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ABSTRACT: The final step in the biosynthesis of fosfomycin in Streptomyces wedmorensis is catalyzed by
(S)-2-hydroxypropylphosphonic acid (HPP) epoxidase (Sw-HppE). A homologous enzyme from Pseudomo-
nas syringae whose encoding gene (orf3) shares a relatively low degree of sequence homology with the
corresponding Sw-HppE gene has recently been isolated. This purified P. syringae protein was determined
to catalyze the epoxidation of (S)-HPP to fosfomycin and the oxidation of (R)-HPP to 2-oxopropylphos-
phonic acid under the same conditions as Sw-HppE. Therefore, this protein is indeed a true HPP epoxidase
and is termed Ps-HppE. Like Sw-HppE, Ps-HppE was determined to be post-translationally modified by
the hydroxylation of a putative active site tyrosine (Tyr95). Analysis of the Fe(II) center by EPR
spectroscopy using NO as a spin probe and molecular oxygen surrogate reveals that Ps-HppE’s metal
center is similar, but not identical, to that of Sw-HppE. The identity of the rate-determining step for the
(S)-HPP and (R)-HPP reactions was determined by measuring primary deuterium kinetic effects, and
the outcome of these results was correlated with density functional theory calculations. Interestingly, the
reaction using the nonphysiological substrate (R)-HPP was 1.9 times faster than that with (S)-HPP for
both Ps-HppE and Sw-HppE. This is likely due to the difference in bond dissociation energy of the
abstracted hydrogen atom for each respective reaction. Thus, despite the low level of amino acid sequence
identity, Ps-HppE is a close mimic of Sw-HppE, representing a second example of a non-heme iron-
dependent enzyme capable of catalyzing dehydrogenation of a secondary alcohol to form a new C-O
bond.

Fosfomycin (1) is a clinically useful antibiotic (1) for the
treatment of limb-threatening diabetic foot infections (2) and
lower urinary tract infections. It has been shown to be
effective against ciprofloxacin-resistant Escherichia coli (3),
as well as methicillin-resistant (4) and vancomycin-resistant
(5) strains of Staphylococcus aureus. The antimicrobial
activity of fosfomycin is due to the inactivation of UDP-
GlcNAc-3-O-enolpyruvyltransferase (MurA), which catalyzes
the first committed step in the biosynthesis of peptidoglycan,
the main component of the bacterial cell wall (6, 7).

Fosfomycin belongs to a steadily growing family of natural
products containing a C-P bond (8, 9). Members of this
family, which include fosmydomicin (10) and bialaphos (11),

are all derived from phosphoenolpyruvate (PEP,1 2). The
C-P bonds in these compounds are formed through an
intramolecular rearrangement reaction catalyzed by PEP
mutase, resulting in the conversion of PEP (2) to phospho-
pyruvate (PnPy, 3) (Figure 1) (12–14). Since the equilibrium
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FIGURE 1: Fosfomycin biosynthetic pathway.
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between PEP and PnPy favors PEP, the decarboxylation
catalyzed by the second enzyme in the biosynthetic pathway,
PnPy decarboxylase, provides the driving force to shift the
equilibrium toward C-P bond formation (15). The next two
steps in the pathway have not been explicitly demonstrated,
but they are believed to involve reduction of the aldehyde
(4) to generate hydroxyethylphosphonic acid (5), followed
by an unusual methyl transfer reaction to generate (S)-2-
hydroxypropylphosphonic acid [6, (S)-HPP] (16). The final
step of the pathway is the conversion of (S)-HPP to
fosfomycin (1) catalyzed by (S)-HPP epoxidase (HppE).

Previous investigations of HppE from Streptomyces wed-
morensis (Sw-HppE) revealed that it is a mononuclear non-
heme iron-containing enzyme, and unlike those of most other
enzymes in the same class, the activity is R-ketoglutarate-
independent (17). HppE requires reducing equivalents (e.g.,
NADH and FMN) and O2 for activity (18). In nature, most
epoxide rings are generated via oxidation of the correspond-
ingalkenesbyeitherheme-dependentcytochromeP450s(19,20)
or non-heme iron-dependent monooxygenases (21). How-
ever, isotope labeling experiments with Sw-HppE revealed
that no oxygen atoms from O2 are incorporated into fosfo-
mycin. Instead, the oxygen atom of the epoxy ring in 1 is
derived from the secondary hydroxyl group of (S)-HPP
(6) (17, 18). Thus, the conversion of 6 to 1 by Sw-HppE is
effectively a dehydrogenation reaction, not a dehydration-
oxygenation reaction.

Clearly, Sw-HppE is different from all other mononuclear
non-heme iron-dependent enzymes in regard to the compo-
nents it requires for catalytic activity and its unusual
epoxidation mechanism. Interestingly, a homologous gene
(orf3) has been identified in the genome of Pseudomonas
syringae PB-5123 (22). Whether the encoded protein (Ps-
HppE) is a functional mimic of Sw-HppE, acting as an iron-
dependent enzyme and catalyzing the analogous epoxidation
reaction, has not been investigated. Reported herein are a
full account of the biochemical and spectroscopic charac-
terization of the Ps-HppE enzyme and the implications for
its mode of action.

EXPERIMENTAL PROCEDURES

General. Protein concentrations were determined by the
procedure of Bradford using bovine serum albumin as the
standard (23). NMR spectra were acquired on a Varian Unity
300 spectrometer, and chemical shifts (δ, in parts per million)
are given relative to appropriate solvent peaks (for 1H and
13C) and aqueous 85% H3PO4 (external, for 31P), with
coupling constants reported in hertz. UV-visible absorption
spectra were recorded on an Agilent 8453A diode array
spectrophotometer. HPLC assays were conducted on the

Beckman Coulter System Gold 125 Solvent Module coupled
with a System Gold 508 autosampler. The Corona charged
aerosol detector (CAD) from ESA (Chelmsford, MA) was
used as the HPLC detector.

