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ABSTRACT: Methylphosphonate synthase is a non-
heme iron-dependent oxygenase that converts 2-hydrox-
yethylphosphonate (2-HEP) to methylphosphonate. On
the basis of experiments with two enantiomers of a
substrate analog, 2-hydroxypropylphosphonate, catalysis is
proposed to commence with stereospecific abstraction of
the pro-S hydrogen on C2 of the substrate. Experiments
with isotopologues of 2-HEP indicate stereospecific
hydrogen transfer of the pro-R hydrogen at C2 of the
substrate to the methyl group of methylphosphonate.
Kinetic studies with these substrate isotopologues reveal
that neither hydrogen transfer is rate limiting under
saturating substrate conditions. A mechanism is proposed
that is consistent with the available data.

hosphonate natural products are characterized by a stable

carbon—phosphorus bond and are produced by a variety of
organisms." The first example of phosphonate biosynthesis by
an archaeal species was recently reported for Nitrosopumilus
maritimus, a highly abundant marine organism that has been
linked to the carbon and phosphorus cycles in the ocean.” N.
maritimus was shown to produce methylphosphonate (MPn)
from PEP in a four-step enzymatic process. The last reaction in
this sequence is the conversion of 2-hydroxyethylphosphonate
(2-HEP) to MPn catalyzed by methylphosphonate synthase
(MPnS, Scheme 1A).> MPnS has sequence homology with 2-
hydroxyethylphosphonate dioxygenase (HEPD), an enzyme
that converts 2-HEP to hydroxymethylphosphonate (HMP)
during the biosynthesis of the commercial herbicide phosphi-
nothricin (Scheme 1B).>”” The two enzymes share low
sequence identity (21%), but key common residues include
two His that are part of the canonical 2-His-1-carboxylate facial
triad® in HEPD (Figure S1). The Asp/Glu of this triad in
HEPD is not conserved in MPnS and the identity of its third
metal ligand, if any, has yet to be identified. Neither enzyme
requires external electrons for catalysis, but whereas HEPD
transfers the oxygen atoms from O, to C1 and C2 of 2-HEP,*
MPnS oxidizes only the C2 carbon of its substrate. This
unprecedented reaction requires the removal of both hydrogens
at C2. In addition to the unusual nature of the chemistry
catalyzed by MPnS, the enzyme may also represent a key step
in methane production in the oceans.” A third enzyme that is
structurally related to HEPD is 2-hydroxypropylphosphonate
epoxidase (HppE), which removes the pro-R hydrogen from

-4 ACS Publications  © 2012 American Chemical Society

Scheme 1. Reactions Catalyzed by MPnS, HEPD, and HppE
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C1 of 2S-hydroxypropylphosphonate to achieve the unusual
dehydrogenative epoxidation reaction shown in Scheme 1C
during the biosynthesis of fosfomycin.”~"!

To understand the mechanism of MPnS, first the ratio of O,
consumed to MPn produced was determined. An assay mixture
containing 1 M MPnS, which was anaerobically reconstituted
with 1 equiv of Fe(II), was allowed to equilibrate in the
chamber of a Clark-type oxygen electrode. Catalysis was
initiated by the addition of 100 M 2-HEP, and the
consumption of oxygen was monitored. An aliquot of the
assay mixture was removed once about 25 M O, had been
consumed. The sample was quenched with sulfuric acid and the
mixture was analyzed by LC-MS to determine the amount of
MPn produced using a standard curve (Figure S2). The ratio of
MPn produced to O, consumed was 1.05 + 0.07 based on
three independent experiments.

