog 2ta16_Bmp8-H. (A) Alignment (MAFFT) of M. 
mediterranea Bmp8 (Mm_Bmp8) with a distant P. luteoviolacea 2ta16 Bmp8 
homolog (2ta16_Bmp8-H; GenBank WP_023399179.1) conserved residues 
corresponding to catalytic triad highlighted in colors with corresponding residues. (B) 
Combined EICs for predicted m/z’s of [M-H]-1 ions corresponding to 2 (highlighted 
orange), 3 (highlighted green), and 4 (highlighted red) for Mm_Bmp8 (‘Bmp8’ in 
main text) and 2ta16_Bmp8-H (Bmp8-H, font colored red to distinguish from Bmp8) 
wild type enzymes (WT) and corresponding putative catalytic triad mutants for 
enzymes incubated with 3 and glutathione for a fixed reaction time (30 min); Bmp8-
Y84F precluded is excluded due to insolubility of the recombinant enzyme. 

 

Based on our mutagenesis experiments, we propose a mechanism for Bmp8 

beginning with the shuttling of a proton from the thiol of Bmp8-Cys85 via Bmp8-

His88 to the 2-position of 3 (Fig. 16). We next propose one of two mechanistic routes 

for dehalogenation 3 that each converge on the formation of a disulfide bridge 

between Bmp8-Cys82 and Bmp8-Cys85. In the first route (‘i’ in Fig. 4.6) the side 

chain thiolate of Bmp8-Cys85 would attack at the 2-position of 3, resulting in 
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displacement of bromide and the formation of a stable thioether bond with the 

pyrrole. Bmp8-Cys82 would then perform a nucleophilic attack on the thioether 

resulting in liberation of 2 and formation of a disulfide bridge. This route is similar to 

that employed by the CXXC-containing disulfide bond exchange protein DsbB, 

whose Cys44 side chain thiolate forms a thioether bond with its charge-transfer 

partner ubiquinone that is displaced by nucleophilic attack by the side chain thiolate 

of Cys4194. This route is also analogous to that proposed for glutathione S-transferase 

reductive dehalogenases, which begins with a chloride-displacing glutathionylation of 

the substrate tetrachlorohydroquinone, followed by the release of the substrate via a 

disulfide-exchange reaction with a catalytic Cys residue in the enzyme active site95,96. 

The fact that glutathione is able to dehalogenate 3 non-enzymatically, may therefore 

lend support to this mechanistic route. The second route (‘ii’ in Fig. 4.6) is inspired 

by the mechanism for 2-Cys peroxiredoxins in which a sulfenic acid species (Cys-S-

OH) is formed upon the initial attack of the catalytic cysteine residue side chain 

thiolate on the peroxide 91. In this alternate route, Bmp8-Cys85 would directly attack 

bromine to form a Cys-S-Br species, with the concomitant release of 2. Subsequent 

nucleophilic attack of the thioether by the Bmp8-Cys82 side chain thiolate would 

release bromide, leading to disulfide bond formation. An analogous mechanism to 

route ‘ii’ has been proposed in the mechanism peroxiredoxin-like selenoprotein 

thyroxine (thyroid hormone) deiodinases in which a redox active selenocysteine 

residue side chain selenol (in place of a cysteine side chain thiol) forms a putative 

transient selenyl-iodide adduct that is displaced by a resolving cysteine residue side 

chain thiolate97. While a selynyl-iodide intermediate has never been detected on a 
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deiodinase, formation of a selynyl-iodide intermediate has been detected in a 

sterically stabilized model organoselenol compound98. Unfortunately, we were unable 

to obtain evidence to decisively favor one route over another. 

 
Figure 4.6: Bmp8 mechanistic proposal. Mechanistic proposal for dehalogenation 
of 3 by Bmp8; Mm_Bmp8 catalytic triad residues are color-coded according to panel 
‘A’. Conserved residues are color-coded according to the alignment shown in Fig. 5A. 

 

In characterizing Bmp8 we demonstrate a rare example of a cofactor-

independent reductive dehalogenase from a confirmed physiological context. While 

dehalogenation has been implied in the course of biosynthesis of natural products 

involving cryptic substrate-activating halogenation reactions45,61,72,73, to the best of 

our knowledge Bmp8 is the first example of a dedicated tailoring dehalogenase 

enzyme from the confirmed context of a natural product biosynthetic pathway. 

Moreover, while a variety of enzymes have been identified based on their ability  to 

dehalogenate man-made organohalogens71,83,84, the physiological nature of these 

transformations is speculative. To best of our knowledge, the only other examples of 

dehalogenases for which a physiological context is known are transmembrane 

flavoprotein and selenoprotein deiodinases involved in the activation-inactivation and 

catabolism of thyroid hormone and thyroid hormone iodotyrosine biosynthetic 
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byproducts7,74,99. Of relevance to Bmp8, the selenoprotein deiodinases utilize a co-

factor-independent reaction mechanism akin to 2-Cys peroxiredoxins in which an 

active site selenocysteine residue serves as the electron donor in places of a redox 

active cysteine residue 97. Bmp8 bears no sequence homology to selenoprotein 

deiodinases, which are distantly related to 2-Cys peroxiredoxins, while Bmp8 bears 

homology to thioredoxins with peroxidase activity (e.g., AhpD). Therefore, the 

dehalogenation mechanism employed Bmp8 and selenoprotein deiodinases appears to 

be an example of convergent evolution. With respect to additional dehalogenases 

utilizing redox thiolate mechanisms, glutathione S-transferase-like enzymes involved 

in putative chlorophenol degradative pathway utilize a glutathione-dependent 

mechanism, as opposed to a mechanism that can be complemented by 

glutathione95,100-103. It is worth noting here that glutathione may not be the 

physiological or sole means of regenerating Bmp8. Indeed, the fact that we were able 

to observe stable glutathionylated forms of Bmp8, suggest that its mechanism for 

recycling is inefficient. While glutathione occurs at high (mM) intracellular 

concentrations in bacterial cells 104, and has been suggested as the redox partner for 1-

Cys peroxidases that lack a resolving cysteine residue 91, alternative regeneration 

systems may also be employed in the in vivo regeneration of Bmp8. For example, 

peroxidase activity of M. tubercuolosis AhpD can be recycled by a surrogate electron 

donor NADPH-dependent flavoprotein thioredoxin reductase AhpF, an alternative 

electron donor for peroxiredoxin AhpC87. Although no dedicated thioredoxin 

reductase is encoded in the Bmp gene cluster, homologs of AhpF are present in the 
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genomes of strains harboring the Bmp pathway, and therefore may serve as 

opportunistic redox partners for Bmp8.   

The importance of dehalogenation biocatalysts in bioremediation invites 

speculation on the biotechnological potential of Bmp8. The major class of reductive 

aromatic organohalogen dehalogenases studied to-date are transmembrane oxygen-

sensitive cobalamin-dependent enzymes that, despite decades of study and 

identification of hundreds of homologs, have proved experimentally intractable 86. By 

contrast, Bmp8 operates freely under aerobic conditions utilizing a simple cofactor-

independent reaction mechanism that provides a promising platform for protein 

engineering. Indeed, we showed that a simple conserved CXYCXXH sequence motif 

is sufficient to predict bromopyrrole dehalogenase activity in a distantly related 

homolog, suggesting a potential for engineering of novel substrate scope by 

manipulation of the enzyme scaffold. Further, it has been shown that the simple 

alteration of the variable residues of CXXC motifs is sufficient for tuning the redox 

potential of the catalytic cysteine residue105. Our discovery of a tailoring 

dehalogenase from a natural product biosynthetic context further brings to light 

elucidation of organohalogen natural product biosynthesis as a paradigm for the 

elucidation of novel dehalogenation enzymology acting on diverse substrate 

scaffolds.  

