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Abstract
Isopentenyl phosphate kinase (IPK) catalyzes the phosphorylation of isopentenyl phosphate to
form the isoprenoid precursor isopentenyl diphosphate (IPP) in the archaeal mevalonate pathway.
This enzyme is highly homologous to fosfomycin kinase (FomA), an antibiotic resistance enzyme
found in a few strains of Streptomyces and Pseudomonas whose mode of action is inactivation by
phosphorylation. Superposition of Thermoplasma acidophilum (THA) IPK and FomA structures
aligns their respective substrates and catalytic residues, including H50 and K14 in THA IPK, and
H58 and K18 in S. wedmorensis FomA. These residues are conserved only in the IPK and FomA
members of the phosphate subdivision of the amino acid kinase superfamily. We measured the
fosfomycin kinase activity of THA IPK, Km = 15.1 ± 1.0 mM and kcat = (4.0 ± 0.1) × 10−2 s−1,
resulting in a catalytic efficiency, kcat/Km = 2.6 M−1s−1, that is five orders of magnitude less than
the native reaction. Fosfomycin is a competitive inhibitor of IPK, Ki = 3.6 ± 0.2 mM. Molecular
dynamics simulation of the IPK•fosfomycin•MgATP complex identified two binding poses for
fosfomycin in the IP binding site, one of which results in a complex analogous to the native
IPK•IP•ATP complex that it engages H50 and the lysine triangle formed by K5, K14, and K205.
The other binding pose leads to a dead-end complex that engages K204 near the IP binding site to
bind fosfomycin. Our findings suggest a mechanism for acquisition of FomA-based antibiotic
resistance in fosfomycin producing organisms.

Modern enzymes are commonly understood to be highly specific towards the substrates and
chemical transformations that they catalyze. This selectivity underlies catalysis in biology.
Enzyme selectivity prevents the conversion of unintended substrates that wastes cellular
energy or has other deleterious effects on the organism in a cell where the chemical
structures of metabolites are similar and where cross wiring of metabolic pathways exists
(1). In contrast, primordial enzymes likely possessed a substantial degree of ambiguity with
respect to binding and catalysis to generate a variety of products (2). These features are
conducive for evolution new enzymes by gene duplication and optimization (2–4). In an
organism under environmental stress, which potentially requires new reactions to survive,
enhanced specificity can be selected by evolution. Low levels of promiscuous activities, i.e.
those different than the main function, may persist in a specialized enzyme if they are not
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detrimental to the organism, and there is no selective pressure for their elimination (5). In
some cases promiscuous activity can complement gene deletions in metabolic pathways, for
example in E. coli phn operon knockouts by recruitment of the phosphite-dependent
hydrogenase activity of alkaline phosphatase (6), or E. coli auxotrophs that utilize
promiscuous sugar kinases encoded by cryptic genes to rescue glucokinase deficient mutants
(7). It has been suggested that promiscuity is an innate characteristic of all enzymes rather
than an anomaly, and that there is a multitude of promiscuous activities extant in living cells
available for exploitation by the host.

Recently, Mabanglo et al. reported the structures of isopentenyl phosphate kinase (IPK) in
ternary complexes with its substrates and products (8). This enzyme is found only in
Archaea, where it catalyzes the ATP-dependent phosphorylation of isopentenyl phosphate
(IP) in the alternate mevalonate pathway (Scheme 1a). IPK is a member of the amino acid
kinase (AAK) family of enzymes that phosphorylates small molecules with carboxylate,
carbamate, phosphate and phosphonate moieties (8, 9). In this family, IPK and the bacterial
resistance protein fosfomycin kinase (FomA) in Streptomyces have very high structural
homology despite significant sequence divergence (22–25% identity) (Figure 1a) (10). The
two enzymes possess a catalytic lysine triad, the lysine triangle, and an active site histidine
residue that are not found in other members of the phosphate/phosphonate subdivision
(Figure 1b) (8, 9). Thus, it was suggested that the ipk gene was the source of fomA,
presumably acquired by fosfomycin producing strains of Streptomyces and Pseudomonas by
horizontal gene transfer, and converted into a specialized fosfomycin kinase through
mutation and selection (8, 11). This scenario is consistent with acquisition of resistance in
bacteria constantly exposed to an antibiotic (12). In the case of Streptomyces, fosfomycin
kinase activity was added to other resistance strategies in its arsenal (Scheme 1b), which
includes fosfomycin inactivation by opening of the oxirane ring catalyzed by the
metalloenzymes FosA, FosB and FosX (13–16).

