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Abstract
Natural products containing carbon-phosphorus bonds (phosphonic and phosphinic acids) have
found widespread use in medicine and agriculture. Recent years have seen a renewed interest in the
biochemistry and biology of these compounds with the cloning of the biosynthetic gene clusters for
several family members. This review discusses the commonalities and differences in the molecular
logic that lies behind the biosynthesis of these compounds. The current knowledge regarding the
metabolic pathways and enzymes involved in the production of a number of natural products,
including the approved antibiotic fosfomycin, the widely used herbicide phosphinothricin, and the
clinical candidate for treatment of malaria FR900098, is presented. Many of the enzymes involved
in the biosynthesis of these compounds catalyze chemically and biologically unprecedented
transformations and a wealth of new biochemistry has been revealed through their study. These
studies have also suggested new strategies for natural product discovery.

metcalf@uiuc.edu, vddonk@uiuc.edu.
Summary Points

• Phosphonates and phosphinates function by mimicking phosphate esters or anhydrides or carboxylate groups in enzyme
substrates. As such, a large number of enzymes can be potential targets of this class of compounds.

• The number of unprecedented reactions involved in the biosynthesis of fosfomycin, phosphinothricin, and FR900098 is an
indication of the wealth of novel biochemistry used in the biosynthesis of this class of compounds.

• Phosphoenolpyruvate (PEP) mutase catalyzes the C-P bond-forming step in all naturally occurring phosphonates for which
the gene clusters are currently known. Hence, degenerate primers for PEPM can be used for the discovery of new phosphonate
encoding gene clusters and hence new natural products.

• Given the current commercial use of phosphonates and phosphinates in medicine and agriculture, discovery of new naturally
occurring compounds beyond the twenty or so currently known structures may provide an important untapped source of new
products for human use.

Future issues

• Based on the large number of metabolic processes that can be targeted with phosphonates, numerous phosphonate and
phosphinate containing natural products likely remain to be discovered. Future studies will confirm or refute this hypothesis.

• The fundamentally new radical-SAM strategy for methylation of unactivated carbon centers must be confirmed or disproven
by in vitro studies.

• The molecular logic that dictates epoxidation by HppE and C-C bond cleavage in HEPD is not understood and requires further
investigation. Fine-tuning the activities of these enzymes may result in useful catalysts for synthetic purposes.

• What is the cellular target of dehydrophos?

• What alternative strategies are used in Nature to install a C-P bond that do not rely on the PEP mutase-like reaction?
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Introduction
Phosphonic and phosphinic acids represent an underexploited group of bioactive compounds
with great promise for the treatment of human disease. These molecules, generically termed
C-P compounds, are similar to phosphate esters and anhydrides, but contain carbon-phosphorus
bonds (C-P in phosphonates and C-P-C in phosphinates) in place of one or more oxygen-
phosphorus bonds. They are nearly isosteric to the labile phosphate esters, but are quite stable
and can withstand harsh chemical treatments, such as boiling in strong acid or base (1). These
unique structural and chemical features lend useful biological properties to many phosphonic
and phosphinic acids, a feature that has not gone unnoticed. The past few decades have seen
extensive use of C-P compounds in medicine and agriculture and thousands of papers describe
their use (2). Prominent man-made examples include glyphosate, one of the most widely
applied herbicides in the world, and alendronate, a commonly prescribed treatment for
osteoporosis. Naturally produced phosphonates were first identified in 1959 opening a new
chapter in the biology of phosphorus (3).

While humans have only recently begun to appreciate the biological potential of C-P
compounds, Nature has long recognized their value as exemplified by the biosynthesis of a
wide variety of phosphonic and phosphinic acids by living organisms. These include
phosphonylated macromolecules such as lipids, exopolysaccharides and glycoproteins and a
fascinating array of small bioactive molecules, which are the primary focus of this review. In
some organisms these compounds are the dominant phosphorus-containing molecules in the
cell. For example, eggs of the freshwater snail Helisoma contain 95% of their phosphorus in
the form of 2-aminoethylphosphonate-modified phosphonoglycans (4), whereas the sea
amenaea Tealia possesses up to 50% of its phosphorus in a variety of phosphonolipids,
phosphonoglycans and phosphonoglycoproteins (5). Other organisms, such as the protist
Tetrahymena, have lower overall levels of phosphonate, but still synthesize as much as 30%
of their membrane lipids in the form of phosphonolipids (6). The prevalence of C-P compounds
in nature is perhaps best exemplified by the recent discovery that as much as 20-30% of the
available phosphorus in the world's oceans is comprised of phosphonic acids (7). Given that
phosphorus is often a limiting nutrient, this fact indicates that C-P compounds play an
important, perhaps critical role, in the global environment.

A particularly important group of phosphonate natural products includes more than a dozen
natural products with potent bioactive properties, Figure 1. These include antibiotics such as
fosfomycin, dehydrophos and plumbemycin; herbicides such as phosphinothricin tripeptide
(PTT) and phosphonothrixin; antimalarial compounds such as FR900098 and fosmidomycin;
and the antihypertensive peptides K4 and K-26. Members of the actinobacteria produce the
majority of these compounds, but many other microbes including Bacillus sp., Pseudomonas
sp. and some filamentous fungi also synthesize C-P compounds (8).

The bioactivity of both manmade and naturally produced C-P compounds stems from their
structural similarity to analogous phosphate-esters and carboxylic acids, competing with these
analogs for binding to enzyme active sites (Figure 1, inset). Because the affinity of C-P
compounds is often high, many phosphonates and phosphinates act as potent competitive
inhibitors. Moreover, some C-P compounds such as fosfomycin have functional groups that
react with the enzyme causing irreversible inhibition (9). Given the ubiquitous role of
phosphate-esters and carboxylic acids in biology the number of potential targets for
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phosphonate and phosphinate inhibitors is very large. Further, numerous regulatory events are
controlled by protein phosphorylation (phosphate-esters) and proteolysis (carboxylate
chemistry) and these processes are also subject to interference by C-P inhibitors.

An area of particular interest, which has revealed a wealth of novel biochemistry, is the
molecular and biochemical characterization of phosphonate and phosphinate metabolism. In
the fifty years since the discovery of C-P natural products our knowledge of their biosynthesis
has greatly expanded. Although completely characterized biosynthetic pathways are rare, we
are beginning to understand the commonalities and differences involved in the synthesis of
several prominent phosphonates and phosphinates. As might be expected from their unique
structures, the biosynthetic pathways include a number of unusual and interesting reactions.
In this review we will discuss the biosynthesis of several well-characterized bioactive C-P
compounds, with particular emphasis on these unusual reactions. We will also cover the utility
of these studies in natural product discovery and highlight remaining unanswered questions
and future directions of the field.

