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ABSTRACT Phenazines are a class of bacterially produced redox-active metabolites
that are found in natural, industrial, and clinical environments. In Pseudomonas spp.,
phenazine-1-carboxylic acid (PCA)—the precursor of all phenazine metabolites—fa-
cilitates nutrient acquisition, biofilm formation, and competition with other organ-
isms. While the removal of phenazines negatively impacts these activities, little is
known about the genes or enzymes responsible for phenazine degradation by other
organisms. Here, we report that the first step of PCA degradation by Mycobacterium
fortuitum is catalyzed by a phenazine-degrading decarboxylase (PhdA). PhdA is re-
lated to members of the UbiD protein family that rely on a prenylated flavin
mononucleotide cofactor for activity. The gene for PhdB, the enzyme responsible
for cofactor synthesis, is present in a putative operon with the gene encoding
PhdA in a region of the M. fortuitum genome that is essential for PCA degrada-
tion. PhdA and PhdB are present in all known PCA-degrading organisms from
the Actinobacteria. M. fortuitum can also catabolize other Pseudomonas-derived
phenazines such as phenazine-1-carboxamide, 1-hydroxyphenazine, and pyocyanin.
On the basis of our previous work and the current characterization of PhdA, we propose
that degradation converges on a common intermediate: dihydroxyphenazine. An under-
standing of the genes responsible for degradation will enable targeted studies of phena-
zine degraders in diverse environments.

IMPORTANCE Bacteria from phylogenetically diverse groups secrete redox-active

metabolites that provide a fitness advantage for their producers. For example,

phenazines from Pseudomonas spp. benefit the producers by facilitating anoxic

survival and biofilm formation and additionally inhibit competitors by serving as

antimicrobials. Phenazine-producing pseudomonads act as biocontrol agents by

leveraging these antibiotic properties to inhibit plant pests. Despite this impor-

tance, the fate of phenazines in the environment is poorly understood. Here, we Received 18 December 2017 Accepted 16
characterize an enzyme from Mycobacterium fortuitum that catalyzes the first February 2018

. . . . . . Accepted ipt posted online 26
step of phenazine-1-carboxylic acid degradation. Knowledge of the genetic basis F(:;reuzszg:;nusmp Rt e

of phenazine degradation will facilitate the identification of environments where Citation Costa KC, Moskatel LS, Meirelles LA,

this activity influences the microbial community structure. Newman DK. 2018. PhdA catalyzes the first
step of phenazine-1-carboxylic acid

KEYWORDS mycobacteria, PCA, decarboxylases, degradation, phenazines degradation in Mycobacterium fortuitum.

J Bacteriol 200:00763-17. https://doi.org/10
.1128/JB.00763-17.

Editor William W. Metcalf, University of lllinois
at Urbana Champaign

AD0TONHO3L 40 JLNLILSNI VINHO4ITvD Aq 8102 ‘6 Aeln uo /Bio wse qlj/:dny woly papeojumod

ecreted metabolites are common in the microbial world, where they play roles in
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from a variety of fungal and parasitic infections (15-17). The modification and degra-
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dation of phenazines is thought to make plants more susceptible to disease (18).
Phenazine-1-carboxylic acid (PCA) is the precursor of all bacterially derived phenazines
and is produced by Pseudomonas and Streptomyces spp.; consequently, PCA has been
a target in several efforts to isolate and characterize phenazine-degrading organisms
(18-20).

To date, all known PCA-degrading bacteria belong to either the genus Sphingomo-
nas or the suborder Corynebacterineae in the Actinobacteria (18, 20). While all of these
organisms can degrade PCA, Mycobacterium fortuitum can also degrade the PCA
derivatives pyocyanin (PYO), phenazine-1-carboxamide (PCN), 1-hydroxyphenazine (1-
OH-PHZ), and phenazine (20, 21). In addition to bacterial degradation, a variety of fungi
modify and detoxify phenazines (22, 23). While the capacity to degrade and modify
phenazines is well established and PCA turnover has been documented in situ (19), the
genes and proteins catalyzing these activities are poorly characterized.