We tested IPK from Thermoplasma acidophilum (THA IPK) for fosfomycin kinase activity
and discovered that the antibiotic is an alternate substrate for the enzyme, albeit with poorer
binding affinity and a reduced rate of turnover. Moreover, fosfomycin is a competitive
inhibitor of isopentenyl phosphate kinase activity. Using molecular dynamics simulations,
we discovered a binding mode for fosfomycin similar to that of IP that forms a stable
complex with IPK, in addition to a separate binding mode that forms a dead-end complex.

EXPERIMENTAL PROCEDURES
Product turnover assay using γ-[32P] ATP

The phosphorylation of fosfomycin by IPK was visualized by incubating the enzyme in
assay buffer (100 mM HEPES pH 7.5 containing 10 mM MgCl2, 10 mM β-mercaptoethanol,
1 mg/mL BSA, γ-[32P] ATP and varying concentrations of fosfomycin at 37 °C for 10 min.
Each reaction was quenched with 113 uL of methanol/750 mM EDTA (100:13 v/v).
Samples (5 μL) were spotted on silica plates and developed with CHCl3/pyridine/formic
acid/H2O (30:70:16:10 v/v/v/v). The TLC plate was imaged for 24 h using a storage
phosphor autoradiography cassette and visualized using a Typhoon 8600 variable mode
imager (GE Healthcare). The same procedure was used in the parallel comparison of the
products formed by S. wedmorensis FomA and THA IPK, except that 10 mM fosfomycin
and 10 μM of each enzyme was used in the incubations.

MS/MS fragmentation of fosfomycin phosphate product
The presence of fosfomycin phosphate was confirmed by performing MS/MS fragmentation
on the ammonium form of fosfomycin phosphate (mass = 236) produced by THA IPK and
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S. wedmorensis FomA. The products were obtained by incubating 20 μM of each enzyme in
assay buffer (100 mM HEPES pH 7.5, 1 mg/mL BSA, 10 mM β-mercaptoethanol, 10 mM
MgCl2) containing 25 mM fosfomycin at 37 °C for 2 hr, in a total volume of 1 mL. The
enzymes were removed by centrifugation using a 10, 000 MWCO Centricon, and the filtrate
was flash frozen in liquid N2 and lyophilized overnight in 1.5 mL microfuge tubes. The
resulting slurry was dissolved in 100 μL of 25 mM NH4HCO3 pH 7.5 and submitted for MS/
MS fragmentation.

Steady state kinetics of the IPK-fosfomycin reaction
The protocol for fluorescent assays was based on the procedure by Pilloff et al. with slight
modifications (17). The activities of coupling enzymes were determined by measuring the
change in absorbance of NADH at 339 nm. Different concentrations of lactate
dehydrogenase (LDH) were mixed in the assay buffer (100 mM HEPES containing 10 mM
MgCl2, 10 mM β-mercaptoethanol, 1 mg/mL BSA, 120 μM pyruvate and 150 μM NADH)
at 37 °C. For pyruvate kinase, different concentrations of the coupling enzyme were mixed
in assay buffer (100 mM HEPES containing 10 mM MgCl2, 10 mM β-mercaptoethanol, 1
mg/mL BSA, 1 mM PEP, 4 mM ADP, 150 μM NADH and LDH) at 37 °C. The enzymatic
rates in AU/s where converted to specific activity units (U/mL) by using the NADH
extinction coefficient ε = 6.22 mM−1 cm−1. To initiate the reaction, IPK was added to the
assay buffer (100 mM HEPES pH 7.5 containing 10 mM MgCl2, 10 mM β-mercaptoethanol
and 1 mg/mL BSA) including appropriate amounts of coupling enzymes and fosfomycin (or
the native substrate IP for positive control reactions) in a final volume of 200 μL. The
reaction was monitored at 37 °C for 600 s by observing the change in fluorescence (λex =
340 nm, λem = 460 nm) (FluoroMax, Jobin Yvon Horiba). Background rates were measured
at different concentrations of fosfomycin in the absence of the enzyme and were averaged.
The initial rates were measured from the linear portion of the curve (< 15 % consumption of
the concentration-limiting substrate). The kinetic constants were determined by fitting the
matrices of initial rates to equation 1 using Grafit 5 (Erithacus Software) (18):

