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Abstract
The PA3004 gene of Pseudomonas aeruginosa PAO1 was originally annotated as a 5’-
methylthioadenosine phosphorylase (MTAP). However, the PA3004 encoded protein uses 5’-
methylthioinosine (MTI) as a preferred substrate and represents the only known example of a
specific MTI phosphorylase (MTIP). MTIP does not utilize 5’-methylthioadenosine (MTA).
Inosine is a weak substrate with a kcat/Km value 290-fold less than MTI and is the second best
substrate identified. The crystal structure of P. aeruginosa MTIP (PaMTIP) in complex with
hypoxanthine was determined to 2.8 Å resolution and revealed a three-fold symmetric
homotrimer. The methylthioribose and phosphate binding regions of PaMTIP are similar to
MTAPs, and the purine binding region is similar to that of purine nucleoside phosphorylases
(PNPs). The catabolism of MTA in P. aeruginosa involves deamination to MTI and
phosphorolysis to hypoxanthine (MTA → MTI → hypoxanthine). This pathway also exists in
Plasmodium falciparum, where the purine nucleoside phosphorylase (PfPNP) acts on both inosine
and MTI. Three tight-binding transition state analogue inhibitors of PaMTIP are identified with
dissociation constants in the picomolar range. Inhibitor specificity suggests an early dissociative
transition state for PaMTIP. Quorum sensing molecules are associated with MTA metabolism in
bacterial pathogens suggesting PaMTIP as a potential therapeutic target.

Pseudomonas aeruginosa is a Gram-negative bacterium found in a wide range of
environments including water, soil, and mammals (1). It is a major opportunistic human
pathogen, infecting burns, and lungs in cystic fibrosis (2). Compromised immune systems
and extended hospitalization are correlated with infections, making P. aeruginosa the
causative agent of approximately 15% of all hospital infections (2). P. aeruginosa infections
are difficult to treat since the bacterium has multiple antimicrobial resistance mechanisms
(3). Chronic infections can be severe in patients with cystic fibrosis, causing high rates of
morbidity and mortality (4,5). P. aeruginosa contain quorum sensing (QS) pathways
involved in the regulation of virulence factors and biofilm formation (7).

Signal molecules of QS include N-acyl-homoserine lactones (AHLs). The concentration of
AHLs increases during bacterial growth to allow AHL binding to specific receptors with the
regulation of target genes. In P. aeruginosa, the las and rhl QS systems use AHLs of 3-oxo-
C12-homoserine lactone and C4-homoserine lactone as signal molecules, respectively.
Microarray studies on P. aeruginosa indicated that QS regulated 3–7% of the total open
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reading frames (6–8). Deletion of single or multiple QS genes reduced the virulence of P.
aeruginosa in mouse studies, indicating a strong correlation between the QS system and P.
aeruginosa pathogenesis (9–14). Quorum sensing blockade does not affect bacterial growth
and is therefore expected to attenuate the virulence of infection without causing drug
resistance (15).

Potential therapeutic targets in the QS system include enzymes involved in the formation of
AHLs that act as signaling molecules and as virulence factors in P. aeruginosa (15). AHLs
are synthesized from S-adenosylmethionine (SAM) and acylated-acyl carrier protein by
AHL synthase with 5'-methylthioadenosine (MTA) as a by-product. MTA is recycled to
ATP and methionine for SAM recycling (16). In bacteria, 5'-methylthioadenosine
nucleosidase (MTAN) is part of the normal pathway to produce adenine and 5-
methylthioribose-α-D-1-phosphate (MTR-1-P) from MTA for SAM recycling. Transition
state analogue inhibitors of E. coli and V. cholerae MTAN disrupt quorum sensing and
reduce biofilm formation, supporting MTAN as a target for QS (16).

P. aeruginosa is an unusual bacterium as it possesses a putative 5'-methylthioadenosine
phosphorylase (MTAP: PA3004 gene) instead of MTAN. MTAP is rare in bacteria and
common in mammals while MTAN is not found in mammals. The action of MTAP on MTA
would be functionally similar to that of MTAN by relieving MTA product inhibition of
AHL synthase and permitting SAM recycling in P. aeruginosa (17).