Materials. Culture medium ingredients were purchased
from Difco (Detroit, MI). DNA minipreps were performed
using the QIA Spin Miniprep Kit from Qiagen (Valencia,
CA). All oligonucleotide primers for PCR amplification of
the desired inserts were prepared by Integrated DNA
Technologies (Coralville, IA) and used without further
purification. Restriction endonucleases were acquired from
New England Biolabs (Ipswich, MA). The pET24b(+) vector
and the overexpression host strain, E. coli BL21(DE3), were
obtained from Novagen Inc. (Madison, WI). Electrophoretic
materials were products of Gibco BRL or Bio-Rad (Hercules,
CA). All chemicals were analytical grade or the highest
quality commercially available. Biochemicals, including
fosfomycin disodium salt (1) standard, were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO), unless noted
otherwise. The physiological substrate, (S)-2-hydroxypro-
pylphosphonic acid [(S)-HPP (6)], and its enantiomer [(R)-
HPP (7)] were chemically synthesized according to a
literature procedure (24). The deuterium-labeled substrate,
(1R,2S)-1-[2H]HPP (9), was synthesized as described previ-
ously (25).

Synthesis of (R)-[2-2H]-2-Hydroxypropylphosphonic Acid
(15). (i) Diethyl [2-2H](2-Hydroxypropyl)phosphonate (11).

Sodium borodeuteride (0.35 g, 8 mmol, 0 °C) was slowly
added to a solution of diethyl (2-oxopropyl)phosphonate (10)
(1.5 g, 7.7 mmol) in ethanol (10 mL). After the mixture had
been stirred for 2 h, 0.1 g of D2O was added and the resultant
solution was stirred for an additional 10 min. The solvent
was removed under reduced pressure. The residue was
dissolved in 100 mL of CHCl3, washed three times with 1
M HCl (20 mL), and dried with MgSO4. The solvent was
removed under reduced pressure to yield 11 in 94% yield:
1H NMR (300 MHz, CDCl3) δ 4.4 (4H, m), 3.84 (1H, br),
1.85 (2H, d, J ) 17.4), 1.26 (6H, m), 1.20 (3H, s); 13C NMR
(75 MHz, D2O) δ 61.8 (t, J ) 21.4), 61.7, 61.6, 34.9 (d, J
) 137.5), 24.0 (d, J ) 16.5), 16.2 (d, J ) 5.9); 31P NMR
(121 MHz, D2O) δ 31.1 (s).

(ii) Diethyl (R)-[2-2H](Acetoxypropyl)phosphonate (13).
A mixture of 11 (1.3 g, 6.6 mmol), vinyl acetate (40 mL),

isopropyl ether (60 mL), and lipase PS (1 g, Amano Co.)
was shaken for 5 days at 30 °C. The mixture was filtered
through a short Celite column. The solvent was removed
under reduced pressure, and the residue was chromato-
graphed on silica gel (1:1 ethyl acetate/hexanes, 1:0.1 ethyl
acetate/ethanol) to afford 13 as a colorless oil in 46% yield:
1H NMR (CDCl3, 300 MHz) δ 4.05 (4H, q, J ) 6), 2.12

FIGURE 2: Structure of (1R,2S)-1-[2H]HPP (9) and the synthetic scheme for (R)-2-[2H]HPP (15).
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(1H, d, J ) 19.0), 1.97 (1H, d, J ) 19.0) 1.97 (3H, s), 1.26
(9H, m); 13C NMR (75 MHz, CDCl3) δ 170.0, 65.8 (d, J )
23.1), 61.8 (d, J ) 2.3), 61.7 (d, J ) 2.7), 32.3 (d, J ) 140.3),
21.0 (d, J ) 11.0), 16.2 (d, J ) 6.1); 31P NMR (121 MHz,
D2O) δ 27.7 (s).

(iii) Diethyl (R)-[2-2H](2-Hydroxypropyl)phosphonate
(14). A solution of 13 (0.6 g, 2.5 mmol) in NH3/MeOH (2
M, 20 mL) was stirred for 48 h at room temperature. The
solvent was removed under reduced pressure, and the residue
was chromatographed on silica gel (1:1 ethyl acetate/hexanes,
1:0.1 ethyl acetate/ethanol) to afford 14 as a colorless oil in
92% yield: 1H NMR (300 MHz, CDCl3) δ 4.05 (4H, m),
3.77 (1H, br), 1.87 (2H, d, J ) 21.0), 1.19 (9H, m); 13C
NMR (75 MHz, D2O) δ 61.7 (t, J ) 23.1), 61.5, 61.4, 34.9
(d, J ) 137.5), 24.0 (d, J ) 15.9), 16.2 (d, J ) 6.0); 31P
NMR (121 MHz, D2O) δ 31.01 (s).

(iV) (R)-[2-2H]-2-Hydroxypropylphosphonic Acid (15). A
solution of 14 (0.3 g, 1.5 mmol), trimethylsilyl bromide (1
g, 6.5 mmol), and allyltrimethylsilane (0.25 g, 2.1 mmol) in
20 mL of CH2Cl2 was refluxed for 6 h under N2. The solvents
were removed in vacuo, and the residue was vigorously
stirred with 5 mL of water for 10 min. The aqueous solution
was neutralized with ammonium bicarbonate, washed three
times with chloroform (10 mL), and lyophilized to give 15
as a white powder in 94% yield: 1H NMR (300 MHz, D2O)
δ 1.41 (2H, d, J ) 17.1), 0.90 (3H, s); 13C NMR (75 MHz,
D2O) δ 63.9 (t, J ) 22.3), 37.5 9 (d, J ) 129.3) 23.2 (d, J
) 8.2); 31P NMR (D2O) δ 22.6; high-resolution MS (CI)
calcd for C3H8

2HO4P 142.3079, found 142.0378.
Construction of the Expression Plasmid for the Ps-HppE

Gene. A clone of the Ps-HppE gene (orf3) in pUC118 was
generously provided by H. Seto and T. Kuzuyama from the
University of Tokyo (Tokyo, Japan). The Ps-HppE gene was
amplified from this plasmid using polymerase chain reaction
(PCR) and ligated into pET24b(+) to generate pLH01. The
resulting plasmid was used to transform E. coli BL21(DE3).
The general methods and protocols for recombinant DNA
manipulations were followed as described by Sambrook et
al. (26).