Our initial exploration of Bmp8 was initially motivated by its biosynthetic 

role, which is essentially that of an enzymatic switch that repurposes an otherwise 

dead-end product 3 into an intermediate 2 in the biosynthesis of 1. In effect, Bmp8 

delivers back-end regiocontrol following regiopromiscuous decarboxylative 
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halogenation by flavin-dependent halogenase-Bmp2. Further, given the well-defined 

ecological function of 3 as a chemoattractant settlement cue for coral larvae, it is 

interesting to consider the ecological consequence of Bmp8, which routes 3 into the 

considerably more energetically synthesis of 180.  Indeed, producers of 3 such as P. 

sp. PS5 seem to harbor only the Bmp bromopyrrole biosynthetic module, and lack 

Bmp8 and hence the capacity to synthesize 2 enzymatically16. While both 1 and 2 

have been shown to possess feeding deterrent and antimicrobial activities75,106-108, it 

remains to be seen whether their ecological functions are redundant to or different 

from that of upstream 3—an intriguing case of biosynthesis motivating ecology. 

 
4.3 Supplementary Information  
 
4.4.1 Materials & Methods 
 
Preparation and characterization of halopyrroles. Preparation: 2,3,4,5-

tetrabromopyrrole (3) and 2,3,4-tribromopyrrole (2) were synthesized as previously 

described 16.  3,5-dibromopyrrole (4) was prepared enzymatically. Briefly, ten 1 mL 

reactions consisting of 10 µM Bmp8, 100 µM 3, and 10 mM TCEP (to recycle Bmp8) 

were incubated in buffer (20 mM Tris-HCl pH 8 and 10% glycerol) for 12 h at 30 ºC. 

These conditions results in major production of a compound with molecular formula 

C4H3Br2N as determined by HRMS with trace intermediary 2 remaining. 4 was 

purified by HPLC using a reverse-phase C18 column (Phenomenex Luna, 5 µM 

particles size, 100 Å pore size, 250 mm x 10 mm) the following gradient with Buffer 

‘A’ (H2O + 0.1% TFA), Buffer ‘B’ (MeCN + 0.1% TFA): (initial flow rate 3 

mL/min) 90% to 30 % A over 5 min, hold at 30% A for 5 min, (increase flow rate to 

4 mL/min) to 0% A over 15 sec, hold at 0% A for 2 min, to 90% A over 15 sec, hold 
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at 90% 3 min. All halopyrroles were stored in DMSO at -20 ºC and were stable under 

repeated freeze-thaw. Characteriziation: The 1H-NMR spectrum of 4 confirmed its 

symmetry, and the J-coupling constant of the symmetric CH of 4 matched to the 

literature value for the asymmetric CH of 2 16, corroborating its assignment. 2,3,4,5-

tetrachloropyrrole was prepared in a manner analogous to 3, using NCS in lieu of 

NBS 16. The structure of the compound was confirmed by HRMS and 1H-NMR. 4: 

1H-NMR (600 MHz, CDCl3) delta 8.32 (bs, 1H, NH), 6.81 (d, J = 3 Hz, 2H), HRMS 

(ESI) [M-H]- m/z calculated for molecular formula C4H3Br2N 221.8599, found 

221.8599; 2,3,4,5-tetrachloropyrrole: 1H-NMR (600 MHz, CDCl3):  9.06 (bs, 1H, 

NH), HRMS (ESI) [M-H]- m/z calculated for molecular formula C4HCl4N is 

201.8797, found 201.8790. The mass of the single product observed for incubation of 

2,3,4,5-tetrachloropyrrole with Bmp8 was measured to be [M-H]- m/z 167.9162 

(calculated for molecular formula C4H2Cl3N is 167.9180).  

 

Cloning, expression, and purification of Mm_Bmp8. Expression of Bmp8 was 

achieved by co-expression of Marinomonas mediterranea MMB-1 bmp8 (Mm_bmp8) 

along with M. mediterranea MMB-1 bmp1(TE) (Mm_bmp1(TE)). Mm_bmp1(TE) 

comprises residues 78-376 of Mm_Bmp1, previously identified as the thioesterase 

domain of ACP-TE didomain Bmp1 16,50. PCR-amplifed Mm_bmp8 was ligated into 

the NdeI/XhoI sites of pET28a, which incorporates a N-terminal His6-tag. 

Mm_bmp1(TE) was cloned into MCS-2 of pCDFDuet, which does not incorporate a 

His-tag. pET28-N-His6-Mm_bmp8 and pCDFDuet-MM_bmp1(TE) were co-

transformed into E. coli BL21(GOLD). Expression was performed as by inoculation 
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of 1 L of terrific brother with 20 mL overnight culture with appropriate antibiotics. 

The culture was incubated for 6 h at 30 ºC with shaking at 200 rpm. Temperature was 

reduced to 18 ºC over 1 h followed by induced with 300 µL 1 M IPTG. The induced 

culture was incubated at 18 ºC for an additional 14 h. Cultures were harvested by 

centrifugation, the and the pellet was resuspended 20 mM Tris-HCl (pH 8.0), 500 

mM NaCl, 10% glycerol buffer, and lysed by sonication. The supernatant was 

clarified by centrifugation and loaded on to a 5 mL His-Trap Ni-NTA column (GE 

Biosciences) equilibrated with harves buffer. The column was extensively washed 

with 20 mM Tris-HCl (pH 8.0), 1 M NaCl, 30mM imidazole buffer, and eluted by a 

linear gradient to 20 mM Tris-HCl (pH ~ 8.0), 1 M NaCl, 250 mM imidazole buffer 

across 20 column volumes. N-His6-Bmp8 purified as a stand-alone purified protein, 

while Bmp1(TE) was observed in the flow through and wash by SDS-PAGE analysis. 

Purity of eluted proteins was checked by SDS-PAGE. To cleave the N-His6 tag 

thrombin was added to purified N-His6-Bmp8 to a final concentration of 1 unit/mg 

recombinant protein. The cleavage reaction mixture was transferred into dialysis 

tubing, and incubated overnight in 2 L 20 mM Tris-HCl (pH ~ 8.9), 50 mM KCl, 3 

mM DTT buffer at 4 °C. The dialyzed protein was applied to a 5 mL ion exchange Q 

Sepharose FF column (GE Biosciences) equilibrated in dialysis buffer, and eluted 

using a linear gradient to 20 mM Tris-HCl (pH ~ 8.9), 1 M KCl buffer. Glycerol was 

added to the ion exchange fraction to a final concentration of 10% (w/v). Thrombin 

cleavage was verified by SDS-PAGE analysis (N-His6-cleaved protein retains N-

terminal-GSH after cleavage). Purifed Bmp8 was concentrated after ion exchange 

using an Amicon centrifugal filter with >10 kDA cut-off. Bmp8 mutants were 
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purified in the same way as for Bmp8. Bmp8-H was purified in the same manner as 

Bmp8, but without co-expression with Bmp1(TE).  