(1)

where A and B are fosfomycin and ATP, Vmax is the maximum rate, Km is the Michaelis-
Menten constant and Kd is the enzyme dissociation constant. The lag time τ of the coupled
assay is given by the equation

(2)

where Km
ADP = 0.3 mM according to Sigma and Km

Pyr = 0.164 mM according to Zewe and
Fromm (19) and V is the activity of the enzyme in U/mL. The lag time τ of the reaction was
then chosen to be less than 10 s, which ensured that the system reached 99 % of the steady
state rate of ADP production in 45 s according to the equation

(3)

where ν0 is the steady state rate and t and τ are in min.

Molecular dynamics simulations of the IPK•fosfomycin•MgATP complex
We performed molecular dynamics simulations using GROMACS (20) with CHARMM27
(21) force field for proteins and small molecules (22) and TIP3P (23) for water. The initial
structure of the kinase is derived from the crystal structure of IPK, while the specific binding
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pose of ligands in the binding pocket of IPK• fosfomycin•MgATP was derived from the
superposition of structures 3LKK (IPK) and 3D41(FomA) from the Protein Data Bank. The
missing loop and αF helix of IPK (residues 189–201) were modeled based on sequence and
structure alignment with NAGK (1GS5) (24) where the corresponding secondary structures
in the latter most approximate the length of these missing regions (Figure S1, S2). The
geometry of the modeled secondary structures was validated using Molprobity (25). After an
initial rapid energy minimization, the system was equilibrated by performing a position-
restrained NVT simulation for 100 ps followed by an NPT run for another 100 ps. We then
performed an unconstrained production run for 30 ns to validate the initially hypothesized
poses of fosfomycin and MgATP. Long-range electrostatics was treated with Particle Mesh
Ewald (26) with grid spacing of 12 Å and a cutoff of 10 Å. We used the modified Berendsen
(27) and Parrinello-Rahman (28) algorithms for temperature and pressure couplings,
respectively. The same experiments were performed on the native IPK•IP•MgATP complex
as a control.

RESULTS
Detection of fosfomycin kinase activity

Autoradiography studies using γ-[32P] ATP showed that fosfomycin is an alternate substrate
for IPK. The formation of the product was accompanied by a concomitant decrease in γ-
[32P] ATP when the concentration of fosfomycin was in the high μM to mM range (Figure
2a). In contrast, Km

IP = 4.4 μM for THA IPK. The product of the promiscuous reaction,
assigned as fosfomycin phosphate, is consistent with the intense spot with Rf = 0.14 relative
to IPP, Rf = 0.37. This spot did not appear in control reactions containing only IP or γ-[32P]
ATP and IPK. In addition, parallel incubation of S. wedmorensis FomA and IPK showed
product spots with the same Rf s as above (Figure 2b). These product spots were not found
in incubations containing neither enzymes nor fosfomycin substrate. MS/MS fragmentation
of the ammonium form of fosfomycin phosphate (mass = 236) from incubations with THA
IPK (Figure 3a) and S. wedmorensis FomA (Figure 3b) resulted in identical fragmentation
patterns. Positive ion species corresponding to [C3H5O]+ (mass = 57), [C3H6O3P]+ (mass =
121), [H4O4P]+ (mass = 99), and [C3H8O4P]+ (mass = 139) were found in the
fragmentations of the products of both enzymes. The first two cations, [C3H5O]+ and
[C3H6O3P]+ were also observed in the fragmentation of a fosfomycin standard (Figure S3).

