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ABSTRACT: 2-Hydroxyethylphosphonate dioxygenase
(HEPD) and methylphosphonate synthase (MPnS) are
nonheme iron oxygenases that both catalyze the carbon−
carbon bond cleavage of 2-hydroxyethylphosphonate but
generate different products. Substrate labeling experiments
led to a mechanistic hypothesis in which the fate of a
common intermediate determined product identity. We
report here the generation of a bifunctional mutant of
HEPD (E176H) that exhibits the activity of both HEPD
and MPnS. The product distribution of the mutant is
sensitive to a substrate isotope effect, consistent with an
isotope-sensitive branching mechanism involving a com-
mon intermediate. The X-ray structure of the mutant was
determined and suggested that the introduced histidine
does not coordinate the active site metal, unlike the iron-
binding glutamate it replaced.

Phosphonate natural products are synthesized by a wide
variety of organisms and can fulfill structural roles as well

as exhibit diverse bioactivities.1−3 One example of the latter are
the herbicidal phosphinothricin-containing peptides produced
by soil-dwelling Streptomyces. In elucidating the phosphino-
thricin tripeptide biosynthetic pathway, a number of unusual
transformations were discovered.4 One such unprecedented
reaction is the carbon−carbon bond cleavage of 2-hydrox-
yethylphosphonate (2-HEP) catalyzed by the nonheme iron
enzyme 2-hydroxyethylphosphonate dioxygenase (HEPD) in
an Fe(II)- and O2-dependent manner to generate hydrox-
ymethylphosphonate (HMP) and formate (Scheme 1A).4,5 An
enzyme with distant sequence homology to HEPD was recently
found to produce methylphosphonate (MPn) in the aquatic
archaeon Nitrosopumilus maritimus (Scheme 1B).6,7 This
enzyme was therefore named methylphosphonate synthase
(MPnS); MPn is likely used as a polar headgroup to decorate
exopolysaccharides of N. maritimus.6

Labeling experiments with HEPD demonstrated that the
hydrogen atom from the pro-R position at C2 of 2-HEP was
incorporated into formate,8 whereas MPnS transfers the same
hydrogen into MPn (Scheme 1).7 Despite their different

biological contexts and products, a consensus mechanism was
proposed in which a methylphosphonate radical would either
react with a ferric-hydroxide to make HMP or abstract a
hydrogen atom from formate to generate MPn and a formyl
radical anion (Scheme 1C).7 This strong reductant (E1/2 −1.85
V vs NHE at pH 7)9,10 has been previously invoked in the
mechanism of class III ribonucleotide reductases,11−13 and in
MPnS catalysis, could reduce the Fe(III) to the Fe(II) resting
state with concomitant release of CO2 (Scheme 1C). Whereas
the cocrystal structure of Cd(II)-HEPD has been solved,5

efforts to crystallize MPnS have not been successful, and hence
structural information at present is not available to help explain
the different outcomes of catalysis by the two proteins. A
sequence alignment illustrated that a key difference between the
two enzymes is the apparent absence of a Glu ligand in MPnS
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Scheme 1. Reactions Catalyzed by (A) HEPD and (B)
MPnS; (C) Proposed Common Intermediate in the
Reactions Depicted in Panels A and B
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(Figure S1).7 In HEPD, this Glu176 is part of the canonical 2-
His-1-carboxylate facial triad14 that coordinates the Fe(II). As
part of a site-directed mutagenesis effort to glean additional
insight into catalysis,5,8,15 in this study we generated HEPD
mutants of Glu176. Characterization of one of these mutants,
HEPD-E176H, has provided direct support for a methyl-
phosphonate radical as a common late stage intermediate in
catalysis leading to HMP or MPn.
HEPD-E176H was constructed, expressed, and purified as

reported previously for other variants (see Supporting
Information (SI)).5,15 The protein was reconstituted anaerobi-
cally with varying equivalents of Fe(II), and the activity of the
mutant toward 2-HEP was assessed using a continuous, steady-
state assay with a Clark-type O2 electrode.8 HEPD-E176H
required more than 1 equiv of Fe(II) to attain maximal activity
(Figure S2), in contrast to wild type (wt) HEPD.5 Use of the
O2 electrode also enabled the determination of kinetic
parameters for oxidation of both 2-HEP and 2-[2-2H2]-HEP
under conditions where the enzyme was saturated with Fe(II)
(Table 1 and Figure S3). Overall, HEPD-E176H exhibited

similar kinetic parameters as wt HEPD with both substrates,
illustrating that the steps that govern the overall kinetics with
respect to 2-HEP were likely similar in both enzymes.
The reaction of HEPD-E176H with 2-HEP was analyzed by

