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Phosphorus is an essential nutrient for al living organisms owing to its central rolein
cellular metabolism. Whereas the use of phosphorus in biology is mostly confined to
phosphate derivatives, compounds containing reduced forms of phosphorus such as
organophosphonates are important in many organisms.1 Prominent examples are
phosphonolipids, which are found in awide variety of species including microorganisms,
invertebrates, and vertebrates, and account for as much as 30% of the membrane lipidsin
Tetrahymenal-2 The carbon—phosphorus (C—P) linkage is very stable and resistant to
chemical hydrolysis, thermal decomposition, and photolysis. The stability of the C—P bond
could explain the use of organophosphonates in membrane lipids and exopolysaccharides. A
structurally diverse set of organophosphonates and phosphinates are produced as secondary
metabolites by bacteria, including the clinically used antibiotic fosfomycin and the
herbicides phosphinothricin tripeptide (bialaphos) and phosphonothrixin.3 These represent
an underexploited class of bioactive compounds with promise for the treatment of human
disease.

Given the chemical stability and biological prevalence of organophosphonates, it is not
surprising that nature has evolved specialized enzymatic pathways for degrading these
molecules. These pathways are important for the cellular acquisition of phosphorus, which is
the growth-limiting nutrient in many ecosystems. Currently four distinct organophosphonate
degradation pathways have been identified that can be divided into two mechanistic classes.
1b, 4 Thefirst class consists of three hydrolases that are highly specific for
phosphonopyruvate, phosphonoacetal dehyde, and phosphonoacetate (Figure 1 A).5 The
hydrolysis reactions catalyzed by these enzymes proceed by a similar mechanism, in which
the electron-withdrawing B-carbony! group of the substrates facilitates the heterolytic
cleavage of the C—P bond.6 The second pathway utilizes C-P lyase, which is quite
promiscuous and cleaves the unactivated C—P bonds of structurally diverse substrates. C—P
lyase-catalyzed reactions include the conversion of alkylphosphonates and
phenylphosphonate to the corresponding alkanes and benzene (Figure 1 B).1b, 7

The C-P lyase pathway is widespread among bacteria and is encoded by a 14-cistron
PhNCDEFGHIJKL MNOPoperon (Figure 1 C) that is regulated by the PhoR/PhoB two-
component signaling system.4, 8 Sequence analysis and phenotypes of transposon mutants
grown on various organophosphonates suggested that PhnC, D and E form a phosphonate
transporter, PhnF and PhnO areinvolved in regulation, and PhnG, H, I, J, K, L and M might
form the minimal catalytic cassette for C—P bond cleavage.9 However, despite great efforts
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since the discovery of the genes of the C—P lyase pathway in the early 1990s,8a-d, 10 the

transformations involved remained largely elusive until 2011. This two-decade enigma has
now been solved by a series of papers from the Hove-Jensen and Zechel laboratories1l that
culminate in the in vitro reconstitution of C—P lyase activity by Raushel and co-workers.12

Attempts in the late 1980s in the Frost laboratory to purify the enzyme(s) responsible for C—
P lyase activity were unsuccessful, but did reveal that the pathway possibly involved ribosyl
intermediates.7a, 10 Research on the topic remained mostly dormant until 2003, when
Hove-Jensen and co-workers identified PhnN as a ribose 1,5-bisphosphokinase involved in
an alternative NAD biosynthetic pathway in £. coli.13 When the gene encoding 5-phospho-
a-D-ribosyl 1-diphosphate (PRPP) synthase was deleted, PhnN was shown to convert ribose
1,5-bisphosphate to PRPP, thus restoring NAD biosynthesis. A few years later, PhnP was
demonstrated to be a metal -dependent hydrolase of the B-lactamase superfamily.14
Screening of alibrary of putative substrates indicated that PhnP had phosphodiesterase
activity with cyclic nucleotides. Although these studies corroborated the early findings of
Frost and co-workers regarding the intermediacy of ribose derivatives, how these activities
fitted into the C—P lyase pathway was unclear.

Thefirst hint came from the observed accumulation of a.-D-ribosyl 1-ethylphosphonate in
an E. coli phnJmutant strain grown on ethylphosphonic acid.11a The authors also showed
that 5-phospho-a-D-ribosyl-1,2-cyclic phosphate (PRcP) accumulates in a pfinPmutant
strain, and suggested that PRcP is formed by C—P bond cleavage of 5-phospho-a-D-ribosyl
1-alkylphosphonates (PRPn) by C—P lyase. They thus determined the back-end of the
pathway that allows organisms to funnel the phosphorus atom of organophosphonatesinto
primary metabolism (Scheme 1).