 

Construction, expression, and purification of Mm_Bmp8 mutants. Expression 

constructs for Bmp8 mutants C57S, C82A, Y84F/I, C85A, H88V, and C163S were 

constructed by PCR point mutagenesis using pET28- bmp8 as the template. Primers 

were designed with the motif 5′-[20 nucleotide sequence-modified overlap] [35 

nucleotide primer region]-3′ followed by treatment with DpnI exonuclease, 

propagations in E. coli DH5a (NEB), Sanger sequencing verification (SeqXcel, La 

Jolla, CA), and transformation into E. coli BL21-Gold(DE3) (Agilent) for expression. 

Expression purification, and processing of Bmp8 mutants was performed in an 

identical manner as previously described for the purification of wild type Bmp8. Note 

that Bmp8 C57S, Y84F/I, and C163S were insoluble and therefore were not assayed.  

 

Identification, cloning, mutagenesis, and expression of 2ta16_Bmp8-H and 

mutants. 2ta16_Bmp8-H (NCBI accession WP_023399179.1, 55% positives, 

expected value 2x10-35) was identified in the genome Pseudoalteromonas 

luteoviolacea 2ta16 by a BLASTP search of the genome-sequenced strains available 

in-house using Marinomonas mediterranea MMB-1 Bmp8 (Mm_Bmp8) as a query. 

Analogous residues to the proposed active site of Bmp8 were identified via a pairwise 

amino acid alignment using the EMBOSS Needle (EMBL-EBI) web tool. PCR-

amplified 2ta16_bmp8-H was cloned into the pET28a expression vector in identical 

manner to Mm_bmp8 to afford pET28-2ta16_bmp8-H. Expression constructs for 
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Bmp8-H C78A, Y80F, H84V, and C81A we constructed by PCR mutagenesis of 

pET28-bmp8-H using the same methodology used for Bmp8 mutant constructs. N-

His6-tagged 2ta16_Bmp8-H and mutants expressed as soluble recombinant proteins 

without need for co-expression with a helper, but were otherwise expressed, purified, 

and processed in the same manner as previously described for Mm_Bmp8.    

In vitro enzymatic activity assaying of Bmp8, 2ta16_Bmp8-H, and mutants. 

Freshly purified Bmp8, Bmp8-H, or mutants thereof were assayed in 1 mL reactions 

with an incubation time of 30 min at 30 ºC in reaction buffer containing 20 mM Tris-

HCl (pH 8), 50 mM KCl, and 10% glycerol. For reactions containing equimolar or 

excess substrate the enzyme concentration was set at 25 µM. To investigate metal-

dependency, Bmp8 was pre-incubated with 1 mM EDTA at 30 ºC prior to the 

addition of substrate. Reactions with enzyme not pre-treated with EDTA were also 

pre-incubated for 1 h at 30 ºC prior to addition of substrate to account for loss of 

activity due to oxidation by molecular oxygen. Reactions with excess substrate were 

initiated by addition of 2 or 3 to a final concentration 50 µM (~ 2-fold excess to 

enzyme). The volumes of no-enzyme negative control reactions were adjusted with an 

appropriate concentration of reaction buffer and substrate was added to the same 

concentration as for the corresponding enzymatic reaction. Enzymes were recycled by 

addition of glutathione to a final concentration of 1 mM (40-fold excess to enzyme). 

Reactions were quenched by addition of the whole reaction to 1.9 mL EtOAc 

followed by mixing by vortex mixing and separation by centrifugation. The organic 

layer was collected and the solvent removed in vacuo at 30 ºC. The resulting residue 

was dissolved in 100 µL MeOH for LC/MS analysis.  
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LC/MS analysis of in vitro enzyme assays. Extracts of in vitro enzyme assays were 

analyzed by LC/MS 30 µL of sample (in MeOH) on a reverse phase C18 column 

(Phenomenex Luna, 5 µm, 4.6 × 100 mm) operating on an Agilent 1260 HPLC in 

tandem to an Agilent 6530 Accurate Mass Q-TOF mass spectrometer. Mass spectra 

were acquired in negative ionization mode. HPLC solvents used were water + 0.1 % 

formic acid (A) and MeCN + 0.1 % formic acid (B). The HPLC elution profile was as 

follows: (initial flow rate 0.5 mL/min) 10% B for 5 min, linear gradient to 70% B 

over 10 min, linear increase to 80% B over 10 min, (flow rate changed to 0.7 

mL/min) linear increase to 100% B over 0.5 min, hold at 100% B for 3 min, linear 

decrease to 10% B over 0.5 min. Identical injection volumes were used within a given 

experiment.  

 

Mass spectrometric analysis of trypsin-digested Bmp8-CXXC. Reactions 

consisting of Bmp8 (50 µM) and 3 (100 µM) or an equivalent of reaction buffer (20 

mM Tris-HCl pH ~ 8, 50 mM KCl, 10 % glycerol) in a total volume of 100 µL 

reaction buffer. Reactions were incubated for 1 h at 30 ºC, flash frozen in an 

acetone/dry ice bath, and stored at -80 ºC prior to analysis. To minimize ambient 

oxidation, reactions were thawed immediately prior to injection of 15 µL of  the 

sample onto a C4 column (Higgins Analytical PROTO 300, 5 µm, 250 x 4.6 mm) 

operating on an Agilent 1260 HPLC in tandem to an Agilent 6530 Accurate Mass Q-

TOF mass spectrometer. Mass spectra were acquired in positive ionization mode. 

HPLC solvents used were water + 0.1% formic acid (A) and MeCN + 0.1% (B). The 
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elution profile was as follows (flow rate: 0.7 mL/min): 10% B for 10 min, linear 

increase to 30% B over 5 min, linear increase to 70% B over 40 min, linear decrease 

to 10% B over 5 min, linear increase to 100% B over 1 min followed by 2 min at 

100% B, decrease to 10% B over 1 min, 10% B for 2 min and 5 min of post-time 

equilibration. Fragment of interest were search using the extracted ion chromatogram 

feature in Agilent MassHunter software searching for MS1 masses predicted for 

predicted trypsin-digest fragments (ExPASy PeptideMass web tool) of interest in a 

range of ± m/z 0.1.  

 

Mass spectrometric analysis of trypsin-digested alkylated Bmp8-CXXC. 

Reactions consisting of Bmp8 (50 µM) and 3 (100 µM) or an equivalent of reaction 

buffer (20 mM Tris-HCl pH ~ 8, 50 mM KCl, 10 % glycerol) in a total volume of 100 

µL reaction buffer. To check the initial redox state of the Bmp8-CXXC, one of two 

reactions without 3 was immediately quenched with 10 µL of 1 M iodoacetamide, 

incubated for 30 min at 30 ºC, then flash frozen in acetone/dry ice and store at -80 ºC 

prior to further work-up. The additional reactions with and without 3 were were 

incubated for 1 h at 30 ºC then quenched with 10 µL 1 M iodoacetamide, incubated 

for an additional 30 min at 30 ºC, flash frozen, and stored at -80 ºC. Thawed reactions 

were digested with 1 µg of proteomics grade trypsin (Sigma) for 1 h, then flash 

frozen and stored at -80 ºC prior to analysis. LC/MS analysis was performed as 

previously described above for the analysis of trypsin-digested Bmp8-CXXC without 

alkylation.  
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Whole-protein mass spectrometric analysis. Reactions consisting of wildtype 

Bmp8, Bmp8:C82A, or Bmp8:C85A (50 µM) in buffer (20 mM Tris-HCl pH ~ 8, 50 

mM KCl, 10% glycerol, and 1 mM GSH or DTT for reactions containing reductants) 

were analyzed before and immediately after addition of 3 (100 µM). Additional 

reactions without 3 were incubated in parallel and analyzed at the end of each 

sequence to ensure that any modifications to the proteins were due to the addition of 3 

rather than the result of extended incubation. Reactions were analyzed by direct 

injection of 60 µL of the reaction onto an Agilent 1260 HPLC in tandem to an 

Agilent 6530 Accurate Mass Q-TOF mass spectrometer at an injection speed of 1 

mL/min maintaining a flow of water (+0.1 % formic acid) at flow rate of 0.7 mL/min 

held over 2 min. 