Growth of E. coli BL21(DE3)/pLH01 Cells. A 24 mL
overnight culture of E. coli BL21(DE3)/pLH01 grown at
37 °C in LB medium supplemented with kanamycin (50 µg/
mL) was used to inoculate six 1 L flasks containing the same
medium. The culture grew at 37 °C until the OD600 reached
0.6. The incubation temperature was then lowered to 18 °C,
and isopropyl �-D-thiogalactoside (IPTG) was added to a
final concentration of 0.5 mM. After incubation for an
additional 16 h at 18 °C, cells were harvested by centrifuga-
tion (7000g for 8 min) at 4 °C and washed with lysis buffer
[20 mM Tris-HCl (pH 7.5), 0.1 mM DTT, and 10 mM
EDTA]. The washed cells were again centrifuged (7000g
for 8 min) and stored at -80 °C for future use.

Purification of Recombinant Ps-HppE. All purification
operations were carried out at 4 °C except for the fast protein
liquid chromatography (FPLC) step. All buffers were de-
gassed and saturated with nitrogen before use. Thawed cells
were resuspended in a 5-fold (w/v) excess of lysis buffer
(see above) and subjected to 14 × 30 s ultrasonic bursts,
with a 50 s cooling interval between each blast. Cellular
debris was removed by centrifugation at 17000g for 25 min.
The supernatant was fractionated by ammonium sulfate
precipitation, and the 10-65% ammonium sulfate precipitate

was collected by centrifugation. The protein pellet was
resuspended in a minimal amount of buffer A [20 mM Tris-
HCl (pH 7.5), 0.1 mM DTT, and 0.1 mM EDTA]. The
resulting protein solution was dialyzed against 1 L of the
same buffer for a total of 3 h with two buffer changes.

The dialysate was applied to a DEAE-Sepharose CL-6B
column (6 cm × 18 cm) pre-equilibrated with buffer A. After
being loaded, the column was washed with 300 mL of buffer
A containing 180 mM NaCl. The elution was then continued
with a linear gradient of NaCl from 180 to 300 mM in the
same buffer (2 L total volume). The flow rate was 1.5 mL/
min, and 20 mL fractions were collected throughout the
gradient elution. The fractions containing HppE (as deter-
mined by SDS-PAGE) were pooled, concentrated to ap-
proximately 15 mL by ultrafiltration on an Amicon concen-
trator using a YM 10 membrane (Millipore, Bedford, MA),
and desalted via dialysis against 1 L of buffer A for 1 h,
followed by 1 L of 20 mM Tris-HCl buffer (pH 7.5) for a
total of 2 h with one buffer change. After dialysis, the protein
was further purified at room temperature by FPLC using a
Mono Q HR 16/10 column (GE Healthcare, Piscataway, NJ)
and solvent systems B [20 mM Tris-HCl buffer (pH 7.5)]
and C (B with 0.6 M NaCl). The elution profile included a
linear gradient from 0 to 35% C over 40 mL, followed by a
linear gradient from 35 to 60% C over 160 mL, and
concluded with a 40 mL wash at 100% C. The flow rate
was 7 mL/min, and the detector was set at 280 nm. A peak
with a retention time of approximately 19 min was collected,
concentrated by ultrafiltration as described before, and
dialyzed against 1 L of 20 mM Tris-HCl buffer (pH 7.5) for
a total of 3 h with two buffer changes. The purified protein
was then divided into aliquots, which were flash-frozen and
stored at -80 °C.

Molecular Mass Determination. The molecular mass of
Ps-HppE was estimated by size exclusion chromatography,
performed on a FPLC Superdex 200 HR 10/300 column (GE
Healthcare) with an eluent of 20 mM Tris-HCl and 0.15 M
NaCl (pH 7.5) and a flow rate of 1 mL/min. Calibration of
the column was achieved using the following protein
standards (Aldrich): cytochrome c (14.2 kDa), carbonic
anhydrase (29 kDa), bovine serum albumin (66 kDa), alcohol
dehydrogenase (150 kDa), and �-amylase (200 kDa). The
void volume (V0) of the column was measured using blue
dextran (2000 kDa). A linear fit to a plot of the logarithm of
the molecular mass versus Ve/V0 was used to estimate the
native molecular mass (Mr) of the protein sample, where Ve

is the elution volume of the protein standards (27).
Iron Titration. Protein samples (1 mL each) for iron

titration analysis (28) were prepared by mixing with 500 µL
of reagent A (1:1 4.5% KMnO4/1.2 N HCl) and incubated
at 60 °C for 2 h. To these samples was added 100 µL of
reagent B (8.8 g of ascorbic acid, 9.7 g of ammonium acetate,
80 mg of ferrozine, 80 mg of neocuprione, and ddH2O to a
total volume of 25 mL) followed by immediate vortexing.
The samples were read at 562 nm after the color was fully
developed by a 1 h incubation period at room temperature.

NBT Staining of Ps-HppE. Detection of the presence of
quinoid structure in Ps-HppE was performed according to a
published procedure (29, 30). Briefly, the Ps-HppE was
subjected to 15% SDS-PAGE and transblotted onto a
nitrocellulose membrane at 100 V for 1 h using a transfer
buffer (25 mM Tris base, 192 mM glycine, and 20%
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methanol). Detection of the presence of quinoid structure
was performed by immersing the membrane in a solution of
0.24 mM nitroblue tetrazolium and 2 M potassium glycinate
(pH 10) for 45 min. After the membrane was rinsed with
H2O, the stained bands were recorded.

