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Abstract

The genomically encoded fosfomycin resistance protein from Pseudomonas aeruginosa (FosAPA)
utilizes Mn(l1) and K™ to catalyze the addition of glutathione (GSH) to C1 of the antibiotic rendering
it inactive. Although this protein has been structurally and kinetically characterized with respect to
the substrate, fosfomycin, questions remain regarding the how the enzyme binds the thiol substrate,
GSH. Computational studies have revealed a potential GSH binding site in FosAPA that involves six
electrostatic or hydrogen-bonding interactions with protein side-chains as well as six additional
residues that contribute van der Waals interactions. A strategically placed tyrosine residue, Y39,
appears to be involved in the ionization of GSH during catalysis. The Y39F mutant exhibits a 13-
fold reduction of catalytic activity (ke = 14 + 2 s71), suggesting a role in the ionization of GSH.
Mutation of five other residues (W34, Q36, S50, K90 and R93) implicated in ionic of hydrogen
bonding interactions resulted in enzymes with reduced catalytic efficiency, affinity for GSH or both.
The mutant enzymes were also found to be less effective resistant proteins in the biological context
of E. coli. The more conservative W34H mutant has native-like catalytic efficiency suggesting that
the imidazole NH group can replace the indole group of W34 that is important for GSH binding. In
the absence of co-crystal structural data with the thiol substrate, these results provide important
insights into the role of GSH in catalysis.

Keywords
Antibiotic resistance; Glutathione; Fosfomycin; Metalloenzyme

INTRODUCTION

Development of resistance to antibiotics by microorganisms remains a critical problem in
treatment of infectious disease (1-3). Understanding the mechanisms by which bacteria process
therapeutic agents can lead to development of novel effective treatments. Fosfomycin, a natural
product originally isolated from certain strains of Streptomyces (4,5), was identified as an
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excellent antibiotic in that it was effective against both Gram positive and negative organisms
and produced virtually no side effects with treatment (6). The antibiotic covalently inhibits the
enzyme MurA, the pyruvyl transferase that catalyzes the first step in cell wall biosynthesis.
However, several avenues of microbial resistance appeared shortly after its introduction into
the clinic. These include mutations in enzyme MurA (7), mutations in phosphonate uptake
pathways (8,9), and the inactivation of fosfomycin by resistance proteins that cleave the carbon-
oxygen bond of the epoxide moiety (10-13). Resistance proteins of the FosA-class are
metalloenzymes that catalyze the nucleophilic addition of the tri-peptide glutathione to the C1
position of the antibiotic, cleaving the epoxide ring and inactivating the antibiotic (Scheme 1).

While various biochemical methods including X-ray crystallography (14), electron
paramagnetic resonance spectroscopy (15-17), and kinetic characterization have answered
many questions regarding how the Mn(I1) and K* ions and fosfomycin bind to the FosA
enzymes, little is known about how the proteins bind GSH and catalyze the addition of the
thiol to the antibiotic. Work presented here reports the elucidation of a potential GSH binding
site through manual docking of GSH to the model of FosAPA obtained from the crystal structure
followed by energy minimization of the docked complex. Mutagenesis of potential binding
and catalytic residues followed by kinetic characterization and GSH binding studies provide
additional support for the proposed binding site.

EXPERIMENTAL PROCEDURES

Materials

Glutathione was purchased from RPI (Mt. Prospect, IL). Potassium chloride, manganese
chloride and thiazolyl blue tetrazolium bromide were purchased from Sigma (St. Louis, MO).
Fosfomycin disodium salt was purchased from Fluka (Ronkonkoma, NYY). Acetonitrile (HPLC
grade) was purchased from Fisher. AccQ-FlourTM Derivatizing Reagent (AQC) was
purchased from Waters (Milford, MA).

