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Abstract

Natural product biosynthesis has proven a fertile ground for the discovery of novel chemistry.
Herein we review the progress made in elucidating the biosynthetic pathways of phosphonate and
phosphinate natural products such as the antibacterial compounds dehydrophos and fosfomycin,
the herbicidal phosphinothricin-containing peptides, and the antimalarial compound FR-900098.
In each case, investigation of the pathway has yielded unusual, and often unprecedented,
biochemistry. Likewise, recent investigations have uncovered novel ways to cleave the C-P bond
to yield phosphate under phosphorus starvation conditions. These include the discovery of novel
oxidative cleavage of the C-P bond catalyzed by PhnY and PhnZ as well as phosphonohydrolases
that liberate phosphate from phosphonoacetate. Perhaps the crown jewel of phosphonate
catabolism has been the recent resolution of the longstanding problem of the C-P lyase responsible
for reductively cleaving the C-P bond of a number of different phosphonates to release phosphate.
Taken together, the strides made on both metabolic and catabolic fronts illustrate an array of
fascinating biochemistry.

Introduction

With resistance to commonly deployed antibiotics on the rise, new compounds are urgently
needed to tackle pathogenic bacteria. Phosphonate and phosphinate natural products have
been attractive as they are stable mimics of carboxylic acids and/or phosphate esters, thereby
allowing them to potently inhibit enzymes in a variety of metabolic processes. Whereas
phosphonates have only a single C-P bond, the less common phosphinates have either two
C-P bonds or one C-P bond and a P-H bond [1,2]. The C-P bond can be broken in pathways
dedicated to phosphonate catabolism as described in the second part of this review, but it is
resistant to acid/base hydrolysis as well as the action of phosphatases and
phosphodiesterases. Recent investigations of the pathways responsible for construction and
breakdown of organophosphonates/phosphinates have yielded many novel enzymatic
transformations [2—4]. This review will focus on pathways and enzymatic mechanisms that
have been reported in the period 20092013, with particular emphasis on unusual chemistry.
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Initial Steps in the Biosynthesis of Phosphonates: PEP Mutase and
Phosphonopyruvate decarboxylase

With the exception of the related phosphonotripeptides K-26 and 15B2 [5] (Figure 1a, light
blue), the first step of all known phosphonate biosynthetic pathways is the reversible
conversion of phosphoenolpyruvate (PEP) to phosphonopyruvate (PnPy) by PEP mutase
(PepM) (Figure 1a). Because the isomerization equilibrium greatly favors PEP [6], PnPy
formation is always connected to an essentially irreversible second step. One strategy is the
addition of an acetate anion equivalent to the ketone of PnPy during the biosynthesis of
FR-900098 and the fosfomycin biosynthetic pathway in pseudomonads (Figure 1b). A
second, more common strategy involves decarboxylation of PnPy by phosphonopyruvate
decarboxylase (ppd) to produce phosphonoacetaldehyde (PnAA), which is subsequently
functionalized in myriad ways (Figure 1c). These transformations include reduction by
metal dependent alcohol dehydrogenases (ADs) to generate 2-hydroxyethyl phosphonate (2-
HEP) [7] and transamination to produce the polar head group for phosphonoglycans or
phosphonolipids [8] (Figure 1c).

Dehydrophos

The antibiotic dehydrophos is currently the only known naturally occurring phosphonate that
is esterified; it also contains an unusual aminovinylphosphonate moiety [10] (Figure 1b,
purple). Both functionalities are critical for its antimicrobial activity [11]. Like many
phosphonopeptides, dehydrophos is a Trojan horse antibiotic that is taken up by peptide
permeases and activated by intracellular proteolysis, which unmasks methyl
acetylphosphonate that potently inhibits pyruvate dehydrogenase [11,12] and 1-deoxy-D-
xylulose-5-phosphate synthase [13]. Production of dehydrophos in a heterologous host
identified sixteen genes that were required for dehydrophos production [12]. Comparison to
homologous proteins of known function, construction of genetic knockouts, and /in vitro
characterization of nine proteins allowed construction of a hypothetical pathway that
involves the use of aminoacylated tRNA for non-ribosomal peptide bond formation
[7,12,14,15]. The S-adenosyl methionine (SAM) dependent protein responsible for G-
methylation of dehydrophos, Dhpl, is intriguing for both its unusual "domain-swapped
dimer" architecture as well as its relaxed substrate specificity [14].

