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Crystal Structure of Mycobacterium tuberculosis 6-Hydroxymethyl-7,8-dihydropteroate Synthase in Complex with Pterin Monophosphate: New Insight into the Enzymatic Mechanism and Sulfa-drug Action Arthur M. Baca1, Rachada Sirawaraporn2, Stewart Turley1,3,4, Worachart Sirawaraporn2 and Wim G. J. Hol1,3,4,5* 1
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The enzyme 6-hydroxymethyl-7,8-dihydropteroate synthase (DHPS) catalyzes the condensation of para-aminobenzoic acid (pABA) with 6-hydroxymethyl-7,8-dihydropterin-pyrophosphate to form 6-hydroxymethyl-7,8dihydropteroate and pyrophosphate. DHPS is essential for the de novo synthesis of folate in prokaryotes, lower eukaryotes, and in plants, but is absent in mammals. Inhibition of this enzyme's activity by sulfonamide and sulfone drugs depletes the folate pool, resulting in growth inhibition Ê resolution crystal structure of and cell death. Here, we report the 1.7 A the binary complex of 6-hydroxymethylpterin monophosphate (PtP) with DHPS from Mycobacterium tuberculosis (Mtb), a pathogen responsible for the death of millions of human beings each year. Comparison to other DHPS structures reveals that the M. tuberculosis DHPS structure is in a unique conformation in which loop 1 closes over the active site. The Mtb DHPS structure hints at a mechanism in which both loops 1 and 2 play important roles in catalysis by shielding the active site from bulk solvent and allowing pyrophosphoryl transfer to occur. A binding mode for pABA, sulfonamides and sulfones is suggested based on: (i) the new conformation of the closed loop 1; (ii) the distribution of dapsone and sulfonamide resistance mutations; (iii) the observed direction of the bond between the 6-methyl carbon atom and the bridging oxygen atom to the a-phosphate group in the Mtb DHPS:PtP binary complex; and (iv) the conformation of loop 2 in the Escherichia coli DHPS structure. Finally, the Mtb DHPS structure reveals a highly conserved pterin binding pocket that may be exploited for the design of novel antimycobacterial agents. # 2000 Academic Press
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Mycobacterium tuberculosis (Mtb), the causative agent of human tuberculosis (TB), is responsible for the annual death of millions of human beings and claims more lives than any other single infectious agent (Nakajima, 1993; Dolin et al., 1994; Snider et al., 1994; Rouhi, 1999). Almost onethird of the world's population is infected with M. tuberculosis and 10 % of these infected individuals will have active disease at some time in their life (Nunn & Kochi, 1993). The current treatment protocol for active TB includes at least six months of therapy with the ®rst line drugs of isoniazid, rifampin, pyrazinamide, and ethambutol (Bloom & # 2000 Academic Press



1194 Murrary, 1992; Snider & Roper, 1992; Bass et al., 1994). Multi-drug-resistant (MDR) tuberculosis has recently emerged, mainly because of the failure to complete the patient's treatment protocol. Because of the growing number of cases of MDR tuberculosis, the World Health Organization has declared TB a global public health emergency (Nakajima, 1993). It is clear that new antimycobacterial agents need to be developed. Here, we have investigated the enzyme 6-hydroxymethyl-7,8-dihydropteroate synthase (DHPS, EC 2.5.1.15) from M. tuberculosis in order to explore the possibilities this protein gives for the design of anti-TB drugs. Diaminodiphenylsulfone or dapsone (Figure 1), a sulfone inhibitor of DHPS, has been clinically used for decades to treat leprosy, which is caused by the related organism Mycobacterium leprae (Anand, 1996), and sulfamethoxazole (Figure 1) has been shown to have in vitro effects against Mycobacterium avium and Mycobacterium intracellulare (Raszka et al., 1994). M. tuberculosis DHPS is very similar to M. leprae DHPS (79 % sequence identity) and Mycobacterium avium DHPS (81 % sequence identity) (preliminary sequence data from The Institute for Genomic Research). The fact that sulfonamides and sulfones have been used for clinical treatment of mycobacterial infections underscores the observation that DHPS is a promising target for antimycobacterial drugs. DHPS is essential for the de novo synthesis of folate in prokaryotes, in lower eukaryotes such as protozoa and yeast, and in plants. DHPS is absent in mammals. This enzyme catalyzes the condensation of para-aminobenzoic acid (pABA) with 6-hydroxymethyl-7,8-dihydropterin-pyrophosphate (H2PtPP) to form pyrophosphate and 6-hydroxymethyl-7,8-dihydropteroate (Richey & Brown, 1969; Shiota et al., 1969) (Figure 1). Dihydroptero-