31P NMR spectroscopy, which showed complete consumption
of starting material and, surprisingly, the appearance of two
species (Figure 1A). The signal at 17 ppm was identified as
HMP by spiking with the authentic compound. Spiking the
sample with authentic MPn revealed that MPn produced the
unanticipated resonance at 24 ppm. The E176H mutation thus
confers partial MPnS-like activity to HEPD. Quantifying
product formation as a function of O2 consumption
demonstrated that the two processes were coupled, with a
ratio of 1.2 ± 0.1 molecules of product formed to O2 consumed
(see SI).
Previous studies have suggested that both HEPD and MPnS

generate a methylphosphonate radical.7,8,16,17 In HEPD-E176H
this intermediate might be partitioning between reaction with
the ferric hydroxide to afford HMP (Scheme 1C, blue arrows)
and abstraction of the hydrogen atom of the nearby formate to
generate MPn (green arrows). If the hypothesis of a common
late stage methylphosphonate radical is correct, then use of
appropriately deuterium-labeled substrate might affect the
product distribution of HEPD-E176H because the reaction
with a deuterium labeled formate could face an increased
barrier that would change the partitioning ratio.
Hence, the reaction of HEPD-E176H was carried out under a

set of different conditions. The enzyme was first incubated with
2-HEP in buffered D2O. Consistent with previous findings with
wt MPnS, the methylphosphonate produced did not contain
any deuterium as shown by the quartet splitting of the 1H-

coupled 31P NMR signal as a consequence of coupling to three
equivalent methyl hydrogen atoms (Figure 1B, inset). This
observation is consistent with a proton from C2 of 2-HEP
having migrated to the methyl group of MPn, via the
intermediacy of formate (Scheme 1C).7 Next (R)-2-[2-2H1]-
HEP or (S)-2-[2-2H1]-HEP were separately incubated with the
enzyme in buffered H2O. The

1H-coupled 31P NMR spectrum
of the reaction with (S)-2-[2-2H1]-HEP displayed again a
quartet (Figure 1C, inset), but the spectrum of the reaction
with (R)-2-[2-2H1]-HEP exhibited a triplet (Figure 1D, inset).
Thus, the methyl group of MPn produced by HEPD-E176H
contains the deuterium that was originally in the pro-R position
at C2 of 2-HEP. An additional resonance near 3 ppm is
produced by inorganic phosphate (Pi) as shown by spiking with
authentic material. Pi is the result of oxidation of HMP by the
mutant enzyme (Figure S4), as previously also reported for wt
HEPD.18

In addition to verification that the pro-R hydrogen atom
migrates from C2 of 2-HEP to the methyl group of MPn, the
data also demonstrate a striking change in product distribution.
The 1H-decoupled 31P NMR spectra of the products formed
with 2-HEP in D2O and (S)-2-[2-2H1]-HEP in H2O had similar
MPn to (HMP + Pi) ratios, but the reaction with (R)-2-
[2-2H1]-HEP produced substantially less MPn compared to
HMP and Pi (Figure 1). The observation that the product
distribution is sensitive to the stereoselective incorporation of a
deuterium atom strongly implies that the pro-R hydrogen atom
of C2 of 2-HEP moves at the branch-point for formation of the
two products. In turn, this finding is fully consistent with that
branch point being a methylphosphonate radical that would
experience a strong selection against deuterium atom
abstraction from formate since the deuterium at C2 of (R)-2-
[2-2H1]-HEP ends up ends up in formate.8

Table 1. Steady-State Michaelis−Menten Kinetic Parameters
with wt HEPD and HEPD-E176H

protein substrate kcat (s
−1)

Km,2-HEP
(μM) KIE, kcat

wt HEPD 2-HEP 0.30 ± 0.01 8 ± 1 1.0 ± 0.1
2-[2-2H2]-
HEP

0.31 ± 0.01 10 ± 2

HEPD-
E176H

2-HEP 0.38 ± 0.01 23 ± 3 1.5. ± 0.1
2-[2-2H2]-
HEP

0.26 ± 0.01 25 ± 2

Figure 1. 1H-decoupled 31P NMR spectra of the reaction of HEPD-
E176H with (A) 2-HEP in buffered H2O, (B) 2-HEP in buffered D2O,
(C) (S)-2-[2-2H1]-HEP in buffered H2O, and (D) (R)-2-[2-2H1]-HEP
in buffered H2O. Inset: the MPn signal from the 1H-coupled 31P NMR
spectrum of each reaction; 31P NMR chemical shifts of phosphonates
are very sensitive to solvent and pH, accounting for the small
differences between spectra.
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The roughly equivalent amounts of (HMP + Pi) and MPn
produced by the E176H mutant with unlabeled 2-HEP suggests
that the energy barriers for these two processes are roughly
equal in height. Abstraction of a deuterium atom from formate
increases the energy barrier for MPn formation, and therefore,
more HEPD activity is observed when the reaction was carried
out with (R)-2-[2-2H1]-HEP. On the basis of the product ratios,
the substrate kinetic isotope effect (KIE) for this step is ∼10,
consistent with a hydrogen-atom transfer process. Although we
were unable to determine the individual Km values for 2-HEP
for production of MPn or HMP, the ratio of MPn to HMP was
unchanged at varying concentrations of substrate (Table S1),
consistent with the branch point occurring after the first
irreversible step in the catalytic cycle, which would result in
identical Km,2‑HEP values for production of HMP and MPn.
Lipoxygenases,19 cytochrome P450s,20−22 nonheme iron