Phosphinothricin

Another class of Trojan horse compounds is the phosphinothricin (PT) containing peptides
(Figure 1c, green) such as phosphinothricin tripeptide (PTT). PT is the active compound in a
number of commercially important herbicides such as Liberty and Basta. Identification of
the gene cluster responsible for PTT production enabled the /n vitro characterization of a
number of unusual reactions [16-18]. These include the scission of the unactivated carbon-
carbon bond in 2-HEP to afford hydroxymethylphosphonate (HMP) and formate catalyzed
by 2-HEP dioxygenase (HEPD) (Figure 1c), as well as the ligation of CMP to
phosphonoformate by PhpF (Figure 1d) [17,19]. Mechanistic investigations of the non-heme
iron dependent enzyme HEPD with isotopically labeled substrates have demonstrated that
the enzyme abstracts the pro-Shydrogen from C2, and that the reaction takes place with loss
of stereochemistry at C1 (Figure 2a) [20]. Because the enzyme does not require any external
electron source, a ferric superoxo species is believed to abstract the hydrogen atom from C2
[21], a step that may be facilitated by the bidentate binding of 2-HEP observed in a cocrystal
structure [19]. Density functional theory calculations have suggested a mechanism in which
a bridged peroxide is cleaved homolytically (Figure 2a), which after B-scission results in a
radical intermediate that explains the loss of stereochemistry at C1 [21]. Alternatively a
mechanism involving an Fe(IV)-oxo intermediate was proposed that also results in the same
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radical (Figure 2b) [22]. The Fe(IV)-oxo was postulated to be formed via one of several
possible mechanisms. One of these pathways involves a hydroxyl radical, but such an
intermediate is typically of very high energy and appears less likely.

Recently, the intriguing A-methylase (PhpK) from the phosalacine pathway (another PT
containing natural product, Figure 1c) was successfully reconstituted and demonstrated to
belong to the class of radical-SAM enzymes that contain a [Fe-S] cluster but also require
methylcobalamin (Figure 1d) [23]. While the mechanism of PhpK is still unresolved, the
success in reconstituting this enzymatic transformation suggests it might be possible to
activate similar enzymes, such as the putative methyltransferase Fom3 involved in
fosfomycin biosynthesis (see below).

Fosfomycin

Fosfomycin, made by both streptomycetes and pseudomonads (Figure 1b and 1c, blue),
inhibits cell-wall biosynthesis and is used clinically to treat infections. Based on the gene
cluster and feeding experiments in streptomyces [24], it has been proposed that a methyl
group is inserted into a C-H bond at C2 of 2-HEP to form (S)-2-hydroxpropylphosphonate
(2-HPP) by the protein encoded by forn3 (Figure 1c) [25,26]. Fom3 has homology with
PhpK discussed above, but at present its activity has yet to be reconstituted /n vitro. Because
the unreactive C-H bond of 2-HEP is not nucleophilic and because the Fom3 sequence
suggests it is a member of the radical-SAM family, it is anticipated that this reaction will
proceed via novel radical-mediated chemistry [25,26]. The final step in fosfomycin
biosynthesis is the epoxidation carried out by 2-HPP epoxidase (HppE) [27]. This enzyme is
unusual because epoxidations usually take place with addition of an oxygen atom of O, to a
double bond, but HppE catalyzes a net dehydrogenation and inserts the alcohol oxygen from
2-HPP [28] (Figure 3a). Two of the electrons required to reduce O, come from 2-HPP with
the other two electrons coming from a reductase. Interestingly, HppE has very little
sequence similarity to HEPD from PTT biosynthesis, but quite striking structural homology
[19,29]. The recent demonstration that HppE oxidizes the substrate analog (/)-1-HPP to 1-
oxopropan-2-ylphosphonate (Figure 3b), likely via a carbocation intermediate, raises the
question whether the oxidation of (S)-2-HPP might also proceed through a similar
carbocation intermediate [30](Figure 3a, route a).