M. tuberculosis DHPS



ate is subsequently converted to the cofactor folate through the action of dihydrofolate synthase. Because humans lack, while microorganisms possess DHPS, this enzyme has been long exploited as a selective drug target. Sulfa drugs, including sulfonamides and sulfones, were the ®rst synthetic antimicrobial agents, being clinically used as early as 1933 and are still in use today (Wingard, 1991; Anand, 1996). As shown in Figure 1, sulfa drugs are structural analogues of pABA, act as competitive antagonists of DHPS, and are effective inhibitors of folate biosynthesis (Woods, 1940; Brown, 1962; Shiota et al., 1964; Bock et al., 1974). Additionally, sulfa drugs can act as alternative substrates of DHPS, resulting in the formation of sulfa-pteroates that cannot be further converted to folate (Roland et al., 1979; Swedberg et al., 1979). The sequences of several DHPS genes have been reported from a variety of organisms. (LoÂpez et al., 1987; Kristiansen et al., 1990; Slock et al., 1990; Dallas et al., 1992; Volpe et al., 1992; Brooks et al., 1994; Triglia & Cowman, 1994; Kellam et al., 1995; Hampele et al., 1997; Pashley et al., 1997; ReÂbeilleÂ et al., 1997; Swedberg et al., 1998; Gibreel & SkoÈld, 1999; Nopponpunth et al., 1999). While DHPS is a monofunctional polypeptide in prokaryotes including Mycobacterial species (LoÂpez et al., 1987; Kristiansen et al., 1990; Slock et al., 1990; Dallas et al., 1992; Kellam et al., 1995; Hampele et al., 1997; Swedberg et al., 1998; Gibreel & SkoÈld, 1999; Nopponpunth et al., 1999), DHPS from plants and apicomplexan parasites is part of a bi-functional enzyme (Brooks et al., 1994; Triglia & Cowman, 1994; Pashley et al., 1997; ReÂbeilleÂ et al., 1997) with the preceding enzyme in the pathway 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase. DHPS in yeast is even part of a



Figure 1. Reaction and inhibitors of DHPS. (a) Reaction catalyzed by DHPS; (b) oxidized substrate analogues used in crystallization screens with Mtb DHPS; (c) chemical formulas of sulfa drugs, competitive antagonists of pABA; (d) two sulfa drugs used in the treatment of Mycobacterial infections.
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tri-functional enzyme, combining DHPS with the two preceding enzymes in the de novo folate biosynthetic pathway: PPPK and 7,8-dihydroneopterin aldolase (Volpe et al., 1992). DHPS is reported to be a homodimer in several prokaryotes, including Escherichia coli, Staphylococcus aureus, Streptococcus pneumoniae, M. tuberculosis, and M. leprae (LoÂpez et al., 1987; Dallas et al., 1992; Hampele et al., 1997; Nopponpunth et al., 1999), whereas eukaryotic bifunctional DHPS is believed to be a dimer or trimer (Ferone, 1973; Walter & Konigk, 1980; Pashley et al., 1997; ReÂbeilleÂ et al., 1997; Triglia et al., 1997). Resistance to sulfonamides and sulfones is widespread in many pathogenic organisms, and in many cases is associated with mutations in the DHPS gene (Huovinen et al., 1995; Vinnicombe & Derrick, 1999a,b). Other mechanisms of resistance to sulfonamides and sulfones include the increased production of pABA, gene ampli®cation of DHPS, an increased ability of the microorganism to use host folate, and lastly, reduction of the microorganism's cell permeability to sulfonamides (Anand, 1996). Amongst bacteria, the most common modes of resistance appear to be increased production of pABA and point mutations in DHPS (Anand, 1996). With the advent of molecular cloning techniques, sequence analysis has revealed that single mutations in the DHPS gene can confer resistance to sulfonamides and sulfones. In M. leprae, resistance to dapsone is associated with two amino acid changes in its DHPS (Kai et al., 1999). Although there is a wealth of data on the pharmacological behavior of sulfa drugs, there are remarkably few biochemical or biophysical studies that have investigated the molecular mechanism of the immensely important sulfa drug target DHPS (Anand, 1996; Vinnicombe & Derrick, 1999b). Few enzymatic studies of DHPS (Hampele et al., 1997; ReÂbeilleÂ et al., 1997; Vinnicombe & Derrick, 1999a) have appeared in the literature and the crystal structures of only E. coli and S. aureus DHPS have been reported (Achari et al., 1997; Hampele et al., 1997). Here, we report the high-resolution structure of DHPS from M. tuberculosis in binary complex with a pterin substrate analogue and discuss the implications for the catalytic mechanism of this class of enzymes. We propose a possible binding mode of pABA, sulfonamides, and sulfones, and relate this to the distribution of known sulfonamide/sulfone resistance mutations. Structural analysis of M. tuberculosis DHPS reveals opportunities for the design of novel selective antimycobacterial agents.