In 31P NMR assays, resonances corresponding to a phosphonate-phosphate moiety were not
detected owing to the slow reaction and an apparently unfavorable equilibrium between
fosfomycin-ATP and fosfomycin phosphate-ADP. We initially attempted longer incubation
times without success. The autoradiogram shows a byproduct of the kinase reaction whose
Rf is similar to that of IPP (Figure 2a), which is more pronounced in the absence of
fosfomycin (Figure 2b, lane 4). Chen and Poulter (10) had previously shown that this by-
product is 32Pi, resulting from the combined effects of γ-[32P] ATP degradation and the
intrinsic ATPase activity of IPK. ATPase activity has been observed in many kinases and is
commonly negligible compared to native kinase activities (28), although in some cases is
sufficiently large to interfere with their precise measurements (29). The ATPase activity of
THA IPK was found to be sufficiently small (~ 200 times slower) that it did not interfere
with measurements of the promiscuous fosfomycin kinase activity.

Kinetic constants
Initially, a series of fosfomycin concentrations from 750 μM to 80 mM was used to measure
the apparent kinetic constants of the reaction at a saturating 250 μM concentration of ATP
(data not shown) in order to identify a suitable range of concentrations for kinetic
measurements. Initial rates were fitted to the equation for bi-substrate reactions (Figure S4a)
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and were transformed to a Lineweaver-Burk plot (Figure S4b). The fosfomycin kinase
reaction proceeds by the same sequential mechanism seen for IP and ATP. The kinetic
constants for phosphorylation of IP and fosfomycin are summarized in Table 1.

Fosfomycin is a competitive inhibitor of IPK
Superposition crystal structures of the THA IPK and FomA ternary complexes show a close
alignment of their respective IP and fosfomycin substrates (Figure 1b) suggesting that
fosfomycin will be a competitive inhibitor of the faster IP kinase reaction. The best fit of our
kinetic data was obtained with the equation for competitive inhibition (Equation 1,
Supporting Information). The Michaelis-Menten curves (Figure S5a) showed an apparent
increase in Km

IP with increasing inhibitor concentration, which was overcome at high
concentrations of IP. The Lineweaver-Burk transformation of these curves showed showed
typical competitive behavior (Figure S5b), with kcat = 7.5 s−1 and Ki = 3.6 ± 0.20 mM.
Weak inhibition of THA IPK by fosfomycin is consistent with Km for fosfomycin and is
probably due to the incompatibility of its polar epoxide group with the hydrophobic pocket
tailored for the isoprene unit in IP.

Binding poses for FomA in IPK
Similar structures for the ternary complexes of IPK and FomA suggest that the native
substrate IP and the promiscuous substrate fosfomycin adopt similar binding poses in IPK.
To examine this issue, we performed molecular dynamics simulations on the
IPK•fosfomycin•MgATP and IPK•IP•MgATP ternary complexes. To fix the MgATP ligand
in its binding site during simulation, an accurately modeled structure for the missing αF-αG
loop and αF helix of IPK was supplied to the starting structure based on the aligned
sequences of IPK from T. acidophilum and M. thermautotrophicus (8), S. wedmorensis
FomA (10) and E. coli NAGK (24) (Figure S1 and S2). These alignments indicate that the
secondary structure in NAGK, which only differs from the sequence in THA IPK by a single
amino acid, can be used to model the missing loop and αF helix in IPK. The system is stable
and has an average Cα RMSD of 1.5 Å with respect to the starting structure (Figure 4a, left
and right panels). We computed the heavy atom RMSD of fosfomycin and ATP and found
two stable conformers of fosfomycin in the binding pocket (Figure 4b, left panel). The
normalized RMSD distributions support the observed two-state conformations (Figure 4b,
right panel). Closer inspection of these two conformations shows that fosfomycin binds to
the N-terminal lobe of THA IPK that contains the IP binding site (Figure 4c).