 

Data analysis and plotting. LC/MS data was analyzed and visualized using the 

Agilent MassHunter software package. For enzyme activity assays, extracted ion 

chromatograms were called using the calculated m/z for the [M-H]1- ± 0.1 for the 

most abundant M+2 isotope corresponding to a give halogenated pyrrole species. For 

peptides extracted ion chromatograms were extracted survey for the most abundant 

species predicted m/z for [M+ZH]Z+ surveyed over a range of charges Z (integer > 0). 

Whole protein mass spectra were extracted by average over the elution peak over a 

fixed interval. Mass spectral isotope predictions were obtained using the Agilent 

Isotope Distribution Calculator tool, which is part of the MassHunter software suite. 

Data was exported from MassHunter and re-plotted in OriginPro (OriginLab), and 

figures were assembled in Adobe Illustrator (Adobe). Chromatograms corresponding 



 

 
 

153 

to sets of experiments are normalized to the largest peak among spectra, while 

individual chromatograms are normalized to the largest peak within a given 

chromatogram.  
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4.4.2 Supplementary Figures 
 

 
Figure S4.1: Affinity purification of N-His6-Bmp8 by co-expression with 
Bmp1(TE), and cleavage of N-His6 affinity tag. Bmp8 analyzed by SDS-PAGE gel. 
Expected molecular weights are as follows: Bmp1(78-376, TE)-33.442 kDa, N-His6-
Bmp8-23.086 kDa, and N-GSH-Bmp8-21.566 kDA (N-terminal GSH remains post-
cleavage). SDS-PAGE lanes are as follows: (A) Protein molecular weight ladder 
(Fisher Scientific BP3602), (B) Crude lysate of E. coli co-expressing N-His6-Bmp8 
(band boxed in blue) and Bmp1(TE) (band boxed in red), (C) Pre-wash flow-through 
from Ni+-affinity column, (D) Purified N-His6-Bmp8, (E) Ion-exchange-purified N-
His6-tag-cleaved N-GSH-Bmp8. 
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Figure S4.2. Dechlorination of 2,3,4,5-tetrachloropyrrole catalyzed by Bmp8. (A) 
Scheme for dechlorination 5 to 2,3,4-trichloropyrrole (regiospecificity inferred from 
dehalogenation of 3).  (B) Combined EICs for predicted m/z [M-H]- ions 
corresponding to molecular formulae C4NHCl4 (5) and trichloropyrrole (C4NH2Cl3) 
for reactions consisting of synthetically prepared 5 (100 µM) incubated with and 
without excess glutathione (2 mM) with and without Bmp8 (25 µM) in reaction 
buffer (20 mM Tris-HCl pH ~ 8, 50 mM KCl, 10% glycerol) for 30 min. at 30 ºC. (C) 
Mass spectra corresponding to the shaded peaks shown in panel ‘B’ exhibiting the 
anticipate isotopic distribution for tetra- and tri- chlorinated compounds, and 
illustrating the peak-to-peak mass difference corresponding to loss of chlorine. 
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Figure S4.3: Bmp8 homologs from (meta)genomic datasets. Alignment (MAFFT) 
focusing on conserved residues in the vicinity of the active site of Bmp8 (‘*’ above 
indicates residues conserved in this region for all sequences) with reference distance 
trees (Geneious, Jukes-Cantor, Neighbor-Joining) for top ~100 query hits (BLASTP, 
expected value cut-off of 10, default parameters) for query M. mediterranea MMB-1 
Bmp8 (Mm_Bmp8) from (A) GenBank non-redundant protein database (nr) and (B) 
Genbank environmental metagenomics database (env_nr). Bmp8 homologs found in 
the genetic context of the whole or partial Bmp gene locus are labeled in red and 
included for reference with the metagenomics hits in panel ‘B’. Bmp-harboring P. 
luteoviolacea 2ta16 includes a second non-Bmp Bmp8 homolog 2ta16_Bmp8-H 
highlighted in blue and also included in panel ‘B’. Sequences are labeled with 
GenBank accession numbers, and, in panel ‘A’ are labeled with derivative genera.  
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Figure S4.4: Bmp8-CXXC is reduced in enzyme as-purified. To verify that the 
initial redox state of Bmp8-CXXC, intact Bmp8 was treated with iodoacetamide then 
trypsin-digested, as described in the ‘Materials and Methods.’ (A) EICs for the 
trypsin digested fraction containing Bmp8-CXXC for the m/z predicted for the 
[M+2H]2+ of the oxidized, unalkylated/reduced, and alkylated fragments. Only the 
alkylated fragment was detected demonstrating that Bmp8-CXXC is in the fully 
reduced state as-purified, and that alkylation of the Bmp8-CXXC of intact Bmp8 goes 
to completion. (B) Mass spectrum corresponding to the depicted [M+2H]2+ of the 
alkylated Bmp8-CXXC-containing digested fragment averaged over the correspond 
EIC peak in panel ‘A’ (black). The predicted isotope distribution is indicated by the 
red lines. 
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Figure S4.5: Conserved Bmp8 Cys57 and Cys163 do not play a direct role in 
Bmp8 reaction mechanism. The state of the additional Bmp cysteine residues, 
Cys57 and Cys163 was investigated for Bmp8 incubated with and without 3, 
alkylated, and trypsin-digested as described in the ‘Materials and Methods.’ (A) 
Alignment (MAFFT) of Bmp8 homologs found in the genetic context of the Bmp 
pathway with conserved Mm_Bmp8-Cys57 and Cys163 indicated above. (B) EICs 
for the predicted m/z of the [M+2H]2+ ion corresponding to the alkylated trypsin-
digested fragment containing Bmp8-Cys57 for Bmp8 incubated with and without 3 
with corresponding mass spectra averaged over EIC peaks (black) with predicted 
isotope distributions indicated by the red lines. (C) EICs for predicted m/z of the 
[M+H]1+ ion corresponding to alkylated trypsin-digested fragment containing Bmp8-
Cys163 for Bmp8 incubated with and without 3 and corresponding mass spectra 
averaged over EIC peaks (black) with predicted isotope distributions indicated by the 
red lines. 
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Figure S4.6: Whole-protein mass spectra for wildtype Bmp8 and Bmp8 Cys to 
Ala mutants under various conditions. (A)-(B) Mass spectra for Bmp8-WT (WT), 
Bmp8-C82A (C82A), and Bmp8-C85A (C85A) before and after treatment with 3. For 
spectra labeled with ‘start’ or ‘end’, ‘start’ refers to the sample before addition of 3, 
while ‘end’ refers to a separate reaction without 3 incubated in parallel as a negative 
control intended to demonstrate that observed mass shifts are due to the addition of 3 
as opposed to extended incubation times. Charge states corresponding to each 
population are indicated at the top of panels ‘A’ and ‘B’, while masses predicted for 
the maximum isotope for each [M+ZH]Z+ ion are indicated by the red lines for the 
‘apo’ form, and blue lines for the ‘holo’ adduct-bound (+SG or +2[O]) forms; the 
+2SG predicted mass for ‘WT +3’ is indicated in green. (C) Calculation of the mean 
peak-to-peak difference (∆max) between ‘holo’ adduct-bound Bmp8-C82A and ‘apo’ 
Bmp8-C82A taken as the mean of differences for a given charge Z (Δmax,Z) over Z = 
16 to 26; values are shown in Table S1. (D)-(E) Proposed adducts formed with 
Bmp8:C82A and Bmp8:WT for different treatments based on calculated ∆max in Table 
S1. 
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Figure S4.7: A distant Bmp8 homolog from P. luteovioalcea 2ta16, 2ta16_Bmp-H. 
(A) Genetic context for the 2ta16_Bmp8_homolog (2ta16_Bmp8-H) from P. 
luteoviolacea 2ta16 (GenBank WP_023399179.1). (B) 2ta16_Bmp8-H and 
Mm_Bmp8 were incubated with 3 as described in the ‘Materials and Methods’ and 
reactions were quenched by extraction with two volumes at EtOAc after incubation 
for 0.5 or 3 h. The figure shows combined EICs for predicted of m/z’s of [M-H]1- ions 
for 2, 3, and 4 for extracts analyzed as described in the ‘Materials and Methods.’ 