Results The structure of M. tuberculosis DHPS Quality of the structure Ê resolution structure of The re®ned 1.7 A M. tuberculosis (Mtb) DHPS in complex with 6-hydroxymethylpterin monophosphate has a ®nal



R-factor of 18.5 % and an Rfree of 24.3 % (Table 1). Electron density is well de®ned for essentially all main-chain and side-chain atoms of the 280 residues in each subunit, except for: (i) the four N-terminal residues Met1-Ala4; (ii) residues Glu51-Val64 corresponding to the loop 2 region connecting strand b2 with helix a2; and (iii) the six C-terminal residues Arg274-Gly280. The protein structure was evaluated by the program PROCHECK (Laskowski et al., 1993) for the stereochemical quality. The Ramachandran plot shows that 94.4 % of the non-glycine and non-proline residues are in the most favored region, and 5.6 % in the additional allowed regions (Ramachandran Ê 2, et al., 1966). The overall average B-factor is 22.7 A 2 Ê with average B-factors of 19.5 A for main-chain Ê 2 for side-chains atoms (Table 1). atoms and 26.6 A Structural characteristics of M. tuberculosis DHPS Each subunit of Mtb DHPS adopts a ``TIMbarrel'' fold, with eight a-helices surrounding a central barrel composed of eight parallel b-strands Ê  35 A Ê  45 A Ê. of approximate dimensions 35 A The overall fold of Mtb DHPS is shown in Figure 2, and secondary structure elements are indicated in



Table 1. Crystallographic data and re®nement statistics A. Data collection statistics Space group Ê) Unit cell dimensions (A Asymmetric unit Ê 3/Da) Vm (A Ê) Resolution limit (A Observations Unique reflections Completeness overall (outermost shell) Redundancy (outermost shell) Rmerge overall (outermost shell) B. Refinement statistics Ê) Resolution range (A R (%) Rfree (%) (5 % of data) Number of protein atoms Number of PtP atoms Number of water molecules Ê 2) Average B of protein atoms (A Ê 2) Average B of PtP (A Ê 2) Average B of water (A rmsd from ideal stereochemistry Ê) Bond lengths (A Bond angles (deg.) Torsion angles (deg.) Ramachandran parameters Non-glycine residues in most favored region Non-glycine residues in additionally allowed regiona



P3221 a ˆ b ˆ 63.1, c ˆ 121.8 Monomer, 29 kDa 2.4 1.7 136,341 25,211 0.805 (0.699) 5.4 (4.1) 0.043 (0.177) 20.0-1.7 18.5 24.3 1848 18 244 22.7 16.6 38.7 0.010 2.0 15.6 203 (94.4 %) 12 (5.6 %)



R, Rfree ˆ j jFoj ÿ jFcj j/ jFoj, where the working and free R-factors are calculated using the working and free re¯ection sets, respectively. The free re¯ections were held aside throughout the re®nement. a As classi®ed by PROCHECK (Laskowski et al., 1993).
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Figure 2. Overall fold of the Mtb DHPS dimer. a-Helices are designated a1-a8, b-strands are labeled b1-b8, and connecting loops 1-8 at the active site pole are indicated. 6-Hydroxymethylpterin monophosphate (PtP) is shown in pale blue. The inset shows the orientation of the barrels of the dimer. This Figure was produced with the program InsightII (Molecular Simulations, Inc.).



Figure 3. The a-b connections at the N-terminal pole of the a/b barrel are all composed of relatively short loops, no longer than seven amino acid residues. In contrast, loops 1-8 at the C-terminal pole where the active site is located form more extended connections and vary in length. Loops 3, 4, 6, and 8 are compact, whereas loops 1, 2, 5, and 7 form more extended structures consisting of 14, 12, 18, and 14 residues, respectively. Loops 1, 2, 5, and 7 are likely to play a critical role during catalysis and in sulfa drug action, and will be discussed in greater detail below. The crystal structure has one subunit per asymmetric unit with a dimer of Mtb DHPS generated by the action of a crystallographic 2-fold. This is in agreement with gel ®ltration experiments, which suggest an apparent molecular mass of 56 kDa, approximately twice the 29 kDa predicted for the polypeptide (Nopponpunth et al., 1999). The dimerization interface is formed by subunit-subunit contacts mediated by a-helices a6, a7, a70 , and



a8, and has a total buried surface area per monoÊ 2 out of a total monomer surface mer of 1500 A Ê area of 11,800 A2. (See Figure 2). All other subunitsubunit contacts in the crystal are much less extensive. Key residues in the dimer interface include His194, Trp270 and Ala273. These residues form a hydrophobic patch that composes about 12 % of the dimerization interface. These residues are not highly conserved amongst all DHPS sequences, but are well conserved between M. tuberculosis, M. leprae, M. bovis, and M. avium DHPS sequences. PtP Binding to M. tuberculosis DHPS Mtb DHPS crystals could be grown only in the presence of the oxidized pterin substrate analogue shown in Figure 1(b), 6-hydroxymethylpterin monophosphate (PtP). PtP is more stable than pterin pyrophosphate, since the monophosphate form is less prone to hydrolysis. Neither apo protein nor DHPS complexed with PtPP resulted in crystals.