C-P Containing Macromolecules: Phosphono- Lipids, Glycans and Proteins
Discovery, distribution and diversity of phosphonolipids

In 1959 Horiguchi and Kandastu reported the first observation of a naturally produced C-P
compound, 2-aminoethylphosphonate (AEP, Figure 1), which was isolated from acid
hydrolyzed extracts of protozoa found in the rumen of sheep (3). AEP was subsequently found
in a variety of organisms and shown to be present as the headgroup of membrane lipids
analogous to phosphatidylethanolamine. These early reports led to a wave of studies
demonstrating the presence of phosphonolipids in a wide diversity of organisms (reviewed in
(1,10,11)). Phosphonolipids are especially abundant in ciliated protozoa, coelenerates,
gastropods and bivalves. They have also been observed in plants, bacteria and several
vertebrates, including humans; however, in the latter cases these are almost certainly
assimilated from dietary sources, rather than synthesized de novo. Nevertheless, this
observation indicates that phosphonates play a role in the metabolism of these organisms as
well. The phosphonolipids contain a variety of fatty acid side chains and different phosphonate
headgroups, including choline analogs with one, two or three N-linked methyl groups on AEP.
Phosphonolipids with either 2-hydroxyethylphosphonate (HEP, Figure 1) or 1-hydroxy-2-
aminoethylphosphonate have also been identified. 2-Amino-3-phosphonopropionic acid,
known as phosphonoalanine (P-Ala or PALA), was detected in acid-hydrolysed cell extracts
of Tetrahymena, but it is unclear whether it is derived from a lipid or some other macromolecule
(see below).

Other C-P containing macromolecules
Phosphonates have also been observed as a component of exopolysaccharides, which have
been generically referred to as phosphonoglycans (reviewed in (1,10)). Unfortunately, the
detailed structure of these complex molecules has rarely been determined, leaving open many
questions regarding the nature and role of phosphonate-modified carbohydrates. Most
phosphonoglycans contain AEP, although N-methylated AEP derivatives and HEP have also
been observed. Phosphonoglycans have been identified in protozoa, invertebrates, snails and
bacteria. Phosphonoglycans from sea anemone and Tetrahymena do not react with reagents
that target primary amines, suggesting that the linkage to the sugar chain was via the amine of
AEP; however, it is also possible that the nitrogen of AEP is acetylated. In contrast, the capsular
polysaccharide of B. fragilis is modified with AEP via an ester linkage of the phosphonate
moiety to the sugar (12).
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Both AEP and HEP containing phosphonoproteins have been characterized from a number of
lower eukaryotes (10). In cases where it has been established, these are invariably glycoproteins
carrying a phosphonoglycan. Thus, although the conclusion is not firmly established, direct
phosphonate attachment to the peptide backbone seems not to occur. Finally, phosphonate
lipopolysaccharides, with the phosphonate on either the lipid, or the glycan, or both, have been
identified in some organisms.

The Biological Role of C-P containing Macromolecules
The function of phosphonate-containing macromolecules has not been well established in any
organism. Based on their abundance and distribution they may play an important role in the
organisms that produce them. It has been speculated that the non-hydrolyzable C-P bond
enhances the stability of lipids, especially with respect to phospholipases (1,10). Alternatively,
the phosphonate moiety could alter the fluidity of membranes containing phosphonolipids or
the structural properties of phosphonoglycans. Others have suggested that the molecules may
play a role in cell-cell signaling as specific receptor molecules or as phosphorus storage
molecules in P-limited environments. To our knowledge only one experimental study addresses
these questions directly, albeit with inconclusive results. Purified AEP-containing
polysaccharide (CPS B) from Bacteroides fragilis is known to promote abscess formation;
however, deletion mutants lacking the ability to produce this phosphonoglycan are viable and
retain virulence in a rodent model system (13). Thus, the function of these macromolecules
remains enigmatic.

Biosynthesis of C-P macromolecules
The biosynthesis of phosphonolipids and other C-P containing macromolecules has been
extensively reviewed elsewhere (10). With the possible exception of K-26 discussed below,
all phosphonate/phosphonite biosynthetic pathways involve the same initial steps, which were
first solved by analysis of AEP biosynthesis in Tetrahymena. Therefore, the biosynthesis of
this common component of C-P containing macromolecules and small molecules will be
discussed first.

2-Aminoethylphosphonate
Biosynthetic pathway

The biosynthesis of AEP from phosphoenolpyruvate (PEP) is the shortest known pathway for
the construction of a natural phosphonate, requiring just three enzymes: PEP mutase,
phosphonopyruvate decarboxylase, and AEP transaminase (Figure 2A). Although orthologs
of all three proteins from various sources have been characterized in some detail, at present no
studies have reported the characterization of a complete set of enzymes from one organism.
Given the absence of AEP biosynthetic enzymes in humans and the noted importance of AEP
for various pathogens, these enzymes could be attractive targets for inhibition.

Phosphoenolpyruvate mutase
In vivo labeling studies of the source of the phosphorus atom in AEP in phosphonolipids in
Tetrahymena pyriformis suggested PEP as a potential precursor, but numerous early attempts
to experimentally confirm the putative conversion of PEP to phosphonopyruvate (PnPy) failed
(14). In 1988, the groups of Knowles, Seto, and Dunaway-Mariano first succeeded in isolating
the enzyme responsible for this transformation (15-17) (Figure 2A). The thermodynamics of
the reaction were shown to favor PnPy by more than 500-fold (16), providing an explanation
for the failure of earlier investigations. The equilibrium was not anticipated to lie towards PnPy
given the general notion of PEP as a high energy metabolite, but the inherently stronger P-O
bond compared to a P-C bond accounts for much of the lower thermodynamic energy of PEP
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(16). For the enzyme from T. pyriformis the reaction occurs with retention of stereochemistry
at phosphorus (18,19), which suggested the intermediacy of a phosphoenzyme intermediate.
This intermediate would be formed with inversion of configuration in the reaction of PEP with
an enzyme residue (Figure 2B). Subsequent attack of the pyruvate enolate onto the
phosphoenzyme intermediate, again with inversion of configuration, would account for the
observed net retention. Indeed, when the first crystal structure of a PEP mutase in complex
with the inhibitor oxalate was solved, Asp58 in the active site appeared to be in an orientation
in which it could act as the phosphate carrier (20). However, attempts to trap the
phosphoenzyme and/or enolate intermediates have not been successful (21), and in a later
structure in complex with the product analog sulfopyruvate, Asp58 was located almost 6 Å
from the sulfur atom of the inhibitor (22). Furthermore, although the Asp58Asn mutant
displayed greatly reduced turnover, it was active and therefore inconsistent with a role of Asp58
as nucleophile. Other candidate nucleophiles in the active site have also been investigated by
site-directed mutagenesis and collectively they have not identified such a residue (22,23).
Dunaway-Mariano and Herzberg and coworkers have therefore proposed that PEP mutase
catalyzes its reaction through a dissociative process with metaphosphate as an intermediate
(Figure 2C) (22), which would be the first example of such a mechanism. Interactions with
active site residues are proposed to hold the metaphosphate in place as rotation occurs around
the C1-C2 bond of the pyruvate enolate to allow attack of C3 onto the metaphosphate. This
proposal would account for the observed retention of stereochemistry at phosphorus as well as
the stereochemistry at C1 of PnPy (24).