GSH docking and energy minimization

Glutathione was docked manually in the active site of FosAPA from the PDB coordinate file
1LQP (16) with an interactive molecular graphics package. GSH was initially positioned based
on experimental evidence that the thiol is added to C1 of fosfomycin during catalysis (18). A
second fosfomycin molecule bound at the entrance of the FosA active site was removed from
the crystal structure complex to facilitate the placement of GSH, and side chain conformations
for active site residues Q36 and K90 were adjusted using a backbone-dependent rotamer library
(19) to eliminate unfavorable steric interactions. Water molecules in or near the active site
entrance that overlapped significantly with the docked GSH molecule were removed, but all
other water molecules observed in the crystal structure were retained in the model complex.

GSH contains a y-glutamyl residue that is not well represented by the standard AMBER ff99
force field (20), so suitable geometry and partial charge parameters were developed, using
methyl glutamine as a model compound. A geometry-optimized structure for GSH was
computed using a Hartree-Fock method with a 3-21G* basis set, and equilibrium bond lengths
and angles were taken directly from this structure. All necessary bond, bond angle, and torsion
angle force constants were available in the standard potential function data set. Molecular
electrostatic potentials were calculated over a grid of points for both GSH and fosfomycin
using Hartree-Fock optimized geometries and a 6-31G* basis set. Partial charges for each
substrate were then derived by fitting the electrostatic potential to an atom-centered point
charge model. Additional parameters for fosfomycin and active site Mn(I1) and K* ions were
taken directly from the standard database.
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Hydrogen atoms were added to the enzyme-substrate complex using the LeAP module, and
the resultant complex was refined with steepest-descent and conjugate-gradient energy
minimization to remove remaining unfavorable steric interactions or conformational strain.
Energy minimization calculations were performed with a distance-dependent dielectric model,
using the AMBER 8.0 package (AMBER 8)(21). All quantum mechanical calculations were
performed using Gaussian98 (22). Charge-fitting calculations were done with the RESP
package (23).

Generation of Mutants

Site-directed mutagenesis was performed on the FosAPA expression plasmid using the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Oligonucleotide primers
(Invitrogen - Carlsbad, CA) were designed to change codon 34 from TGG to GCG (W34A)
and CAC (W34H), codon 36 from CAG to AAC (Q36N), codon 39 from TAT to TTT (Y39F),
codon 90 from AAG to GCG (K90A), codon 93 from CGC to GCG (R93A), and to insert CGC
GTC GAG (RVE) between codons 93 (R) and 94 (S). All mutations were confirmed by DNA
sequencing.

Expression and purification of mutants

Mutants were expressed and purified as described for native protein (24). Briefly, for the
mutants of FosAPA, bacteria were lysed by sonication followed by centrifugation to pellet the
cell debris. The lysate was dialyzed against 20 mM Tris (pH 7.5) prior to loading onto a DEAE-
cellulose column equilibrated with this buffer. Protein was eluted with a salt gradient [(20 to
500 mM NaCl in 20 mM Tris (pH 7.5)]. Fractions containing the enzyme were pooled and
dialyzed against 20 mM KH,PO,4 (pH 6.8). Protein was passed isocratically through a
hydroxylapatite column equilibrated with the same buffer. Fractions containing the enzyme
were pooled and dialyzed against 20 mM TMA/HEPES (pH 8.0) containing Chelex resin and
5 mM EDTA followed by dialysis against 20 mM TMA/HEPES (pH 8.0). Protein was then
demetallated and passed isocratically through an S100 gel filtration column. The protein was
then dialyzed in 20 mM HEPES (pH 8.0), concentrated, and stored at —80 (C.

Kinetic analysis of native and mutant enzymes

The kinetic assay for native protein was followed as described (24) to determine kinetic
parameters for mutants. Briefly, enzyme was incubated with the appropriate metal(s) prior to
addition of thiol and fosfomycin (disodium or TMA salt). Reactions were quenched at a time
such that less than 20% of the variable substrate was consumed and derivatized with a
fluorescent reagent (AQC) prior to HPLC analysis. Data was fit to a Michaelis-Menton curve
to calculate Keat, K, and Keat/ Kyg. For the K90A and R93A mutations saturation with GSH
was not possible for this analysis inasmuch as the maximum practical concentration of GSH
in the assay is 100 mM. For these mutants a kea/KpmCSH was calculated by fitting the linear
portion of the curve with a straight line (25).