M. tuberculosis DHPS



1197



Figure 3. Structure-based DHPS sequence alignment. The DHPS sequences of the three bacterial species with reported three-dimensional structures are depicted (E. coli, Achari et al., 1997; S. aureus, Hampele et al., 1997; Mtb, this study). b-Strands are yellow, loops blue, and a-helices green. Residues that were not observed in the DHPS structures are indicated with lower-case letters. The program DSSP (Kabsch & Sander, 1983) was used for the assignment of secondary structure elements. Residues absolutely conserved in 24 available DHPS sequences are indicated in red, residues that are highly conserved in these DHPS sequences are indicated in pink. Blue dots indicate residues observed to interact with the pterin moiety of PtP, PtPP, or H2PtPP. Purple dots indicate residues interacting with the phosphate or pyrophosphate moiety of PtP, PtPP, or H2PtPP. The pound symbols below Mtb Ser53 and Pro55 indicate residues associated with dapsone resistance in the homologous M. leprae DHPS sequence (Kai et al., 1999), which is 79 % identical with the Mtb DHPS sequence. This Figure was produced with the program IRIS Showcase (Silicon Graphics, Inc.).



Although pABA or sulfa drugs were present in the crystallization buffer at a concentration of 3 mM along with PtP, only PtP was observed in the Mtb DHPS electron density map (Figure 4). The phosphate moiety of PtP adopts a conformation in which O10, which bridges the phosphorus atom with C9 attached to the pyrazine ring, lies out of the ring plane with the C9-O10 bond roughly perpendicular to the plane of the pterin moiety (Figure 4(a)), which is different from



the observed conformations of the a-phosphate group in the E. coli DHPS:H2PtPP and S. aureus DHPS:PtPP binary complexes (Achari et al., 1997; Hampele et al., 1997), in which O10 and the a-phosphorus atom lie in the plane of the pterin ring system (Figures 4(a) and 5). The signi®cance of this observation will be further discussed below. The value of the dihedral angle formed by N5, C6, C9 and O10 is 103.3  . O10 hydrogen bonds to NH1 of the guanidinium group of Arg253. The
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Ê resolution Mtb Figure 4. The pterin monophosphate-binding site in Mtb DHPS. (a) The ®nal model of the 1.7 A DHPS:PtP binary complex is shown with an Fo ÿ Fc map contoured at the 3.0 s level, revealing electron density in the region around the PtP-binding site. To generate the density shown in this Figure, PtP, Mg2‡, and water molecules 1-8 were omitted from the ®nal model, followed by 15 cycles of positional re®nement in TNT (Tronrud et al., 1987). This Figure was produced with the program BOBSCRIPT (Kraulis, 1991; Esnouf, 1999), omitting for clarity the atoms of residues D177, G179, G209 and water molecules 4, 6, 9 and 10. (b) Interactions between PtP and Mtb DHPS. Water molecules are indicated by red spheres and labeled with red numbers 1-7. Protein residues are color-coded by degree of conservation based on analysis of over 24 DHPS sequences, with the more intense purple representing higher levels of conservation of the residues. Water molecules observed in all DHPS structures (including apo and holo E. coli and S. aureus DHPS structures) are indicated with an additional maroon halo, as is the Mg2‡ cofactor. HydroÊ ) are reported next to dotted lines. This Figure was produced with the program IRIS Showcase gen bond distances (A (Silicon Graphics, Inc.).



phosphate moiety makes hydrogen bonds with four water molecules and with two side-chains, and coordinates a magnesium ion. Speci®cally,



phosphate O1 interacts with water 5, His255 NE2, and the Mg2‡; phosphate O2 with Asp21(OD2) and water 2; and phosphate O3 interacts with



M. tuberculosis DHPS



1199



Figure 5. Geometry of the phosphate moiety in PtP. O10 bridges the pterin moiety with the phosphate or pyrophosphate moieties of PtP and H2PtPP/PtPP, respectively. The PtP phosphate is not in the plane of the pterin ring system, whereas the a-phosphate moiety of H2PtPP and PtPP is in the plane of the pterin molecule. Mtb Arg253 (corresponding to Ec Arg255 and Sa Arg239) is absolutely conserved in all DHPS sequences. Through its guanidinium group, this arginine residue mediates hydrophobic interactions with one face of the pterin ring system by p-p stacking. Mtb Phe182 (corresponding to Ec Phe190 and Sa Phe172) and Mtb Met130 (corresponding to Ec Met 139 and Sa Met128) are both highly conserved and mediate hydrophobic interactions with the opposite face of the pterin ring along with Mtb Val107 (corresponding to Ec Ile 117 and Sa Gln105), which is not well conserved in DHPS sequences.



