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The fosfomycin resistance protein (FosA) is a Mn(ll)-dependent using the program SHARP.The electron density map was
metalloenzyme that catalyzes the addition of glutathione (GSH) to improved by automated phase extension to the 1.35 A native data,
the broad-spectrum antibiotic fosfomycih, rendering it inactive and 93% of the chain was traced with the unrestrained automated
(Scheme 1}.The plasmid-encoded enzyme originally derived from refinement procedure (ARP)After initial model building in G
resistant clinical isolates of Serratia has been extensively characterand refinement with REFMAC in the CCP4 program sditee
ized biochemically and spectroscopicalEvidence suggests that  refinement was completed in SHELXwith anisotropic B-factors
the Mn(ll) center is directly involved in catalysis and that the and the addition of riding hydrogen atoms. TRgs; and Ry for

enzyme requires the monovalent catiori for optimal activity. the final model were 0.132 and 0.177, respectivély.

However, the exact roles of the divalent and monovalent cations The protein fold, illustrated in Figure 1, is similar to that seen
in catalysis remain to be elucidated. in structures of other members of the VOC superfamily, such as
glyoxalase | or the extradiol dioxygenases, and consists of paired

Scheme 1 pappp maotifs that form a cupped-shaped cavity for the metal ion

0] 2 /0- binding site!? Like glyoxalase |, the metal sites exhibit a domain-
-Q/A\c FosAMd", K H swapped arrangement with one motif derived from each subunit.

OII Hy GSH H One unique feature of the structure is tfagtrand-2 of the second
HO 1 GS CHs poppp motif is truncated to help form the potassium ion binding

loop between the second and thifestrands. A substantial part of

A survey of the microbial genome sequence database indicatesthe dimer interface includes awrhelix near the C-terminus that
that there are a number of FosA homologues encoded in the Packs against the N-terminady34/3 motif from the opposite subunit
genomes of pathogenic microorganisms. These genes may confe@nd a short C-termingB-strand that interacts with the second
an intrinsic resistance to the antibiotic and compromise its clinical A-Strand of the same N-terminal motif.
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 pathogeRseudomonas aeruginasehe structure was
solved exploiting the monovalent cation-binding site for multi-
wavelength anomalous diffraction (MAD) phasing with thallium-
.

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 characteristikg(= 80 + 2 s1,
KealKmfs = (2.14 0.1) x 10° M~ 571, andkea/Ky®SH = (1.20+
0.09) x 10* M~t s similar to those of the plasmid-encoded FosA.
Importantly, the enzyme is activated 15-fold by the monovalent
cation K" with @ Kae = 10+ 2 mM.3 R Figure 1. Ribbon diagram of FosA viewed down the noncrystallographic

FosA fromPseudomonas aeruginoseystallized at 22C from two-fold relating the two subunits. The positions of the Mn(ll) and K
40% Pentaerythritol propoxylate 62@nd 80 mM KHPO;, (pH ions are shown as purple and green spheres, respectively. The image was
7.0) in the presence 0.8 mM Mhand 0.8 mM fosfomycit. The created with the program PyM&t.
structure was solved by MAD phasing off the thallium L-llI o ) o )
absorption edge (12.658 keV) with a crystal soaked with thallium- 1€ protein ligands in the Mn(ll) coordination site are H7, H64,
() acetate. A three-wavelength thallium MAD data set at a and E_llO as ant|C|pat_e(_:i from sequence_ahgnments e_md mut_agene5|s
resolution of 2.0 A and a native data set to 1.35 A resolution were €XPeriments>2Surprisingly, the Mn(ll) is four-coordinate with a
collected at the Advanced Photon Source beamline 14BM-D. The Nighly distorted tetrahedral geometry and a phosphate oxygen

thallium sites were located in difference Patterson maps and refinedcemPpleting the inner-coordination sphere as illustrated in Figure
214 Although a coordination numbet 6 is anticipated on the basis

*To whom correspondence should be addressed. E-mail: r.armstrong@ Of the large axial zero-field splitting in the EPR spectrum of the

‘f"'{‘,g‘:%’grigiﬁdd‘mversity phosphate comple, four-coordinate Mn(ll) is relatively rare in
*Louisiana State University. small molecule structures, and there are no examples in high-
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Figure 2. Divergent stereoview of theF2 — F (®ca) electron density map at 1.35 A resolution and contouredratear the Mn(ll) site. The Mn(Il) 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 samelageatorial p

along with the addition of metal ions, water molecules, and ligands
resulted in a finaRgyst = 0.197 andRyee = 0.252. A total of six

TI* sites are found in the asymmetric uHitOf 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 A away but just 3.8 A from the
Mn(ll). The second set of sites is surprising because of the close
proximity to the Mn(ll) ion. Nevertheless, the second Tl site is
chemically reasonable in that the metal is bound to the sulfur of

Figure 3. K* loop located betweefi-strands 2 and 3 of the secofid 38 C48 with two phosphate molecules bridging the Mn(ll) and Tl ions

domain. The five residues that contribute the six ligands to the coordination (S€€ Figure S2, Supporting Information). The presence of different
sphere are labeled. types of Tl sites suggests that TI may be more generally applicable

for MAD phasing of protein structures, even those without K
resolution structures of proteid%.Although the crystals were  specific sites. The L-lll edge of Tl, which is at the same wavelength
obtained in the presence of fosfomycin, it is clear from the electron as the K-edge of Se, gives a strong anomalous signal at energies
density maps that substrate is not in the coordination sphere of theeasily accessible at synchrotron light sources.
metal due to the presence of phosphate in the buffer. The structure of FosA in complex with fosfomycin was obtained

The potassium binding site, formed by an extended loop betweenfrom crystals soaked with a high concentration of the substrate.
two of the-strands, is six-coordinate with four carbonyl oxygens The structure was solved at a resolution of 1.19 A by rigid-body
and two serine hydroxyl groups serving as ligands (Figure 3). It is refinement using the protein model from the phosphate complex.
unusual in that there is no carboxylate ligand to the cation as is After adjustment of the model and the addition of the metals, we
seen in most other Kbinding loopst® The absence of a carboxylate  clearly observed electron density for fosfomycin near the Mn(ll)
ligand should enhance the electrostatic influence of thédf in site in aF, — F difference map (Figure 4). The final structural
the active site. The Kis located 6.5 A from the Mn(ll) ion, 4.4 A model was refined in SHELXL t0 Beryst= 0.146 andRyee = 0.189.
from the carboxylate of E110, and 3.7 A from the nearest phosphate  The substrate-bound structure reveals important details about the
oxygen. role of the Mn(ll) and K ions in catalysis. In contrast to the

To validate the use of Tl for MAD phasing of proteins that bind  structure with the phosphate bound, the Mn(ll) in this structure is
K, the structure of the thallium derivative was determined to 2.0 very close to five-coordinate with nearly perfect trigonal bipyra-
A resolution. A rigid-body refinement of the native structure midal geometry (Figures 4 and 5). The two histidines and one
provided the initial model, and further adjustment of the model phosphonate oxygen occupy the coplanar equatorial sites, while

Figure 4. Divergent stereoview of th&, — F¢ (®caq electron density of fosfomycin at 1.19 A resolution contoured @t The difference map was
generated before adding the substrate model and water molecules. The final refined model is shown in stick representation. The Mn(ll) is shpien as a pur
sphere. The side chains shown clockwise from the top left are E110, H64, H7, T9, R119, and K90.
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