The PA3004 gene of P. aeruginosa PAO1 encodes a protein (NCBI ID of NP_251694.1)
annotated as a "probable nucleoside phosphorylase" in PseudoCAP (18). It was later
proposed to be an MTAP based on catabolism studies in mutant strains of P. aeruginosa
(19). PAO503 is a P. aeruginosa methionine-auxotroph. A new strain (PAO6422) was
created by inactivating the PA3004 gene of PAO503. PAO503 was complemented for
growth on minimum medium with methionine, homocysteine or MTA. PAO6422 responded
to methionine and homocysteine but was not complemented by MTA (19). These results
supported an MTAP activity for the PA3004 encoded protein. However, the results also
support a pathway of MTA → MTI → hypoxanthine + MTR-1-P → methionine, but this
was not considered in the original annotation.

In this report we establish the PA3004 encoded protein to be 5'-methylthioinosine
phosphorylase (MTIP). Examination of MTA metabolism in P. aeruginosa using
[8-14C]MTA confirmed that the pathway involves MTIP. The crystal structure of PaMTIP
and three transition state analogue inhibitors with picomolar Ki values for PaMTIP are
described.

MATERIALS AND METHODS
Chemicals

MT-ImmH, PhT-ImmH, and MT-DADMe-ImmH were synthesized by the Carbohydrate
Chemistry Team of Industrial Research Ltd, Lower Hutt, New Zealand (Fig. 1).
[8-14C]MTA was synthesized as described previously (20). All other chemicals and reagents
were obtained from Sigma or Fisher Scientific, and were of reagent grade.

Plasmid construction
A synthetic gene was designed based on the predicated protein sequence of NP_251694.1 in
NCBI, annotated as MTAP of Pseudomonas aeruginosa PAO1. The synthetic gene was
obtained in a pJexpress414 expression vector from DNA2.0 Inc. This construct encodes an
additional 14 amino acids at the N-terminus which includes a His6 tag and a TEV cleavage
site.
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Enzyme purification and preparation
BL21-CodonPlus(DE3)-RIPL E. coli were transformed with the above plasmid and grown
overnight at 37 °C in 50 mL of LB medium with 100 µg/mL Ampicillin. The culture was
transferred into 1 L of LB/Ampicillin medium and growth continued at 37 °C to an O.D.600
of 0.7. Expression was induced by addition of 1 mM IPTG. After 4 hours at 37 °C, the cells
were harvested by centrifugation at 4500 g for 30 min. The cell pellet was suspended in 20
mL of 15 mM imidazole, 300 mM NaCl, and 50 mM phosphate, pH 8.0 (lysis buffer), with
2 tablets of EDTA-free protease inhibitor (from Roche Diagnostics) and lysozyme (from
chicken egg) added to the mixture. Cells were disrupted twice with a French Press and
centrifuged at 20,000 g for 30 min. The supernatant was loaded onto a 4 mL column of Ni-
NTA Superflow resin previously equilibrated with 5 columns of lysis buffer. The column
was washed with 5 volumes of 80 mM imidazole, 300 mM NaCl, and 50 mM phosphate, pH
8.0 (wash buffer), and enzyme was eluted with 3 volumes of 250 mM imidazole, 300 mM
NaCl, and 50 mM phosphate, pH 8.0 (elution buffer). The purified enzyme (> 95% purity on
the basis of SDS-PAGE) was dialyzed against 50 mM Hepes, pH 7.4 and concentrated to 8
mg/ml. Enzyme was stored at −80 °C. The extinction coefficient of PaMTIP is 20.4
mM−1cm−1 at 280 nm, determined by ProtParam program from ExPASy
(http://ca.expasy.org/seqanalref/).