Phosphonopyruvate decarboxylase
A corollary to the highly unfavorable equilibrium of the PEP mutase reaction is that the
biosynthesis of phosphonates via this enzyme requires a highly exergonic ensuing step, which
in the case of AEP consists of decarboxylation of PnPy to phosphonoacetaldehyde (PnAA) by
phosphonopyruvate decarboxylase (14,25,26). The protein from T. pyriformis is membrane
bound and has been difficult to characterize, but the enzyme from Bacteroides fragilis has
proven to be more amenable to in vitro analysis (27). The orthologous enzyme involved in
phosphinothricin biosynthesis in S. hygroscopicus has also been purified from the native host
and characterized biochemically (28). Both proteins are members of the α-ketodecarboxylase
family utilizing thiamin pyrophosphate and a divalent metal ion for catalysis.

AEP transaminase
At present, aminotransferases involved in the anabolism of AEP have not been characterized
biochemically, but several enzymes catalyzing the same reaction in organisms that use AEP
as a source of nutrients have been studied (29-31). These proteins from Salmonella enterica
(31) and Pseudomonas aeruginosa (32) utilize pyridoxal 5′-diphosphate (PLP) as cofactor and
pyruvate as ammonium acceptor. The mechanism of the transformation and structure of the
enzyme from S. typhimurium (30,31) is similar to that of the α-family of PLP-dependent
enzymes (33).

Fosfomycin
(1R,2S)-Epoxypropylphosphonic acid known as fosfomycin (previously called
phosphonomycin) was originally isolated by Merck researchers from Streptomyces fradiae, S.
wedmorensis, and S. viridochromogenes (34) and was later shown to also be produced by
Pseudomonas syringae (35), and Pseudomonas viridiflava (36). In the United States,
fosfomycin tromethamine (tris(hydroxymethyl)aminomethane) is used under the name
Monurol® and is an FDA-approved drug for the treatment of uncomplicated acute cystitis
(urinary tract infections) (37-40). In other countries like Japan, Germany, Spain and France
the compound is also used for gastrointestinal infections. The compound has broad-spectrum
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activity and is effective against both Gram-negative and Gram-positive bacterial infections in
mammals (41). It has activity against methicillin- and vancomycin resistant Staphylococcus
aureus (42,43) and enterococci (44) and its successful clinical use beyond urinary tract and
gastrointestinal infections was recently reviewed (45). Fosfomycin inactivates UDP-N-acetyl-
glucosamine-3-O-enolpyruvyltransferase (MurA), an essential enzyme that catalyzes the first
committed step in cell wall biosynthesis (46-48), by covalent alkylation of an active site
cysteine (49,50).

Biosynthetic pathway
Pioneering studies from the Seto laboratory on the biosynthesis of fosfomycin, using genetic
techniques (51) complemented with in vivo experiments using isotopically labeled precursors
provided evidence for the biosynthetic pathway shown in Figure 3 (8). The first two enzymatic
steps are the same as in the biosynthesis of AEP, but the one-carbon homologation of PnAA
is unprecedented in biology. On the basis of labeling studies, the methyl group in 2-
hydroxypropyl phosphonic acid (HPP) was suggested to be derived from methylcobalamin
(MeCbl) (8,51-53). Supporting the involvement of MeCbl, a mutant S. wedmorensis strain that
lacked the ability to synthesize B12 could only produce fosfomycin after addition of
methylcobalamin (52). Initially a direct conversion of PnAA to HPP via nucleophilic addition
of a methyl anion of methylcobalamin (MeCbl) to the aldehyde was proposed (Figure 3, dashed
arrow) (8,53,54). This proposed role of MeCbl would be fundamentally different from known
MeCbl dependent methyltransferases in which methylation takes place via nucleophilic attack
by the substrate at the methyl group of MeCbl (i.e. involve a methyl cation equivalent) (55).
More recently, analysis of the gene cluster from Streptomyces fradiae suggested an alternative
pathway in which PnAA is first reduced to HEP by FomC (vide infra) (56). fomC was essential
for heterologous production of fosfomycin in S. lividans, and a fomC disruption mutant was
successfully complemented by the addition of HEP to the media, whereas the compound did
not complement fosfomycin production in a fom3 disrupted clone (57). These findings
suggested that HEP is a productive intermediate as the product of FomC and the substrate of
Fom3. The revised pathway shown in Figure 3 is consistent with all previously reported studies
and also explains why neither PnAA nor AEP could be converted to fosfomycin by S.
lividans expressing fom3 and fom4, whereas HPP was converted (51).

Phosphonoacetaldehyde Reductase
The function of FomC from S. wedmorensis was recently confirmed in vitro with
heterologously expressed enzyme (58). The protein belongs to the group III iron-dependent
alcohol dehydrogenase family and uses NADPH as cofactor. A sequence alignment of FomC
with structurally characterized family members revealed several conserved residues, including
three ligands to the required Fe2+ (59). Typically, a His serves as a fourth ligand, however, a
Gln was found in FomC. The orthologous PnAA reductases from the biosynthetic pathways
of phosphinothricin and dehydrophos (vide infra) were also characterized. The former, PhpC,
utilizes NADH and Zn2+ for catalysis whereas the latter, DhpG, utilizes NADPH and Fe2+

(58). Sequence comparison and a homology model generated for FomC suggested that
phosphonate recognition in these proteins may be achieved by two conserved residues, Ser157
and Tyr261, that form hydrogen bonds to the oxygens of the phosphonate group in HEP.

2-Hydroxyethylphosphonate methyltransferase
The revised biosynthetic pathway shown in Figure 3 incorporated HEP as an additional
intermediate, but did not resolve the enigma of how the methyl group present in the final product
is introduced. The question has changed from how to add a methyl group to an aldehyde to
how to insert a methyl group into a C-H bond α to a primary alcohol (Figure 3), a likewise
unprecedented transformation in chemistry and biology. Sequence analysis of Fom3, the
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protein that putatively carries out this reaction, showed that it has two conserved domains
(57). The N-terminal domain was identified as a B12-like binding domain, whereas the C-
terminal domain shows homology to the radical-SAM protein family (60), containing three
conserved Cys residues that serve as ligands to a [4Fe-4S] cluster.