water molecules 6 and 7. In addition to interacting with phosphate O1, the magnesium ion interacts with the OD1 of Asn13. The pterin-binding pocket of DHPS is formed by the side-chains of 12 residues (Figure 4) and upon Ê2 binding, the substrate analogue PtP buries 402 A Ê 2 surface area. Each hydroout of a total of 418 A gen bond donor and acceptor of the pterin ring system is engaged in interactions with hydrogen bond donors or acceptors provided by DHPS sidechains. Polar interactions with the pterin moiety of PtP are made by residues Asp86, Asn105, Asp177, Lys213, and a buried water molecule. The hydrophobic parts of the pterin-binding pocket are provided by Val107, Val128, Met130, Gly179, Phe182, Leu207, and Gly209 (Figure 4(b)). Residue Arg253 serves a bifunctional role by providing both hydrogen bonding and hydrophobic interactions with PtP. Although this arginine residue does not hydrogen bond with any pterin ring atoms, its guanidinium NH2 hydrogen bonds to O10. The p-face of the guanidinium group forms extensive hydrophobic interactions with one face of the pterin ring system, most notably with C8a, C7, C6 and C2. The possible importance of the p-p interactions of Arg253 with the pterin ring for the catalytic mechanism of DHPS will be further discussed below.



Comparison of the M. tuberculosis, E. coli and S. aureus DHPS structures Overall fold and different subunit orientations of the DHPSs The overall TIM-barrel fold and dimerization interface of M. tuberculosis DHPS is similar to that of E. coli (Ec) and S. aureus (Sa) DHPSs, which is in agreement with the fact that Mtb shares a 38 % sequence identity with both Ec and Sa DHPS's (Figure 3). The Mtb DHPS dimerization interface is similar to that observed for the Sa and Ec DHPS dimers (Achari et al., 1997; Hampele et al., 1997). In all three DHPS structures, the dimer interface involves helices a6, a7, a70 , and a8, and buries Ê 2 per monomer. Individual residues about 1500 A contributing to this dimer interface are not well conserved amongst the three DHPSs. Subunit A of the Ec DHPS dimer can be superimposed onto subunit A of the Mtb DHPS dimer Ê for the a-carbon atoms of with an rmsd of 0.78 A 71 core residues. When subunit B of the Ec DHPS dimer is then compared to subunit B of the Mtb Ê for the equivalent DHPS dimer, the rmsd is 7.32 A Ê r.m.s.d. set of 71 core a-carbon atoms. This 7.32 A re¯ects the fact that the two B-subunits are rotated 17.9  relative to each other. Subunit A of the Sa
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Figure 6. Active site of three DHPS structures. (a) Residues interacting with the pyrophosphate moiety of H2PtPP in E. coli DHPS (Achari et al., 1997). E. coli DHPS loop 2 residues Thr62 and Arg63 interact with the a and b-phosphate moieties, respectively, of H2PtPP. The b-phosphate-binding pocket is composed of His257, Asn22, and Ile20. Arg255 interacts with two of the b-phosphate oxygen atoms. (b) Residues interacting with the pyrophosphate moiety of PtPP in S. aureus DHPS (Hampele et al., 1997). S. aureus DHPS loop 2 residue Arg52 interacts with the a-phosphate moiety of PtPP. The b-phosphate-binding pocket is composed of His241, Asn11, and Ile9. Arg239 is within hydrogen bonding distance of only one of the b-phosphate oxygen atoms. The other b-phosphate oxygen atom, which hydrogen bonds to the homologous Arg255 in the E. coli DHPS structure, interacts with a Mn2‡ in the S. aureus DHPS structure. (c) Residues interacting with the phosphate moiety of PtP in Mtb DHPS (this study). The phosphate interacts with His255, Asn13, Asp21 (loop 1), and a Mg2‡. The oxygen atom that connects the 6-methyl pterin with the phosphorus atom is within hydrogen bonding distance of the guanidinium group of Arg253, an arrangement quite different from
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DHPS dimer can be superimposed onto the equivalent subunit of the Mtb DHPS dimer with an Ê for the same set of 71 core a-carbon rmsd of 0.93 A atoms. When the B subunits of the Sa and Mtb DHPS dimers are then compared, the rmsd is Ê for the equivalent set of a-carbon atoms, 6.90 A again re¯ecting that the two B subunits are oriented differently with respect to the A subunit by 16.5  . When the A subunits of the Ec and Sa DHPS dimers are then compared, the rmsd is Ê for the equivalent set of a-carbon atoms, 0.90 A and their respective B subunits differ in orientation by 13.3  . Finally, when the A subunits of Mtb, Ec, and Sa DHPS dimers are superimposed, it is observed that there is a 17  difference of in the angle for the axis of Mtb helix a8 compared to the Ec and Sa helix a8. This helix is involved in the dimerization interface in each of the DHPS structures and its different orientation in the Mtb subunit may explain the signi®cant differences in organization of the three DHPS dimers. The differences in subunit orientations in the Mtb, Ec and Sa DHPS dimers and the orientation of Mtb helix a8 is likely to originate from the divergence in sequence of the amino acids contributing to the dimerization interface. An alternative possibility is that the differences in subunit orientation may represent various states of the enzyme, which is reported to have half-sites reactivity in other species (Hampele et al., 1997; Vinnicombe & Derrick, 1999a). Communication across the dimer interface by rotation of the subunits may result in subtle structural changes that could allow one subunit to be more or less active than the adjacent subunit. The various apo and holo structures of Ec and Sa DHPS do not show changes in the dimer interface upon ligand binding, but these studies were all the result of soaking experiments, which might have masked rearrangements across the dimer interface. Clearly, further studies need to be carried out to establish how, and if, the dimer is dynamically changing its structure while the enzyme catalyzes the reaction. Phosphate/pyrophosphate-binding pocket Although the residues that form the pterin binding pocket are highly conserved in sequence and structure, the residues involved in forming the binding site of the phosphate moiety are slightly different between the Mtb, Ec, and Sa DHPS structures, as shown in Figure 6. Interactions with the phosphate group of PtP in Mtb DHPS and with the