Recently, a very different pathway for fosfomycin biosynthesis was reported in
Pseudomonas syringae [31]. Although the biosynthetic gene cluster harbors genes encoding
both a PEP mutase and an HppE homolog, no other proteins were homologous to those
encoded by the fosfomycin gene clusters of several streptomycetes. For example, no ppd
was present and instead, a citrate synthase-like protein likely catalyzes the addition of an
acetate anion equivalent to PnPy to generate 2-phosphonomethylmalate [31] (Figure 1b),
similar to the pathway to FR-900098 (see below).

FR-900098 and Fosmidomycin

FR-900098 and fosmidomycin (Figure 1b, red) are related phosphonates with potent
antimalarial activities due to inhibition of 1-deoxy-D-xylulose 5-phosphate
reductoisomerase in the nonmevalonate pathway of isoprenoid biosynthesis. The FR-900098
biosynthetic enzymes FrbD (PEP mutase) and FrbC /n vitro converted PEP to 2-
phosphonomethylmalate in the presence of acetyl-CoA (Figure 1b) [32], the first time a
modification other than decarboxylation had been observed as the driving force for PnPy
formation.

The late steps of FR-900098 biosynthesis have also been characterized /in vitro [33,34].
Perhaps the most interesting enzyme is the bifunctional enzyme FrbH. The nucleotide
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transferase domain is responsible for ligating CMP to the phosphonate group (as was
observed in PTT biosynthesis, Figure 1d), and the PLP-binding domain then facilitates
decarboxylation (Figure 1e) [33]. Feeding experiments and /n vitro experiments established
that FrbG subsequently catalyzes the flavin-dependent A-hydroxylation followed by A-
acetylation by FrbF in the presence of acetyl-CoA [33] to ultimately furnish FR-900098
(Figure 1b, red).

Methylphosphonate Synthesis: A Link to C-P Lyases

Methane and oxygen concentrations are both supersaturating in the surface waters of the
oceans, which is surprising since biological methane formation is an anaerobic activity. A
recently discovered phosphonate pathway in the archeon Nitrosopumilus maritimus might
provide an explanation for this oceanic methane paradox [35]. It had been suggested that
methane might be formed under aerobic conditions from methylphosphonate by the action
of C-P lyase (see below) [36], but methylphosphonate was not a known naturally occurring
compound. Genome mining for phosphonate biosynthetic gene clusters showed N,
maritimus harbored the canonical pathway for formation of 2-HEP (Figure 1a, magenta)
[35]. One other gene in the cluster encoded a protein with homology to HEPD (discussed
above). When the protein was expressed, reconstituted with Fe(ll), and incubated with 2-
HEP, the observed product was not HMP (the product of HEPD) but rather
methylphosphonate (MPn), and the enzyme was named methylphosphonate synthase
(MPnS). NMR analysis of cell extracts of N. maritimus indicated that the
methylphosphonate is likely esterified to a larger biomolecule, similar to how 2-AEP
decorates biopolymers in bacteria and lower eukaryotes [8,35].

Like HppE and HEPD, MPnS uses novel oxidative chemistry, in this case to cleave the
carbon-carbon bond of 2-HEP to generate methylphosphonate (MPn) and CO, (Figure 2a)
[35]. Despite the low sequence identity between HEPD and MPnS (21%), critical residues
such as those responsible for Fe(ll) and substrate binding are conserved [37]. Substrate
analog studies have indicated that MPnS and HEPD both abstract the pro-S C2 hydrogen
from 2-HEP to initiate catalysis [20,37]. Furthermore, the incipient proton on the methyl
group of MPn derives not from solvent, but from the pro-/ hydrogen at C2 of 2-HEP [37].
This observation has led to the proposal that MPnS and HEPD share a consensus mechanism
that differs only in the final step of catalysis, which involves a hydroxyl rebound-like step
for HEPD, and abstraction of a hydrogen atom from formate for MPnS (Figure 2a; a similar
branched mechanism can also be drawn for the mechanism in Figure 2b).