Enzymatic assays
Product formation was monitored by conversion of hypoxanthine to uric acid by xanthine
oxidase (21). The extinction coefficient for conversion of MTI to uric acid was 12.9
mM−1cm−1 at 293 nm. Enzyme activity with adenosine or MTA as substrates was
determined by conversion of adenine to 2,8-dihydroxyadenine using xanthine oxidase as the
coupling enzyme (22). The extinction coefficient for conversion of adenosine or MTA to
2,8-dihydroxyadenine at 293 nm was 15.2 mM−1cm−1. Reactions were carried out at 25 °C
in 1 cm cuvettes, 1 mL volumes of 100 mM Hepes, pH 7.4, 100 mM phosphate, pH 7.4,
variable concentrations of nucleoside substrate, 0.5 unit of xanthine oxidase, 5 mM DTT,
and appropriate amounts of purified MTIP. Reactions were initiated by addition of enzyme
and the initial rates were monitored with a CARY 300 UV-Visible spectrophotometer.
Control rates (no PaMTIP) were subtracted from initial rates. Km and kcat values for
PaMTIP were obtained by fitting initial rates to the Michaelis-Menten equation using GraFit
5 (Erithacus Software). Phosphate was found to be near saturation when present at 100 mM.

Inhibition assays
Assays for slow-onset inhibitors were carried out by adding 1 nM PaMTIP into reaction
mixtures at 25 °C containing 100 mM Hepes, pH 7.4, 100 mM phosphate, pH 7.4, 2 mM
MTI, 5 mM DTT, 0.5 unit of xanthine oxidase and variable inhibitor concentration.
Inhibitors were present at ≥ 10 times the enzyme concentration, required to simplify data
analysis (23). Assays for MTA inhibition used 200 µM MTI. Controls having no enzyme
and no inhibitor were included in all of the inhibition assays. Inhibition constants were
obtained by fitting initial rates with variable inhibitor concentrations to equation (1) using
GraFit 5 (Erithacus Software):

(1)

where vi is the initial rate in the presence of inhibitor, vo is the initial rate in the absence of
inhibitor, Km is the Michaelis constant for MTI, [S] and [I] are MTI and inhibitor
concentrations, respectively, and Ki is the inhibition constant. Tight-binding inhibitors often
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display two phases of binding. After the initial rate, a second phase of tighter binding is
achieved and results in more potent inhibition. The dissociation constant for the second
binding phase is indicated as Ki*. This constant was obtained by fitting reaction rates
achieved following slow-onset inhibition and inhibitor concentrations to equation (1) using
GraFit 5, but where Ki is replaced by Ki* (21).

Protein crystallization and data collection
Recombinant PaMTIP (9 mg/ml) in 50 mM HEPES, pH 7.4 crystallized in 30%
polyethylene glycol monomethyl ether 2000, and 0.1 M potassium thiocyanate in the
presence of 5 mM MTI and 5 mM sulfate by sitting-drop vapor diffusion. Crystals were
transferred to a fresh drop of crystallization solution supplemented with 20% glycerol and
flash-cooled in liquid nitrogen. X-ray diffraction data were collected at Beamline X29A,
Brookhaven National Laboratory and processed with the HKL2000 program suite (Table 1).

Structure determination and refinement
The crystal structure of PaMTIP was determined by molecular replacement with Molrep
using the published structure of Sulfolobus tokodaii MTAP (PDB:1V4N, 33.7% sequence
identity) as the search model (24). A model without catalytic site ligands was built by
Phenix (25), followed by iterative rounds of manual model building and refinement in
COOT and REFMAC5 (26,27). Although PaMTIP was co-crystallized in the presence of
sulfate and MTI to mimic the Michaelis complex of PaMTIP, based on ligand-omitted Fo-Fc
maps (contoured at 3 σ) electron density was consistent with the presence of only a purine
ring in the active site (Fig. 2). PaMTIP was later confirmed to hydrolyze MTI under these
conditions. Thus, hypoxanthine was modeled in the active site of PaMTIP (Table 1).