In both IPK•fosfomycin•MgATP structures, fosfomycin obstructs the IP binding site, as
expected for a competitive inhibitor. Moreover, the MgATP conformation is essentially
fixed while fosfomycin is translated by 3.9 Å in the first pose and 4.8 Å in the second
relative to the position occupied by IP, presumably to reduce unfavorable interactions
between the polar epoxide and the hydrophobic binding pocket. In the first binding pose
(Figure 4d), the oxygen of the epoxide is oriented toward the solvent region, while the
methyl group packs into the hydrophobic pocket. The catalytic residue H50 in the αB helix
forms a hydrogen bond with the phosphonate group, analogous to its interaction with IP.
This places a phosphonate oxygen in fosfomycin ~5.1 Å from the γ phosphorus in ATP.
This is substantially longer than the 2.9 Å distance between a non-bridging oxygen in IP and
the ATP γ phosphorus in the IPK ternary complex (3LKK) and likely contributes to the low
rate of the promiscuous reaction. However, the distance between the phosphonate oxygen
and the ATP γ phosphorus in the structure of the FomA•fosfomycin•MgATP complex,
modeled from coordinates of the FomA•MgATP (3QUN) and the FomA•fosfomycin•ATP
(3QUO) complexes, is 4.0 Å (Figure 1b) (31). Thus, it is likely that this distance is a good
approximation of the real phosphonate-γ phosphate distance. Examination of this binding
pose also indicates that the active site Mg2+ is located 3.7 Å from a phosphonate oxygen,
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perhaps facilitating nucleophilic attack on ATP. This interaction as well as innate enzyme
plasticity could help overcome longer distance between reactive phosphonate and phosphate
centers in IPK•fosfomycin•MgATP. Interactions involving K5, K14, K205 and D144
observed in the IPK•IP•ATP crystal structure (8) and those of corresponding residues in
FomA (31) are essentially conserved in this binding pose. Mutagenesis studies of these
residues in FomA are consistent with their expected roles in binding and catalysis (31),
suggesting that the first binding mode is a productive one.

In the second, less populated binding state, fosfomycin is removed even farther away from
the IP location in the active site. The hydrogen bonding of the phosphonate moiety and H50
is absent. New hydrogen bonds are seen between the epoxide group and S142 and between a
phosphonate oxygen and K204 in the αG helix. In THA IPK, S142 binds a phosphate
oxygen in IP. This residue is conserved in FomA and orients the phosphonate moiety in
fosfomycin for nucleophilic attack on ATP (31). In addition, the closest phosphonate oxygen
is 6.3 Å away from the γ phosphorus in ATP and 4.1 Å from Mg2+ in this second pose
(Figure 4e).

Molecular dynamics simulation of IPK•IP•MgATP showed that the complex is stable
(Figure S6a) and revealed a single binding pose with IP and MgATP virtually unchanged
from their respective poses in the crystal structure (Figure S6b). The latter result suggests
that the crystal structure closely approximates the structure of the complex in solution and
also lends credence to the two calculated binding poses of fosfomycin in the IPK active site.

The K204A mutant IPK has fosfomycin activity comparable to the wild type IPK
Structures from crystallography and dynamics calculations suggest that K204 does not play
a major role in catalysis. Recruitment of K204 to form a hydrogen bond to an oxygen atom
of the phosphonate moiety in the second fosfomycin pose appears to replace the hydrogen
bond between H50 and a phosphonate oxygen, leading to a dead end complex. The His6-
tagged K204A mutant was prepared, purified, and assayed for fosfomycin kinase activity.
The mutant phosphorylated fosfomycin, and the kinetic constants for the reaction were very
similar to those for wild type IPK (Table 1, Figure S7a and Figure S7b). In addition,
mutation did not significantly alter the kinetic constants for the native reaction (Table 1)
(11).