enzymes,23 dinuclear iron enzymes,24 and monoterpene
cyclases25 have all been reported to generate mixtures of
products that change in an isotope-sensitive manner. HEPD-
E176H exhibits isotope-sensitive branching with a KIE similar
to that reported for lipoxygenases, aliphatic hydroxylases, and
P450s (KIEs of 7−12) that are believed to be associated with
hydrogen atom abstraction steps.19−21,23 HEPD-E176H is
unique in that it combines the activity of two different enzymes
(each of which generates only a single product) in one scaffold
and that the competition is between two fundamentally
different reactions (Scheme 1), rather than the more common
change in site-selectivity that still involves the same overall
transformation.
The reaction of HEPD-E176H with 2-HEP in D2O

reproducibly led to slightly increased MPnS activity compared
to the identical reaction conducted in H2O (Table S2). One
possible explanation is that the higher viscosity of D2O might
influence a conformational change in HEPD-E176H that affects
the branching ratio. However, conducting the reaction in H2O
in the presence of the microviscogens glycerol or sucrose did
not increase the ratio of MPn formation (Table S2). Another
possibility is that the altered pKa values of reactants or
surrounding residues in D2O compared to H2O result in
different fractional protonation states in the two solvents.26 To
test this, the product distribution was monitored in the pH
window 6.5−8.5, but no differences were observed (Table S3).
We also investigated whether addition of formate at the start of
the reaction might skew the reaction toward increased MPnS
activity. However, when the reaction was supplemented with
formate (1 mM), a similar ratio of MPn to HMP was observed
as in the absence of formate (Table S2). The product
distribution was also insensitive to the amount of Fe(II) used
to reconstitute HEPD-E176H (Table S4). One other potential
explanation for the slightly different amounts of MPn formed in
H2O and D2O is that a proton transfer is involved in one or
both of the branching steps, but we do not have direct evidence
for this hypothesis, and therefore at present, the origin of the
small but noticeable solvent isotope effect on the product
distribution is not clear.
To investigate whether the structure of the mutant might

provide insights into its bifunctional activity, HEPD-E176H was
crystallized. As reported previously for wt HEPD,5 Cd(II) was
required in the precipitant solution, and the structure of the
mutant was solved to 1.75 Å. The overall fold of the protein
was not perturbed. The structure exhibited ill-defined electron
density for His176 (Figure 2) suggesting multiple conforma-
tions for this residue, in contrast to the well-defined electron

densities for the native histidines that are conformationally
anchored by binding to Cd(II). Unlike the single conformation
of Glu176 observed in wt HEPD, the multiple conformers of
His176 imply that it does not bind the active site metal. Lack of
coordination by His176 is also supported by the distances of its
Nε to the Cd(II) in the two conformations (3.7 and 5.5 Å) and
by the observation that the metal ion in HEPD-E176H is
displaced relative to its position in the structure of wt HEPD in
complex with Cd(II) (Figure 2). The structure may also explain
why more than one equivalent of Fe(II) was necessary to
reconstitute full activity of HEPD-E176H. Attempts to obtain
structures of HEPD-E176H in complex with 2-HEP or other
divalent metals were unsuccessful. With the caveat that Cd(II)
is not a very good substitute for Fe(II), these observations
suggest that HEPD-E176H operates as a 2-His enzyme, similar
to the nonheme iron halogenase SyrB2 in syringomycin E
biosynthesis.27

Because the residues that bind the phosphonate moiety of 2-
HEP (e.g., Arg90 and Asn126)15 maintain conformations that
are very close to those in the wt enzyme, we predict that 2-HEP
would bind to the mutant enzyme in the bidentate fashion that
has been previously observed in wt HEPD.5 Both alignment of
the primary sequences and homology modeling28 suggested
that the architectures of the active sites of HEPD and MPnS are
similar (Figures S1 and S5). While the Fe(II)-coordinating His
residues are conserved between the two proteins, MPnS
appears to have a Gln in lieu of Glu176. However, mutation of
Glu176 in HEPD to Gln or Asp did not yield MPnS activity as
HMP was the only product observed (Figure S6). Structural
elucidation of MPnS might help clarify the role of this residue.
In summary, the collective results detailed herein strongly

bolster the hypothesis that HEPD and MPnS share a common
mechanism with a late branch point governing product
determination. Furthermore, the data are fully consistent with
this branch point being a methylphosphonate radical.
Unraveling whether the earlier intermediates are also similar
in the two enzymes will require further investigations through
either 18O kinetic isotope effect studies29 or spectroscopic
characterization of trapped intermediates.
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Figure 2. Stereoview of Cd(II)·HEPD-E176H (cyan) superimposed
on Cd(II)·wt HEPD (orange). The Cd(II) displacement is illustrated.
The multiple conformations adopted by His176 in the mutant enzyme
are shown.
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