Enzyme ActiVity Assay. The enzyme activity was deter-
mined with an HPLC assay, which was carried out as
previously described (31). However, due to differences in
turnover rate, the concentrations of enzyme, iron, and FMN
used in the assays for Ps-HppE were twice that of Sw-HppE.
The final concentration of each reagent in a 50 µL reaction
was as follows: Ps-HppE (100 µM), Fe(NH4)2(SO4)2 (100
µM), FMN (150 µM), (S)-HPP (6) (10 mM), and NADH
(16 mM) in 20 mM Tris-HCl buffer (pH 7.5). To facilitate
comparison of the activity of Ps-HppE to that of Sw-HppE,
the assays were carried out on the same day and with the
same stock of reagents. The final concentrations in the 50
µL Sw-HppE reaction mixtures were 50 µM Sw-HppE, 50
µM Fe(NH4)2(SO4)2, 75 µM FMN, 10 mM (S)-HPP (6), and
16 mM NADH in 20 mM Tris-HCl buffer (pH 7.5). The
amount of product formed at each time point was normalized
by dividing it by the concentration of HppE and plotted
versus time to determine kobs. With the assumption that
substrate is saturating, kobs will equal kcat. Over the time scale
used in all assays, the product formation was linear with
respect to time.

Primary 2H Kinetic Isotope Effect. The catalytic rate of
HppE increases with an increase in the concentration of
FMN. To determine the FMN:Ps-HppE ratio at which the
increase in rate saturates, the reaction with (R)-HPP (7) was
conducted at varying concentrations of FMN. Each 50 µL
reaction mixture contained 100 µM Ps-HppE, 100 µM
Fe(NH4)2(SO4)2, 10 mM (R)-HPP, 16 mM NADH, and
0.01-12.9 mM FMN in 20 mM Tris-HCl buffer (pH 7.5).
Each reaction mixture was incubated at room temperature
for 20 min before the reaction was quenched with 50 µL of
2 M acetic acid and analyzed by HPLC as previously
described (31). The concentration of ketone product (8)
formed was plotted versus the FMN:Ps-HppE ratio to
determine the saturating ratio. The minimum saturating ratio
was determined to be 50:1 (FMN:Ps-HppE). It was assumed
that the saturating FMN:Ps-HppE ratio for the (S)-HPP (6)
reaction was the same as that determined for the (R)-HPP
(7) reaction. To ascertain the primary 2H KIE for hydrogen
atom abstraction, kobs was determined using the HPLC assay
with (S)-HPP (6), (1R,2S)-1-[2H]HPP (9), (R)-HPP (7), or
(R)-2-[2H]HPP (15) at a 50:1 FMN:Ps-HppE ratio. The final
concentrations in the 50 µL reaction mixture used to
determine the KIEs were 100 µM Ps-HppE, 100 µM
Fe(NH4)2(SO4)2, 5 mM FMN, 10 mM HPP (6, 9, 7, or 15),
and 16 mM NADH in 20 mM Tris-HCl buffer (pH 7.5).

NMR Characterization of Ps-HppE’s Products. 1H and 31P
NMR spectroscopy were used to characterize the products
of the reaction catalyzed by Ps-HppE with (S)-HPP (6) and
(R)-HPP (7) as the substrate. The following conditions were
used: 150 µM Ps-HppE, 150 µM Fe(NH4)2(SO4)2, 370 µM
FMN, 40 mM (S)-HPP (6) or (R)-HPP (7), and 40 mM
NADH in 200 µL of 20 mM Tris-HCl buffer (pH 7.5). The
reaction mixtures were incubated at room temperature for
15 h. The samples were then lyophilized to dryness and
redissolved in 600 µL of D2O. Spectral data of the product
of the (S)-HPP reaction (fosfomycin, 1): 1H NMR (300 MHz,

D2O) δ 3.11 (1H, m, J ) 5.4, 2-H), 2.66 (1H, d, J ) 5.3,
18.6, 1-H), 1.33 (3H, d, J ) 5.4, 3-H); 31P NMR (121 MHz,
D2O) δ 10.9 (s). Spectral data for the product of the (R)-
HPP reaction (2-oxopropylphosphonic acid, 8): 1H NMR
(300 MHz, D2O) δ 2.81 (2H, d, J ) 21.0), 2.16 (3H, s); 31P
NMR (121 MHz, D2O) δ 11.1 (s).

Effects of Metal Ions on the ActiVity of Ps-HppE. A
systematic investigation of the metal ion requirement for the
activity of Ps-HppE was performed by incubating enzyme
with different redox-active metals, such as iron [Fe-
(NH4)2(SO4)2], copper (CuSO4), cobalt (CoCl2), and man-
ganese (MnCl2), or the non-redox-active metal, zinc (ZnSO4),
and assessing their effects on enzyme activity. A typical 50
µL reaction mixture contained 16 mM NADH, 10 mM (S)-
HPP (6), 100 µM Ps-HppE, 150 µM FMN, and the metal
under investigation (at 100 µM) in 20 mM Tris-HCl buffer
(pH 7.5). After the mixture had been incubated at room
temperature for 1.5 h, the reaction was quenched with 2 M
acetic acid, and the relative activity of each sample was
determined by the HPLC assay described above. To further
assess the metal ion requirement for enzyme activity, the
effect of the metal chelator, EDTA, on Ps-HppE catalysis
was also examined. In this case, the activity assay with Ps-
HppE reconstituted with ferrous iron was repeated in the
presence of 5 mM EDTA.

Dependence of Ps-HppE ActiVity on Oxygen. In a sealed
vessel, an assay mixture (1 mL) containing 200 µM Ps-HppE
and 200 µM Fe(NH4)2(SO4)2 in 20 mM Tris-HCl (pH 7.5)
was made anaerobic by 15 repeated cycles of subjecting the
mixture to vacuum and purging with argon. The mixture was
kept under argon for 20 min followed by another 15 cycles
of vacuum and argon purging to ensure anaerobic conditions.
In a separate sealed vessel, a solution of 32 mM NADH,
300 µM FMN, and 20 mM (S)-HPP (6) in the same buffer
was made anaerobic by the same procedure. The vessels were
transferred to an anaerobic glovebox, where 25 µL of each
mixture was combined to start the assay. The final concen-
trations of reagents in a 50 µL reaction mixture were 100
µM Ps-HppE, 100 µM Fe(NH4)2(SO4)2, 150 µM FMN, 10
mM (S)-HPP, and 16 mM NADH. After the mixture had
been incubated for 1.5 h at room temperature, the reaction
was quenched with 50 µL of 2 M acetic acid. The activity
was then analyzed by the HPLC assay described above.