With this information, a chemically feasible mechanism was proposed as depicted in Figure
4A (61) in which SAM and a reduced [4Fe-4S] cluster form a 5′-deoxyadenosyl radical, as in
other radical-SAM proteins (62-64). Based on feeding studies with stereospecifically labeled
HEP (65), the adenosyl radical would then abstract the pro-R hydrogen from the C2 position
of HEP. Such hydrogen atom abstractions α to a hydroxyl group by a 5′-deoxyadenosyl radical
are well precedented in adenosylcobalamin dependent enzymes (55). The resulting organic
free radical can then react with the methyl group of MeCbl, yielding HPP and cob(II)alamin.
This mechanism finds support in model studies demonstrating that organic radicals react with
MeCbl to form methylated products (66, 67).

The proposed Fom3 mechanism is consistent with in vivo labeling studies by Hammerschmidt
and coworkers. When (2,2-2H2)-HEP was fed to S. fradiae, 34% of the fosfomycin produced
contained a deuterium label (54). Feeding (S)-(2-2H)-HEP or (R)-(2-2H)-HEP resulted in 32%
labeled fosfomycin from the (S)-isomer whereas no label was retained from (R)-(2H)-HEP
(65). Moreover, when HEP 18O-labeled on the hydroxyl oxygen was fed, 50% of the
fosfomycin isolated was 18O-labeled (53). These studies revealed for the first time the unusual
nature of the epoxidation step discussed in the next section. In the pathway shown in Figure
3, the label would never be in an exchangeable position explaining the high level of retention
of the 18O-label with the observed label dilution probably due to endogenously biosynthesized
HEP. Determing whether this proposed mechanism to achieve methylation of non-activated
carbon centers through stoichiometric use of both SAM and MeCbl is correct will require in
vitro reconstitution of enzyme activity.

2-Hydroxypropylphosphonate epoxidase
The last enzyme involved in the biosynthesis of fosfomycin catalyzes another highly unusual
reaction, the conversion of (S)-2-hydroxypropylphosphonate (HPP) to fosfomycin. Initially
termed Fom4, the protein has been renamed HPP epoxidase (HppE). In vivo labeling studies
established that the epoxide oxygen is not derived from molecular oxygen (68). Conversely,
HPP with an 18O-labeled hydroxyl group was converted by S. fradiae into 18O-labeled
fosfomycin (69). Hence, these studies pointed at a unique mechanism of epoxide formation
that involves dehydrogenation of a secondary alcohol. Cloning of the gene for the epoxidase
in the Seto group (51) allowed Liu and his coworkers to heterologously express the protein
from S. wedmorensis and demonstrate the dehydrogenative epoxidation activity in vitro (70).
The transformation required Fe(II), O2, an electron carrier (either a general reductase or
catalytic amounts of FMN) and NADH as reductant, but not α-ketoglutarate. At present, the
physiological reductase has not been identified. Extensive mechanistic investigations using
spectroscopic techniques, substrate analogs, and mutants show that the enzyme is a non-heme
mononuclear iron dependent oxidase (71-74) that carries out epoxide formation by one of the
two mechanisms shown in Figure 4B (74). The exact timing of entry of the two electrons
required for the overall reaction distinguishes the two models in which either a Fe(III)-
superoxide (I) or a Fe(IV)-oxo species (II) abstracts a hydrogen atom from C1 of the substrate.
In both mechanisms, the substrate radical at C1 is believed to undergo a very interesting
intramolecular rebound-like reaction. The overall stereochemistry of the epoxidation occurs
with net inversion at C1 (54).

This mechanism is supported by a series of crystal structures of the enzyme from S.
wedmorensis (75). The protein is a member of the cupin superfamily with a characteristic jelly
roll β-barrel domain with the 2 His/1 Glu facial triad iron ligand set, and a structurally unique

Metcalf and van der Donk Page 7

Annu Rev Biochem. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



smaller domain that consists of 5 short α-helices. Two substrate binding modes were observed
in these structures, monodentate coordination of HPP through one of the phosphonate oxygens
and a bidentate interaction involving both the phosphonate and hydroxyl groups. The latter
binding mode induces a conformational change that effectively closes off the active site and
may serve to protect reactive intermediates. Support for bidentate HPP binding during catalysis
was provided via EPR studies with 17O-labeled substrate and using NO as surrogate for oxygen
(74). It has been noted (75) that this bidentate binding of HPP has similarities with the binding
geometry of α-ketoglutarate in the cupin family, which is believed to activate the ferrous iron
towards reaction with molecular oxygen. In these enzymes, the α-KG cosubstrate provides two
electrons in addition to two electrons typically provided by the substrate allowing the net four-
electron reduction of molecular oxygen. In HppE two exogenous electrons must be supplied
for the overall conversion.

Phosphinothricin
Discovery and Biological Activity of Phosphinothricin-Containing Peptides

Phosphinothricin (PT), a non-proteinogenic amino acid found in a number of peptide
antibiotics, is the only known phosphinic acid natural product, Figure 1. In the early 1970s
independent groups in Germany and Japan discovered the compound as a component of a
tripeptide antibiotic (PT-Ala-Ala) produced by Streptomyces viridochromogenes (designated
phosphinothricin-tripeptide, PTT (76)) or Streptomyces hygroscopicus (designated bialaphos
(77)). PT was later found as a component of phosalacine, a PT-Ala-Leu tripeptide produced
by Kitasatospora phosalacina (78), and trialaphos (PT-Ala-Ala-Ala), a tetrapeptide produced
by Streptomyces hygroscopicus KSB-1285 (79). PT is a structural analog of glutamate and a
potent inhibitor of glutamine synthetase. As a free amino acid, PT has relatively poor antibiotic
activity, probably due to inefficient transport. Many organisms, however, readily take up the
peptide versions that are hydrolyzed by cytoplasmic peptidases releasing the active component,
a strategy dubbed a “Trojan Horse” mechanism. Although PTT has excellent antibacterial
activity in vitro when minimal media are used, it is a relatively poor therapeutic antibiotic
because its activity can easily be counteracted by the presence of glutamine in host tissues.
However, because glutamine synthetase plays an essential role in pH homeostasis in plants,
PT is an outstanding herbicide and both the tripeptide and synthetic versions of the monomer
are widely used in agriculture (80).

Biosynthetic pathway
Interest in the unique C-P-C bond motif and the biotechnological applications of PT has spurred
a large number of studies on its biosynthesis (reviewed in (8,80,81)). The PTT biosynthetic
pathway of S. hygroscopicus was largely solved by the Seto group using an elegant combination
of in vivo labeling, in vitro biochemistry, genetics and gene cloning. Subsequent studies in the
laboratories of Thompson and Wohlleben using S. viridochromogenes bolstered the
understanding of the biosynthetic pathway, especially with regard to synthesis of the tripeptide.
In combination, these studies led to a proposed pathway that is substantially similar to that
shown in Figure 5, but involving fewer enzymes and intermediates (82).