Fluorescence titration of FosAPA with glutathione

A solution of 5 M FosAPA in the presence of 50 kM MnCl, and 100 mM KCI was prepared
in 20 MM TMA/HEPES (pH 8.0) that had been filtered through a 0.2 um filter. A solution of
buffer containing MnCl, and KCI was prepared similarly. Only 1 uM enzyme was used for the
Q36N, Y39F, S50A, K90A and R93A mutants. GSH was added to both solutions incrementally
while monitoring the change in fluorescence. Titration measurements were made in triplicate
on a SPEX Fluorolog-3 spectrofluorimeter (Jobin Yvon Horiba, Edison, NJ) in the constant-
wavelength mode. Solutions were excited at 275 nm (3 nm slit width), and emission
measurements were taken at 340 nm (3 nm slit width) for most mutants. For the K90A and
RI93A mutants, excitation was at 295 nm (2 nm slit width) and emission was measured at 328
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nm (4 nm slit width). This is due to the lower absorbance of GSH at 295 nm versus 275 nm.
After correction for fluorescence of the buffer solution, data were averaged and fit to a
hyperbola to obtain the apparent K.

Determination of the minimum inhibitory concentration (MIC1qq)

To test whether or not the mutations made in FosAPA affected the ability of the enzyme confer
resistance to the antibiotic the mutant expression plasmids were transformed into E. coli and
grown on LB plates containing different amounts of the antibiotic. Each plate contained
between 0 and 20 mg/mL fosfomycin, 100 ug/mL ampicillin, and 10 ug/mL glucose-6-
phosphate. Plates were divided into six sections to accommaodate six different samples. For
each plate one section was native FosAPA (positive control), another was E. coli transformed
with empty vector (pET20, negative control), and the other four were the various mutants. For
each spot on the plate, 30 pL of suspension of bacteria (ODggg = 0.03) in LB/Amp media was
added and spread onto the plate. Plates were incubated at 37° C for 16 hours. Plates were
visualized by spraying them with a solution of 0.5 mg/mL thiazolyl blue tetrazolium bromide.

RESULTS

GSH docking and minimization

A potential GSH binding site was identified in FosAPA through manual molecular docking
followed by energy minimization of the docked complex. Favorable intermolecular hydrogen
bonding or electrostatic interactions to the docked GSH in the model include R93, K90, S50,
Y39, Q36, and W34 as illustrated in Figure 1. Other residues making van der Waals contacts
with GSH include Q91, H64, Y62, C48, Y128, and R119. Figure 1 shows the location of GSH
in a ribbon diagram of FosAPA as well as a diagram of hydrogen bonding interactions between
GSH and the protein. (Figure 1 here)

Kinetic analysis of native and mutant enzymes

The ionization of GSH during catalysis often involves electrophilic assistance by an active site
tyrosine or serine residue in the canonical GSH transferases (26). Although S50 was a
preliminary candidate for playing this role in FosAPA, the S50A mutation had little effect on
catalysis (Table 1) but has a relatively large effect on the K4&SH. Results from the energy-
minimized docked enzyme-substrate complex indicated that the hydroxyl group of Y39 is in
a good position to assist in the ionization GSH, being 3.5 A from the unionized thiol of GSH
and the C1 group of fosfomycin, respectively. The ionized thiol was not represented explicitly
in our calculations (see Methods). The Y39F mutant displayed a 13-fold reduction in turnover
and a 50-fold decrease in catalytic efficiency, kea/KpCSH (Table 1).

Results from the molecular docking indicated that the side chains of W34, Q36, K90, and R93
are within hydrogen bonding or favorable electrostatic distance of various carbonyl and
carboxylate oxygens of the substrate. The mutation of W34, K90, and R93 to alanine all resulted
in a significant decrease in kgot and keat/Kpn, analogous to that seen in the Y39F mutant (Table
1).

