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ABSTRACT: Enzymes capable of performing dehaloge-
nating reactions have attracted tremendous contemporary
attention due to their potential application in the
bioremediation of anthropogenic polyhalogenated persis-
tent organic pollutants. Nature, in particular the marine
environment, is also a prolific source of polyhalogenated
organic natural products. The study of the biosynthesis of
these natural products has furnished a diverse array of
halogenation biocatalysts, but thus far no examples of
dehalogenating enzymes have been reported from a
secondary metabolic pathway. Here we show that the
penultimate step in the biosynthesis of the highly
brominated marine bacterial product pentabromopseudilin
is catalyzed by an unusual debrominase Bmp8 that utilizes
a redox thiol mechanism to remove the C-2 bromine atom
of 2,3,4,5-tetrabromopyrrole to facilitate oxidative coupling
to 2,4-dibromophenol. To the best of our knowledge,
Bmp8 is first example of a dehalogenating enzyme from
the established genetic and biochemical context of a
natural product biosynthetic pathway.

fforts toward the bioremediation of man-made polyhalo-

genated persistent organic pollutants have led to the
identification of microbes and associated enzymes capable of
dehalogenation of a wide range of organohalogens.' ™ Nature is
also a prolific source of polyhalogenated natural products
ranging from simple aliphatic and aromatic molecules to
complex terpenoids, oligopeptides, alkaloids, and polyketides
with diverse biological properties.” Although numerous natural
product halogenases have been characterized, here we report, to
the best of our knowledge, the first example of a dedicated
dehalogenating enzyme participating in the construction of a
natural product.

The terminal reaction in the biosynthesis of the highly
brominated marine bacterial natural product, pentabromop-
seudilin (1) by the marine bacterial Bmp pathway involves the
biradical C—C coupling of 2,3,4-tribromopyrrole (2) to 2,4-
dibromophenol catalyzed by a cytochrome P450(CYP450)
Bmp7 (Figure 1A,B).” Although we previously confirmed the
biosynthesis of 2,4-dibromophenol by enzymes BmpS5—6, the
steps leading to the biosynthesis of 2 remained uncertain
(Figure 1B). We demonstrated that Bmpl—4 synthesizes the
symmetrical natural product 2,3,4,5-tetrabromopyrrole (3),
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Figure 1. (A) Bmp gene clusters from Marinomonas mediterranea
MMB-1 and Pseudoalteromonas sp. PSS. The Bmp gene cluster from
M. mediterranea MMB-1 features an ORF encoding a putative
permease inserted between bmp3 and bmp4. (B) Biosynthesis of 1
with the hypothesized role of Bmp8.

which is not a substrate for Bmp7, implying that an as yet
uncharacterized dehalogenation event must occur to furnish 2
from 3 en route the assembly of 1 (Figure 1B).”® All Bmp
biosynthetic enzymes have been characterized with the
exception of an orphan ~21 kDa protein with distant homology
to thioredoxin/alkyl hydroperoxidase AhpD encoded by the
open reading frame (ORF) bmp8, located upstream of CYP450
electron transport partner-encoding bmp9—10 (Figure 1A).>°
Notably, bmp8 homologues are absent in the bmp gene cluster
recently identified from Pseudoalteromonas sp. PSS that
produces the coral larval settlement cue 3, and not 2, as its
dominant polybrominated pyrrole metabolite (Figure 1A).°
Thus, we reasoned that Bmp8 might support the reductive
dehalogenation of 3 to 2. To test this hypothesis in vitro, we
first sought to purify Bmp8 as a soluble recombinant protein.

Initial attempts to prepare recombinant Bmp8 were
frustrated by the insolubility of recombinantly expressed
protein. Working on the assumption that the product of the
Bmpl didomain protein is the substrate of Bmp8 and thus that
these two proteins may form a functional complex, we
coexpressed the N-Hiss-tagged-Bmp8 from M. mediterranea
MMB-1 with the untagged Bmpl thioesterase (TE) domain.
Purification by affinity chromatography led to the isolation of
Bmp8 as a stand-alone, soluble protein (Figure S1). With

Received: August 15, 2016
Published: September 27, 2016

DOI: 10.1021/jacs.6b08512
J. Am. Chem. Soc. 2016, 138, 13167—-13170


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08512/suppl_file/ja6b08512_si_001.pdf
pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b08512

Journal of the American Chemical Society

Communication

purified Bmp8 protein in hand, we next sought to test its
activity against 3.