DISCUSSION
Fosfomycin is a secondary metabolite produced in several species of Streptomyces (32) and
Pseudomonas (33) that is used clinically to treat cystitis (34) as well as infections by
methicillin- and vancomycin-resistant strains of Staphylococcus aureus (35, 36). The
bactericidal activity of fosfomycin is based on the inhibition of MurA (37) by the
irreversible alkylation of an active site cysteine residue, preventing the first step in
peptidoglycan synthesis in which phosphoenolpyruvate is linked to the 3′-hydroxyl group of
UDP-N-acetyl-glucosamine (38). Bacterial resistance to fosfomycin is achieved by
mutations in MurA and by alterations in the glycerophosphate transporter (39, 40).
Fosfomycin is inactivated by hydrolysis of its epoxide moiety by the thiol transferases FosA
and FosB, and the homologous hydratase enzyme FosX (12–15, 41). Two additional
enzymes, FomA and FomB, alter the antibiotic by two consecutive phosphorylation steps
resulting in a product unable to alkylate the relevant cysteine residue in MurA. The fomA
and fomB genes are found in the fosfomycin biosynthetic gene clusters of Streptomyces and
Pseudomonas and are thought to confer resistance and facilitate transport in these hosts (42,
43).
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The phosphate subdivision of the AAK family of enzymes consists of IPK, FomA, and
uridine monophosphate kinase (UMPK) (8, 9, 44). These three enzymes catalyze phosphoryl
transfer from ATP by nucleophilic attack of an oxygen atom in a phosphate or phosphonate
group in a reaction that proceeds through a pentavalent transition state (8, 31, 44). Within
this subdivision, the crystal structures of THA IPK•IP•ATP and the modeled structure of S.
wedmorensis FomA•fosfomycin•MgATP complexes showed excellent alignment of their
catalytic residues and respective substrates (31). These similarities between IPK and FomA
suggest that IPK might possess promiscuous activity toward fosfomycin, which could serve
as the starting point for evolution of fosfomycin resistance in Streptomyces and
Pseudomonas following horizontal transfer of archaeal DNA.

THA IPK phosphorylates monophosphate esters with small isoprenoid and alkyl moieties
(9,11). We found that the enzyme also phosphorylates the phosphonate moiety in
fosfomycin. The catalytic constants for the reaction, kcat = 4 × 10−2 s−1 and Km = 15 mM
are substantially less favorable (kcat/Km = 2.6 M−1s−1) than for phosphorylation of IP (kcat/
Km = 1.8 × 106). Although low, the catalytic efficiency for phosphorylation of fosfomycin
by THA IPK could serve as starting point for evolution of an enzyme with more potent
fosfomycin kinase activity. There are several examples in the literature of enhancement of
extrinsic activities by mutation of one or more residues in the active site. For instance, the E.
coli RTEM β-lactamase increased its cephalosporinase activity 1.4-fold and decreased its
primary penicillase activity 3-fold upon placement of the bacterial strain under the selective
pressure of cephalosporin C through two mutations in the active site (45). Subsequently,
other mutations were found to result in more dramatic enhancements in cephalosphorinase C
activity (46, 47, 48).

The low catalytic efficiency for phosphorylation of fosfomycin by IPK results primarily
from the conformation of the molecule in the IP binding site relative to the native substrate.
This site contains a pocket lined with hydrophobic residues that cradles the aliphatic tail of
IP and controls the size of the isoprene moiety that is bound (8, 9). Fosfomycin, although
smaller than IP, contains a polar non-planar epoxide group. In FomA, G53, H58 and S142
create a constellation of hydrogen bond donors to the epoxide group and phosphonate
groups of fosfomycin. In THA IPK and MTH IPK a glycine replaces S149 (31, Figure S1).
In addition, the side chains of T79 and K83 enhance the hydrophilicity of the fosfomycin
binding site in FomA. The two binding poses observed during dynamics simulations with
THA IPK showed that fosfomycin was displaced by few Angstroms relative to IP in the
binding site, which might reflect unfavorable interactions between the hydrophobic pocket
and the polar epoxide group. In the catalytically productive pose obtained from the
dynamics calculations, the epoxide moiety is oriented toward solvent. In both poses,
fosfomycin blocks the binding of IP, consistent with the competitive inhibition profile we
observed.