DFT Calculations of Bond Dissociation Energies. To gain
insight into the distinct regiospecificity observed in the
reactions of HppE with (R)- and (S)-HPP (7 and 6, respec-
tively), electronic structure calculations were performed to
estimate the bond dissociation enthalpies of the C1-H and
C2-H bonds of HPP. All calculations were performed using
Gaussian98 (32). Geometry optimizations were performed
using Becke-style three-parameter density functional theory
(DFT) with the Lee-Yang-Parr correlation functional
(B3LYP) and Pople’s diffuse polarized triple-� 6-311+G(d,p)
basis set, with the Opt ) Tight and Int ) Ultrafine keywords.
The initial geometry of the heavy atoms of the substrate was
taken from the crystal structure of Sw-HppE in complex with
(S)-HPP (6) and ferrous iron (PDB entry 1ZZ8) (33).
Vibrational frequency calculations were then performed on
the optimized geometries using the same B3LYP/6-
311+G(d,p) scheme at 25 °C and 1.0 atm, with a scale factor
of 0.9877 to correct the zero-point vibrational energies (34).
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EPR Spectroscopy. X-Band EPR spectra of Ps-HppE-
Fe(II) nitrosyl complexes in the presence and absence of
substrate (6) were collected using a Bruker (Billerica, MA)
EMX spectrometer with a 4119HS high-sensitivity resonator.
The sample temperature was maintained with an ITC503S
temperature controller, an ESR910 liquid helium cryostat,
and an LLT650/13 liquid helium transfer tube (Oxford
Instruments, Concord, MA). The EPR parameters were
obtained by simulation of the experimental spectra using an
EPR program written by F. Neese (35) and further verified
in Bruker SimFonia. The as-isolated Ps-HppE was made
anaerobic by repeated cycles of evacuation and flushing with
argon. A molar equivalent of Fe(NH4)2(SO4)2 from an
anaerobic stock solution was added to Ps-HppE to recon-
stitute it under anaerobic conditions. For the sample with
(S)-HPP bound, 10 molar equiv of anaerobic (S)-HPP (6)
was incubated with the ferrous-reconstituted Ps-HppE. Nitric
oxide gas was passed over NaOH pellets to remove any acid
impurities and then introduced into the enzyme samples
through a gastight Hamilton syringe. The samples were then
frozen by slow immersion in liquid nitrogen for later EPR
analysis. Spin quantitation was performed by double integra-
tion of the EPR signal recorded under nonsaturating condi-
tions at 20 K and comparison with a Cu-EDTA standard
(0.5 mM).

RESULTS

Cloning, OVerexpression, and Purification of Ps-HppE.
The gene, orf3, encoding Ps-HppE (22) was amplified by
PCR and cloned into the pET24b(+) expression vector. The
resulting construct, pLH01, was used to transform E. coli
BL21(DE3) cells. The induction of orf3 expression by IPTG
was conducted at 18 °C to minimize the formation of
inclusion bodies. As shown by SDS-PAGE (Figure 3), the
desired protein was isolated in nearly homogeneous form
after ammonium sulfate fractionation and two anion exchange
chromatographic steps (DEAE-Sepharose and MonoQ). The
subunit molecular mass of 21 kDa, assessed by SDS-PAGE,
correlates well with the predicted value of 21315 Da
calculated from the deduced amino acid sequence. As
determined by size exclusion chromatography, the purified
recombinant Ps-HppE has a mass of 73 kDa in solution (9
kDa higher than that predicted for a homotrimer). When Sw-
HppE, which has a subunit molecular mass of 21210 Da,
was analyzed under the same conditions, it yielded a mass
of 95 kDa (10 kDa higher than that predicted for a
homotetramer). On the basis of the results of X-ray crystal-
lography, Sw-HppE has been determined to exist as a
homotetramer (33). Thus, these results suggest that Ps-HppE
likely exists as a homotrimer instead of a homotetramer in
solution. Determination of the crystal structure for Ps-HppE

is in progress, and the results will provide additional
information about the oligomerization state of the enzyme.

Sequence Analysis. Though S. wedmorensis and P. syrin-
gae are both fosfomycin producers, amino acid sequence
alignment showed that their respective HppEs share only
27% sequence identity (Figure 4). However, the residues that
have been determined to be crucial for Sw-HppE catalysis
are conserved in Ps-HppE. These include Lys21, Tyr92,
Tyr93, Tyr95, His128, Glu132, and His171 (Ps-HppE
numbering). The later three residues are assigned as the
ligands responsible for iron binding in Ps-HppE, since the
corresponding residues (His138, Glu142, and His180) in Sw-
HppE have been determined to be the metal binding
residues (33, 36). The proposed role for Lys21 in Ps-HppE
is to stabilize the negative charge on the iron-superoxo
intermediate generated during oxygen activation. A similar
function has been assigned to its counterpart, Lys23, in Sw-
HppE, based on the crystal structure as well as mutagenesis
results (33). The three conserved tyrosine residues (Tyr92,
Tyr93, and Tyr95) are proposed to be part of a relay system
for shuttling reducing equivalents into the enzyme active site.
This is based on crystallographic studies in which Sw-HppE
was found to undergo a significant conformational change
upon (S)-HPP binding, which aligns the tyrosine residues in
a row constituting a pathway extending from the surface of
the protein to the active site iron (33).