With the stoichiometry of O, consumption established,
kinetic parameters were determined. The dependence of the
rate of O, consumption on the concentration of O, was
determined by a continuous assay using the oxygen electrode,
establishing a K| of 11 + 3 uM and a k_, of 0.25 + 0.03
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s™' at a concentration of S00 uM 2-HEP (Figure S3). The
dependence of O, consumption on the concentration of 2-HEP
determined by initial rate measurements also exhibited
Michaelis—Menten kinetics with a K, of 4.5 uM for 2-HEP
and a k., of 0.18 + 0.01 s™" at an oxygen concentration of 260
UM (Table 1, Figure S4). To provide information on the timing

Table 1. Kinetic Constants of MPnS with 2-HEP and Its
Isotopologues

substrate Koiepe (M) ket (71 Keat/ Knapp (M s7)
2-HEP 45 + 1.1 0.18 + 0.01 (4.0 £ 1.0) x 10*
(R)-[2-*H,]-HEP 7.1+ 0.8 0.17 + 0.01 (24 +03) x 10*
(8)-[2-*H,]-HEP 65+ 1.5 0.17 + 0.01 (2.6 + 0.6) x 10*
2-[2-*H,]-HEP 72+ 14 0.17 + 0.01 (24 £ 0.5) x 10*

of the removal of the two hydrogens at C2 and to investigate
whether either hydrogen transfer occurred in a (partially) rate-
limiting step, the kinetics of three previously synthesized
isotopologues,*” (R)- and (S)-[2-*H,]-HEP, and 2-[2-2H,]-
HEP were determined (Figure S3). The isotopologues
displayed rates at saturating 2-HEP concentrations that were
not significantly different from that of unlabeled 2-HEP at close
to identical O, concentrations (250 M), indicating that
hydrogen transfers do not contribute substantially to the overall
rate equation for k_, under these conditions. The errors on K,
are relatively large,'> making it difficult to draw strong
conclusions, but the values of k.,/K,, suggest that there may
be a small kinetic isotope effect (KIE) on the bimolecular rate
constant for both enantiomers of 2-[?H]-2-HEP. One possible
explanation for these observations is that the rate of k., may be
limited by product release, whereas the steps involved in
removal of each of the hydrogen atoms at C2 contribute to k,./
K.
To obtain additional information regarding the fate of the
two hydrogen atoms at C2 of 2-HEP, MPnS was incubated
with each enantiomer of 2-hydroxypropylphosphonate
(HPP)" under identical conditions (50 #M enzyme/1.5 mM
(2R)- or (25)-HPP) and oxygen consumption was monitored.
Negligible oxygen consumption was observed with (25)-HPP,
suggesting that this enantiomer is not a substrate for MPnS. In
contrast, when (2R)-HPP was presented as a substrate, oxygen
consumption was observed but the activity ceased well before
complete consumption of the substrate. Furthermore, the
recovered enzyme was inactive toward 2-HEP. These findings
suggest a time-dependent inactivation of MPnS by (2R)-HPP.
Next, an assay containing 1.5 mM (2R)-HPP and 0.5 mM
MPnS was analyzed by *'P NMR spectroscopy, revealing three
new resonances (Figure 1). Nearly all of the substrate was
converted to 2-oxopropylphosphonate (OPP; 10.8 ppm), with
small amounts of MPn (23.1 ppm) and inorganic phosphate
(P, 3 ppm) also formed. Very little substrate remained (20.3
ppm). The identity of all products was confirmed by spiking
with authentic synthetic materials.*> Oxidation of an alcohol
group in a substrate analog to a ketone is also observed with
HppE (Scheme 1D)""** and HEPD.® The fact that only the R
enantiomer of 2-HPP is a substrate for MPnS suggests that the
pro-S hydrogen on C2 of 2-HEP is removed initially, consistent
with a similar first step of HEPD. The stereochemical removal
of the pro-S hydrogen of 2-HEP is also congruent with the X-
ray structure of HEPD* and the sequence homology of HEPD
with MPnS (Figure S1). (2S)-HPP is likely not a substrate
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Figure 1. *'P NMR spectrum of the products from incubation of (2R)-
HPP with MPnS.

because the hydrogen is not positioned correctly in the active
site for abstraction.