Radically Different: C-P Lyase Catabolism

Phosphorus is a limiting nutrient in many environments, and hence organisms have evolved
pathways that can liberate phosphate from various naturally occurring phosphonates. Several
strategies have been uncovered including hydrolytic, oxidative, and reductive processes
(Figure 4). The last of these is catalyzed by the until recently enigmatic C-P lyase. Ever
since the genes responsible for C-P lyase activity were discovered in £. coli (Figure 4a) [39],
numerous efforts had been made to reconstitute the activity of the system /n vitro. However,
until recently, characterization of proteins in the cluster had been confined to either
regulatory proteins such as PhnO [40] or proteins catalyzing reactions after C-P bond
cleavage [41-44]. Zechel, Hove-Jensen, and coworkers were able to demonstrate via
copurification and crosslinking assays that PhnGHIJK very likely formed a multiprotein
complex [45], but they were unable to demonstrate C-P lyase activity in vitro.

More recently, the initial steps in the pathway were reconstituted /n vitro by Raushel and
coworkers. They showed that ligation of methylphosphonate to ribose triphosphate (RTP)
produces ribose 1-methylphosphonate 5-triphosphate (RPnTP) when PhnGHL were all
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expressed as fusion proteins to ensure solubility and after these solubility tags were removed
in situ [46]. PhnM then converted RPnTP to ribose 1-methylphosphonate 5-phosphate
(PRPn) [46], which had been previously proposed as the substrate for the C-P lyase PhnJ
[45] (Figure 4b).

PhnJ is a radical SAM enzyme that converts SAM and PRPn to PRcP, methane and the
SAM-cleavage products methionine and 5'-deoxyadenosine [46]. These observations as well
as subsequent mechanistic studies have led to a proposed mechanism for the fascinating
reaction catalyzed by PhnJ (Figure 4c; for more details see the article by Raushel and
coworkers in this issue[v1]) [38,46,47]. The production of PRcP by PhnJ would allow PhnP
and downstream proteins to liberate phosphorus as inorganic phosphate for primary
metabolic purposes [41,43,44].

Non CP-Lyase Catabolism: B Electron Sinks

In addition to the C-P lyase strategy, another approach to liberate phosphorus makes use of
phosphonates with a "B electron sink" (Figure 4d—f). In these substrates, the C-P bond is
broken hydrolytically, which is facilitated by either a carbonyl (or Schiff base equivalent) or
carboxylate moiety that is able to stabilize incipient negative charge on the a-carbon. The
active sites of the hydrolytic enzymes also aid in stabilization of the delocalized negative
charge through hydrogen bonding or use of a positively charged metal ion. PnAA hydrolase,
also known as phosphonatase, and PnPy hydrolase have been well-studied [48-51] (Figure
4e and 4f) and will not be discussed in detail here. Instead, we will focus on another
phosphonohydrolase that has more recently been discovered, phosphonoacetate hydrolase
(PhnA).

In organisms that lack PnAA and PnPy hydrolase, 2-AEP can be transaminated to PnAA,
which can be oxidized to PnA by phosphonoacetaldehyde dehydrogenase [52,53] (Figure
4d). PnA hydrolase is a member of the alkaline phosphatase (AP) family and like other
members of the family, the active site contains two divalent metal ions and a catalytic Thr
that is believed to carry out in-line attack on the phosphonate [54,55]. However, the leaving
group for this reaction (an enolate) is quite different than those of the typical alkaline
phosphatase family members (oxygen based anions). How PnA hydrolase stabilizes the
incipient delocalized negative charge as a result of C-P bond scission is still incompletely
understood. It was initially proposed that two conserved Lys residues might stabilize the
enediolate dianion through hydrogen bonding and electrostatic interactions [54]. More
recently, crystal structures of a PnA hydrolase variant in which the Thr was mutated to Ala
with PnA bound demonstrated monodentate binding of the acetate group of the substrate to
one of the two metal ions, with the C-P bond to be broken and the 1t system of the acetate
group well oriented for charge delocalization (Figure 4g) [55]. This result led to a proposal
that the divalent metal ion helps stabilize the dianion in a manner reminiscent of mandelate
racemase [56].