b-phosphate group of H2PtPP and PtPP in Ec and Sa DHPS structures, respectively, are mediated by interactions with Mtb Asn13 (corresponding to Ec Asn22 and Sa Asn11), and with His255 (corresponding to Ec His257 and Sa His241). In the Mtb structure, Asp21 of loop 1 interacts with the phosphate group of PtP, but the corresponding homologous residues Ec Asp30 and Sa Asp19 do not interact with the pyrophosphate moiety, because Mtb DHPS loop 1 is in a conformation distinct from that observed in either the Ec or Sa DHPS structures, as further discussed below. Loop 2 residues that interact with the pyrophosphate moiety of H2PtPP and PtPP in Ec and Sa DHPS structures (most notably Ec Thr62, Arg63, and Sa Arg52) cannot be compared to homologous residues in the Mtb DHPS structure, since loop 2 was too ¯exible to be observed in the latter structure. Mtb Arg253 (corresponding to Ec Arg255 and Sa Arg239) contacts with one face of the pterin ring system via p-p interactions with the guanidinium group in all three DHPS structures. As mentioned above, in Mtb DHPS, the guanidinium group of Arg253 hydrogen bonds to O10, which bridges the pterin and phosphate moieties. Interactions of this arginine in the Ec and Sa DHPS structures are slightly different, as its guanidinium group hydrogen bonds with the two terminal oxygen atoms (Ob1 and Ob2) of the b-phosphate group of the pyrophosphate moiety in Ec DHPS:H2PtPP and with terminal Ob1 of the b-phosphate group of the pyrophosphate moiety of Sa DHPS:Mn2‡:PtPP (Figure 6(a) to (c)). The differences observed between the interactions of DHPS with the phosphate and pyrophosphate moieties in the three structures may represent snapshots of different conformations the enzyme assumes during catalysis, as will be discussed further below. Loop conformations The loops on the active site containing the C-terminal pole of the b-barrel deserve special attention, since they are likely to play a crucial and dynamic function during the catalytic action of the enzyme. The major differences between the different DHPS structures are in the conformations of loop 1 (Mtb Val14-Asp27), loop 2 (Mtb Gly50Asp61), loop 5 (Mtb His131-Val148), and loop 7 (Mtb Leu220-Arg233). Loop 1 in the Mtb DHPS structure adopts a conformation that is entirely distinct from the conformations observed in the Ec and Sa DHPS structures (Figure 7(a)). In the Mtb



that in the E. coli and S. aureus DHPS structures. (d) Proposed geometry of the transition state of the reaction catalyzed by DHPS. In the transition state, the partial positive charge developed on the 6-methyl carbon atom would most likely assume a geometry in which this partial positive charge could be stabilized by the electron-rich conjugated pterin ring system. In this geometry, O10 is perpendicular to the plane of the pterin, as observed approximately in the Mtb DHPS:PtP binary complex. The amino group of pABA would attack C9 from a position opposite the pyrophosphate. Residues that may be involved in catalysis are indicated and include (Mtb numbering) Val11, Asn13, Asp21, Ser53, Arg54, Phe182, Lys213, Arg253 and His255. This Figure was produced with the program IRIS Showcase (Silicon Graphics, Inc.).
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Figure 7. The different conformations of the conserved loop 1 of DHPS. (a) Superposition of the structures of E. coli (Achari et al., 1997), S. aureus (Hampele et al., 1997), and Mtb DHPS (this study) reveals that loop 1 can adopt different conformations. Loop 1 from E. coli (blue), S. aureus (yellow), and Mtb (green) are shown in the context of the rest of the Mtb DHPS structure, shown in shades of red. The highly conserved Mtb Asp21 hydrogen bonds to PtP, but the homologous aspartate residue in the E. coli and S. aureus loop 1 lies far from the active site. Distances between the a-carbon atoms of the homologous aspartate residues are indicated. This part of the Figure was produced with the program InsightII (Molecular Simulations, Inc.). (b) Multiple sequence alignment of DHPS loop 1 shows the high level of conservation of residues in this region. Conservation is indicated by shades of red, with bright red indicating absolute conservation and peach indicating low conservation. Positions with no detectable conservation are not colored. Mtb Asp21 is in the highly conserved section of loop 1. This part of the Figure was produced with the program IRIS Showcase (Silicon Graphics, Inc.).