To understand the role of modification and degradation in situ, a deeper under-
standing of the genetic basis of these activities is needed. To date, an ~40-kb genomic
region has been identified in M. fortuitum that is essential for the degradation of
multiple phenazines (20); contained within this genomic region is a demethylase
responsible for the conversion of PYO to 1-OH-PHZ (21). Additionally, multiple dioxy-
genases are thought to be important for degradation in all known PCA-degrading
organisms (20, 24-26). Here, we expand the known pathways of degradation by
characterizing a UbiD-like decarboxylase that catalyzes the conversion of PCA to
phenazine. On the basis of these data and previous genetic experiments, we propose
a model for the initial steps in phenazine degradation by M. fortuitum.

RESULTS

Phenazine accumulates as an intermediate in PCA degradation by Mycobacte-
rium fortuitum. M. fortuitum can completely degrade PCA as the sole source of carbon,
energy, and nitrogen concomitant with growth (20). Oxygen-dependent dioxygenases
are important for the complete degradation of PCA; however, when M. fortuitum is
incubated under anoxic conditions, PCA is still removed from the medium and phen-
azine begins to accumulate (Fig. 1A). These data suggest that phenazine is an inter-
mediate in PCA degradation and that the first step of degradation is catalyzed by a
decarboxylase (Fig. 1B). In previous work, we identified an ~40-kb region of the M.
fortuitum genome that harbors all known genes for phenazine degradation (20) and
others of unknown function (Fig. 2). Contained within this region are five annotated
decarboxylases that were pursued further.

Heterologous expression and mutagenesis identify the genes necessary for
PCA decarboxylation to phenazine. To identify the PCA decarboxylase, each of the
five annotated decarboxylases whose coding sequences are contained within the
phenazine-responsive region of the M. fortuitum strain CT6 genome was expressed
in Escherichia coli BL21(DE3) (27). After induction, only the strain expressing
XA26_16650 (NCBI accession number ALI25512) displayed measurable conversion of
PCA to phenazine as assessed by high-performance liquid chromatography (HPLC),
although with very low activity (Fig. 1C). These data suggest that XA26_16650 is the
PCA decarboxylase that catalyzes the first step of degradation in M. fortuitum. To test
this hypothesis, the homolog of XA26_16650 was deleted from the M. fortuitum ATCC
6841 type strain by replacement with a gentamicin resistance cassette. When incubated
on agar plates with 1 mM PCA as the sole carbon source, the mutant was incapable of
growth, confirming the necessity of XA26_16650 in PCA degradation (Fig. 1D). This
growth defect could be complemented by introducing XA26_16650 in trans on the
replicative vector pSD5 (28).

PCA degradation is catalyzed by a UbiX/UbiD-like decarboxylase system pres-
ent in all PCA-degrading Actinobacteria. XA26_16650 is annotated as a UbiD family
decarboxylase. UbiD catalyzes the decarboxylation of 3-polyprenyl-4-hydroxybenzoate
to 2-polyprenylphenol in ubiquinone biosynthesis (29). However, ubiquinone is not
present in mycobacteria (30), suggesting that the gene encodes another activity.
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FIG 1 Mycobacterium fortuitum catalyzes PCA decarboxylation as the first step in degradation. (A)
Cultures of M. fortuitum incubated under anoxic conditions and in the presence of PCA catalyzed the
formation of phenazine. PCA elutes at around the 4-min mark and phenazine elutes at around the 8-min
mark. (B) Proposed reaction catalyzed by M. fortuitum. (C) E. coli strains expressing individual decarbox-
ylase genes. Phenazine accumulation was only observed in the presence of the M. fortuitum gene
XA26_16650. (D) M. fortuitum lacking the gene XA26_16650 cannot grow on medium with PCA provided
as the sole carbon source. When the mutation is complemented in trans (+pSD5-16650), growth is
restored.

Therefore, we hypothesize that the protein functions as a PCA decarboxylase, here
referred to as phenazine-degrading decarboxylase (PhdA). UbiD family decarboxylases
utilize a prenylated flavin mononucleotide (prFMN) cofactor in their active site, which
is synthesized by the associated cofactor synthase, UbiX. Consistent with this pattern,
there is a UbiX homolog (XA26_16670 [NCBI accession number ALI25514]), here
referred to as PhdB, whose gene is oriented directly downstream in an operon with the
gene encoding PhdA (Fig. 2) (20).