MTA catabolism using [8-14C]MTA
P. aeruginosa PAO1 (ATCC number: 15692) was grown at 37 °C in LB medium for 16
hours. Cells were collected by centrifugation at 16100 g and washed twice with 100 mM
phosphate, pH 7.4. Washed cells were lysed using BugBuster (Novagen). Cleared lysate (53
µL) was incubated with [8-14C]MTA (10 µL containing approximately 0.1 µCi 14C) in 100
mM phosphate, pH 7.4, for 10 and 25 min. Reaction mixtures were quenched with
perchloric acid (1.8 M final concentration) and neutralized with potassium hydroxide.
Precipitates were removed by centrifugation and carrier hypoxanthine, adenine, MTI, and
MTA were added to the cleared supernatant. Metabolites were resolved on a C18 Luna
HPLC column (Phenomenex) with a gradient of 5–52.8% acetonitrile in 20 mM ammonium
acetate, pH 5.2. UV absorbance was detected at 260 nm and the retention times were 5.1
min for hypoxanthine, 7.5 min for adenine, 20.4 min for MTI, and 21.9 min for MTA.
Fractions were collected in scintillation vials, dried, reconstituted in 200 µL deionized water
prior to addition of 10 mL ULTIMA GOLD LSC-Cocktail and 14C was counted for three
cycles at 20 minutes per cycle using a Tri-Carb 2910TR liquid scintillation analyzer. Control
experiments replaced cell lysate by lysis buffer in reaction mixtures.

RESULTS AND DISCUSSION
PA3004 encodes a MTI phosphorylase

The recombinant protein from PA3004 was purified and tested for substrate specificity
(Table 2). The recombinant protein did not utilize MTA in the presence or absence of
phosphate (< 10−4 s−1). The most favorable reaction was phosphorolysis of MTI with a kcat
of 4.8 s−1, Km of 2.6 µM (kcat/Km of 1.8 × 106 M−1s−1). Enzyme was less active with
inosine with a kcat of 0.57 s−1 and a Km of 90 µM (kcat/Km of 6 × 103 M−1s−1). The
methylthio-group of MTI is important for both substrate binding and catalysis. Adenosine is
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a weak substrate with a kcat of 0.0549 s−1 and a Km of 23 µM (kcat/Km of 2.4 × 103 M−1s−1).
Thus the protein encoded by PA3004 is a relatively specific MTI phosphorylase. The
catalytic efficiency (kcat/Km) for MTI is 290 times larger than for inosine, the second best
substrate. For comparison, the MTI phosphorylase activity of PfPNP (see below) has a kcat/
Km of 9.4 × 104 M−1s−1 for MTI and a kcat/Km of 3.6 × 105 M−1s−1 for inosine.

MTIP of P. aeruginosa is the only known example of a specific MTI phosphorylase. MTA
is not a substrate (< 10−4 s−1 kcat) but is a competitive inhibitor of MTI, with a Ki value of
70 µM, three times greater than the Km of adenosine. Thus, MTA binds to the active site of
the enzyme but is not catalytically competent. MTIP activity has been reported in
Caldariella acidophilan MTAP, human MTAP, human PNP, and P. falciparum PNP, but
MTI is a relatively poor substrate for these enzymes (28–31).

Recombinant MTIP was expressed with a 14 amino acid extension at the N-terminus.
Incubation with TEV protease removed 13 of these, leaving one additional glycine at the N-
terminus. This construct exhibited the same kinetic properties as the original recombinant
protein. The crystal structure (see below) shows the N-terminal extension to be remote from
the active site.

Crystal structure of PaMTIP:hypoxanthine
The crystal structure of PaMTIP in complex with hypoxanthine was determined to 2.8 Å
resolution with two homotrimers in the asymmetric unit. Residues 2 to 54 and 60 to 243 of
each PaMTIP monomer are ordered in the electron density map. The N terminal His6 tag
and TEV protease site are disordered and distant from the active site. The PaMTIP
monomer is folded into a single domain structure including ten β strands and five α helices
(Fig. 3A). The core consists of a mixed seven-stranded β sheet (β2, β3, β4, β1, β5, β10, and
β6) which is flanked by five α helices. β5 is extended and participates in an additional four-
stranded β sheet (β5, β9, β8, and β7) (Fig. 3A).