DHPS structure, this loop interacts with the PtP binding site by closing down and ``capping'' the active site (Figure 7(a)). In contrast, loop 1 is in an open conformation in the Ec DHPS structures and is in an intermediate open conformation in monomer A of the Sa apo DHPS structure. When PtPP and Mn2‡ were soaked into the Sa apo crystals, loop 1 was not visible in monomer A, suggesting



that loop 1 became disordered upon substrate binding. Loop 1 was not visible in either the apo or holo structures of monomer B of Sa DHPS. In contrast, loop 1 was visible and adopts roughly the same conformation in both apo and holo Ec DHPS structures, with its highly open conformation allowing substrates to be soaked into the active site without resulting in disorder of loop 1. In each
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case, the average B-factor of loop 1 is higher than the average B-factor for the whole protein, providing further evidence for the ¯exibility of this loop. It is intriguing that highly conserved residues amongst all DHPSs are located on loop 1, including Mtb DHPS Asp21, which forms a hydrogen bond with the phosphate group of PtP (Figure 7(b)). In fact, Mtb DHPS Asp21 is highly conserved among DHPS sequences, and is a glutamate only in the Helicobacter pylori DHPS sequence (Tomb et al., 1997). Although loop 1 exhibits a 70 % sequence identity between Mtb, Ec and Sa DHPSs, the homologous residue Ec DHPS Asp30 is Ê away from Mtb DHPS Asp21, approximately 20 A and the homologous residue Sa DHPS Asp19 is Ê away from Mtb DHPS Asp21 approximately 15 A (Figure 7). Even though in all available structures loop 1 is engaged in crystal contacts, this observation makes it plausible that this highly conserved aspartate residue must travel relatively long distances while loop 1 undergoes dramatic conformational changes to place its functional relevant residues in the proper positions for catalysis. The high level of sequence conservation, the relative ¯exibility, and our observation of direct interactions with the active site suggest that loop 1 may be important in the reaction mechanism of DHPS, as will be discussed below. Electron density corresponding to loop 2 in the Mtb DHPS structure could not be observed, indicating ¯exibility of this loop. In both apo and holo Sa DHPS crystal structures, loop 2 was observed in subunit A but not in subunit B, suggesting ¯exibility of Sa loop 2 (Hampele et al., 1997). In contrast, loop 2 could be observed in both apo and ligand-soaked Ec DHPS crystal structures (Achari et al., 1997). In Mtb DHPS, loop 2 consists of 12 residues, eight of which are highly conserved, and Mtb Pro55 is absolutely conserved in wild-type DHPS sequences. In Sa and Ec DHPSs, three of these residues are in contact with the pyrophosphate of H2PtPP or PtPP (Figure 8(a) and (b)). Mtb loop 2 is discussed below in context with the predicted binding mode of pABA and sulfa drugs. Loop 5 in the Mtb DHPS structure, like loops 1 and 2, adopts a conformation different from the corresponding loop in E. coli and S. aureus (Figure 10). In contrast to loop 1, loop 5 residues are poorly conserved and there is variation in the length of this loop. Mtb DHPS loop 5 consists of 19 residues versus 18 residues in E. coli, 11 residues in S. aureus, and ranges between 11 and 46 residues in other species. Loop 5 in Mtb DHPS is stabilized mainly by interactions with loop 6 and by a few contacts with loop 4. However, no interaction of loop 5 with loop 2 could be observed, since loop 2 was not visible in our electron density maps. This is in distinct contrast with what has been reported for the Ec and Sa DHPS structures. In the Ec DHPS structures, loop 5 was observed to extensively interact with loop 2, whereas in the Sa DHPS structure, loop 5 interacts weakly with loop 2. It is interesting that many of the amino acid differences