Reconstitution of Epoxidase ActiVity. As described above,
Ps-HppE and Sw-HppE are thought to catalyze the same
reaction, and residues important for catalysis are conserved
in both enzymes. Thus, it is likely that Ps-HppE utilizes the
same chemistry as Sw-HppE to catalyze epoxide ring
formation. To verify this hypothesis, the as-purified Ps-HppE
was reconstituted with ferrous iron and assayed under aerobic
conditions in the presence of FMN, NADH, and (S)-HPP
(using the same procedures developed for Sw-HppE) (18).
Formation of the product, fosfomycin (1), was detected by
HPLC, and its chemical identity was confirmed by 1H and
31P NMR spectroscopy. If either iron, FMN, or NADH was
omitted from the reaction mixture, no product formation was
detected by HPLC. These results indicate that NADH is
essential for catalysis, consistent with its proposed role of
providing the reducing equivalents needed for oxygen
activation and the conversion of molecular oxygen to water
(Figure 5). The requirement of FMN may be ascribed to its
role as an electron mediator in the reduction of the metal
center by NADH. Additionally, when the reactions were
carried out under anaerobic conditions, no epoxidase activity
could be detected by the HPLC-based enzyme assay,
indicating that O2 is required for turnover.

In previous studies, Sw-HppE was found to catalyze the
conversion of (R)-HPP (7) to 2-oxopropylphosphonic acid
(8) (37). Further investigation indicated that the stereochem-
istry at the C2 position of HPP determines the regiospecificity
of the initial hydrogen atom abstraction. As depicted in
Figure 5, when (S)-HPP binds to Sw-HppE, the C1 pro-R
hydrogen atom is abstracted, leading to the production of
fosfomycin. However, when (R)-HPP binds to Sw-HppE, it
is thought that the C2 hydrogen atom is abstracted, which
leads to the formation of 2-oxopropylphosphonic acid (Figure
6). It was investigated if the stereochemistry of the substrate
also controls the regiospecificity of the initial hydrogen atom
abstraction in the Ps-HppE-catalyzed reaction. When the

FIGURE 3: SDS-PAGE of as-isolated Ps-HppE.
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activity assays for Ps-HppE described above were conducted
using (R)-HPP as a substrate, the product 2-oxopropylphos-
phonic acid was indeed formed as verified by 1H and 31P
NMR spectroscopy.

Iron Quantitation and Metal Analysis. The ferrous con-
centration was determined by the ferrozine method (28). Two
dilutions of the protein sample (1 mL each) were prepared
with concentrations of approximately 1.3 and 2.1 mg/mL in
duplicate. The titration analysis, as compared to the standard
curve, revealed that the iron content after reconstitution was
approximately one iron per HppE monomer. To explore if
other redox-active metals could support catalysis, the catalytic
properties of Ps-HppE reconstituted with cobalt, copper, and
manganese were investigated. No turnover could be detected
with any of these metals using the epoxidase assay. The fact
that the addition of 5 mM EDTA abolished the activity of

the iron-reconstituted Ps-HppE further confirmed the im-
portance of iron in catalysis.

ActiVity with (S)-HPP and (R)-HPP. To determine how
the activity of Ps-HppE compares to that of Sw-HppE, the
rate of catalysis with (S)-HPP (6) or (R)-HPP (7) was
measured at saturating substrate concentrations (10 mM). As
seen in Table 1, the observed rate constants for both enzymes
with each substrate are similar in magnitude. Interestingly,
Sw-HppE is roughly 1.8 times faster than Ps-HppE with both
(S)-HPP and (R)-HPP. Thus, it appears that Sw-HppE is a
more effective epoxidase. Moreover, the reaction rate for
(R)-HPP (7) is approximately 1.9 times faster than that for
(S)-HPP (6) with either Sw-HppE or Ps-HppE.

To determine how rate-limiting hydrogen atom abstraction
is for the Ps-HppE-catalyzed reactions with (S)-HPP (6) and
(R)-HPP (7), primary 2H KIEs were determined (Table 2).
It has previously been demonstrated that the C1 pro-R
hydrogen atom is abstracted in the conversion of (S)-HPP
to fosfomycin (25, 38); therefore, (1R,2S)-1-[2H]HPP (9) was
used as the labeled substrate to determine the 2H KIE. For
the turnover of (R)-HPP to 8, it is the C2 hydrogen atom
that is abstracted (37), so the 2H KIE was measured using
(R)-2-[2H]HPP (15). It is known that the rate of the HppE-
catalyzed reaction increases with an increase in FMN
concentration, presumably due to an increased rate of electron
transfer to the active site iron. To reduce the commitments
to catalysis, which could mask the primary 2H KIEs, the KIEs
were measured using a saturating FMN:Ps-HppE ratio (50:
1). With (S)-HPP, the measured primary 2H KIE of 1.5 is
smaller than what would be expected for an intrinsic primary
2H KIE; thus, the hydrogen abstraction step is only partially

FIGURE 4: Protein sequence alignment of Ps-HppE and Sw-HppE.

FIGURE 5: Proposed iron-, FMN-, and NADH-dependent HppE
mechanism.

FIGURE 6: HppE-catalyzed reaction with (R)-HPP (7) as the
substrate.

Table 1: Rate Constants for HppE Reactions with (S)- and (R)-HPPa

Ps-HppE Sw-HppE

(S)-HPP kobs (min-1) 0.17 ( 0.02 0.31 ( 0.06
(R)-HPP kobs (min-1) 0.33 ( 0.04 0.58 ( 0.02

a The reactions were carried out at a FMN:HppE ratio of 1.5:1.

Table 2: Primary Deuterium Kinetic Isotope Effects for Ps-HppE with
(R)- and (S)-HPPa

substrate kobs (min-1) Dkobs

(S)-HPP (6) 0.46 ( 0.04
1.5 ( 0.2

(1R,2S)-1-[2H]HPP (9) 0.31 ( 0.03
(R)-HPP (7) 1.12 ( 0.10

1.08 ( 0.13
(R)-2-[2H]HPP (15) 1.04 ( 0.09

a The reactions were carried out at a FMN:HppE ratio of 50:1.
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rate-limiting. For the (R)-HPP reaction, there is a 2H KIE of
unity, so hydrogen abstraction is not significantly rate-
limiting. In both reactions, electron transfer is presumed to
be the predominant rate-limiting step.