Raushel and co-workers came to the same conclusion after reconstituting the front-end of
the pathway that makes PRPn.12 Using methyl phosphonate as amodel substrate, the
authors both reconstituted the C—P lyase activity and revealed key new ribosyl intermediates
in the pathway. In aremarkable series of biochemical experiments, Phnl was shown to be a
nucleosidase, requiring the presence of PhnG, H, and L to catalyze the conversion of methyl
phosphonate and ATP to a.-D-ribose-1-methyl phosphonate-5-triphosphate (RPN TP) and
adenine (Scheme 1). PhnM is a phosphatase, catalyzing the hydrolysis of RPnTP to form
PRPn and pyrophosphate (PPi). C—P bond cleavage of PRPn isthen achieved by PhnJ and
results in methane and PRcP, which is then the substrate of PhnP, as revealed by Zechel,
Hove-Jensen and colleagues.11a, b Although PhnJ lacks the CxxxCxxC motif common to
most radical S-adenosylmethionine (SAM) enzymes, 15 the identification of 5'-
deoxyadenosine (dAdoH) and methionine generated in the PhnJ-catalyzed reaction, the
presence of four Cysresiduesin its sequence, and the spectroscopic detection of an [4Fe—
49] cluster strongly suggest that PhnJ belongs to the radical SAM superfamily. Together
with the studies on PhnN13 and PhnP,11a, b, 14 these results established the long-awaited
C—P lyase pathway (Scheme 1).

In retrospect, it is likely that a combination of factors frustrated previous efforts to study C—
P lyase, the most obvious one being the unknown substrate for C—P bond cleavage. Hove-
Jensen and co-workers showed that the C—P lyases form alarge multienzyme complex that
probably consists at least of PhnG4Hl23,K.11c Indeed, Raushel and colleagues did not
observe the desired activity of Phnl unless PhnG, H and L were all present. An additional
experimental hurdle could have been the demonstrated instability of many of the enzymesin
the pathway. Glutathione S-transferase (GST) fusion enzymes were needed for the soluble
expression of many enzymes in the pathway, but the fusion enzymes themselves were
inactive. Only by removing the GST fusions in situ were Raushel et al. able to reconstitute
activity. Finally, many radical SAM proteins are notoriously sensitive to oxygen, and the
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impressive strides made in the radical SAM field to improve reconstitution methods since
the early studies on C—P lyase undoubtedly contributed to the successful reconstitution of
the PhnJ activity. The ability to overcome all these technical obstacles makesthe
achievement all the more impressive.

Of particular interest in the pathway is the highly unusual transformation catalyzed by PhnJ.
Members of the radical SAM enzyme superfamily utilize a[4Fe-4S] cluster to bind SAM
and reductively cleave its carbon-sulfur bond to produce a highly reactive 5’-deoxyadenosy!
(dAdo) radical, which initiates a wide range of radical reactions relevant to DNA repair,
RNA and protein modification, and the biosynthesis of vitamins, coenzymes and antibiotics.
15 Although radical SAM enzymes were well known for catalyzing awide variety of
chemical reactions, recent characterization of several complex transformations have
indicated that the radical SAM superfamily is even more catalytic diverse than originally
appreciated.15-16 The PhnJ-catalyzed reaction (Scheme 1) further expands the catalytic
repertoire of radical SAM enzymes.

In light of the general chemistry of radical SAM enzymes, a catalytic mechanism has been
proposed for PhnJ,12 a variation of which is shown in Scheme 2. The dAdo radical resulting
from SAM cleavage might abstract a hydrogen atom from a protein residue (X1) to yield a
protein-based radical.17 Thisradical could then initiate the homolytic cleavage of the C—P
bond to produce a transient methyl radical and a protein—ribosyl adduct. The incipient
methyl radical could abstract a hydrogen atom from a hydrogen donor to yield methane.
This hydrogen atom donor could be dAdoH or it could be a second protein residue (X2), as
illustrated in Scheme 2. Alternatively, given the high reactivity of a methyl radical, C—P
bond breakage and methane formation might occur in a concerted fashion, as proposed for
methyl coenzyme M reductase (MCR).18 This enzyme utilizes a specialized nickel cofactor,
F430, and athiol cosubstrate to cleave a methyl—sulfur bond and generate methane and a
disulfide.19 In PhnJ, the ribosyl moiety would be subsequently released as PRcP, with a
hydrogen atom shift from X1 to X2 completing the catalytic cycle. Based on other enzymes
that utilize amino acid radicals in catalysis, 17 X1 and X2 would likely be cysteine, tyrosine
or possibly glycine residues, on which relatively stable radicals can be accommodated.
Future spectroscopic and crystallographic studies should provide additional insightsinto this
fascinating enzyme. The new knowledge gained on the C—P lyase pathway might also
facilitate future engineering efforts directed at detoxification of man-made
organophosphonates, such as detergents and herbicides, that are ubiquitously released to the
environment.
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Figure 1.
A) Heterolytic cleavage of the C—P bond of substrates with a p-carbonyl group. B) The C—P
lyase pathway. C) Organization of the Phn operon of £. coli.
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Proposed catalytic mechanism of PhnJ. X1 and X2 are likely to be cysteine, tyrosine or
glycine residues.17 The red cube represents a[4Fe—4S] cluster.
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