 
 
 
 
 
 
 
 

 
Figure S4.8: Functional characterization for Bmp8 homologs from Bmp 
pathways harbored by two additional marine bacteria. (A) Bmp gene cluster from 
P. luteoviolacea 2ta16 (2ta16_bmp), P. phenolica O-BC30 (OBC30_bmp), and M. 
mediterranea (Mm_bmp). (B) Activity of Bmp8 homologs expressed and purified as 
described for Mm_Bmp8 in the materials and methods for enzyme incubated with ~2-
fold excess of 3 for a reaction time of 30 min. Traces represent combined EIC’s for 
the predicted [M-H]1- for 3 (peak shaded green) and 2 (peak shaded orange). 
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Figure S4.9: Bmp8 selectively debrominates a differentially halogenated pyrrole 
substrate. (A) Route for the synthesis of 2-chloro-3,4,5-tribromopyrrole (Br3ClPy) 
from 2. Briefly, to 2 (10 mg) in 15 mL THF was added 1.1 eq. NCS while stirring. 
The reaction was stirred for 3 h at room temperature, and solvent was removed in 
vacuo. The residue was dissolved in minimal hexane and purified by silica gel 
chromatography. The predicted m/z for [M-H]-1 ion for C4NHBr3Cl (Br3ClPy) is 
333.7275, measured is 333.72120.  (B) EICs for reactions containing Bmp8 incubated 
with equimolar substrate (Br3ClPy or 3 as a positive control) in the same manner as 
described for in vitro enzyme assays in ‘Materials and Methods’. The top two traces 
are combined EICs for predicted m/z for [M-H]-1 ions corresponding to 2, Br3ClPy, 
and Br2ClPy. The bottom two traces or EICs for predicted m/z for [M-H]-1 

corresponding to 2 and 3. To the right of traces are mass spectra averaged over the 
respective highlighted peaks in EICs consistent with expected M+2 Cl/Br isotopic 
distributions. Only a single with m/z 255.8165; predicted m/z for the [M-H]1- ion for 
the singly debrominated product (i.e. with molecular formula C4NH2Br2Cl) is 
255.8169. (C) Scheme illustrating selective dehalogenation of Br3ClPy by Bmp8. 
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Figure S4.10: Mass spectra for Bmp8 products. Mass spectra showing 
debromination of 3 (tetrabromopyrroles) to 2 (tribromopyrrole), and 2 to 4 
(dibromopyrrole). 
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Figure S4.11: Regeneration of Bmp8. (A) Scheme for oxidation and reduction of 
Bmp8. i. Bmp8 as-purified was treated with an excess of tetrabromopyrrole (Br4Py, 
1) for 3 h, followed by ii. dialysis in buffer (20 mM Tris-HCl pH ~ 8, 50 mM KCl, 
10% glycerol) containing dithiothreitol (+DTT) to regenerate the enzyme, and then iii. 
removal of DTT from the buffer by dialysis in the same buffer not containing DTT (-
DTT). 2-chloro-3,4,5-tribromopyrrole (Br3ClPy) was used as a substrate in case of 
carryover of Br4Py used in excess to oxidize Bmp8, and, in principle, removed by 
dialysis. Br3ClPy (equimolar to enzyme) was incubated with for 3 h at 30 ºC with 
regenerated Bmp8 (‘+Bmp8 regenerated’), a blank buffer control treated in the same 
manner as regenerated Bmp8 (‘+DTT blank dialyzed’), dialyzed not regenerated 
Bmp8 (i.e., dialyzed twice in –DTT buffer instead of once in +DTT buffer and once 
in –DTT buffer, ‘+Bmp8ox’), an as-purified Bmp8 positive control (‘+Bmp8red’), or 
no Bmp8 (‘-Bmp8’). (B) Extracted ion chromatograms (EICs) for organic extract of 
reactions for predicted m/z’s of Br3ClPy and ‘-Br’ 2-chloro-3,4-tribromopyrrole 
(Br2ClPy). Reactions were extracted and analyzed in the same manner as described in 
the Materials and Methods section.   
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Figure S4.12: Oxygen sensitivity of Bmp8. Extracted ion chromatograms (EICs) for 
the predicted m/z’s [M-H]- for tetrabromopyrrole (Br4Py, 3) and tribromopyrrle 
(Br3Py, 2), and dibromopyrrole (Br2Py, 4). Reactions with equimolar Br4Py to with 
Bmp8 as-purified (‘D1’) and incubated overnight in a vial with the lid left open to 
allow for equilibration with air (‘D2’) with and without dithiothreitol (DTT). 
Reactions were incubated for 6h at 30 ºC, and extracted and analyzed as previously 
described.   
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Figure S4.13: Reductive dehalogenation of tetrabromopyrrole (Br4Py, 3) by 
Bmp8 under anaerobic conditions with and without dithiothreitol (DTT). 
Extracted ion chromatograms (EICs) for the predicted m/z’s [M-H]- for Br4Py and 
tribromopyrrle (Br3Py, 2), and dibromopyrrole (Br2Py, 4). Bmp8 and Br4Py (~2-fold 
excess to enzyme) were incubated for 12 h in open vials in anaerobic chamber to 
evacuate the solutions of molecular oxygen. Solutions were then combined while still 
under anaerobic conditions and incubated for an additional 6 h at ambient temperature 
in the same anaerobic chamber (~25 ºC). Reactions were extracted in the anaerobic 
chamber using the same reaction procedure as described in the Materials and Methods 
sections. Reaction conditions and analysis are the same as described in Material and 
Methods section. 
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Figure S4.14: Non-enzymatic aqueous reductive dehalogenation of 
tetrabromopyrrole (Br4Py, 3) by reducing agents. Extracted ion chromatograms 
(EICs) for the predicted m/z’s [M-H]- for Br4Py,tribromopyrrle (Br3Py, 2), and 
dibromopyrrole (not observed). Br4Py (100 µM) was incubated for 12 h at 3 ºC in 
aqueous buffer (20 mM Tris-HCl pH ~ 8, 50 mM KCl, 10% glycerol) with 2 mM of 
reductants (glutathione, GSH; dithiotreitol, DTT; tris(2-carboxyethyl)phosphine, 
TCEP) or no reductant. Reactions were extracted and analyzed as described in the 
Material & Methods section (above). 
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Figure S4.15: Whole-protein mass spectrometry of Bmp8-C82A with other 
halogenated pyrrole substrates.  Bmp8-C82A was incubated with additional Bmp8 
substrates 2 and 5. A mass shift is only observed upon addition of 3, consistent with 
slow turnover of 2 and 5 by Bmp8. The procedure for whole-protein mass 
spectrometric experiments is described in the Material and Methods. 
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4.4.3 Supplementary Tables 
 
Table S4.1. Mass shift calculation from whole-protein mass spectrometry 
analysis.  
 