The active sites of PaMTIP are located near the interfaces formed between monomers in the
trimer. Each trimeric PaMTIP forms three active sites (Fig. 3B). Although PaMTIP was co-
crystallized with MTI and sulfate (5 mM) to mimic the Michaelis complex, the ligand-
omitted difference Fourier map showed only the presence of hypoxanthine (Fig. 2). Kinetic
experiments demonstrated slow hydrolysis of MTI (3.8 × 10−5 s−1) to generate
hypoxanthine and 5-methylthioribose. Crystallization attempts with apo-PaMTIP or with
PaMTIP in complex with hypoxanthine and phosphate failed to yield crystals. In the crystal
structure, hypoxanthine is wedged between the backbone of a 4-stranded β-sheet and the
side chains of Leu180 and Met190. Structure-based sequence alignment revealed that
Met190 is conserved and Leu180 is replaced by Phe in human PNP and human MTAP (Fig.
4). Hypoxanthine N7 and O6 form hydrogen bond with the side chain of Asn223 in PaMTIP
and N1 forms a hydrogen bond with the side chain of Asp 181 (Fig. 2).

Comparison with Other Purine N-Ribosylphosphorylases
Similar catalytic chemistries to PaMTIP are found in the PNPs and MTAPs. It is of interest
to examine the amino acid sequences that distinguish PaMTIP and permit its unique
substrate specificity. The sequence differences are also useful for identification of other
MTIPs in sequence data bases.

The trimeric subunit structure of PaMTIP is similar to the four trimeric MTAPs and seven
trimeric PNPs in the Protein Data Bank (r.m.s.d is in the range of 0.8 to 1.2 Å for the
monomers). Structure-based sequence alignments with PaMTIP show a 28–40% identity
with the four MTAPs and 20–32% with the seven trimeric PNPs (Fig. 4). Ironically, the
enzyme most closely related to PaMTIP in catalytic activity is the hexameric P. falciparum
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PNP/MTIP but it shows no significant similarity in amino acid sequence or quaternary
structures with the trimeric PNPs, MTAPs and PaMTIP. Because of these distinct features,
Plasmodium PNPs are not included in the following structural analysis (32).

The active sites of PaMTIP, PNPs and MTAPs can be divided into three distinct regions
corresponding to the purine-, (methylthio)ribose- and phosphate-binding regions. The
Glu201 and Asn243 (human PNP numbering) are conserved in the purine binding region of
PaMTIP and PNPs (Fig. 4), and have important roles in 6-oxopurine specificity by hydrogen
bonding to N1, O6 and N7 of the 6-oxopurine (Fig. 5A) (33). The Asn243Asp mutant and
Glu201Gln:Asn243Asp double mutant in human PNP are known to shift the substrate
preference in favor of adenosine, a 6-aminopurine substrate and a preferred substrate for
MTAP (34). MTAPs prefer 6-aminopurine because of interactions between N1, O6 and N7
of the 6-aminopurine with conserved amino acid residues Ser178 (via water), Asp220 and
Asp222 (human MTAP numbering) (29). The ribose binding region of human PNP prefers
nucleosides with a 5’-hydroxyl group but not a 5'-methylthio group. The conserved His257
and Phe159 (from the adjacent monomer) of human PNP are important in binding the 5'-
hydroxyl group. His257 forms a H-bond to the 5’-hydroxyl group and catalytic efficiency
drops by 660 in His257Gly (38). In MTAP and PaMTIP, a small hydrophobic amino acid
corresponding to His 257 of human PNP and a histidine corresponding to Phe159 (human
PNP numbering), provide space to accommodate the 5'-methylthio group (Fig. 5).
Consistent with these observations, the His257Gly mutant of human PNP binds 5'-
methylthio- inhibitors tighter than the corresponding 5'-hydroxyl- inhibitors (35).

Structural comparison between human MTAP and PNP reveals two distinct motifs in the
phosphate-binding region. Favorable hydrogen bonds form between phosphate and the 2'-
and 3'- hydroxyl groups of (5’-methylthio)ribose, and thereby anchor (5'-methylthio)ribose
in the active site. The position of phosphate in human MTAP provides more room to
accommodate the 5’-methylthio group than the position of phosphate in human PNP,
explaining the preference for the 5’-substituents.

