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The fosfomycin resistance protein (FosA) is a Mn(II)-dependent
metalloenzyme that catalyzes the addition of glutathione (GSH) to
the broad-spectrum antibiotic fosfomycin,1, rendering it inactive
(Scheme 1).1 The plasmid-encoded enzyme originally derived from
resistant clinical isolates of Serratia has been extensively character-
ized biochemically and spectroscopically.1,2 Evidence suggests that
the Mn(II) center is directly involved in catalysis and that the
enzyme requires the monovalent cation K+ for optimal activity.
However, the exact roles of the divalent and monovalent cations
in catalysis remain to be elucidated.

A survey of the microbial genome sequence database indicates
that there are a number of FosA homologues encoded in the
genomes of pathogenic microorganisms. These genes may confer
an intrinsic resistance to the antibiotic and compromise its clinical
efficacy. In this report, we describe the characterization and high-
resolution structure of a protein that exhibits 60% sequence identity
to the plasmid-encoded FosA but is encoded in the genome of the
opportunistic pathogenPseudomonas aeruginosa. The structure was
solved exploiting the monovalent cation-binding site for multi-
wavelength anomalous diffraction (MAD) phasing with thallium-
(I).

The gene PA1129 was amplified from genomic DNA and ligated
into a pET-20 expression plasmid. The protein expressed in BL21-
DE3 E. coli cells confers robust resistance to fosfomycin. The
purified enzyme has catalytic characteristics (kcat ) 80 ( 2 s-1,
kcat/KM

fos ) (2.1 ( 0.1) × 105 M-1 s-1, andkcat/KM
GSH ) (1.20(

0.09)× 104 M-1 s-1) similar to those of the plasmid-encoded FosA.
Importantly, the enzyme is activated 15-fold by the monovalent
cation K+ with a Kact ) 10 ( 2 mM.3

FosA fromPseudomonas aeruginosacrystallized at 22°C from
40% Pentaerythritol propoxylate 6294 and 80 mM K2HPO4 (pH
7.0) in the presence 0.8 mM Mn2+ and 0.8 mM fosfomycin.5 The
structure was solved by MAD phasing off the thallium L-III
absorption edge (12.658 keV) with a crystal soaked with thallium-
(I) acetate. A three-wavelength thallium MAD data set at a
resolution of 2.0 Å and a native data set to 1.35 Å resolution were
collected at the Advanced Photon Source beamline 14BM-D. The
thallium sites were located in difference Patterson maps and refined

using the program SHARP.6 The electron density map was
improved by automated phase extension to the 1.35 Å native data,
and 93% of the chain was traced with the unrestrained automated
refinement procedure (ARP).7 After initial model building in O8

and refinement with REFMAC in the CCP4 program suite,9 the
refinement was completed in SHELXL10 with anisotropic B-factors
and the addition of riding hydrogen atoms. TheRcryst andRfree for
the final model were 0.132 and 0.177, respectively.11

The protein fold, illustrated in Figure 1, is similar to that seen
in structures of other members of the VOC superfamily, such as
glyoxalase I or the extradiol dioxygenases, and consists of paired
âRâââ motifs that form a cupped-shaped cavity for the metal ion
binding site.12 Like glyoxalase I, the metal sites exhibit a domain-
swapped arrangement with one motif derived from each subunit.
One unique feature of the structure is thatâ-strand-2 of the second
âRâââ motif is truncated to help form the potassium ion binding
loop between the second and thirdâ-strands. A substantial part of
the dimer interface includes anR-helix near the C-terminus that
packs against the N-terminalâRâââ motif from the opposite subunit
and a short C-terminalâ-strand that interacts with the second
â-strand of the same N-terminal motif.

The protein ligands in the Mn(II) coordination site are H7, H64,
and E110 as anticipated from sequence alignments and mutagenesis
experiments.1b,2aSurprisingly, the Mn(II) is four-coordinate with a
highly distorted tetrahedral geometry and a phosphate oxygen
completing the inner-coordination sphere as illustrated in Figure
2.14 Although a coordination number< 6 is anticipated on the basis
of the large axial zero-field splitting in the EPR spectrum of the
phosphate complex,2c four-coordinate Mn(II) is relatively rare in
small molecule structures, and there are no examples in high-
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Scheme 1

Figure 1. Ribbon diagram of FosA viewed down the noncrystallographic
two-fold relating the two subunits. The positions of the Mn(II) and K+

ions are shown as purple and green spheres, respectively. The image was
created with the program PyMol.13
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resolution structures of proteins.15 Although the crystals were
obtained in the presence of fosfomycin, it is clear from the electron
density maps that substrate is not in the coordination sphere of the
metal due to the presence of phosphate in the buffer.

The potassium binding site, formed by an extended loop between
two of theâ-strands, is six-coordinate with four carbonyl oxygens
and two serine hydroxyl groups serving as ligands (Figure 3). It is
unusual in that there is no carboxylate ligand to the cation as is
seen in most other K+ binding loops.16 The absence of a carboxylate
ligand should enhance the electrostatic influence of the K+ ion in
the active site. The K+ is located 6.5 Å from the Mn(II) ion, 4.4 Å
from the carboxylate of E110, and 3.7 Å from the nearest phosphate
oxygen.