Fluorescence titration of enzyme with GSH

Titration of FosAPA with GSH as monitored by intrinsic protein fluorescence revealed that the
protein has an equilibrium dissociation constant similar to the unrelated canonical GSH
transferases (Table 1, Figure 2) (26). In contrast, the K4CSH for the Q36N, Y39F, S50A, K90A
and R93A mutants increased between 150 and 400-fold as compared to the native enzyme
(Table 1, Figure 2).
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The two cationic residues K90 and R93 reside at the base of the K*-hinding loop as is illustrated
in Figure 3. The FosA enzymes are activated up to 100-fold by K* or other monovalent cations.
It is interesting to note that the catalytic efficiency of the enzyme and its ability to bind GSH
are compromised in the absence of K* to an extent that is comparable to either the K90A or
R93A mutants (Table 1). To further investigate this observation the connection between the
K90/R93 GSH binding residues and the residues involved in the binding of K* was disrupted
by a three-residue insertion (Figure 3). The catalytic and binding properties were quite similar
to the behavior of the enzyme in the absence of K*.

The role of W34 in the enzyme is more complex. The W34A mutant displayed a 30-fold
decrease in keai/KvCSH (Table 1), which would be consistent with a role in the binding of GSH
as suggested by the model. However the protein precipitated during the fluorescence titration
experiments at relatively low [GSH], a fact that precluded a determination of K4®SH and
suggested that the mutant was unstable in the presence of GSH. In contrast, the W34H mutant,
featuring an imidazole NH group that has potential to serve as a hydrogen-bond donor to GSH
was quite stable and showed near-native levels of enzyme activity and GSH binding affinity.
Two of the other mutants also displayed curious behavior. Both the S50A and Q36N mutants
exhibited elevated dissociations constants for GSH but appeared to maintain the catalytic
efficiency of the native enzyme.

The mutation of residues in the GSH binding site had, in general, a smaller effect on the
efficiency of the enzyme as judged by keai/KmS. This result is consistent with the fact that
residues thought to be involved in GSH binding, not the recognition of fosfomycin, were chosen
for analysis. The largest deficit in catalytic efficiency with respect to keai/Km S (600-fold) was
recorded in the absence of K* ion, a fact that may suggest multiple roles of K* in catalysis.

In vivo efficacy of FOsSA and its mutants

A biological test of the efficacy of the enzyme is how well the protein performs in conferring
resistance to fosfomycin in E. coli. The bacterium is quite sensitive to fosfomycin with an
MIC1gg of <0.025 mg/mL in agar (13). The MIC1g values observed for most mutant proteins
described here exhibit marked decreases in their ability to confer resistance to fosfomycin when
the expression plasmids are transformed into E. coli. The greatest changes are seen in the
W34A, Y39F, K90A, and R93A mutants and the K-loop mutant (Table 1). These five mutants
displayed MIC values of less than 1 mg/mL for the W34A and Y39F mutants and less than 2
mg/mL for the KQOA and R93A mutants. There is a loose correlation between the mutant
keat/ KmCSH and the value of the MIC. Typically, mutants with a keai/Kp©SH less than 103
M~1s71 have very low MIC values (< 2 mg/mL), while those above 103 M~1s~1 have much
greater MIC values (usually as high as native FosAPA, 20 mg/mL). There are two exceptions
to this. The Q36N and S50A mutants have respectable values of keai/KpCSH that are > 104
M~1s71 but relatively low MIC values of <4 mg/mL). Both of these mutants have high turnover
numbers but also high K4&SH.