Structure-based sequence alignment shows that 1) PaMTIP and MTAP share key residues in
the phosphate and (methylthio)ribose- binding regions; 2) PaMTIP and PNP share key
residues in the purine-binding regions (Fig. 4 and Fig. 5); and 3) these residues provide an
approach to identify MTIP in other species.

[8-14C]MTA Catabolism in P. aeruginosa
Substrate specificity and structural data of PA3004-encoded protein support a physiological
function as MTIP. Thus, MTI must be a metabolite in P. aeruginosa, but there is no
previous report of MTI as a metabolite in this organism. Catabolism of [8-14C]MTA in
lysates of P. aeruginosa was investigated by tracking the 14C-label into hypoxanthine,
adenine, MTI, and MTA. If MTA is first deaminated to MTI followed by PaMTIP action,
the sequential conversion to [8-14C]MTI and hypoxanthine would occur without adenine
formation. After 10 min incubation with lysate, 77% of the MTA was converted to MTI
(52%) and hypoxanthine (25%) without significant formation of adenine (Fig. 6). As 98% of
the total 14C-label was recovered, the results establish MTA conversion to MTI and
hypoxanthine but not to adenine. At 25 min incubation, over 97% of the [8-14C] MTA was
recovered as MTI (45%) and hypoxanthine (53%). Continuous conversion of MTA → MTI
→ hypoxanthine without significant MTAP or MTAN activity is supported by these results,
highlighting the requirement for an MTA deaminase to catalyze the conversion of MTA to
MTI. A similar pathway of MTA catabolism is found in Plasmodium species (34). The
adenosine deaminase of P. falciparum (PfADA) deaminates adenosine and MTA as
substrates with similar kcat/Km values (32). Its purine nucleoside phosphorylase (PfPNP)
also degrades inosine and MTI to hypoxanthine with similar catalytic efficiency (31). The
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substrate specificities of the P. falciparum enzymes permit conversion of MTA to
hypoxanthine via MTI. Although MTI has been used as an MTA analogue, its function as a
metabolite has been documented only in Plasmodium (28,29,36–39). The identification of a
specific MTIP activity suggests this metabolite is more widely distributed. Homology
searches using the amino acid sequence of PaMTIP readily locates a large number putative
of bacterial MTIPs.

Picomolar Inhibitors of PaMTIP
Immucillins are transition-state analogues developed for N-ribosyl transferases that have
ribocation character at their transition states (40). We tested two generations of Immucillins
to determine which would be the most powerful inhibitor. ImmH is a first generation
Immucillin, resembling early transition states as exemplified by bovine PNP (23) (Fig. 1).
DADMe-ImmH is a second generation Immucillin and mimics the fully dissociated
transition states of human and P. falciparum PNPs (41). 5'-Alkylthio- and arylthio-
derivatives of two generations of Immucillins (MT-ImmH, PhT-ImmH, and MT-DADMe-
ImmH) have been synthesized to target the transition-state features of PfPNP with MTI as
the substrate (32). Since PaMTIP catalyzes the same reaction, it would be expected that
these analogues should act as transition state analogues. The inhibitors exhibited slow-onset
inhibition of PaMTIP, suggesting a slow conversion of initial enzyme-inhibitor complex to a
more stable conformation.

MT-ImmH inhibited PaMTIP with a Ki* value of 76 pM, binding 4-fold more tightly than
MT-DADMe-ImmH, suggesting that the first generation Immucillins more closely resemble
the transition state (Table 3). PhT-ImmH was the most tightly bound inhibitor with a Ki*
value of 35 pM and demonstrating the importance of hydrophobic substituent at the 5'-
position. The KMTI/Ki* values were 34,000 for MT-ImmH, 7,600 for MT-DADMe-ImmH,
and 74,000 for PhT-ImmH, emphasizing the potency of these transition state analogue
inhibitors. Inhibitor specificity can be compared to that for PfPNP, which catalyzes the same
reaction. Thus, MT-ImmH, PhT-ImmH, and MT-DADMe-ImmH bind more weakly to
PfPNP with dissociation constants of 2.7 nM, 150 nM, and 0.9 nM, respectively (Table 3)
(31,42). Binding of the bulky, hydrophobic 5'-PhT-group is preferred by PaMTIP where Ki*
= 35 pM. This inhibitor induces slow-onset inhibition. In contrast, the same inhibitor has Ki
= 150 nM with PfPNP, where it binds 4,300-fold more weakly and does not induce slow-
onset inhibition.