We have identified several Actinobacteria capable of PCA degradation (20). Among
these, three have sequenced genomes (M. fortuitum, Nocardia sp. strain LAM0056, and
Rhodococcus sp. strain JVH1). In all three cases, a PhdA/PhdB system is present on a
region of the genome that is syntenic for gene content (Fig. 2). The presence of
PhdA/PhdB homologs in each of these organisms, and their absence from close
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FIG 2 Genomic region responsible for PCA degradation is conserved in different species. The genomic region
contains genes encoding dioxygenases (gray), decarboxylases (black), and a pyocyanin demethylase (PodA;
striped). Most of the genes from M. fortuitum, including PhdA, are conserved in the PCA degraders Rhodococcus sp.
JVH1 and Nocardia sp. LAM0056. Genes that are conserved across genomes are indicated with gray shading.
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FIG 3 PhdB (XA26_16670) is a flavin prenyltransferase that synthesizes prFMN. (A) Reaction catalyzed by
PhdB. (B) SDS-PAGE gel showing purified PhdB protein. (C) Liquid chromatography-mass spectrometry
(LC-MS) of the reaction catalyzed by PhdB. FMN starting material is converted to prFMN over the course
of 3 h in the presence of DMAP and PhdB. The reaction proceeded to ~90% completion as assessed by
the loss of FMN.

relatives that cannot degrade PCA, further suggests that a core set of genes is
important for activity in PCA-degrading Actinobacteria.

PhdB is a UbiX-like protein that synthesizes prenylated FMN. UbiX is a flavin
prenyltransferase that synthesizes prFMN from FMN and dimethylallyl monophosphate
(DMAP) (31) (Fig. 3A). We hypothesized that the M. fortuitum UbiX homolog PhdB
would catalyze the formation of the prFMN cofactor. An N-terminal 6XHis tag was
fused to PhdB, and this protein was heterologously expressed in E. coli Rosetta
(DE3)pLysS. PhdB-His was purified by nickel affinity chromatography (Fig. 3B) and
assayed for flavin prenyltransferase activity. PhdB-His catalyzed the conversion of
reduced FMN to prFMN in the presence of DMAP. The prenylation reaction proceeded
to ~90% completion over the course of 3 h as assayed by liquid chromatography-mass
spectrometry (Fig. 3C).

PhdA is a UbiD-like protein that catalyzes the decarboxylation of PCA to
phenazine. PhdA with a C-terminal 6 XHis tag was heterologously expressed in E. coli
Rosetta(DE3)pLysS and purified by nickel affinity chromatography (Fig. 4A). PhdA-His
was reconstituted with prFMN under anoxic reducing conditions. After reconstitution,
the bound cofactor was oxidized by exposure to oxygen and incubation at pH 9.2 (32).
Interestingly, oxidized PhdA-His lost activity within 2 h when stored at pH 7 but was
stable for several days when stored at pH 9.2.

We found that the activity of the oxidized protein was low when incubated with
either oxidized or reduced PCA as the substrate; however, when supplied with PCA that
was premixed with a substoichiometric amount of sodium dithionite, robust activity
was observed. PCA, like most phenazines, can exist as a one-electron reduced radical
(33), and so we hypothesized that a radical may be important to activate the enzyme.
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FIG 4 Reaction catalyzed by PhdA. (A) SDS-PAGE gel showing purified PhdA protein. (B) PhdA is only
active when incubated with paraquat radical. Protein was incubated for 10 min with paraquat radical at
concentrations ranging from 50 nM to 0.5 mM before the addition of 1T mM PCA and displayed a
dose-dependent response in activity. (C) PhdA catalyzes the conversion of PCA to phenazine only when
reconstituted with the prFMN cofactor. FMN cannot act as a cofactor for the protein.

At pH 7, phenazines are unstable in their radical form and exist primarily in their
oxidized and reduced forms (33); however, the paraquat radical is relatively stable at
neutral pH (34). Therefore, we hypothesized that the paraquat radical would activate
the enzyme when supplied in the reaction mixture. This proved to be the case (Fig. 4B).
Because the prFMN cofactor of UbiD-like proteins is sensitive to overoxidation (32), we
assume that a radical is necessary to achieve the proper oxidation state. More work is
necessary to test this or determine if the paraquat radical could activate other members
of the UbiD family that are poorly active when fully oxidized (32).

PhdA displayed robust activity only when reconstituted with prFMN. PhdA mixed
with FMN had little activity and the apoprotein was inactive (Fig. 4C). The protein was
maximally active at pH 6.9 and in 5% glycerol with no added salt. Under optimal
buffering conditions, the holoenzyme had an apparent K,,, of 31.2 = 6.3 uM and k,, of
82.6 = 33.5 min~! (means * standard deviations, n = 3).