DISCUSSION
Model of the GSH binding site

The model of the GSH binding site generated by manual docking and energy minimization of
the docked complex suggests that there are six residues that contribute hydrogen-bonding or
ionic interaction with GSH and six others that are within van der Waals contact of the substrate.
The quality of the model was assessed experimentally by comparison of the kinetic, binding
and biological data of the mutants predicted to be involved in ionic or hydrogen-bonding
interactions with GSH. To initiate the discussion it is useful to point out a recent paper that
utilized targeted saturation mutagenesis of FosAPA to determine essential, near essential and
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non-essential residues for fosfomycin resistance in E. coli (27). The 24-targeted residues in
this particular study were selected based on their proximity to the active site as revealed by the
published crystal structure of the protein (14). Of the 12 residues identified in the model of the
GSH bhinding site presented here, ten were among the test set for the saturation mutagenesis
study and seven of the ten were determined to be either “essential” (W34, Y39, H64, R119) or
“near essential” (K90, C48, Y128). So, the structural model for the GSH binding site appears
to be largely, though not completely, consistent with the previous saturation mutagenesis
studies (27).

Activation of GSH

The FosA proteins contain several tyrosine residues near the active site that could serve to
facilitate the ionization of GSH during catalysis. Two of these, Y62 and Y100, are conserved
throughout the fosfomyecin resistance protein family and have previously been implicated in
the binding of fosfomycin (28). In addition to the strictly conserved tyrosine residues, Y39
seemed a good candidate for participation in the ionization of the thiol of GSH due to its position
proximal to the thiol group of GSH in the docked model. In addition, this residue is conserved
in the FosB group of resistance proteins that utilize L-cysteine rather that GSH (29). Available
data from canonical GSH transferases indicates that hydrogen bonding to the thiol can lower
the pK, of the thiol (26). This interaction is often assisted by secondary interactions with other
hydrogen-bonding partners. The potential hydrogen-bonding interaction between the hydroxyl
groups of Y39 and Y128, conserved in the FosA proteins, is consistent with a second-sphere
interaction that assists in the deprotonation of the thiol of GSH via Y 39. It is interesting to note
that Y128 was identified as a “near essential” residue in the targeted saturation mutagenesis
study that is cited above (27). A 13-fold reduction in activity was observed for the Y 39F mutant.
While this reduction is not as great as seen in equivalent mutants of the canonical GSH
transferases, the activation of the oxirane ring of fosfomycin by the Mn(ll) center increases
the electrophilicity of the oxirane carbon and could therefore decrease the influence of thiolate
anion formation on catalysis (30).

The coupling of GSH and K* binding

In the model of the GSH binding site, other residues forming intermolecular hydrogen bonds
to the docked substrate include R93, K90, S50, Q36, and W34 (Fig. 1). Of the residues that
interact with GSH, K90 and R93 are particularly interesting as they both are proposed to ion-
pair with the terminal carboxyl of GSH, a feature that is common in many GSH binding
proteins. In addition, these residues are located near the K-loop of the enzyme (Figure 4)
suggesting that K*-binding and the binding of GSH may be coupled. Mutation of either of
these residues, the absence of a monovalent cation, or the mutational disruption of the K-loop
results in a substantial decrease in ke,/Kpm®SH, Kg&SH, and the ability of the enzyme to confer
resistance to fosfomycin. Although the binding of K* to the enzyme is known to be required
for full activity, the exact role of K* in catalysis has remained elusive. The crystal structure of
the enzyme (14) suggested that the potassium ion served to orient the phosphonate of
fosfomycin in the active site. The results presented here indicate that the role of K* and the K-
loop may be more complex and perhaps also involves the proper orientation of K90 and R93
to assist in the binding of GSH. These results indicate that both K90 and R93 are crucial for
fully functional enzyme. This is in contrast to the previous observation that R93 is a “non-
essential” residue (27).

The W34A mutant was deficient in catalysis and the ability to confer resistance. It also tended
to precipitate during titrations with GSH suggesting that the mutant protein was unstable. The
results with the W34A mutant are consistent with the previous identification of W34 as an

“essential” residue (27). However, the W34H mutant exhibited good catalytic properties and
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conferred substantial resistance to fosfomycin in E. coli, suggesting that W34, while important,
is not absolutely essential.

Although the Q36N mutant exhibited k.,/Kpm®SH close to that of the native enzyme it had a
greatly elevated K4®SH and conferred only a modest degree resistance in E. coli. This result is
consistent with the proposed role of the side-chain of Q36 in binding GSH (Figure 1). This
residue was not targeted for saturation mutagenesis in the previous study (27), but appears to
be essential or near-essential for biological function based on the results of the present study.