We first inspected the domain architecture of Bmp8 to
ascertain the assay components necessary to reconstitute its
activity. Consistent with its homology to the mycobacterial
thioredoxin-like enzyme AhpD, the primary amino acid
sequence of Bmp8 contains a conserved thioredoxin Cys-X-
X-Cys motif (CXXC; Cys82-X-X-Cys8S; Figure 2A).” In the
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Figure 2. (A) Portion of amino acid sequence alignment of M.
mediterranea MMB-1 Bmp8 (GenBank WP_013663189.1) with
Mycobacterium tuberculosis H37Rv AhpD (GenBank AAA86657.1)
highlighting conserved CXXC motif, and inclusive of the predicted
CXXC-containing trypsin peptide fragment for Bmp8; CXXC residues
are numbered above for Bmp8 and below for AhpD. (B) Hypothesized
thioredoxin-inspired redox mechanism for conversion of 3 to 2 by
Bmp8. (C) Combined extracted ion chromatograms (EICs) for m/z’s
corresponding to [M-H]'™ ions for 3 (green), 2 (orange), and 4 (red)
for organic extracts of 1 mL reactions containing 100 uM 3 or 2 with
(+) or without (=) S0 #uM Bmp8, and with (+) or without (=) 1 mM
GSH in buffer (pH 8) containing 20 mM Tris—HCl, S0 mM KCl, and
10% glycerol incubated at 25 °C for 30 min,; synthetic starting
material is indicated by an asterisk (*) above the respective peak.

reaction mechanism for thioredoxins, the CXXC cysteinyl thiols
deliver two electrons to the oxidant substrate leading to the
formation of an intramolecular disulfide bond (Figure 2B).”®
Hence, we reasoned that, so long as the Bmp8 CXXC was
available in its reduced form, conversion of 3 to 2 should
proceed without the requirement for exogenous redox
cofactors. Indeed, incubation of Bmp8 with a 2-fold molar
excess of 3 led to partial conversion to the product 2 confirmed
by comparison to an authentic synthetic standard, while no
conversion was observed for 3 incubated in the absence of
enzyme over the same reaction period (Figure 2C curves “i”
and “iii”, and Figure S2). We next reasoned that if a disulfide
bridge were formed at the Bmp8 active site CXXC following
the reduction of 3 to 2, then the enzyme activity should be
restored by the addition of a thiol reducing agent leading to
complete conversion of the substrate 3 in 2-fold molar excess of
the enzyme to the product 2. Indeed, inclusion of the thiol

reductant glutathione (“GSH” in figures) in excess to enzyme
and product led to complete conversion of 3 to 2, whereas only
slight conversion of 3 to 2 was observed for the no-enzyme
negative control when glutathione was present in the buffer
(Figure 2C curves “ii” and “iv”). We further showed that Bmp8
is active under anaerobic conditions (Figure S3). Thus, we
demonstrated the physiological route for the biosynthesis of the
natural product 2 via enzymatic dehalogenation of 3 catalyzed
by Bmp8.

In addition to 2, a minor product with molecular formula
C,NH;Br, was observed and confirmed to be the symmetrical
3,4-dibromopyrrole (4) by "H NMR (Figure 2C curve “iv” and
Figure S2). Because of the formation of 4, we further
investigated if 2 might also be a substrate for Bmp8. Indeed,
incubation of Bmp8 with 2 along with excess glutathione led to
only a partial conversion to 4 over the same incubation time for
which 3 was completely converted to 2 and 4, whereas no
conversion of 2 to 4 was observed in the corresponding no-
enzyme negative control (Figure 2C curves “v” and “vi”). Taken
together, these results demonstrate that Bmp8 regioselectively
dehalogenates the symmetrical 2/5-position of 3 to afford
Bmp7 substrate 2. The activity of Bmp8 reconciles an earlier
isotope feeding study that demonstrated a requirement of a
symmetrical intermediate of unknown structure derived from 1-
proline (i.e,, 3) in the biosynthesis of 1.”