Next, the fate of the pro-R hydrogen on C2 of 2-HEP was
determined. The conversion of 2-HEP to MPn requires the
acquirement of a proton or hydrogen atom at C1 during or
following C—C bond cleavage. This hydrogen can come either
from bulk solvent (or enzyme) or from the substrate itself. Both
possibilities were examined by assaying MPnS in 99.9% D,O
with 2-HEP, and in H,O with (S)-[2-*H,]-HEP or (R)-[2-H,]-
HEP. The resulting MPn products were analyzed by FT-MS to
determine whether “H,-MPn (m/z_. = 95.99663) or unlabeled
MPn (m/z.y. = 94.99036) was produced (Figure 2). The assays
containing D,0 and (S)-[2-°H,]-HEP produced unlabeled
MPn, signifying that the new hydrogen on the carbon of MPn
does not originate from solvent (or solvent exchangeable
residues on the enzyme) or from the pro-S hydrogen on C2 of
2-HEP. In the assay containing (R)-[2-*H,]-HEP, however,
only deuterium-labeled MPn was observed by FT-MS (Figure
2B), indicating that the pro-R hydrogen of 2-HEP is transferred
to MPn during catalysis."> 3'P NMR analysis of the MPn
formed confirmed transfer of the pro-R hydrogen on C2 of 2-
HEP to the methyl group of the MPn product (Figure SS).

The experiments described here allow a proposal for the
mechanism of MPnS (Scheme 2). Following substrate binding,
O, activation results in the formation of a ferric-superoxo
species (I), which is poised to stereospecifically abstract the
pro-S hydrogen on C2 of 2-HEP.'®"” The radical anion (II)
then transfers an electron to the Fe(III), generating
phosphonoacetaldehyde ligated to the iron;'® these two steps
could also occur in a concerted process with electron transfer
commencing during hydrogen atom abstraction. Next,
nucleophilic attack by the hydroperoxide onto the carbonyl
would result in a bridged alkylperoxo intermediate (III).
Subsequent homolytic O—O bond cleavage generates a gem-
diol radical,"® which results in C—C bond cleavage, forming a
MPn radical and formate bound to the ferric-iron center (IV).
The formation of this radical species has also been proposed for
HEPD,"® and is supported by recent studies showing
racemization at the C1 carbon during conversion to HMP.
In HEPD, the MPn radical is believed to combine with the
ferric hydroxide in a step reminiscent of the rebound step
during metal-catalyzed hydroxylations. In MPnS, however, the
MPn radical is proposed to abstract the hydrogen atom on
formate, resulting in MPn and a CO, radical anion. The latter is
a very strong reductant’® that can reduce the metal center back
to its ferrous state, preparing the enzyme for another round of
catalysis following release of CO, and MPn. Alternatively,
hydrogen atom abstraction from formate and electron transfer
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Figure 2. FT-MS analysis (negative mode) after incubation of MPnS
with (A) (S)-[2-*H,]-HEP in H,O, (B) 2-HEP in D,0, and (C) (R)-
[2-°H,]-HEP in H,0, to determine the origin of the third hydrogen on
methylphosphonate (MPn). The ion at m/z 95.02508 in panel C is
not unlabeled MPn but an unknown impurity."> These MS data are

corroborated by *'P NMR analyses of the products (Figure SS).

to the Fe(Il) could occur simultaneously. Understanding the
determinants that govern the different fates of the MPn radical
for each enzyme will require structural information for MPnS.

In summary, this study provides the first mechanistic insights
into catalysis by methylphosphonate synthase. Our data suggest
that the pro-S hydrogen is removed first and show that the pro-
R hydrogen is transferred from C2 of 2-HEP to the methyl
group of MPn. Neither step is rate limiting under saturating
substrate concentrations. Further elucidation of the details of
the early steps requires either spectroscopic characterization of
the intermediates'® or possibly a combination of H and *O-
MPnS is another addition to the
impressive array of transformations catalyzed by non-heme

P 20,21
kinetic isotope effects.

. 8,22
iron-dependent enzymes.”

Scheme 2. Proposed Mechanism for MPnS-Catalyzed
Conversion of 2-HEP to MPn
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