DISCUSSION

We have identified two genes from M. fortuitum that are responsible for the
decarboxylation of PCA to phenazine, the essential first step in the degradation
pathway. PhdA is a member of the UbiD family of decarboxylases, and PhdB is the
required prFMN cofactor synthase. At least three genera (Mycobacterium, Rhodococcus,
and Nocardia) in the Actinobacteria contain members capable of PCA degradation on
the basis of phenotypic analyses and the presence of PhdA and PhdB homologs in their
genomes (Fig. 2). Interestingly, while some Proteobacteria can degrade PCA, the path-
ways they utilize for this activity appear distinct from those in the actinobacterial
phenazine degraders identified to date. The fact that the genes important for PCA
degradation in M. fortuitum are also present in other actinobacterial PCA-degrading
organisms, and absent from those that lack this activity, further supports the notion
that phenazine degradation is catalyzed by a conserved set of genes.
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Members of the genus Sphingomonas lack phdA but still catabolize PCA (18).
Biochemical data suggest that this organism may possess a dioxygenase that
directly hydroxylates PCA to dihydroxyphenazine (24). However, in vivo work
suggests that Sphingomonas incompletely degrades PCA to 4-hydroxy-1-(2-car-
boxyphenyl) azacyclobut-2-ene-2-carbonitrile and 4-hydroxy-1-(2-carboxyphenyl)-
2-azetidinecarbonitrile (25). These intermediates can only arise when the carboxy-
late group of PCA is left intact during degradation. Thus, an elucidation of the true
pathway of PCA degradation in sphingomonads will require further research; it may
be that several enzymes in Sphingomonas act on PCA. In any case, it is clear that
sphingomonads lack homologs of PhdA.

While several genera of Actinobacteria are capable of PCA degradation, we have only
observed the degradation of additional phenazines like PYO, PCN, and 1-OH-PHZ in
Mycobacterium spp. (20). We found that an amidase is likely responsible for the
conversion of PCN to PCA (20); further decarboxylation of PCA by PhdA yields phen-
azine as a product. M. fortuitum grows with phenazine as a sole source of nitrogen,
confirming that this compound is readily degraded (20). Several ring-hydroxylating
dioxygenases are essential for growth with phenazines as a sole carbon source (20); it
is likely that one of these acts on phenazine to form phenazine dihydrodiol, which is
converted to dihydroxyphenazine through the action of a diol dehydrogenase and
further degraded through the action of additional ring-hydroxylating and ring-cleaving
dioxygenases. PYO is demethylated by pyocyanin demethylase (PodA) to yield 1-OH-
PHZ as a product (21). Genetic evidence suggests that 1-OH-PHZ may be hydroxylated
via monooxygenase activity to yield dihydroxyphenazine (20), but biochemical exper-
iments are necessary to validate this prediction.

Thus far, we have not been able to detect intermediates in phenazine degradation
by analyzing culture supernatants; however, our genetic and biochemical data lead us
to hypothesize that the degradation of several phenazines by Mycobacterium spp.
converges on dihydroxyphenazine as a catabolic intermediate. In previous work, we
reported the XA26_16730 dioxygenase to be important for the degradation of PCA,
because a mutant of this gene could not utilize PCA as a carbon source and accumu-
lated a phenazine in culture supernatants (20). Therefore, we hypothesize that
XA26_16730 (NCBI accession number ALI25520) is the dioxygenase that acts on phen-
azine to form phenazine dihydrodiol. The putative operon that contains XA26_16730
also encodes a diol dehydrogenase (XA26_16700) that may be responsible for convert-
ing phenazine dihydrodiol to dihydroxyphenazine. These observations lead us to
propose a model of the degradation pathway where PCN, PCA, PYO, and 1-OH-PHZ
converge on dihydroxyphenazine as a common intermediate (Fig. 5). Future work will
test this model of phenazine degradation. The genes identified herein provide a
starting point for tracking the presence of phenazine-degrading bacteria in nature,
which may facilitate measurements of phenazine turnover in the environment.