Descripti
on 

Calculated 
neutral protein 
mass (Da)* 

Expected 
neutral 
mass for 
'apo' 
protein (Da) 

Difference 
from 'start’ 
(Da) 

Mass 
shift 
assignme
nt  

Expecte
d shift 
(Da) 

Mean peak-
to-peak 
difference 
(Da)** 

Bmp8:WT	
No reductant	

no 3 start 21,565.77±0.27 21,566.40 - - - - 
after 3  21,563.13±1.62 - -2.64 -2H -2.02 -2.64±1.57 
no 3 end 21,565.57±0.26 21,566.40 -0.20 No shift 0 -0.20±0.36 

GSH	
no 3 start 21,567.75±0.22 21,566.40 - - - - 
after 3 
peak 1 

21,565.68±0.5 - -2.07 -2H -2.02 -2.07±0.57 

after 3  
peak 2 

21,872.66±1.37 - 304.92 +GS- 305.07 304.92±1.38 

after 3 
peak 3 

22,178.09±0.84 - 610.34 +2GS- 610.14 610.34±0.83 

no 3 end 21,567.71±0.32 21,566.40  	 	 -0.04±0.34 
Bmp8:C82A	
No reductant	

no 3 start 21,534.32±0.19 21,534.40 - - - - 
after 3  21,566.33±0.58 - 32.61 +2[O] 31.99 32.61±0.70 
no 3 end 21,534.04±0.15 - -0.28 No shift 0 -0.28±0.23 

GSH	
no 3 start 21,535.04±0.23 21,534.40 - - - - 
after 3  21,840.23±0.23 - 305.20 +GS- 305.07 305.20±0.33 
no 3 end 21,534.65±0.43 21,534.40 -0.38 No shift 0 -0.38±0.42 

DTT	
no 3 start 21,535.08±0.13 21,534.40 - - - - 
after 3  21,535.24±1.07 - 0.15 No shift 0 0.15±1.08 
no 3 end 21,534.91±0.25 21,534.40 -0.18 No shift 0 -0.18±0.12 

Bmp8:C85A	
No reductant	

no 3 start 21,534.07±0.21 21,534.40 - - - - 
after 3  21,533.85±0.20 - -0.22 No shift 0 -0.22±0.3 
no 3 end 21,533.95±0.20 21,534.40 -0.13 No shift 0 -0.13±0.34 

GSH	
no 3 start 21,534.72±0.07 21,534.40 - - - - 
after 3  21,534.68±0.12 - -0.04 No shift 0 -0.04±0.10 
no 3 end 21,534.63±0.13 21,534.40 -0.09 No shift 0 -0.09±0.15 

* Calculated as the average of Zx([M+ZH]Z+)-ZxH over Z=[16,26]. **Calculation 
shown in Fig. S6.   
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Chapter 5: Opportunities in halopyrrole biosynthesis 
 
5.1 Lessons from pentabromopseudilin biosynthesis: the halopyrrole 
biosynthetic handle  
 
 The elucidation of the brominated marine pyrrole/phenol (Bmp) biosynthetic 

pathway is a testament to the tremendous opportunities presented by the study of 

marine bromination. Indeed, awaiting discovery in the biosynthetic pathway of 

pentabromopseudilin were three new enzymes catalyzing transformations involving 

halogens, including the first two examples of brominases from a confirmed 

biosynthetic context, as well as the first example of a tailoring dehalogenase. 

Reflecting on the process for the discovery of the Bmp gene cluster, it is worth 

highlighting how an established halopyrrole biosynthetic logic proved a powerful tool 

for teasing out a basis for associated bromophenol biosynthesis. One of the main 

challenges in mining for biosynthetic gene clusters encoding the biosyntheses of non-

canonical natural products (i.e. neither NRPS nor PKS) is the lack of a biosynthetic 

“handle” for genome mining. Hence, the success in applying this halopyrrole probe 

begs the question of what other opportunities await. One area of great potential lies in 

unlocking the biosynthesis of the fabled bromopyrrole-containing pyrrole imidazole 

alkaloid (PIA) class of sponge natural products for which more than 150 structures 

have been described over the past forty years, and which have captivated the 

imaginations of synthetic chemists and pharmacologists alike82. Feeding studies have 

shown incorporation of radiolabeled L-proline into the structure of the proposed PIA 

building block-oroidin. Hence, it would appear that the halopyrrole biosynthetic logic 

could strike again this time in unlocking the biosynthesis of the amino imidazole 
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moiety of oroidin, and thereby providing access to an entire class of natural products.  

The remainder of this chapter is dedicated to a description of the state-of-the-art and 

challenges in the elucidation of PIA biosynthesis along with an original example of 

sponge metagenome mining toward elucidation of a PIA gene locus.  

5.2 A foray into pyrrole-imidazole alkaloid biosynthesis   
 
5.2.1 Background and Introduction 

 

Pyrrole-imidazole alkaloids (PIAs) are a diverse class of marine sponge 

secondary metabolites with promising bioactivities, including cytoxic, anti-microbial, 

and anti-feedant properties82,109. Among the over 150 PIAs described to date are the 

anti-microbial sceptrins, anti-fungal and anti-tumor palau’amine, and anti-tumor 

agelastatins, found in the sponge genera Agelas, Stylissa, Stylotella, Axinella, and 

Hymeicaedon (Fig. 5.1)110. Despite their promising potential as drug leads, access to 

complex PIAs has been a bottleneck to their development as drugs.   
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Figure 5.1: Packing a punch with parsimony. Complex PIAs are thought to arise 
from universal achiral building blocks. 

 

 Exemplifying biosynthetic parsimony, complex multi-stereocenter PIAs are 

proposed to originate from one of three achiral PIA building blocks, namely, oroidin, 

hymenidin, and clathrodin, which differ only in the nature of the substitution of the 4 

and 5 positions of the pyrrole moiety (Fig. 5.1)110. For example, palau’amine isolated 

from the sponge Stylotella agminata, whose hexacyclic structure features eight 

contiguous stereocenters, is a proposed dimer of achiral clathrodin (Figs. 5.1 and 

5.2)111,112. Moreover, biomimetic studies employing cell-free assays from crude 

sponge enzyme preparations from tissues of the Caribbean sponge species Agelas 

sceptrum and Stylissa caribica demonstrated oroidin as a precursor to the more 

complex bioactive PIA benzosceptrin C 113. Furthermore, the biogenetic precursors of 

the pyrrole moiety of oroidin is posited from feeding studies to be the amino acid L-

proline, while L-homoarginine via L-lysine (or L-histidine) is proposed as the 
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precursor of the aminopropylimidazole moiety114. As in the identification of the bmp 

gene cluster (Chapter 2), the L-proline adenylation domain provides a facile basis for 

mining for potential PIA biosynthetic gene clusters.  