The role of the hydroxyl group of S50 in catalysis and the biological function of the enzyme
remains unclear. The computational model indicates that the side-chain hydroxyl group is
within hydrogen-bonding distance of the y-glutamyl-carbonyl of GSH. Indeed, the S50A
mutant has a very elevated K GSH. However, the enzyme is as catalytically efficient as the
native enzyme, but is deficient in fosfomycin resistance in the agar assay used in this work.
Interestingly, S50 was designated as a “non-essential” residue in the saturation mutagenesis
study (27). The reasons for this apparent discrepancy may be the differences in agar assays
used in each study. The assay used in this work included glucose-6-phosphate, which enhances
the uptake of the antibiotic.

Correlation of the kinetics, binding data, and biological activity

There is a reasonable correlation of the ke/KymCSH and the K4GSH with the ability of most of
the mutants to confer resistance to fosfomycin in E. coli. However the correlation is far from
perfect. This fact reflects the complexity of the interactions necessary for an efficient enzyme
including the binding of Mn(l1), K* and fosfomycin. There are also obvious differences in the
conditions for the in vitro assays for catalytic activity and the in vivo conditions for the antibiotic
assay. It is true that, in general, the effects of the mutations on keg/KyGSH and K4GSH are more
pronounced than their effects on kea/KpmS. This is not unexpected since the mutations were

designed to target residues proposed to be involved in the binding of GSH and not fosfomycin.

Conclusions

The kinetic and functional properties of site-specific mutants and previous work on targeted

saturation mutagenesis (27) lends solid experimental support to a computationally derived GSH
binding site. The results also indicate that the binding of K* to the K-loop may also be important
for the orientation of the K90 and R93 residues that are necessary for effective binding of GSH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A. Ribbon diagram of FosAPA with GSH shown in the docked position (Mn(11) in purple and
K* in dark blue). Residues that contribute electrostatic or hydrogen bonding interactions with
GSH are shown in yellow while residues that are in van der Waals contact are shown in light
blue. B. Diagram of residues participating in potential hydrogen-bonding or electrostatic
interactions with GSH. The numbers represent the distances in A. The position of the thiol
group of GSH relative to Y39 and fosfomycin C1 is indicated. The distance between sulfur of
GSH and C1 of fosfomycin is 3.5 A, which is a favorable van der Walls contact.
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Figure 2.

A. Fluorescence spectra of the FosAPA«Mn(11)eK* complex in the absence (—) and presence
(---) of GSH upon excitation at 275 nm. B. Fluorescence spectra of the R93AFosAPA«Mn(I1)
«K* complex in the absence (—) and presence (---) of GSH upon excitation at 295 nm. C.
Relative change in intrinsic protein fluorescence for FosAPA«Mn(11)sK* at 340 nm upon
addition of GSH. The solid line is the fit of the data to a rectangular hyperbola with a K4&SH
=0.13 + 0.03 mM. D. Relative change in intrinsic protein fluorescence for RO3AFosAPA«Mn
(11)eK™* at 340 nm upon addition of GSH. The solid line is the fit of the data to a rectangular
hyperbola with a K4CSH = 23 + 3 mM.
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FIGURE 3.

Sequence alignment of the FosAPA and FosATN enzymes near the K-loop showing the position
of the three-residue insertion to disrupt the register between K90/R93 and the K*-binding loop.
Residues involved in the binding of GSH, K* and the insertion are shown in red, green and
blue, respectively.
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FIGURE 4.
Stereo-view of the interaction of GSH with the K-loop of FosAPA. The Mn(ll) and K*-ions
are shown as purple and orange spheres, respectively.
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id; FosA, fosfomycin resistance protein A; FosB, fosfomycin resistance protein B; GSH, glutathione; HA, hydroxylapetite resin, HEPES, N-(2-hydroxethyl)piperazine-N'-ethanesulfonic acid; MIC
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