The reduced rate and small but significant primary 2H KIE
measured for Ps-HppE with (S)-HPP (6) as the substrate
imply that hydrogen atom abstraction is slower and more
rate-limiting for (S)-HPP than for (R)-HPP. There are two
possible explanations for the difference in rates for C2

hydrogen atom abstraction in the (R)-HPP reaction versus
C1 hydrogen atom abstraction in the (S)-HPP reaction. It is
conceivable that the C2 hydrogen of (R)-HPP is closer to
the reactive oxygen species in the Michaelis complex than
is the C1 hydrogen of (S)-HPP, thus reducing the barrier for
abstraction. Alternatively, the rate difference could be due
to differences in the energetics of the hydrogen being
abstracted and the stability of the resulting substrate radical.
On the basis of DFT calculations, the bond dissociation
energies (BDEs) for the C1 and C2 hydrogen atoms are 96.5
and 89.0 kcal/mol, respectively. Thus, the thermodynamic
energy barrier for hydrogen atom abstraction in the (R)-HPP
reaction is 7.5 kcal/mol lower than in the (S)-HPP reaction.
This may account for the observed rate difference between
the two substrates.

EPR Characterization of Ps-HppE. The EPR spectra of
the Ps-HppE-Fe(II)-nitrosyl complexes, in the presence and
absence of substrate, are shown in Figure 7. The correspond-
ing EPR spectra of Sw-HppE are also shown in this figure
in dashed traces for comparison. In the absence of (S)-HPP
(6), the EPR spectrum of the Ps-HppE-Fe(II)-NO complex
consists of two signals present in a 9:1 ratio. The major
species gives rise to an axial EPR signal for which g⊥ )

3.96 and g| ) 2.00, which is typical for an S ) 3/2 non-
heme {Fe-NO}7 species with an E/D value of 0.01 and a
positive D. The minor species is also an S ) 3/2 {Fe-NO}7

complex but exhibits a rhombic EPR signal with principal g
values of 4.30, 3.69, and 2.00 (E/D value of 0.05). In contrast,
two rhombic signals with resonances at g ) 4.14, 3.92, and
1.99 (E/D ) 0.013) and g ) 4.32, 3.70, and 1.98 (E/D )
0.055) are observed for Sw-HppE in a 3:7 ratio (18). Thus,
the Fe(II) center in Ps-HppE is more axial and uniform than
that in Sw-HppE.

Although the ferrous center of Sw-HppE can react with
NO to form two spectroscopically distinguishable complexes,
we have previously found that only a single substrate-Fe-NO
complex (g ) 4.42, 3.63, and 1.97; E/D ) 0.066) is formed
in the presence of (S)-HPP (6) (18). These results suggested
that the substrate likely binds to the active site iron center
first and, in doing so, organizes the center to bind NO, an
O2 analogue, in only one conformation. In contrast, in the
presence of (S)-HPP, the EPR spectrum of the nitrosyl
complex of the Ps-HppE-Fe(II) species is heterogeneous.
Two sets of EPR signals are observed in a 3:7 ratio, both of
which can be attributed to substrate-enzyme-NO ternary
complexes. The minor ternary complex (30%) observed for
Ps-HppE exhibits the same EPR parameters that were
previously observed for Sw-HppE (g ) 4.42, 3.63, and 1.97;
E/D ) 0.066). The major ternary complex (70%) is less
rhombic, with resonances at g ) 4.33, 3.74, and 2.00 (E/D
) 0.059).

These results indicate that substrate and NO can bind to
the ferrous center of the reduced Ps-HppE enzyme to form
a stable complex. However, the heterogeneity observed in
the EPR spectrum of the ternary complex of Ps-HppE
suggests that substrate binds to the active site Fe(II) ion in
two different conformations. Our recent isotope labeling
study showed that the uniform EPR signal observed for the
ternary complex of Sw-HppE is a result of coordination of
the substrate to the Fe(II) ion in a bidentate fashion (39).
This same species is also observed with Ps-HppE, although
it represents only 30% of the total iron. The remaining 70%
may be in a form with monodentate coordination of the
substrate to the metal center. This is an intermediate step
toward bidentate substrate binding to the active site iron.

Post-Translational Hydroxylation of Ps-HppE. The re-
constituted ferrous form of Ps-HppE is colorless. However,
when the protein is exposed to air, it slowly turns green.
The optical spectrum of this green protein exhibits a broad
absorption band with a λmax at 672 nm and a molar absorption
coefficient of approximately 409 (M Fe)-1 cm-1 (Figure 8).
A similar absorption band with a λmax at 680 nm and a molar
extinction coefficient of 450 (M Fe)-1 cm-1 was previously
observed when the reconstituted ferrous form of Sw-HppE
was exposed to air (18). Further investigation showed that
Sw-HppE is post-translationally modified by the hydroxy-
lation of Tyr105 to DOPA (30). The green chromophore
arises from a ligand to metal charge transfer transition of a
bidentate catecholate-Fe(III) complex formed between the
active site iron center and the modified tyrosine. To verify
the presence of the DOPA in Ps-HppE, the as-isolated
enzyme was subjected to Paz’s quinone staining reagents
[glycine and nitroblue tetrazolium (NBT)] (29). If a quinone
is present, it can oxidize the glycine in solution. The reduced
quinone then reacts with dioxygen to generate superoxide,

FIGURE 7: EPR spectra of HppE-Fe(II)-nitrosyl complexes at 4
K with the g scale plotted above the spectra: (A) 250 µM Ps-
HppE (s) or Sw-HppE (---) in the presence of NO and (B) the
substrate-HppE-NO ternary complex [Ps-HppE (s) and Sw-HppE
(---)]. Substrate was present in a 10-fold excess. The Ps-HppE
spectrum shown in the bottom panel also contains a minor species
(ca. 5%) due to a denatured protein-bound Fe-NO complex (g )
4.07), which was previously characterized (18). Instrumental
conditions: microwave frequency, 9.6 GHz; microwave power, 0.5
mW; modulation amplitude, 5 G; modulation frequency, 100 kHz;
time constant, 0.02 s; and sweep rate, 5 mT/s.
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which oxidizes NBT to generate a bluish-purple compound.
As shown in Figure 9, the stain produced a positive result,
indicating the presence of quinone in Ps-HppE. It is therefore
highly likely that Tyr95 (the Tyr105 equivalent in Ps-HppE)
is post-translationally hydroxylated to DOPA. The signifi-
cance of this modification in HppE is currently under
investigation.