MATERIALS AND METHODS

Strains, medium, and culture conditions. The strains, plasmids, and primers used in this study are
listed in Table 1. For routine cultivation, all strains were grown in LB medium (Difco). Where appropriate,
either carbenicillin (100 wug - ml="), chloramphenicol (34 pg - ml~7), or gentamicin (100 ng - ml~') was
included. For medium with PCA as the sole carbon source, M. fortuitum was grown in minimal medium
with 2 mM PCA (liquid medium) or on plates with 1% Noble agar and 1 mM PCA (20). E. coli strains were
grown at 37°C with shaking at 200 rpm, and M. fortuitum was grown at 30°C with shaking at 200 rpm.
PCA was purchased from Princeton Biomolecular Research.

To assess the ability of E. coli heterologous expression strains to decarboxylate PCA, E. coli BL21
carrying each gene on the replicative vector pET-20b(+) or pET-11a was grown to an optical density
at 600 nm (ODg,,) of ~0.5 on LB medium and induced with 200 uM IPTG (isopropyl-B-p-
thiogalactopyranoside) for 3 h at 30°C. After induction, PCA was added to a final concentration of
100 wM, and cells were incubated for an additional 2 h. Cells were removed by centrifugation, and
filtered supernatants were analyzed by HPLC. E. coli Rosetta expressing His-tagged XA26_16650 and
XA26_16670 was grown overnight to stationary phase in LB medium before transferring (1/1,000
dilution) to 1 liter of LB medium. Cultures were grown for 5 h at 37°C before induction at 30°C with
100 uM IPTG for 3 h. Cell pellets were collected by centrifugation and stored at —80°C for up to 3
months before protein purification.
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FIG 5 Proposed pathway for the first steps in phenazine degradation by M. fortuitum. PYO, 1-OH-PHZ,
PCN, and PCA converge on dihydroxyphenazine as a common intermediate. Dihydroxyphenazine is likely
further degraded through the action of multiple ring-cleaving and ring-hydroxylating dioxygenases.

Nocardia sp. strain LAM0056 was isolated by inoculating 3 ml of Nocardia PCA medium with 30 mg
of soil collected from the California Institute of Technology campus and incubating at 30°C. Nocardia PCA
medium contained 17.1 mM NadCl, 1.97 mM MgCl,-6H,0, 0.68 mM CaCl,-2H,0, 6.71 mM KCl, 20 mM
phosphate buffer (KH,PO,-KHPO, [pH 7]), 1T mM Na,SO,, 10 mM NH,Cl, 1 mM PCA, and trace elements
and vitamin solutions (35). Cultures were incubated for 1 to 2 weeks over 3 serial transfers before streak
isolation on LB agar medium. DNA was extracted as described previously (20, 36) and sequenced by
SMRT sequencing using the Pacific Biosciences RS Il platform. De novo genome assembly (37) resulted in
5 contigs. The genome was uploaded to the Integrated Microbial Genomes Web server for storage and
annotation (https://img.jgi.doe.gov/) under genome identification number 2681813501.

Generation of mutants and heterologous expression strains. For heterologous expression, the
gene of interest was PCR amplified using primers listed in Table 1, digested with Ndel, Notl, Nhel, or Bglll
(New England BiolLabs), and ligated into the expression vector pET-20b(+) or pET-11a. Plasmids were
transformed into either E. coli BL21 or Rosetta (Novagen) by electroporation and maintained using
antibiotic selection. M. fortuitum ATCC 6841 AMFORT_16229 (AXA26_16650 AphdA) was generated using
a recombineering procedure as described previously (28, 38, 39). Briefly, PCR products for the genomic
regions flanking MFORT_16229 were ligated to the gentamicin resistance cassette from pMQ30 (40). This
linear construct was electroporated into acetamide-induced M. fortuitum carrying the plasmid pJV53 (38)
as described previously (39). Mutants were selected on gentamicin-containing medium and screened for
the gentamicin cassette at the MFORT_16229 genomic locus by PCR.

To complement the MFORT_16229 deletion, the gene was reintroduced in trans on the replicative
vector pSD5 (28). First, the mutant was cured of pJV53 by serial passage (20). The coding sequence of
MFORT_16229 was ligated into the Ndel and Pstl (enzymes from New England BioLabs) sites of pSD5, and
the resulting construct was electroporated into M. fortuitum AMFORT_16229. Cultures containing the
plasmid were selected on medium containing kanamycin (100 ng - ml—7).