The low level of fosfomycin activity with IPK is consistent with phosphorylation when the
molecule is bound in the first pose. In this conformation, a phosphonate oxygen in the
antibiotic can form a hydrogen bond with H50, similar to the interaction responsible for
orienting IP for nucleophilic attack on ATP. Although the nucleophilic phosphonate group is
more distant from the γ phosphate group of ATP than the phosphate moiety in IP in the
native reaction (Figure 1b), K5, K14, H50, and K205, which stabilize the transition state for
phosphorylation of IP, are engaged in a similar manner in the first pose for fosfomycin.
Thus, this pose can be reasonably assigned as the productive ternary complex (Figure 4d).
K14 and H50, which are invariant among all IPKs and FomAs, appear to be particularly
important. K14 binds the phosphate group of ATP in the IPK•IP•ATP complex and is
positioned to stabilize the highly negatively charged transition state (8). The K14A mutation
results in doubling of Km

ATP and a 460-fold decrease in kcat
IP(Figure S8 and Table S1). A
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K18A mutation of the corresponding residue in FomA inactivates the enzyme (31). Both
productive and dead end complexes of fosfomycin in IPK show K14 in almost identical
conformations suitable for transition state stabilization (Figure 4d and 4e). H50 in THA IPK
hydrogen bonds with the terminal phosphate groups of IP and the product IPP (8), and
mutagenesis studies of the corresponding residues in M. jannaschii IPK (H60) and S.
wedmorensis FomA (H58) showed that this interaction is important for transition state
stabilization accompanying the nucleophilic displacement of ADP (9, 31). These structural
and kinetic data strongly indicate that the first binding pose that contains the H50-
phosphonate hydrogen bond is a productive complex.

Our results are consistent with the proposal that FomA might be descended from an archaeal
IPK following horizontal transfer of an archaeal ipk gene to Streptomyces and subsequent
adaptive mutations that confer antibiotic resistance. Evolution of FomA from IPK by
enhancement of the promiscuous fosfomycin kinase activity seen for IPK would provide a
selective advantage for the fosfomycin synthesizing bacterium (4). Low levels of activity
similar to that we found for fosfomycin kinase activity in IPK (kcat/Km = 2.8 × 106 M−1s−1)
have been shown to confer an immediate selective advantage. For example, phosphonate
monoester hydrolase in Burkholderia caryophili (kcat/Km = 9.5 M−1s−1) allowed this
organism to thrive on glyceryl glyphosate, a previously unencountered phosphorous source
(50–52). A catalytic efficiency of only 0.3 M−1s−1 (E. coli glutamine
phosphoribosylpyrophosphate amidotransferase) provided a similar advantage, although it
was necessary to overexpress the gene from a multicopy plasmid under control of a strong
promoter (53). Likely instances of horizontal transfer of metabolic genes between Archaea
and Bacteria (and other inter-domain HGTs) have been proposed for acquisition of
mevalonate pathway genes from Archaea (or Eukarya) by Borrelia and Cocci and for
acquisition of the bacterial glycerol dehydrogenase gene by Archaea (54).
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AAK amino acid kinase