The complete PTT gene cluster from S. viridochromogenes was recently sequenced and
contains 24 genes in a contiguous 33 kbp segment of the chromosome (83,84). The complete
S. hygroscopicus gene cluster has also recently been sequenced and is nearly identical (Metcalf
and Blodgett, unpublished data). Although the majority of the genes had previously been
identified, three new genes designated phpC, phpD and phpE, whose functions are discussed
below, were identified. No other unique genes are required for synthesis of PTT as shown by
the ability of the cloned gene cluster to confer antibiotic production on heterologous hosts
(84). The availability of these genes allowed genetic and biochemical experiments that led to
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the revised pathway presented in Figure 5, which includes several unprecendented biochemical
transformations (82). The revised pathway involves synthesis of HEP via PEP mutase, PnPy
decarboxylase and PnAA reductase using genes and enzymes that are homologous to those
discussed in the preceding sections. HEP is then converted to phosphinoalanine (PPA) by a
series of unprecedented reactions, some of which are analogous to those of the Embden-
Meyerhoff-Parnas pathway for glycolysis, Figure 5, inset.

2-Hydroxyethylphosphonate dioxygenase
The first unique enzyme in the phosphinothricin biosynthetic pathway converts HEP to
hydroxymethylphosphonate (HMP), an unprecedented apparent excision of a methylene unit
(Figure 5). The product of the phpD gene from S. viridochromogenes was heterologously
expressed and purified and shown to carry out this reaction without any requirements for
external reductants or cofactors. Thus, all four electrons required for reduction of O2 are
provided by HEP. Experiments with isotopically labeled substrate showed that the excised
carbon is converted to formate and that the hydrogens on C1 of HEP are retained in HMP
(85). Experiments using 18O2 demonstrated that both HMP and formate contained label, but
surprisingly, the label in HMP was substoichiometric suggesting an exchange process occurred
during catalysis. Indeed, experiments performed in H2

18O also resulted in incorporation
of 18O into HMP. Since both atoms of molecular oxygen end up in the products, the enzyme
has been named 2-hydroxyethylphosphonate dioxygenase (HEPD) (85).

The overall structure of HEPD (85) consists of tandem repeats of a bi-domain architecture with
each of the repeats consisting of an all α-helical domain linked to a β-barrel fold characteristic
of the cupin superfamily (86). In spite of a lack of appreciable similarity in the primary
sequence, each of the two repeats is structurally homologous to the HppE monomer discussed
above (75). The β-barrel domain contains the metal ligands of the 2 His-1 Glu facial triad with
the metal site occupied by a Cd2+ ion in the X-ray structure. The disposition of these ligands
within the β-barrel in HEPD is unlike that in HppE as Glu176 is situated on a different β strand
than the equivalent Glu142 of HppE (75), and the spacing between the first two metal ligands
in HEPD (HX46E) is unique as these residues are closely spaced (HX1-4E/D) in other facial
triad enzymes (75). As described for HPP in HppE, bidentate binding was observed for HEP,
but ligand binding did not induce the large conformational change seen in HppE, possibly
because of the crystallization conditions that required high concentrations of Cd2+.

While oxidative scission of carbon-carbon bonds is well documented, the proteins involved
typically act on substrates that contain aromatic (87), alkene (88), or 1,2-dihydroxy
functionalities (89). Such activating groups are not present in HEP. A working model has been
proposed for the HEPD reaction that is based on the isotope labeling studies (85). Upon
substrate binding to Fe(II), reaction with O2 would result in a Fe(III)-[O2

-] intermediate (I,
Figure 6). This species can abstract a hydrogen atom from C2 of HEP to generate intermediate
II, similar to the mechanism proposed for isopenicillin N synthase (IPNS) and myo-inositol
oxygenase (89,90) and one of the two mechanisms presented in Figure 4B for HppE. Two
different pathways have been suggested to complete catalysis and account for the labeling
studies. The substrate radical may attack the hydroperoxide generating a ferryl intermediate
(FeIV=O) and a hemiacetal (Figure 6). The latter can undergo a retro-Claisen type C-C bond
scission with the incipient negative charge on C1 attacking the electrophilic ferryl, either in a
concerted step as shown or stepwise with a carbanion intermediate stabilized by metal
coordination. This type of C-C bond cleavage between sp3-hybridized carbons is
unprecedented, but an Fe(IV)-oxo intermediate would account for the observed exchange with
solvent. A second mechanism that explains the observed data involves conversion of
intermediate II to the hydroperoxide III, which after a Criegee-type rearrangement would
provide the formate ester of HMP. Hydrolysis of this ester would normally occur by attack at
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the carbonyl carbon, but such a mechanism would not account for the incorporation of oxygen
derived from solvent into HMP. The solvent exchange can be explained if hydrolysis took
place via attack at C1 as shown in Figure 6. Further studies will be required to distinguish
between these or alternative mechanisms and to provide insights into the factors that result in
epoxide formation by HppE and C-C bond cleavage by HEPD.

Synthesis of Carboxyphosphoenolpyruvate
Conversion of HMP to phosphonoformate (PF) likely occurs via sequential oxidation of HMP
to phosphonoformaldehyde and then PF (Figure 5) (82). These reactions are believed to be
catalyzed by the products of the phpE and phpJ genes, respectively, which are members of the
NAD(P) dependent alcohol and aldehyde dehydrogenase families. Although neither enzyme
has been characterized in vitro, genetic experiments provided in vivo support for this
conclusion: mutants lacking phpE accumulate HMP, while phpJ mutants accumulate
aminomethylphosphonate. The transamination of free aldehydes to the corresponding amine
has been commonly observed in blocked mutants (82).

The synthesis of carboxyphosphoenolpyruvate (CPEP) was originally suggested by Hidaka et
al to be achieved through a transesterification reaction of PEP using PF (91); however, current
evidence suggests that this is unlikely. Mutant studies have implicated the phpH and phpG
gene products in the synthesis of CPEP. These proteins are highly homologous to enolase and
phosphoglycerate mutase, glycolytic enzymes that are unlikely to catalyze transesterification
reactions (82,92). An alternative model has been proposed based on the sequence similarity in
which PhpG catalyzes a Pi/PF exchange reaction similar to that catalyzed by 1,3-
diphosphoglycerate independent phosphoglycerate mutase (93) (Figure 5, inset).
Subsequently, 2-phosphonoformyl-glycerate would be dehydrated by PhpH to produce CPEP,
in a reaction analogous to that catalyzed by the homologous enolase. It is important to note
that for this model to hold, PhpG would need to be initially activated by priming with a reactive
form of PF. It has been proposed that this reactive form of PF is phosphonoformyl-CMP (PF-
CMP, Figure 5), which is a phosphonate analog of CTP. Production of PF-CMP from PF and
CTP catalyzed by the PhpF protein has been demonstrated in vitro lending credence to this
model (82), which utilizes well-established biochemistry with a little twist.