The specificity of these inhibitors is indicated by the observation that none of these gave
significant inhibition with human MTAP or Vibrio cholerae MTAN. The Ki values are in
excess of 10 µM for these enzymes (data not shown).

The Nature of the PaMTIP Transition State
PfPNP has a fully-dissociated ribocation transition state with approximately 3 Å between the
C1' ribocation and N9 and a similar separation between C1’ and the attacking phosphate
oxygen. Thus, it prefers to bind MT-DADMe-ImmH rather than MT-ImmH (43). PaMTIP
shows the opposite pattern, consistent with an early, dissociative transition state.

Implications for Quorum Sensing
Inhibition studies of PaMTIP have identified three inhibitors with Ki* values in the
picomolar range. These are candidates for blocking PaMTIP activities. In most bacteria,
MTAN inhibition blocks quorum sensing, but the lack of MTAN in P. aeruginosa indicates
that PaMTIP becomes an equivalent target. This study has revealed the pathway of MTA
metabolism in P. aeruginosa and has provided new tools to explore this unusual bacterial
pathway.
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Abbreviations

MTA 5'-methylthioadenosine

MTI 5'-methylthioinosine

QS quorum sensing

AHLs N-acyl-homoserine lactones

MTAP MTA phosphorylase

MTIP MTI phosphorylase

PNP purine nucleoside phosphorylase

MTAN MTA nucleosidase

MTR-1-P 5-methylthioribose-α-D-1-phosphate

SAM S-adenosylmethionine

ImmH Immucillin-H

MT-ImmH 5'-methylthio-ImmH

PhT-ImmH 5'-phenylthio-ImmH

ImmA Immucillin-A

DADMe 4'-deaza-1'-aza-2'-deoxy-1'-(9-methylene)

MT-DADMe-ImmH 5'-methylthio-DADMe-ImmH
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Figure 1.
Early and late transition-state mimics as inhibitors for PaMTIP and PfPNP.
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Figure 2.
Stereoview of the hypoxanthine-omitted electron density map of PaMTIP in complex with
hypoxanthine. The residues interacting with hypoxanthine are shown as yellow sticks and
overlaid with a 2mFo-DFc electron density map (contour at 1 σ). Hypoxanthine carbons are
shown as gray sticks and overlaid with mFo-DFc electron density map (contour at the 3 σ).
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Figure 3.
Crystal structure of PaMTIP. (A) A view of the PaMTIP monomer looking toward the
catalytic site. The structure is colored from blue (N-terminus) to red (C-terminus).
Hypoxanthine is included as a space-filling model to show the position of active site. (B)
The monomers of trimeric PaMTIP are shown in blue, green and magenta. Hypoxanthine is
included as space-filling models.
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Figure 4.
Structure-based sequence alignment. Protein are listed by PDB ID. The top 7 sequences are
PNPs, the bottom 4 sequences are MTAPs and PaMTIP is 3OZB. The conserved residues in
phosphate binding region of PNPs and MTAPs are shaded in light blue and dark blue,
respectively. The conserved residues in the purine binding region of PNPs and MTAPs are
shaded in light green and dark green, respectively. The conserved Phe and His in ribose-
binding region of PNPs are shaded in yellow. The conserved His and small hydrophobic
amino acid in the (methylthio)ribose-binding region of MTAPs are shaded in orange. The
active site residues conserved in all species are shaded in grey. The Leu of PaMTIP is not
conserved to either MTAPs or PNPs and is shaded in pink. The PDB IDs are as follow:
1YR3, E. coli PNP II; 1N3I, Mycobacterium tuberculosis PNP; 3KHS, Grouper Iridoviurs
PNP; 2P4S, Anopheles Gambia PNP; 1VMK, Thermotoga maritime PNP; 1A9T, bovine
PNP; 1RR6, human PNP; 3OZB, PaMTIP; 1V4N, Sulfolobus tokodaii MTAP; 1K27,
human MTAP; 1WTA, Aeropyrum pernix K1 MTAP; 2A8Y, Sulfolobus solfataricus
MTAP.
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Figure 5.
Active sites of human PNP (PDB ID: 1RR6), PaMTIP (PDB ID: 3OZB), and human MTAP
(PDB ID: 1K27). (A) The conserved active site residues of human PNP in complex with
ImmH are shown as sticks. The hydrogen bonds are indicated as dashed lines. ImmH is a
transition state analogue inhibitor of human PNP and a mimic of inosine. (B) The active-site
residues of PaMTIP and hypoxanthine (in yellow) are shown as sticks. The residues
conserved in PNPs are colored in gray and the residues conserved in MTAPs are colored in
orange. The hydrogen bonds are indicated as dashed lines. (C) The conserved active-site
residues of human MTAP in complex with MT-ImmA are shown as sticks. The hydrogen
bonds are indicated as dashed lines. The water molecule is drawn as a red dot. MT-ImmA is
a transition state analogue inhibitor of human MTAP, and a mimic of MTA.
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Figure 6.
Metabolism of [8-14C]MTA in P. aeruginosa. P. aeruginosa lysate was incubated with
[8-14C]MTA for 0, 10, and 25 min, respectively. The 14C-metabolites MTA, MTI, adenine
and hypoxanthine were purified using RP-HPLC and quantitated by scintillation counting.
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Table 1