HPLC analysis of small molecules. HPLC analysis was performed on a Waters Alliance e2695
equipped with a 2998 photodiode array detector and an Acquity QDa mass spectrometry detector. To
track PCA and phenazine, a gradient of water with 0.1% NH,OH (buffer A) to 80% acetonitrile with 0.1%
NH,OH (buffer B) was run on an XBridge C,g 3.5-um (2.1 mm by 50 mm) column. QDa was run with a
cone voltage of 5 V and a capillary voltage of 0.8 kV, and analytes were measured at a 367-nm
wavelength. Samples were run at a flow rate of 0.3 ml - min~—" with a linear gradient from 0 to 100%
buffer B for 10 min, 2 min at 100% buffer B, and a reequilibration for 6 min at 0% buffer B. To determine
the kinetic parameters for PhdA, samples were loaded on a Beckman System Gold HPLC system
equipped with a photodiode array detector and an XBridge phenyl 5-um (4.6 mm by 250 mm)
column; the data were collected at a wavelength of 250 nm. Samples were run at a flow rate of 0.95
ml - min—" and purified with a gradient of water with 0.1% NH,OH (buffer A) to 100% acetonitrile
with 0.1% NH,OH (buffer C) using the following method: a linear gradient from 0% to 50% buffer C
for 1 min, a linear gradient of 50% to 90% buffer C for 11 min, 90% to 0% buffer C for 1 min, and
a reequilibration for 5 min at 0% buffer C.
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TABLE 1 Strains and primers used in this study

Journal of Bacteriology

Strain or primer Description or sequence

Strains

M. fortuitum strain CT6

M. fortuitum ATCC 6841

M. fortuitum AphdA

M. fortuitum AphdA(pSD5-phdA)

Wild-type M. fortuitum, DNA used for heterologous expression

Wild-type M. fortuitum, type strain

ATCC 6841 with an in-frame deletion of phdA (XA26_16650)

ATCC 6841 with an in-frame deletion of phdA (XA26_16650) and
phdA complemented in trans

Nocardia sp. LAM0056 Wild type

E. coli Rosetta/pET-20b(+)-phdA-His Expression construct to generate PhdA-His protein

E. coli Rosetta/pET-20b(+)-phdB-His Expression construct to generate PhdB-His protein

E. coli BL21(DE3)/pET-20b(+)-16650 Expression construct

E. coli BL21(DE3)/pET-20b(+)-16670 Expression construct

E. coli BL21(DE3)/pET-20b(+)-16790 Expression construct

E. coli BL21(DE3)/pET-11a-16920 Expression construct

E. coli BL21(DE3)/pET-20b(+)-16950 Expression construct

Primers

Expression
16650-Ndel-F AAAACATATGGCGGTTTTCCGTGACTTGCGGCATTACATCGACA
16650-Notl-R TTTTGCGGCCGCTCAGAGCGGCAATGTCGCCTTCCACCGATCGCGGA
16670-Ndel-F AAAACATATGCGCATCATCGTCGCGATCAGCGGCGCCA
16670-Notl-R TTTTGCGGCCGCCTACTCGGTGCCGGCAGCTTGA
16790-Ndel-F AAAACATATGAACATCGAATTCAGCACCGTAATCCAGCCCA
16790-Notl-R TTTTGCGGCCGCTCAGCAGGCCAGGGTGACGGACCTCAGCGA
16920-Nhel-F AAAAATGGCTAGCCCTGAACACAGTTCACCGATCGCAAGGGCGTTACT
16920-Bglll-R TTTTAGATCTTCATCCTTCTCCGTCAGCAGCGAAACAT
16950-Ndel-F AAAACATATGACCAGCGCAACGCAGTGGAGTGTCTCGA
16950-Notl-R TTTTGCGGCCGCCTACTCCGCGCCGAGCGCGACGGTGCCGAGGT
16650-His-Notl-R AAAAGCGGCCGCTCAATGGTGATGGTGATGGTGGCTCTGGAAGTACAGGT

TTTCGGCGAGCGGCAATGTCGCCTTCCACCGATCGCGGA
16670-His-Notl-R TTTTGCGGCCGCTCAATGGTGATGGTGATGGTGGCTCTGGAAGTACAGGTT
TTCGGCCTCGGTGCCGGCAGCTTGACTGAGGTCAT