We next investigated the role of the CXXC motif in the
catalytic cycle of Bmp8 by monitoring of its redox state by LC-
MS. Following incubation with 3 in the absence of a reducing
agent, we treated the intact Bmp8 with the thiol alkylating
agent iodoacetamide (IAA) that specifically labels reduced
cysteinyl thiols, thus protecting them from oxidation by
molecular oxygen. Subsequent to alkylation, the protein was
digested with trypsin and analyzed by LC-MS (Figure 3A(i)).
The Bmp8 CXXC residues are present on a single predicted
trypsin peptide fragment containing no additional cysteines
(Figure 2A). Hence, dialkylation of the predicted CXXC-
containing peptide fragment indicates the cysteine side chain
thiols are preserved in their reduced state as shown in Figure
3A(i) (—2H+2AA). Meanwhile, the fragment less two protons
(—2H) is indicative of oxidation giving rise to an intramolecular
disulfide bridge (Figure 3A(i)). For Bmp8 incubated with 3,
following trypsin digestion, we detected a peptide with mass
corresponding to the —2H Bmp8 CXXC fragment, while no
mass corresponding to the dialkylated Bmp8 CXXC peptide
fragment could be observed (Figure 3A(ii) and Figure S4). In
contrast, for the reaction incubated in the absence of 3, we
detected only the dialkylated peptide mass and not the —2H
peptide mass (Figure 3A(ii) and Figure S4). Taken together,
these results are consistent with formation of an intramolecular
disulfide bridge between Cys82 and Cys85 resulting from
treatment with 3. Hence, we conclude that the two electrons
required for the reduction of 3 to 2 are likely derived from the
Bmp8 CXXC. We further examined the fates of two additional
cysteine residues conserved among Bmp8 homologues from the
contexts Bmp pathways found in public genomic databases, and
confirmed that their oxidation states in Bmp8 were not affected
by treatment with 3 (Figure SS).

Having demonstrated the suicide oxidation of Bmp8
coincident with the reductive dehalogenation of 3 to 2, we
proceeded to interrogate the catalytic functions of the two
cysteine residues in the Bmp8 CXXC motif residues by assaying
the individual Cys to Ala mutants (ie, Bmp8:C82A and
Bmp8:C85A). Incubation of Bmp8:C82A with a 2-fold molar

DOI: 10.1021/jacs.6b08512
J. Am. Chem. Soc. 2016, 138, 13167—13170


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08512/suppl_file/ja6b08512_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08512/suppl_file/ja6b08512_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08512/suppl_file/ja6b08512_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08512/suppl_file/ja6b08512_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08512/suppl_file/ja6b08512_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08512/suppl_file/ja6b08512_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b08512

Journal of the American Chemical Society

Communication

A “CXXC’ B
Cys82  Cye8S5 \/L__/LL_CBZA
“sH Hs~ A l
+3 3 I V. wildtype
-2H then IAA o | v, . ‘ C85A

then trypsin +2AA

-GSH

s g H g T 3
Cys82 Cys85  Cys82  Cys85 3| i Bmp8
B il
$—S S(AA) S(AA)
i N\ < i. Ja\ c82A

2
+3 i. 4 wildtype

B e e - —_—
21 20 22 23 24 16 18 20 22
Acquisition time (min) Acquisition time (min)
C i. C82A -additive ii. C85A -additive iii. C82A +dimedone
1 T f
~ +32/21Da +138/21 Da
£ -S| - i
PYM JCys85-SOH -Cys82-S-H 21+ , /-CysB85-S-dimedone
+3 | : 21+
"l ﬂ I 5 +32/21 Da ‘ ‘1
W N o VWA
LY VWAAAAMAA \J‘J-JW SN v
$ 2
21| FOYSESSH 21+ r jcysB2-s-H g1 | FOYSESSH
-3 1 | I