Carboxyphosphoenolpyruvate mutase
At about the same time that PEP mutase activity was first demonstrated (vide supra), Seto and
coworkers discovered the interesting related enzyme carboxyphosphoenolpyruvate mutase
(CPEP mutase) (94,95). The enzyme from Streptomyces hygroscopicus was purified to
homogeneity from the producer strain and shown to catalyze the conversion of CPEP isolated
from the fermentation broth of a mutant strain to phosphinopyruvate (PPA) (Figure 5). The
gene encoding the protein was subsequently cloned and the enzyme expressed heterologously
(96). In this study, CPEP was synthesized chemically and shown to be relatively stable. Like
the reaction catalyzed by PEP mutase, the conversion of CPEP to PPA first involves a P-O to
P-C bond rearrangement reaction that is thought to be energetically unfavorable. For pathways
involving PEP mutase, the unfavorable equilibrium is offset by an ensuing energetically
favorable or irreversible reaction such as decarboxylation as discussed for the biosynthesis of
AEP. With CPEP mutase, the product of the rearrangement step, carboxyphosphono pyruvate
(CPnPy, Figure 5), undergoes a decarboxylation without the need of another enzyme and the
decarboxylation reaction cleaves a P-C rather than a C-C bond. To test whether the enzyme
assists in this process, Knowles and coworkers synthesized CPnPy and showed it to be a stable
molecule ruling out spontaneous decarboxylation (97). CPEP mutase did catalyze the
decarboxylation of CPnPy to PPA, establishing chemical competence of the compound as an
intermediate. However, the catalytic rate constants were much reduced compared to the overall
reaction of CPEP to PPA showing the intermediate is not kinetically competent to be a free
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intermediate in the overall process. It was suggested that CPnPy is an intermediate in the
enzyme catalyzed reaction but that it is not released into solution and that its on-rate is slow
(97).

Nonribosomal peptide synthetases
The PTT gene cluster contains three genes encoding stand-alone non-ribosomal peptide
synthetase modules. PhsA contains an adenylation domain (A-domain) and a peptidyl carrier
protein (PCP) domain (also termed thiolation or T-domain) (98). PhsA was demonstrated to
adenylate both N-acetylphosphinothricin (AcPT) and N-acetyl-demethylphosphinothricin
(AcDMPT) with the latter displaying somewhat higher activity in pyrophosphate exchange
assays (99); non-acylated analogs were not substrates. A mutant strain blocked in phsA
accumulated AcDMPT suggesting this amino acid is loaded in the initiation step (100). PhsB
and PhsC are larger polypeptides that also contain condensation domains, with PhsB possessing
a second T-domain with a domain arrangement of T-C-A-T (101). Biochemical studies with
all three enzymes isolated from S. viridochromogenes showed that PhsB and PhsC can
adenylate alanine as well as other small amino acids and transfer the activated amino acid to
the thiol of the phosphopanteteine in the peptide carrier domain (99). Although this finding
was expected, it is very interesting that these two proteins that both activate Ala have relatively
little sequence identity (38%), that the sequences of their A-domains predict they would
activate Ser (PhsB) and Pro (PhsC), and that they cannot substitute for each other in deletion
mutants (101). The mechanism of product release is still unclear. Neither PhsB nor PhsC
contain a typical C-terminal thioesterase domain. Two other thioesterase genes, theA and
theB, have been identified in the PTT gene cluster but disruption of neither gene abolished PTT
production (102). Interestingly, a thioesterase motif (GXSXG) was found near the N-terminus
of PhsA. Mutation of the Ser in this motif to Ala resulted in a mutant that was unable to restore
PTT production in a phsA mutant strain. How this N-terminal thioesterase domain might release
the final product is not known.

P-Methyltransferase
P-methyltransferase (Pmet or PhpK), is believed to catalyze the transfer of a methyl group to
the phosphorus atom of the tripeptide AcDM-PTT (Figure 5). Similarly to the origin of the
methyl group in fosfomycin discussed previously, the methyl donor has been suggested to be
methylcobalamin (51,103). Production of PTT in S. hygroscopicus is enhanced by the addition
of cobalt salts to the growth medium (8,104), and a blocked mutant grown in the absence of
Co2+ accumulated DM-PT as well as the tripeptide DM-PTT (105,106). Subsequent in vivo
and whole cell lysate labeling studies using AcDM-PT or AcDM-PTT as substrate revealed a
high level of incorporation of radiolabel from 14CH3-MeCbl into the methyl group of AcPT
and AcPTT, while the free amino acid DM-PT was not methylated (8,103,105). The gene
sequence of the P-methyltransferase was subsequently deduced from complementation studies
(51). Seto and coworkers concluded that the P-methyltransferase is an unusual MeCbl
dependent enzyme.

Alkylphosphinic acids such as AcDM-PTT can exist in the tetracoordinated or the tautomeric
tricoordinated form (107) (inset Figure 7A). The equilibrium constant for these compounds
usually strongly favors the tetracoordinated tautomer (108,109). Nevertheless, phosphonous
acids and phosphonites are known to carry out both electrophilic and nucleophilic reactions
(109,110). The most straightforward mechanism for the methyl transfer to phosphorus would
therefore be attack of a tervalent form of AcDM-PTT onto the methyl group of MeCbl (Figure
7A). This would generate the Co(I) form of the cofactor, which could subsequently accept a
methyl group from a cellular methyl donor.
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However, Pmet has sequence homology with Fom3 (51) with a B12 binding domain and a
typical radical-SAM family Fe-S cluster (61). The requirement of these cofactors is not obvious
for the mechanism in Figure 7A. Another mechanism can be drawn for Pmet that does require
these cofactors and that has similarities with that proposed for Fom3 (Figure 4A). For Pmet,
the 5′-deoxyadenosyl radical formed as described in Figure 4A could abstract a hydrogen atom
from the phosphinate in AcDM-PTT breaking the relatively weak P-H bond (Figure 7B) (61).
The resulting phosphorus based radical could then attack MeCbl to cleave the Co-C bond
homolytically and provide the methylated product. Reduction of the oxidized FeS cluster and
the cob(II)alamin formed and subsequent methylation of the resulting cob(I)alamin would reset
the enzyme for another turnover.

PT acetyl-transferase
Antibiotic producing organisms typically require a mechanism of self-resistance. For PTT, this
is conferred by the enzyme phosphinothricin acetyl-transferase, which N-acetylates either PT
or demethylphosphinothricin using acetyl-CoA. The enzyme is encoded by the bar gene in S.
hygroscopicus (111) and the pat gene in S.viridochromogenes (112), with 85% sequence
identity. Interestingly, this resistance mechanism is also required for biosynthesis of PTT.
Demethylphosphinothricin is acetylated prior to peptide bond formation and P-methylation.

The potent herbicidal activity of both PTT and PT have led to the development of the pat gene
as a selectable marker for genetic engineering of plants and it has been widely used in this
capacity. Further, the availability of crops carrying this resistance allele has led to a recent
boom in the paired use of PT with recombinant plants in agriculture.