 
Figure 5.2: Palau’amine: simplicity in complexity. As per biosynthetic proposal, 
clathrodin moiety (red) and clathrodin sub-unit 3-amino-1-(2-amino imidazolyl) prop-
1-ene moiety (green).   

 

Understanding of PIA biosynthesis has progressed slowly over the last 

decades due to inherent limitations associated with traditional approaches of study. 

Indeed, the state-of-the-art in the study biosynthesis of PIAs has until now relied on 

indirect chemical techniques such as in vivo isotope tracer experiments, and in vitro 

crude enzyme assays 110,113,115,116. While these studies have suggested the chemical 

building blocks involved in higher PIA biosynthesis, they fall short in addressing the 

genetic and biochemical bases for their production. Moreover, despite monumental 

successes in the total syntheses of many complex PIAs such as palau’amine, synthetic 

chemistry has thus far proven an impractical mean for gaining access to PIA 

material117-120. A conclusive molecular basis for PIA biosynthesis is key not only to 

the discovery of new enzymes, but also to gaining access to these valuable molecules 

through exploitation of nature’s synthetic toolkit.  
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5.2.2 Approach  
 

 
Figure 5.3: Scheme for metagenomic approach for elucidation of PIA 
biosynthesis.  Experimental validation will afford a handle to accelerate the rate of 
discovery of new pathways. 

 
Sponges harbor complex microbiomes that are thought to account for the 

majority of their secondary metabolism121. At least a portion of sponge microbiota are 

known to be vertically transferred from adult sponges to their offspring during 

spawning122. Hence, it is this core microbiome that likely gives rise to the highly 

reproducible chemotypes observed within sponge species123,124. Nonetheless, it cannot 

be excluded that the sponge itself might also possess the capacity to produce natural 

products, or at least modify the natural products produced by its microbiome. Hence, 

a deep-sequencing metagenomics approach which examines the entire genetic content 

of the sponge organism may provide the best first-pass approach for gaining a holistic 

understanding of the biosynthetic capacities of these organisms125. The initial 

workflow described in ‘Fig. 5.3’ (above) begins with identification and collection of 

sponges known to harbor PIAs, followed by chemical verification to confirm 

presence of PIAs. Validated specimens are then subjected to whole-animal 

metagenomic DNA extraction and deep-sequencing. Sequencing data is then 

assembled and annotated, and queried using candidate amino acid sequences based on 

retro-biosynthetic hypotheses. Upon identification of candidate gene loci, one might 
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proceed to validate targets through a combination of in vivo heterologous expression 

of a full gene cluster, and in vitro interrogation of individual biochemical 

transformations through the cloning and expression of individual enzymes. The 

verification of the first PIA biosynthetic pathway promises to accelerate the discovery 

of many more PIA pathways (Fig. 5.3). The remainder of this section will discuss 

preliminary findings utilizing this approach.  

5.3 Preliminary work 
 
5.3.1 Collection of marine sponges harboring PIAs 
 

 The two fundamental questions motivating an initial study of PIA biosynthesis 

are, firstly, the origin of oroidin, and, secondly, whether more complex “higher” PIAs 

are derived from oroidin. Hence, we initially sought a sponge harboring oroidin, and 

another sponge harboring the simplest of the higher PIAs, the oroidin dimer sceptrin 

(Fig. 5.1). Moreover, sponges from distinct geographical locations were sought with 

the rationale that a core microbiome, independent of environment, might be derived 

via comparison of these two metagenomes thus focusing the search for candidate 

biosynthetic gene loci. To this end, the sponge Stylissa massa known to produce 

oroidin and cyclooroidin derivatives126 was collected in Guam by a team lead by Dr. 

Vinayak Agarwal of the Moore Laboratory in the summer of 2014, while the 

Caribbean sponge Agelas tubulata shown to harbor sceptrins was obtained from 

collaborators at Sirenas Marine Discovery in La Jolla, CA. Hence, the rationale for 

choosing initial target sponges for investigation is born of a “simple-to-complex” 

strategy. 
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5.3.2 Chemical validation  
 

Initial chemical validation of samples was performed by liquid 

chromatography tandem mass spectrometry (LC-MS) analysis of methanol extracts of 

A. tubulata and S. massa. Extracts of S. massa were confirmed to harbor masses 

consistent with anticipated oroidin and cyclooroidin derivatives (Figs. 5.4 and 5.5), 

while extracts of A. tubulata were confirmed to contain masses consistent with the 

oroidin dimer sceptrin (personal correspondence with Eduardo Esquinazi, Sirenas 

Marine Discovery). 

 
Figure 5.4: Chemical diversity of S. massa. Representative structure of alkaloids 
furnished by extracts of the sponge S. massa126. 
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Figure 5.5: LC-MS validation of production of oroidin and cylcooroidin 
compounds from S. massa collected in Guam. (A)-(E) Mass spectra with associated 
molecular formulae and proposed structures (also shown in Fig. 4) based on previous 
isolation work with S. masssa126. Extracted ion chromatograms are shown to the tops 
of panels (A)-(B) for compounds with identical molecular formulae, and for which 
two peaks were present. Multiple known structures fit to the mass spectrum shown in 
panel ‘E’. The vertical axis is relative abundance. Structural assignments are entirely 
speculative based on predicted molecular formulae. 

 

5.3.3 Metagenomes  
 

 Whole sponge metagenomic DNA was prepared from tissue of A. tubulata 

and S. massa using a protocol described by Brady et al.127 Metagenomes were deep-

sequenced using the Illumina HiSeq sequencing platform. The resulting metagenomes 

were assembled and uploaded onto the JGI server for annotation. These metagenomes 

both exhibited remarkable microbial diversity. Comparison of the S. massa and A. 

tubulata prokaryotic diversity (Bacteria and Archaea) showed that the metagenomes 

were highly similar at a phylum level (Fig. 5.6). 
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Figure 2. Comparison of phylum-level prokaryotic diversity of A. tubulata and S. 
massa. Radial phylogenetic tree128 showing the phylum-level diversity based on 16S 
metagenomics reads. Bars associated with nodes show the abundance of operational 
taxonomic units (OTUs) for the respective metagenome.   
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5.3.4 Metagenomic query 
 

 
Figure 5.7: Return of the halopyrrole biosynthetic handle. L-proline is thought to 
be the precursor in the biosynthesis of the halopyrrole moiety, therefore canonical 
halopyrrole biosynthetic motifs might be used to mine sponge metagenomes for PIA 
biosynthetic loci. 

 

 Based on reports of incorporation of radiolabeled L-proline into the structure 

of oroidin114, it was hypothesized that the halopyrrole moiety of PIAs is derived via 

the same conserved halopyrrole biosynthetic logic used to mine bacterial genomes for 

the Bmp gene locus (Chapter 2) (Fig. 5.7). Therefore, proline adenylation domains 

and pyrrole halogenases were employed as a two-pronged hook to search for potential 

PIA clusters. Mining the metagenome of S. massa lead to the identification of several 

short contigs containing putative proline adenylation domains, while no homologs to 

pyrrole halogenases could be identified. A search of the A. tubulata metagenome 

similarly revealed several proline adenylation domains, but, likewise, their context 

could not be ascertained due the brevity of the contigs on which they were found. 