A U WA
_(\.“\,".,f\.,’\AAA,.,.. INUWAA A SV A A AN
T T T T T T T T J

1025 1030 1035 1040 1045 1025 1030 1035 1040 1045 1025 1030 1035 1040 1045
miz miz m/iz

Figure 3. (A) i. Experimental design for monitoring redox state of the
Bmp8 CXXC, and ii. Combined EICs for m/z’s for predicted [M +
2H]*" ions for the dialkylated (+2AA) and oxidized (—2H) Bmp8
CXXC-containing trypsin peptide fragment shown in Figure 2A for
Bmp8 incubated with (+) and without (—) 3. (B) Combined EICs for
predicted m/z’s of [M-H]'~ ions corresponding to 2 (orange), 3
(green), and 4 (red) for organic extracts of reactions with 3 as
substrate conducted in an identical manner to that described in the
caption of Figure 2C. (C) Select mass spectra highlighting the [M +
21H]*"* charge state for Bmp8 Cys to Ala mutants under treatments
indicated in the panel.

excess of 3 and glutathione led to complete conversion to
products 2 and 4 identical to the wild-type enzyme activity
(Figure 3B curves “i” and “ii”). Only a slight conversion to 2
was observed for Bmp8:C85A incubated with 3 that was not
significantly different from the no-enzyme negative control
(Figure 3B curves “iii” and “iv”). In the absence of glutathione,
we also observed conversion of 3 to 2 by Bmp8:C82A at a level
comparable to the wild-type enzyme (Figure 3B curves “v” and
“vi”). Taken together, our findings demonstrate that Cys8S is
catalytically essential, whereas Cys82 appears to be nonessential
to catalysis. Functionally, these results imply that Cys85 is the
electron donor of the CXXC pair.

We next sought to identify the electron acceptor of the
substrate 3. Assuming a 2-electron transfer, the recipient of the
Cys85 electrons would either be the C-2-bromine substituent
or the C-2 position of 3, leading, respectively, to the formation
of a bromide or pyrrole adduct with the Cys8S side chain sulfur.
In the absence of a resolving thiolate, turnover of 3 to 2 would
only be observed if the electron acceptor were the C-2-
bromine, as the alternative route would lead to sequestration of
the pyrrole by the Bmp8 and result in no turnover. Hence, the
fact that Bmp8:C82A exhibits turnover in the absence of
glutathione favors formation of a transient Cys85 bromide
thioether (Figure 3B(vi)). To investigate this mechanistic
hypothesis, we monitored the mass of Bmp8:C82A incubated
with and without a 2-fold excess of 3 in the absence of
glutathione by mass spectrometry. Following incubation with 3,
we observed a mass shift of +32 Da consistent with formation

of a cysteinyl sulfinic acid (Cys—S—O,H), whereas no mass
shift was observed for Bmp8:C82A incubated in the absence of
3 over the same time period (Figure 3C(i), Figure S6, and
Table S1). Additionally, no mass shift was observed for inactive
Bmp8:C85A treated in an identical manner, implying that
change in mass observed in Bmp:C82A corresponds to a
modification of Cys8S (Figure 3C(ii), Figure S6, and Table
S1). Free cysteinyl halide rapidly hydrolyzes to sulfenic acid
(Cys—S—OH), which in turn quickly oxidizes to sulfinic acid
under nonreducing aerobic conditions.'® Hence, the formation
of a Cys8S sulfinic acid is consistent with formation of a Cys85
halide species.