FR900098
Discovery and Biological Activity

FR900098 is one of a group of N-hydroxypropylphosphonic acids that also includes
fosmidomycin, FR33289 and FR32863 (Figure 1), which are produced by strains of
Streptomyces rubellomurinus and Streptomyces lavendulae (113-115). These compounds were
discovered by researchers at Fujisawa Pharmaceutical Co. in the late 1970s and block the
nonmevalonate pathway for isoprene biosynthesis. They inhibit the first committed step
catalyzed by deoxyxylulose phosphate reductoisomerase (DXR) (116). Both FR900098 and
fosmidomycin have very low toxicity in animals and humans and excellent antibacterial
activity against most gram-negative bacteria (117-119), but neither compound has achieved
widespread clinical use. Renewed interest in these antibiotics came with the genome sequence
of Plasmodium falciparum (the causative agent of malaria), which revealed the unexpected
presence of the target pathway in this eukaryote. Fosmidomycin and FR900098 are effective
anti-malarial agents in animal models and have shown promise in early human trails, including
against drug-resistant strains (120-122).

The FR900098 gene cluster and biosynthetic pathway
The FR900098 biosynthetic gene cluster was identified by screening a large insert fosmid
library from S. rubellomurinus with degenerate PCR primers designed to amplify PEP mutase-
encoding (ppm) genes (123). Further screening of ppm-positive clones led to the identification
of a clone that conferred production of FR900098 to the heterologous host Streptomyces
lividans and, therefore, contains all of the unique genes needed for synthesis of the antibiotic.
Sequence analysis of the clone revealed the presence of genes encoding a putative PEP mutase
and a number of genes related to those encoding enzymes of the TCA cycle. The predicted
functions of these genes, in combination with in vitro biochemistry and mass spectrometric
identification of intermediates provide strong support for the proposed biosynthetic pathway
shown in Figure 8.
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Unlike other phosphonate biosynthetic pathways, PnPy decarboxylase does not provide the
thermodynamic driving force needed to pull the unfavorable PEP mutase reaction. Instead, a
homolog of homocitrate synthase, FrbC, catalyzes the exergonic condensation of acetyl-CoA
and phosphonopyruvate to form 2-phosphonomethylmalate. This activity has been verified in
vivo using synthetic PnPy as substrate, and also in a coupled reaction with the S.
rubellomurinus PEP mutase (FrbD) using PEP as the starting material (123). Subsequent steps
similar to those found in the TCA cycle are predicted to convert this intermediate into 2-oxo-4-
phosphonobutyrate, an analog of 2-oxo-glutarate, although this has yet to be demonstrated. An
unknown host encoded transaminase is thought to convert this intermediate to 2-amino-4-
phosphonobutyrate. FrbH is a two-domain protein containing discrete nucleotidyl-transferase
and PLP-dependent decarboxylase/aminotranserase domains that was predicted to convert 2-
amino-4-phosphonobutyrate into 3-aminopropylphosphonate. In vitro decarboxylation activity
of FrbH requires CTP and produces 5′-CMP-3-aminopropylphosphonate (H. Zhao, personal
communication). The biological rationale for this nucleotide modification is unclear; however,
the CMP-modified product is competent as a substrate for in vitro acetylation with FrbF and
N-hydroxylation by FrbG, whereas free 3-aminopropylphosphonate is not. Removal of the
CMP is catalyzed by FrbI in vitro, although this gene is not required in vivo, suggesting that
other cellular phosphodiesterases can fulfill this function as well.

Immunity
Interestingly, the FR900098 gene cluster also includes a gene (dxrB) that encodes a homolog
of DXR, the target of the antibiotic. The dxrB gene was proposed to encode an FR900098-
insensitive allele of DXR, and thus to be involved in self-resistance to the antibiotic (123). This
idea has yet to be tested experimentally, but if true, the structure of this protein may lend insight
into the nature of the interaction of the antibiotic and the enzyme allowing design of more
effective derivatives.

Dehydrophos
Structure reassignment

Scientists at Eli Lilly first isolated a phosphonate from Streptomyces luridus and named the
compound A53868. It has broad spectrum antibiotic activity, acting on both Gram-positive
and Gram-negative bacteria (124). A structure was reported, but recent synthesis of this
structure showed that it could not be correct since it displayed different 1H and 31P NMR
spectra than the compound isolated from the producing strain (125). Subsequent spectroscopic
studies on the compound purified from bacteria grown on various isotopically labeled media
resulted in the structure shown in Figure 1; this proposed structure was verified by synthesis
(125). Interestingly, the revised structure contains a phosphonate analog of dehydroalanine,
which is found in many natural products such as the lantibiotics (126), microcystins (127), and
thiostrepton (128). On the basis of the revised structure the compound was therefore renamed
dehydrophos. The reassignment of the structure raises interesting questions with respect to its
mode of action. As mentioned for PTT, the peptidic phosphonate antibiotics promote uptake
by the target organism(s). Upon translocation, these peptides are hydrolyzed to release the
active phosphonate-containing amino acids (129-133). Hydrolysis of the C-terminal peptide
linkage of dehydrophos would result in an enamine that is expected to hydrolyze to methyl
acetylphosphonate, which is a structural analog of pyruvate and could inhibit pyruvate utilizing
enzymes. On the other hand, the reactive vinyl phosphonate moiety in dehydrophos may inhibit
a cellular process directly, analogous to the activity of the phosphonotripeptide K-26 (vide
infra) that inhibits angiotensin converting enzyme without the requirement of hydrolysis
(134). Future studies should shed light onto these questions.
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Biosynthetic gene cluster sequence
The dehydrophos biosynthetic gene cluster has been cloned and sequenced using a strategy
similar to that described above for PTT and FR900098 (Eliot and Metcalf, unpublished data).
The minimal gene cluster, as defined by the smallest fragment capable of conferring
dehydrophos production upon heterologous hosts, is comprised of twenty genes, including
ones whose products are highly homologous to PEP mutase, PnPy decarboxylase and PnAA
reductase. Thus, like PTT and fosfomycin, it appears that this antibiotic is synthesized through
HEP. Interestingly, the gene cluster does not contain canonical NRPS proteins nor any other
proteins with homology to enzymes known to be involved in peptide synthesis. This suggests
that a novel mechanism for peptide antibiotic synthesis is used.