Data collection and refinement statistics

Data collection

PDB 3OZB

Space group P41212

Cell dimension

a, b, c (Å) 99.5, 99.5, 334.9

α, β, γ (o) 90.0, 90.0, 90.0

Resolutions (Å) 20.0-2.8 (2.9-2.8)

Rsym (%) 17.2 (95.5)

I / σI 9.6 (1.9)

Completeness (%) 100.0 (100.0)

Redundancy 7.0 (7.2)

Refinement

Resolution (Å) 20.00-2.8

No. reflections 42041

Rwork / Rfree (%) 20.2 / 26.2

B-factors (Å2)

Protein

(main chain) 39.9

(side chain) 40.9

Water 25.1

Ligand 45.7

No. of Atoms

Protein 10800

Water 63

Ligand 60

R.m.s deviations

Bond lengths (Å) 0.012

Bond angles (o) 1.47

Ramanchran analysis

allowed region 99.3%

disallowed region 0.7%

Numbers in parentheses are for the highest-resolution shell. One crystal was used for each data set.
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Table 2

Substrate specificity of PaMTIP.

Substrate kcat (s−1) Km or Ki (µM) kcat/Km (M−1s−1)

MTI 4.8 ± 0.2 2.6 ± 0.4 (1.8 ± 0.3) × 106

MTA a N/A 70 ± 20 N/A

inosine 0.57 ± 0.04 90 ± 20 (6 ± 1) × 103
[300] b

adenosine 0.0549 ± 0.0005 23 ± 1 (2.4 ± 0.1) × 103
[750] b

a
MTA is not a substrate of PaMTIP. Ki is used instead of Km for MTA.

b
Numbers in [] are fold decreases of kcat/Km in comparion with those of MTI.

c
Values are ± S.E.
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Table 3

Summary of Ki values for PaMTIP and PfPNP.

Inhibitors
PaMTIP PfPNPa

Ki (pM) Ki* (pM) Ki (nM) Ki* (nM)

MT-ImmH 840 ± 50 76 ± 5 22 ± 3 2.7 ± 0.4

PhT-ImmH 660 ± 90 35 ± 3 150 ± 8 ND

MT-DADMe-ImmH 800 ± 100 340 ± 20 11 ± 4 0.9 ± 0.1

a
Inhibition constants of PfPNP are from Lewandowicz et al. (42).

b
Values are ± S.E.
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