DISCUSSION

In this study, the newly isolated orf3 gene product from
P. syringae PB-5123 was established to be a non-heme iron-
dependent Ps-HppE enzyme that catalyzes the same reactions
and requires the same components (iron, FMN, NADH, and
O2) as Sw-HppE, despite the sequences of the enzymes being
only 27% identical. As implicated by the EPR results,
dioxygen is activated in the reaction by ferrous iron, leading
to the formation of a reactive species capable of abstracting
a hydrogen atom from the substrate. To complete the oxygen
reduction, four electrons are consumed. Two of the electrons
are supplied by the substrate, and the remaining two are
provided by NADH. Due to the fact that the reduction of
iron requires single-electron transfer and NADH is an

obligate two-electron donor, FMN is required to mediate the
transfer of reducing equivalents from NADH to the active
site iron. Since no suitable reductase gene can be found in
the S. wedmorensis and P. syringae fosfomycin biosynthetic
gene clusters, a promiscuous reductase may serve the role
of electron mediator in vivo.

The rate of the Sw-HppE-catalyzed epoxidation reaction
is consistently 1.8 times faster than that of Ps-HppE. On the
basis of EPR and crystallographic studies, (S)-HPP binds to
the active site of Sw-HppE and efficiently organizes the iron
center such that all of the substrate is coordinated in a
bidentate manner. In this conformation, the C1 pro-R
hydrogen is ideally positioned to be abstracted by the
activated oxygen species. By contrast, only 30% of the iron
is found in this activated conformation in Ps-HppE, with
the remaining likely being bound to substrate via monoden-
tate coordination. The position of this internal equilibrium
step for switching between mono- and bidentate substrate
coordination may account for the modest differences in rate
between Sw-HppE and Ps-HppE. Also, the rate of HppE-
catalyzed oxidation of (R)-HPP is consistently 1.9 times
faster than the rate of (S)-HPP epoxidation. A likely expla-
nation for this difference in rate was obtained from DFT
calculations, which showed that the BDE of the C2 hydrogen
of (R)-HPP is 7.5 kcal/mol lower than that of the C1 hydrogen
of (S)-HPP.

The mechanism of HppE epoxidation (Figure 5) has been
proposed to parallel alkane hydroxylation catalyzed by
cytochrome P450 (20) and non-heme iron-dependent oxy-
genases (40, 41). The reaction likely begins with abstraction
of a hydrogen atom from the C1 position by an activated
oxygen species. In a manner similar to the oxygen rebound
mechanism for cytochrome P450s, the C1-centered radical
intermediate can then cyclize to form fosfomycin and the
reduced iron center. The reactive oxygen species can be one
of three intermediates: Fe(III)-superoxo (17), Fe(III)-hydro-
peroxo (18), and Fe(IV)-oxo (19). Fe(III)-superoxide (17),
which forms upon dioxygen binding to the ferrous iron center
of 16, has been proposed to be the reactive oxygen species
for isopenicillin N synthase (IPNS) (42, 43). The Fe(III)-
superoxide species can be reduced by one electron and
protonated to form Fe(III)-hydroperoxide (18), which could
also abstract the C1 hydrogen atom (18 f 21). The
Fe(III)-hydroperoxide species can also be reduced by a
single electron and protonated with concurrent cleavage of
the O-O bond to form an Fe(IV)-oxo intermediate (19),
which can abstract the hydrogen atom (19f 22), as proposed
for R-ketoglutarate-dependent TauD (44) and tyrosine hy-
droxylase (45).

On the basis of a sequence comparison with Sw-HppE,
Ps-HppE utilizes two histidines and one glutamate residue
as ligands to bind the active site iron. Thus, Ps-HppE is a
new member of the growing superfamily of non-heme iron-
dependent enzymes that contain the 2-His-1-carboxylate
facial triad to bind and activate iron. Members of this enzyme
family have proven to be remarkably versatile in the types
of reactions they catalyze (19). According to Koehntop et
al., this superfamily can be divided into five classes:
extradiol-cleaving catechol dioxygenases, Rieske dioxyge-
nases, R-ketoglutarate-dependent enzymes, pterin-dependent
enzymes, and “other” oxidases (46). The fifth class is a “catch
all” for enzymes that cannot be included in one of the other

FIGURE 8: Electronic absorption spectrum of Ps-HppE [660 µM in
20 mM Tris buffer (pH 7.5)] reconstituted with 1.1 equiv of
Fe(NH4)2(SO4)2.

FIGURE 9: SDS-PAGE of as-purified Ps-HppE. Protein bands were
transferred electrophoretically to a nitrocellulose membrane and
temporarily stained for proteins with Ponccaus (left), followed by
NBT (right) to detect the presence of quinone (see Experimental
Procedures for details).
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four classes. This class includes IPNS, 1-aminocyclopropane-
1-carboxylic acid oxidase, and HppE.

The method of C-O bond formation catalyzed by HppE
is unique in Nature. Coordination of the hydroxyl group of
(S)-HPP to the active site iron is thought to be critical for
the cyclization step. There are two R-KG-dependent en-
zymes, hyoscyamine 6�-hydroxylase (H6H) (47) and cla-
vaminic acid synthase (CAS) (48), that catalyze similar C-O
bond formations; however, for the standard oxygen activation
mechanism in R-KG-dependent enzymes (41), there is no
available coordination site for the reacting oxygen. It will
be interesting to determine if the chemistry utilized by HppE
for C-O bond formation is more widely used and what
adaptations (if any) are required for its use in R-KG-
dependent enzymes catalyzing similar transformations.
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