To deconvolute further the oxidation of the Cys85 side chain
sulfur, we incubated Bmp8:C82A in buffer containing an excess
of alkylating agent dimedone that selectively labels cysteinyl
sulfenic acid to form a stable cysteinyl dimedone thioether.''
Incubation with 3 led to a mass shift of +138 Da consistent
with a dimedone adduct, along with minor population
corresponding to the sulfinic acid species anticipated due to
competition with molecular oxygen, whereas no mass shift was
observed for Bmp8:C82A incubated without 3 (Figure 3C(iii),
Figure S6, and Table S1). Notably, inclusion of dimedone in
the reaction buffer did not discernibly affect the activity of
Bmp8:C82A indicating that higher oxidation states than
sulfenic acid do not arise from further turnover of 3 (Figure
S7). Taken together, these results imply formation of a Cys85
bromide thioether by proxy of an observable Cy8S sulfenic acid,
corroborating the C-2-bromine substituent of 3 as the electron
acceptor.

On the basis of our biochemical experiments, we propose an
unanticipated mechanism for the reductive dehalogenation of
bromopyrroles by Bmp8 (Scheme 1). Protonation of C-2 of 3

Scheme 1. Bmp8 Mechanistic Proposal
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would first lead to formation of a pyrrole iminium diene
intermediate in which the C-2-bromine would be eliminated by
an El-type attack of the cysteinyl thiolate of Cys8S leading to
the formation of 2 and cysteinyl bromide. The resulting Cys8S
bromide is then resolved to bromide and an intramolecular
Cys82-Cys8S disulfide bond by one of two routes, either direct
thiolysis or sequential hydrolysis followed by thiolysis of the
thioether bond (paths “i” and “ii”, respectively, in Scheme 1).
Although no dimedone adduct was observed for wildtype
Bmp8 incubated with 3 (Figure S6 and Table S1), as cysteinyl
thiolates react rapidly with cysteinyl sulfenic acids to form
disulfide bonds, either route may be operative.'’

The proposed mechanism for Bmp8 is analogous to
enzymatic dehalogenation mechanisms invoking direct attack
of a genetically encoded or prosthetic group electron donors on
a halonium leaving group. For example, the peroxiredoxin-like
mechanism favored for thyroid hormone aromatic deiodinase
involves the formation of a selenyl iodide with a selenocysteine
residue side chain selenolate that is proposed to resolve to a
selenyl sulfide by an endogenous cysteine residue.'” Formation
of an active site cysteinyl bromide has also been proposed for
the dehalogenation of the nonphysiological substrate S-bromo-
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uridine by thymidylate synthase.> Lastly, formation of
cob(Il)alamin halide adduct was recently suggested from
structure—function studies of two bacterial reductive dehalo-
genases. "

The characterization of Bmp8 demonstrates the first example
of a dedicated enzymatic dehalogenation reaction in a natural
product biosynthetic pathway. The debromination of 3
unmasks the reactive C-2 position in 2 for subsequent Bmp7-
catalyzed oxidative coupling to form hexabromobipyrrole as
well as 1.° This explicit enzymatic dehalogenation contrasts
with past examples of dehalogenation chemistry in natural
products biosynthesis following from cryptic substrate-activat-
ing halogenation reactions.”>™'® Further, the cofactor-inde-
pendent mechanism of Bmp8 is unique among bacterial
dehalogenases characterized to date that require cofactors
such as cobalamin, FMN, and glutathione.12 Of note, while
glutathione occurs at high (mM) intracellular concentrations,
other surrogate electron donors to Bmp8 may also be operative
in vivo."” For example, peroxidase activity of AhpD can be
recycled by the flavoprotein reductase AhpF for which
homologues are present in Bmp-harboring strains.”® Moreover,
it is possible that off-pathway small protein thiols might
contribute to in vivo conversion of 3 to 2, though we did not
observe dehalogenation of 3 upon incubation with the
unrelated thioredoxin TrxA from Escherichia coli (Figure S8).

A query of publically available sequence databases for Bmp8
homologues identified numerous homologues of unknown
function from diverse bacterial genera and genetic contexts
(Figure S9). Although the majority of dehalogenases to date
have been identified on the basis of their ability to dehalogenate
anthropogenic organohalogens, Bmp8 presents a new class of
dehalogenase from the uncharted frontier of natural products
biosynthesis.
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