Unlike the metagenome of S. massa, the metagenome of A. tubulata returned some 

twenty homologs of flavin-dependent pyrrole halogenases. The most closely related 

homolog showed greater sequence homology to halogenases that act on thiotemplated 

rather than free substrates (Fig. 5.8). Further, a search of publically available genomic 
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databases using the putative pyrrole halogenase sequence from A. tubulata returned 

partial sequences for putative flavin-dependent halogenases amplified from 

metagenomes of sponges known to harbor PIAs in  an earlier study129.  

 

 
Figure 5.8: Phylogeny of putative A. tubulata pyrrole halogenase. An unrooted 
distance tree was constructed (Jukes-Cantor, Neighbor-Joining, Geneious) for flavin-
dependent halogenases including a pyrrole halogenase homolog from the 
metagenome of A. tubulata (‘Atub’, highlighted orange); the genetic context for 
‘Atub’ is shown in ‘Fig. 25’. 

 

Inspection of the gene neighborhood for the putative A. tubulata halogenase 

revealed a gene annotating as a CoA-ligase, which could serve in place of an 

adenylation domain (Fig. 5.9). Also present in the gene neighborhood were several 

genes encoding for enzymes catalyzing redox and radical chemistry (Fig. 5.9). 

Resistance mechanisms for natural products are often encoded their biosynthetic gene 

clusters130. In addition to apparent biosynthetic enzymes, the cluster from A. tubulata 
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also encodes for putative topoisomerase IV. Interestingly, analogs of oroidin have 

been shown to be inhibitors of DNA topoisomerase IV131. As a thought exercise, a 

cursory biosynthetic scheme for oroidin (the putative precursor of sceptrin harbored 

by A. tubulata) was constructed based on the annotations found in the genetic context 

of the putative A. tubulata halogenase (Fig. 5.9). Indeed, many biosynthetic steps 

leading to the formation of sceptin, let alone oroidin, are apparently absent from the 

annotated genetic context captured by the ~21 kb contig shown in Figure 8. 

Additionally, the cluster contains many ORFs that lack annotations due dissimilarity 

from known enzymes. Therefore, before proceeding with detailed investigation of this 

gene cluster it the experimental validation of key transformations is advised. Several 

approaches for biochemical validation are described briefly in the following section. 
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Figure 5.9: Putative “PIA” cluster from the A. tubulata metagenome. The top of 
the figure shows the ~21 kb contig containing a putative A. tubulata pyrrole 
halogenase (orange) chosen for its promising genetic context. Annotations for 
apparent biosynthetic and resistance genes are shown according to the coloring 
scheme used in the gene map. ORFs shaded are annotated to encode “hypothetical 
proteins.” Based on these annotations a rough biosynthetic proposal was constructed 
for oroidin (note that A. tubulata harbors a putative oroidin dimer sceptrin). Red font 
indicates implicit transformations that could not be accounted for by gene 
annotations. The biosynthetic scheme is inspired by that shown in ref. 7. The 
transformation associated with the annotation “coproporhyinogen III oxidase-like 
radical SAM enzyme” is shown in the dashed box (bottom, right). Note this 
biosynthetic scheme is included as a thought experiment, and is not experimentally 
validated. 

 

5.3.4 Validation 
 
 Thus far a metagenomics approach has failed to reveal a viable PIA 

biosynthetic gene cluster for heterologous expression. Nonetheless, despite lack of 

sufficient genetic context in many cases, one might begin to screen candidate pyrrole 

halogenases using the methodology described in Chapter 3 of this thesis to study the 

reaction catalyzed by pyrrole brominase Bmp2. Moreover, the specificity of candidate 

proline adenylation domains can be assayed132.  

5.4 Future directions 
 
 In light of the challenge thus far in identifying a high-confidence PIA 

biosynthetic gene locus via a metagenomics strategy, it is worth revisiting the 
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assumptions driving the present approach. The first assumption is that the halopyrrole 

moiety of PIAs derives from a conserved biosynthetic logic. This proposal is based on 

past studies showing incorporation of radiolabeled L-proline into oroidin114. However, 

adherence to convention comes with the risk of turning a blind eye to alternative 

strategies. Indeed, the A. tubulata metagenome-derived gene cluster used as an 

example in this chapter appears to possess a halogenase and CoA-ligase, but lacks an 

open reading frame (ORF) annotating as an acyl carrier protein (ACP) despite a 

substantial (~21 kb) genetic context. Hence, for the sake of argument, the 

biosynthesis of the halopyrrole moiety of oroidin might arise via an ACP-independent 

pathway, which is without precedent in halopyrrole biosynthesis133. The second 

assumption is that the sponge microbiome, rather than the sponge itself is the 

producer of the major chemistry present in the sponge. The enormous capacity for 

secondary metabolism of host-associated microorganisms has been demonstrated 

from marine invertebrates134,135. Nonetheless, if the sponge itself is responsible for 

whole or part of the biosynthesis of PIAs, a transcriptomic approach such as used to 

identify dispersed biosynthetic enzymes in plants by correlative gene expression 

might be more appropriate136. As little is known about sponge enzymes, and relatively 

few genomes of marine invertebrates have been sequenced, relying on annotations to 

identify biosynthetic genes could pose an additional challenge137. In light of the 

inherent risk involved in the pursuit of unknowns, the assumptions going into the 

approach to PIA biosynthesis should be thoroughly vetted. While the success of high 

risk research often hinges on a degree of chance, chance certainly favors a well-

rationalized approach.  
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This chapter does not mean to suggest that a metagenomics approach to the 

elucidation of PIA biosynthesis is destined to failure, but that improvements can be 

made to increase the odds of success. It is apparent from initial sequencing efforts, 

that the metagenomes generated for A. tubulata and S. massa are exceedingly 

complex. Hence, a strategy that reduces the complexity of DNA samples prior to 

sequencing could dramatically increase the efficiency of downstream steps in the 

workflow. One strategy could be a single-cell genomics approach as has previously 

been used to identify sponge symbionts with enormous biosynthetic potential135. 

Assuming limiting sequencing and computational resources, a single-cell approach 

would require a means of prioritizing amplified genomes for sequencing. In turn, this 

would hinge on confidence in the retrobiosynthetic proposal for oroidin which would 

word serve as the basis for designing degenerate nucleic acid probes for initial 

screening of single microbial cells. An additional strategy for simplifying 

metagenomes would be to sequence metagenomes of sponge eggs or larvae, which 

would ostensibly be enriched for vertically rather than horizontally transferred 

microbiota, hence increasing chances of capturing intact genomic information for the 

producing microbial symbiont. Despite evidence for vertical  transfer of sponge 

symbionts, a metagenomics approach has never been taken to study this 

phenomenon122,124,138. A traditional biochemical approach that casts a wider net in 

screening for crude enzyme activity coupled with a modern genomics approach could 

also serve to inform and specify a broader view on oroidin biosynthesis. Indeed, 

crude sponge protein extracts have been used to generate circumstantial evidence in 

support of the role of oroidin as a precursor to higher PIAs113. Based on the dipeptide-
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like structure of oroidin, it is reasonable to assume that its building blocks derive 

from amino acid precursors, hence, screening protein fractions for modification of a 

cocktail of amino acids utilizing a mass spectrometry networking approach is a highly 

feasible prioritization scheme toward the generation of protein sequence search tags. 

The study of the biosynthesis of PIAs is a daunting task, however any progress 

toward the identification of a genetic biosynthetic signature for a PIA molecule 

promises to crack open the biosynthesis of a class of over 150 natural products, 

whose bioactivities have amazed pharmacologists, and inspired synthetic chemists82.  
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