AphdA
phdA-us-F CGTTTACGTAGTCTGGCGACCGCCCGAGCAGT
phdA-us-R-Xbal TTTTTCTAGAATGTCCAATAGATGGTTCGGATATCCATCATCCGATTCACA
phdA-ds-F-Notl AAAAGCGGCCGCCGGGGTCGAGGAAGGTGGAAAGTGATGACGT
phdA-ds-R CGTATCACGCATCACGGCTGCTCGTATCCCGCGCGGAGT

Complementation
phdA-F-Ndel AAAACATATGGGGGGCTCGGCGCGCAAGGTGGAAGTGCAGAGCCA
phdA-R-Pstl TTTTCTGCAGTCAGAGCGGCAATGTCGCCTTCCACCGATCGCGGATCT

Purification of PhdA and PhdB. Cell pellets of E. coli strains were lysed by sonication using a Fisher
Scientific 550 Sonic Dismembrator set to four with 5-s pulses at 25-s intervals. Particulate debris was
removed by centrifugation at 50,000 X g for 20 min, and the supernatants were applied to a HisTrap HP
5-ml nickel column on an AKTApurifier fast-performance liquid chromatography (FPLC) system (GE
Healthcare). Proteins were eluted in buffers containing 500 mM NaCl, 5% glycerol, and 20 mM Tris (pH
7.2) over a gradient from 20 mM to 500 mM imidazole applied over 10 column volumes. Proteins were
concentrated by centrifugation (Amicon Ultra-15 centrifugal filters, Ultracel 10 K molecular weight cutoff
[MWCO]) as necessary. Proteins were used the same day they were purified for subsequent analysis.

Synthesis of prenylated FMN. Prenylated FMN was synthesized using purified XA26_16670-His
(PhdB-His), reduced FMN, and dimethylallyl monophosphate (DMAP). DMAP was synthesized from
3-methyl-2-buten-1-ol and tetrabutylammonium phosphate (Sigma) as described previously (41). Frac-
tions with DMAP were identified by thin-layer chromatography and molybdate reagent. Trace tetrabu-
tylammonium phosphate contaminant was removed by ion exchange across an Amberlite IR120
hydrogen form resin that was prewashed with 75% ammonium hydroxide, equilibrated with 100 mM
ammonium bicarbonate, and eluted with 100 mM ammonium bicarbonate. DMAP was recovered by
lyophilization as a white powder. Purified PhdB-His was mixed with 2.5 mM reduced FMN (reduced with
a 4-fold molar excess of sodium dithionite) and a 2-fold molar excess of DMAP under anaerobic
conditions (Coy glove box with a 5% H,-95% N, atmosphere) in a buffer consisting of 500 mM NaCl, 5%
glycerol, and Tris (pH 7) (32). The reaction mixture was left to incubate for 3 h and monitored by HPLC
until at least 90% of the FMN was converted to prFMN. The synthesized prFMN product was separated
from PhdB-His by filtration through a 10 K MWCO membrane (Microcon Ultracel YM-10 regenerated
cellulose) and assumed to be present at a 2.5 mM concentration in subsequent experiments.

Decarboxylation of PCA by PhdA. PhdA was reconstituted with prFMN under anoxic conditions in
a buffer containing 500 mM NaCl, 5% glycerol, Tris (pH 7.2), 1 mM reduced prFMN, 4 mM MnCl,, and 4
mM KCl (32). After a 10-min incubation, the protein was oxidized by exposure to atmospheric oxygen and
buffer exchanged to pH 9.2. Complete oxidation (assessed by visual color change from purple to yellow)
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occurred after ~3 h at pH 9.2 (32). To generate the paraquat radical, 10 mM paraquat was mixed with
5 mM sodium dithionite under anoxic conditions. A substoichiometric amount of sodium dithionite was
used to avoid the reduction of prFMN in subsequent steps. Reconstituted oxidized PhdA was brought
into a Coy anaerobic chamber, added directly (50 to 100 nM final concentration) to buffer containing 5%
glycerol, bis-Tris (pH 6.9), and 100 uM paraquat radical, and incubated for 10 min before the addition of
various concentrations of PCA (2 to 500 wM). The substrates were mixed with PhdA for 5 min before the
reaction was quenched by the addition of NH,OH (10% final volume). The apparent kinetic parameters
for PhdA were determined by monitoring the appearance of phenazine by HPLC. Kinetic parameters
were calculated in Excel as previously described (42).
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