THA Thermoplasma acidophilum

IPK isopentenyl phosphate kinase

FomA fosfomycin kinase

NAGK N-acetyl-L-glutamate kinase

UMPK uridine monophosphate kinase

IP isopentenyl monophosphate

IPP isopentenyl diphosphate
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ATP adenosine triphosphate
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Figure 1.
T. acidophilum IPK and S. wedmorensis FomA have high structural homology. (a)
Superimposed crystal structures of IPK (3LKK, green) and FomA (3QUO, blue) have
RMSD of 2.6 Å over 224 amino acid residues. The substrates of IPK (IP and ATP, black)
and FomA (fosfomycin and ATP, pink) also align well in their respective active sites. The
divalent metal Mg2+ is shown as a purple sphere. (b) Alignment of catalytic residues
invariant in IPK and FomA, suggesting similar mechanisms of phosphoryl transfer. The
FomA•fosfomycin•MgATP complex was modeled using the structures of the
FomA•MgATP (3QUN) and FomA•fosfomycin•ATP (3QUO) complexes. Hydrogen bond
lengths are indicated.
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Figure 2.
Autoradiograms showing that IPK can phosphorylate fosfomycin in the presence of ATP. (a)
Product turnover assay of THA IPK using IP or fosfomycin as substrates. The product of the
native reaction, [32P] IPP, and the by-product of the intrinsic ATPase activity, 32Pi, migrate
with almost similar Rfs. This ATPase activity is independent of fosfomycin concentration.
Increasing phosphorylation of fosfomycin is observed in the μM to mM range. All lanes
except lane 13 contained γ-[32P] ATP and 200 nM IPK. (1) 3.5 μM IP and IPK, (2) 300 nM
fosfomycin, (3) 900 nM, (4) 3 μM, (5) 9 μM, (6) 27 μM, (7) 81 μM, (8) 210 μM, (9) 630
μM, (10) 2 mM, (11) 6 mM, (12) 18 mM, (13) [14C-IPP] (14) γ-[32P] ATP and IPK. (b)
Comparison of the products of S. wedmorensis FomA and THA IPK (20 μM each) upon
incubation with fosfomycin. All lanes except lane 1 contained γ-[32P] ATP. (1) [14C] IPP
standard. (2) S. wedmorensis FomA and 10 mM fosfomycin, (2) THA IPK and 10 mM
fosfomycin, (3) S. wedmorensis FomA incubated without fosfomycin, and (4) incubation
including 10 mM fosfomycin but with neither S. wedmorensis FomA or THA IPK.
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Figure 3.
MS/MS fragmentation of the ammonium form of fosfomycin phosphate (mass 236)
produced by THA IPK and S. wedmorensis FomA. (a) Fragmentation of the product formed
by THA IPK showed peaks corresponding to [C3H5O]+ (56.9), [H4O4P]+ (98.8),
[C3H6O3P]+ (121.1) and [C3H8O4P]+ (139.1). The same peaks were found in the
fragmentation of product formed by S. wedmorensis FomA (b).
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Figure 4.
The IPK•fosfomycin•MgATP complex is stable with two binding poses for fosfomycin in
the IP binding site. (a) Energy (left) and RMSD time-series (right) showing that the modeled
IPK•fosfomycin•MgATP complex is stable. (b) Ligand (fosfomycin and ATP, left) RMSD
and histogram (right) showing a two-state binding conformation for fosfomycin, while ATP
is essentially fixed. (c) Superposition of the native IPK•IP•ATP complex (substrates IP and
ATP in black) with the two binding poses of fosfomycin near the IP binding site. In both
binding poses, fosfomycin is translated by an average of 4 Å to relieve unfavorable
interactions with the hydrophobic IP binding site. M77 and Y127 immediately below the
aliphatic tail of IP are shown. (d) The productive complex, IPK•fosfomycin•MgATP, similar
to the native IPK•IP•ATP complex, with Mg2+ and the phosphonate group engaging in
electrostatic interactions. (e) The dead-end complex where S142 and K204 donate hydrogen
bonds to fosfomycin, forming a stable complex.
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Scheme 1.
Phosphoryl transfer reactions catalyzed by IPK and FomA. (a) The alternate route in the
archaeal mevalonate pathway proceeds with the decarboxylation of mevalonate phosphate
by phosphomevalonate decarboxylase (PMD) to form isopentenyl phosphate IP, followed by
phosphorylation by IPK to form the isoprene unit IPP. (b) FomA inactivates fosfomycin by
phosphorylation using ATP as donor. A second phosphorylation step by the enzyme FomB
(not shown) completes the inactivating covalent modifications of the antibiotic.
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Table 1

Steady state kinetic constants for phosphorylation of IP and fosfomycin.

IP
Wild type IPK

Fosfomycin
Wild type IPK

IP
K204A

Fosfomycin
K204A

kcat (s−1) 8.0 ± 0.2 (4 ± 0.1) × 10−2 7.7 ± 0.2 (3 ± 0.1) × 10−2

Km (μM) 4.4 ± 0.5 (1.5 ± 0.1) × 104 2.8 ± 0.3 (1.1 ± 0.1) × 104

kcat/Km (M−1s−1) 1.8 × 106 2.6 2.8 × 106 2.5

Km
ATP (μM) 6.0 ± 0.5 1.4 ± 0.1 6.9 ± 0.6 1.2 ± 0.2

Kd (μM) 4.6 ± 1.5 (1.8 ± 0.3) × 104 4.6 ± 1.3 (1.5 ± 0.5) × 104
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