To validate the use of Tl for MAD phasing of proteins that bind
K+, the structure of the thallium derivative was determined to 2.0
Å resolution. A rigid-body refinement of the native structure
provided the initial model, and further adjustment of the model

along with the addition of metal ions, water molecules, and ligands
resulted in a finalRcryst ) 0.197 andRfree ) 0.252. A total of six
Tl+ sites are found in the asymmetric unit.17 Of the four principal
sites used to derive the experimental phases, two, as expected, are
located in the K+ binding sites (occupancy) 0.7), while the others
(occupancy) 0.5) are located 7.1 Å away but just 3.8 Å from the
Mn(II). The second set of sites is surprising because of the close
proximity to the Mn(II) ion. Nevertheless, the second Tl site is
chemically reasonable in that the metal is bound to the sulfur of
C48 with two phosphate molecules bridging the Mn(II) and Tl ions
(see Figure S2, Supporting Information). The presence of different
types of Tl sites suggests that Tl may be more generally applicable
for MAD phasing of protein structures, even those without K+-
specific sites. The L-III edge of Tl, which is at the same wavelength
as the K-edge of Se, gives a strong anomalous signal at energies
easily accessible at synchrotron light sources.

The structure of FosA in complex with fosfomycin was obtained
from crystals soaked with a high concentration of the substrate.
The structure was solved at a resolution of 1.19 Å by rigid-body
refinement using the protein model from the phosphate complex.
After adjustment of the model and the addition of the metals, we
clearly observed electron density for fosfomycin near the Mn(II)
site in aFo - Fc difference map (Figure 4). The final structural
model was refined in SHELXL to aRcryst ) 0.146 andRfree ) 0.189.

The substrate-bound structure reveals important details about the
role of the Mn(II) and K+ ions in catalysis. In contrast to the
structure with the phosphate bound, the Mn(II) in this structure is
very close to five-coordinate with nearly perfect trigonal bipyra-
midal geometry (Figures 4 and 5). The two histidines and one
phosphonate oxygen occupy the coplanar equatorial sites, while

Figure 2. Divergent stereoview of the 2Fo - Fc (Φcalc) electron density map at 1.35 Å resolution and contoured at 2σ near the Mn(II) site. The Mn(II) and
K+ ions are shown as purple and green spheres, respectively. The metal ligands clockwise from the top are E110, H64, H7, and the phosphate ion. The
ligands are arranged in a highly distorted (flattened) tetrahedral geometry with the two histidines and the phosphate oxygen in the same equatorial plane.

Figure 3. K+ loop located betweenâ-strands 2 and 3 of the secondâRâââ
domain. The five residues that contribute the six ligands to the coordination
sphere are labeled.

Figure 4. Divergent stereoview of theFo - Fc (Φcalc) electron density of fosfomycin at 1.19 Å resolution contoured at 3σ. The difference map was
generated before adding the substrate model and water molecules. The final refined model is shown in stick representation. The Mn(II) is shown as a purple
sphere. The side chains shown clockwise from the top left are E110, H64, H7, T9, R119, and K90.

C O M M U N I C A T I O N S

11002 J. AM. CHEM. SOC. 9 VOL. 124, NO. 37, 2002



the carboxylate of E110 occupies one of the apical sites. The oxirane
oxygen of the substrate is located at the other apical site just 0.2 Å
beyond the average Mn-O distance for five-coordinate Mn(II).18

The K+ is located 4.4 Å from the nearest phosphonate oxygen
and may contribute to the orientation of the substrate. The hydroxyl
group of S94, which is part of the K-loop, forms a bridge between
the K+ and one of the phosphonate oxygens. Several other
conserved residues are also within hydrogen bonding distance of
the phosphonate oxygens, including the side chains of R119, K90,
and Y100. The backside of carbon-1 of the substrate, to which GSH
adds in the reaction, is located at the end of a short solvent channel
near the surface of the protein. The residues that constitute the GSH
binding site remain to be elucidated.

Importantly, the structure does reveal potential sources of
electrophilic catalysis in opening the oxirane ring as illustrated in
Figure 5. The most crucial of these involves the Mn(II) ion and
the hydroxyl group of T9. The close proximity of the oxirane
oxygen to the metal suggests that the Mn(II) stabilizes the alkoxide
in a transition state perhaps via a true trigonal bipyramidal complex.
The hydroxyl group of T9, which is conserved in the sequence of
the plasmid-encoded enzyme, is positioned to act as a proton donor.
Although the K+ ion does not participate directly in catalysis, its
influence may be relayed by the hydroxyl group of S98 (in the
K-loop) which is within hydrogen bonding distance of E110 and
thus in a position to enhance the electrophilicity of the Mn(II).
Experiments to evaluate the mechanistic proposals herein and to
determine the mode of interaction of GSH with the enzyme are
underway.
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Figure 5. Potential sources of electrophilic catalysis in the active site of
FosA. Internuclear distances between heteroatoms are given in Å. The Mn-
(II)-N bond distances for H64 and H7 are 2.12 and 2.11 Å, respectively.
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