Non CP-Lyase Catabolism: Oxidative Cleavage

Screening of a genomic marine library for fosmids that allowed a C-P lyase deficient strain
of £. colito grow on phosphonates led to the discovery of two new enzymes capable of
phosphonate catabolism, PhnY and PhnZ (Figure 4h) [57]. Neither enzyme has homology to
any enzyme known to be involved in phosphonate metabolism. PhnY is an Fe(ll)/a.-
ketoglutarate dependent enzyme that stereospecifically hydroxylates 2-AEP at the C1
position to afford 1-hydroxy-2-aminoethylphosphonate (1-H-2-AEP) [58]. PhnZ
subsequently uses O, to oxidize 1-H-2-AEP to phosphate and glycine [58]. PhnZ was
proposed to be a dinuclear Fe-dependent enzyme [58] that might affect catalysis in a similar
manner as myo-inositol oxygenase [59].
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Summary and Outlook

Investigations of the biochemistry of phosphonate biosynthesis over the past five years have
uncovered a myriad of novel enzymatic transformations. Likewise, the discovery of
additional catabolic pathways and the strides made in reconstituting the activity of
previously intractable enzymes have provided access to intriguing and unusual enzymology.
Hence, both anabolism and catabolism of phosphonates have turned out to be a treasure
trove of unusual chemistry.
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Figure 1.

Overview of phosphonate biosynthesis. Frequently encountered reactions are shown in black
in panels a-c. Unique transformations towards various family members are shown in color.
Because of space constraints, the rhizocticin/plumbemycin pathway (light brown) [9] will
not be discussed in this review. (a) All known pathways start with the conversion of PEP to
PnPy except for the biosynthesis of K-26 and 15B2. (b) During the biosynthesis of
FR-900098 in actinomycetes and fosfomycin in pseudomonads, an acetyl group is added to
the ketone of PnPy. (c) A range of products are accessed from PnAA after decarboxylation
of PnPy. (d) Biochemically intriguing steps in phosphinothricin biosynthesis. The
physiological substrate for the ~-methylase is currently unknown. (€) The late stages of
FR-900098 biosynthesis.
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Figure2.

Proposed mechanisms of catalysis by the structurally-related enzymes HEPD and MPnS. (a)
HEPD and MPnS are hypothesized to share a consensus mechanism that diverges only in the
final step, with a radical rebound type hydroxylation for HEPD and hydrogen atom
abstraction from formate for MPnS. (b) DFT calculations suggest that HEPD could proceed
via an alternative mechanism that either indirectly (hydroperoxo intermediate | to radical I1,
and then to ferryl 111) or directly (I to I11) leads to a ferryl intermediate that abstracts a
hydrogen atom from a hydroxyl group. A similar alternative mechanism with hydrogen atom
abstraction from formate as the last step can also be drawn for MPnS. W is a water
molecule; L is an unknown ligand.
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Figure 3.

Proposed mechanisms for reactions catalyzed by HppE. (a) Transformation of (S)-2-HPP to
fosfomycin either involves a carbocation intermediate (route a) or takes place by an
intramolecular oxygen atom rebound-like mechanism (route b). (b) Evidence for the
carbocation route in panel (a) is based on the observation that HppE converts (/)-1-HPP to
1-oxopropan-2-ylphosphonate, likely via a carbocation intermediate.
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Figure4.

Overview of phosphonate catabolism. (a) Gene cluster of the Phn operon for reductive C-P
bond cleavage. (b) Schematic overview of the C-P lyase pathway. (c) A recently proposed
mechanism for PhnJ catalyzed C-P bond cleavage [38]. The cube represents the [4Fe-4S]
cluster. (d) Phosphonoacetate hydrolase (PhnA) is a newly discovered hydrolase that takes
advantage of the carboxylate group as a "B electron sink". (€) Phosphonatase is able to
convert 2-AEP to free phosphate through PnAA. (f) PnPy hydrolase is used to liberate
phosphate from PnPy after transamination of PnAla. (g) The two lysines (shown as sticks) in
the PhnA-T68A active site are relatively far from PnA. Ala68 is set up for in-line attack on
the phosphonate when this residue is Thr in wild type PhnA, and the rt-system of the
carboxylate of PnA is well oriented to accept electron density upon cleavage of the P-C
bond. The incipient negative charge may also be stabilized by binding to a Zn(ll) in a
monodentate fashion. (h) A recently discovered pathway from a genomic marine library
results in oxidative cleavage of the C-P bond.
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