K-26
The tripeptide K-26 was isolated from Astrosporangium hypotensionis in a screen for inhibitors
of angiotensin converting enzyme (ACE). The compound is a potent inhibitor and shows
promise in the treatment of high blood pressure (134). K-26 contains a phosphonate analog of
tyrosine as its C-terminal residue that is shared in several analogs produced by
Actinomadura strains (135,136) (Figure 1). At present, the biosynthesis of (R)-1-amino-2-(4-
hydroxyphenyl)ethylphosphonic acid (AHEP) is not well understood and its gene cluster has
not yet been located. Feeding studies with isotopically labeled tyrosines provided a labeling
pattern suggesting that unlike the other phosphonates discussed in this chapter, K-26 may not
be biosynthesized using a PEP mutase reaction to install the C-P bond. Instead, AHEP appears
to be derived from Tyr (137). Both the nitrogen of Tyr as well as the hydrogens on the aromatic
ring and β-carbon were incorporated into the AHEP moiety of K-26 isolated from the producing
strain. Furthermore, synthetic racemic 1,2-13C2-AHEP was incorporated with high efficiency
into K-26 suggesting it is a discrete precursor. On the other hand, isotopically labeled tyramine,
the decarboxylation product of tyrosine, was not incorporated (138). Future studies may reveal
the molecular logic of P-C bond formation in this interesting compound.

Conclusions and Outlook
Metabolic diversity of PEPM initiated pathways

Examination of the phosphonate and phosphinate biosynthetic pathways described above
reveals a number of common themes, Figure 9. First, due to the unfavorable thermodynamics
of C-P bond formation, a favorable reaction is required in subsequent steps. This driving force
can be supplied by decarboxylation, as in the CPEP mutase and PnPy decarboxylase reactions,
or hydrolysis of acetyl-CoA as in the FrbD-catalyzed step of the FR900098 pathway. This
energetic requirement places constraints on the evolution of potential C-P producing pathways
and leaves unanswered questions regarding the synthesis of some known C-P natural products.
For example, it has been suggested that phosphonoalanine is made by transamination of
phosphonopyruvate (139); however, the freely reversible nature of this reaction suggests that
net synthesis of C-P bonds via this pathway would be problematic unless transamination is
followed by another exergonic reaction. Whether additional driving reactions exist is an open
question that is relevant to the potential chemical structures of as yet unknown C-P compounds.

A second common theme is the apparent borrowing of reactions from central metabolic
pathways. These include the glycolysis-like reactions of the PTT pathway described above and
two distinct, but similar, borrowings from the TCA cycle that occur in the PTT and FR900098
pathways (boxed insets, Figure 9). Accordingly, these pathways include steps for both
phosphonates and phosphinates that are analogous to those catalyzed by citrate synthase,
aconitase and isocitrate dehydrogenase. Given the known molecular mimicry of C-P
compounds, this is perhaps not surprising. The similarity of these molecules to the analogous
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carboxylates allows them to be substrates for the TCA cycle enzymes. In some cases, this has
led to the evolution of dedicated enzymes for catalyzing these reactions (FrbA, FrbB, FrbD,
FrbE, Pmi, and Pms), but in other cases it is likely that the C-P molecules are sufficiently
similar that normal cellular enzyme catalyze the reaction (140-142). A similar argument
involving phosphate ester mimicry can be made for the glycolytic pathway discussed above.
The ubiquitous pathways for carboxylate and phosphate ester synthesis in biology therefore
provide a rich source for the evolution of pathways for the synthesis of novel C-P natural
products. In this regard, it is tempting to speculate that nature produces a large number of
phosphonate inhibitors simply by evolution from the target pathways. It seems very likely that
additional examples will emerge with continued study of these interesting biosynthetic
pathways.

Genome mining of PEPM biosynthetic gene clusters
Finally, the PEPM reaction has potential utility for discovery of C-P biosynthetic gene clusters.
As noted above, the homology of known PEP mutases allows design of degenerate PCR primers
that can be used to identify ppm-containing clones from genomic libraries. Coupled with the
fact that most antibiotic producers cluster the biosynthetic genes, this PCR assay has allowed
the cloning of the genes needed to make PTT, fosfomycin and FR900098 (56,84,123).
Moreover, we have recently cloned and sequenced the genes needed for production of
dehydrophos, fosmidomycin, SF2312, rhizocticin and plumbemycin via this technique
(unpublished data of W.W. Metcalf, A.C. Eliot, R. Woodyer, T. Johannes and H. Zhao,
University of Illinois). Only the K26 genes were not identified by this means; however, given
the recent data suggesting that PEPM is not involved in this pathway (137), this is not
surprising. Of particular interest for the discovery of new antibiotics is the observation that ca.
5% of randomly isolated actinomycetes possess the ppm gene, as defined by the PCR assay
(B. Circello and W.W. Metcalf, unpublished). This suggests that a wealth of new C-P natural
products and metabolic pathways await discovery. Thus, the field of phosphonate and
phosphinate biology continues to expand and ample research opportunities remain for
interested scientists.
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Key Terms/definitions List
C-P compounds 

natural products containing one or more carbon-phosphorus bonds
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Abbreviations and Acronyms
AEP  

2-aminoethylphosphonate

AcDM-PT  
N-acetyl demethylphosphinothricin

HEP  
2-hydroxyethylphosphonate

HMP  
hydroxymethylphosphonate

HPP  
2-hydroxypropylphosphonate

MeCbl  
methylcobalamin

PnAA  
phosphono acetaldehyde

PnPy  
phosphono pyruvate

PT  
phosphinothricin

PTT  
phosphinothricin tripeptide

PT  
phosphinothricin
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Figure 1.
Structures of naturally occurring small molecule phosphonates and phosphonates. The P-C
bonds are highlighted in red. The inset shows for a representative sampling the resemblance
between the phosphonate/phosphonate and the substrate of the enzyme they target.
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Figure 2.
A. Biosynthetic pathway for AEP. B. Originally proposed mechanism for PEP mutase
involving nucleophilic catalysis. C. Most recent proposed mechanism, involving a dissociative
process with a metaphosphate intermediate.
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Figure 3.
Originally proposed biosynthetic pathway for fosfomycin biosynthesis (dashed arrow) and
more recent revised pathway involving FomC and 2-HEP.
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Figure 4.
A. Proposed mechanism of methyl transfer to HEP catalyzed by Fom3. B. Proposed
mechanisms for conversion of 2-HPP to fosfomycin by HppE (Fom4).
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Figure 5.
The most recent proposed biosynthetic pathway for the biosynthesis of phosphinothricin. Three
highly unusual transformations are highlighted in blue, and the steps with similarities with
glycolytic transformations are depicted in red. For comparison, the corresponding reactions in
glycolysis are shown in the box.
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Figure 6.
Proposed mechanism for the conversion of HEP to HMP by HEPD. Half-filled circles indicate
oxygen atoms derived from O2 that have exchanged with solvent.
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Figure 7.
Proposed mechanisms for P-methyltransferase. A. Heterolytic pathway transferring a methyl
group from MeCbl as a methyl cation equivalent. B. Homolytic pathway transferring the methyl
group as a radical.
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Figure 8.
Proposed biosynthetic pathway of FR900098 based on gene homologies and in vitro
biochemistry.
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Figure 9.
Overview of currently known biosynthetic pathways of phosphonates and phosphonates
starting from PEP. The steps resembling TCA cycle reactions for phosphonates (red) and
phosphinates (blue) are compared with the reactions in the TCA cycle (inset).
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