between the DHPS of M. tuberculosis and the related organism M. leprae are localized within loop 5. Although Mtb and M. leprae DHPS share an overall sequence identity of 79 %, they share only 42 % sequence identity in loop 5. In summary, the loops of DHPS serve an important functional role and, like the ¯uidic arms of an octopus, can assume different conformations. Loops 1, 2, and 5 may be the most crucial loops for the action of DHPS. The crystal structure of Mtb DHPS reveals for the ®rst time direct evidence that loop 1 may serve a key role in the catalytic action of the enzyme. It is evident that further studies are needed to fully elucidate the precise enzymatic role of loop 1 residues, as well as of other putative active-site residues, while DHPS is carrying out the synthesis of dihydropteroate. Possible implications for catalysis Even though our structure of Mtb DHPS in complex with PtP lacks the b-phosphate group of the actual substrate H2PtPP, our structure contains several interesting aspects that may help to shed light on the mechanism of DHPS catalysis. This stems in particular from the new conformation of loop 1 and the out-of-plane orientation of the a-phosphate group. Below we will look into the implications of these structural features for the catalytic mechanism combined with the possible enzymatic function of several highly conserved residues in the DHPS enzyme family. Three key phosphate-binding residues that may be involved in facilitating pyrophosphoryl transfer are visible in the Mtb DHPS:PtP binary complex (Figure 6(c)). The ®rst is the absolutely conserved Mtb Asn13, which provides its OD1 to coordinate a magnesium ion, which then in turn is coordinated by O1 of the a-phosphate moiety of PtP. In monomer A of S. aureus Mn2‡/PtPP-soaked DHPS crystals, a Mn2‡ was observed to be coordinated by the OD1 of Sa Asn11, equivalent to Mtb Asn13, and by the terminal Ob2 of the b-phosphate group of PtPP. The second key phosphate-binding residue is the highly conserved Mtb Asp21 of loop 1, which interacts directly with the terminal O2 of the phosphate moiety of PtP, with the a-phosphate oxygen atom most likely being protonated, since its pKa lies between 6.3 and 6.6 (Jencks & Regenstein, 1970). Ec DHPS Asp30 and Sa DHPS Asp19 are equivalent to Mtb Asp21, but in these structures these aspartate residues are far, i.e. up to Ê , removed from the active site, in contrast 20 A with the situation in Mtb DHPS (Figure 7). This points to considerable rearrangements of loops upon substrate binding and possibly during catalysis. The third absolutely conserved residue in this region is Mtb His255, which hydrogen bonds to the terminal O1 of the a-phosphate moiety of PtP and to the terminal Ob3 of the b-phosphate moiety of H2PtPP and PtPP in the Ec and Sa DHPS structures, respectively (Figure 6(a)-(c)). While Mtb Asn13 and His255 have been discussed in connec-



1204 tion with the Ec and Sa DHPS structures, the involvement of Asp21, provided by loop 1, is a new insight obtained from the Mtb DHPS structure. Mtb Arg253, a residue that is absolutely conserved in all reported DHPS sequences, is situated at an intriguing position with respect to both the pterin ring system and the pyrophosphate moiety. It is engaged in p-p interactions
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of its guanidinium group with the pyrazine ring of the pterin. At the same time, the guanidinium group of Mtb Arg253/Ec Arg255/Sa Arg239 interacts with the phosphate/pyrophosphate moiety in each of the three DHPS structures, but in each case in a different manner, as discussed above and shown in Figures 5 and 6. These differences may represent different snap-



Figure 8. Loops 2 and 5 of DHPS. Superposition of the structures of E. coli (Achari et al., 1997), S. aureus (Hampele et al., 1997), and Mtb DHPS reveals that loops 2 and 5 can adopt different conformations. Loops 2 and 5 from E. coli (blue), loops 2 and 5 from S. aureus (yellow), and loop 5 from Mtb (green) are shown in the context of the rest of the Mtb DHPS structure, depicted in shades of red. E. coli loop 5 interacts with E. coli loop 2, but S. aureus loop 5 does not interact with S. aureus loop 2 as extensively. S. aureus loop 5 is seven amino acid residues shorter than the corresponding E. coli loop 5. Loop 2 was not observed in the Mtb DHPS structure. This Figure was produced with the program InsightII (Molecular Simulations, Inc.).
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shots of the interactions that this completely conserved arginine residue engages in during catalysis. Another absolutely conserved residue, Mtb Lys213, provides an e-amino group that hydrogen bonds with the 4-oxocarbonyl O4 and the N5 of the pyrazine ring of PtP in our Mtb DHPS:PtP binary complex. Similar interactions occur in the Ec and Sa DHPS structures (Achari et al., 1997; Hampele et al., 1997). Together with the positively charged guanidinium group of Mtb Arg253, the amino group of Lys213 is the second positive charge interacting with the ``C6-end'' of the pyrazine ring, i.e., the N5, C6, C7 region, with possible electron-withdrawing consequences for the C6-C9 bond to be attacked by the incoming amino group of the second substrate, pABA. Another completely conserved functional group is the hydroxyl side-chain of Mtb Ser53 from loop 2, which is equivalent to Ec Thr62 and Sa Thr51. In the E. coli enzyme, the hydroxyl group of this residue interacts with terminal oxygen atoms of the a-phosphate moiety of H2PtPP, while its backbone amide group is engaged in hydrogen bond formation with this phosphate moiety. In Sa DHPS, both the hydroxyl group and backbone amide group of Thr51 engage in hydrogen bonds to the OE1 of Sa Gln 105 (equivalent to Mtb Val107), which packs against one side of the pterin face. Even though loop 2, and hence Mtb Ser53, is not visible in our electron density maps of Mtb DHPS, it is likely that at some stage during catalysis Mtb Ser53 interacts with the a-phosphate moiety of its H2PtPP substrate. The mobility of loop 2 (Figure 8) has other intriguing aspects. Loop 2 residue Arg63 of Ec DHPS (corresponding to Mtb Arg54), hydrogen bonds to the terminal Ob3 of the b-phosphate moiety of H2PtPP, but extends from loop 2 to occupy roughly the space where residues Ser20 and Asp21 of loop 1 reside in our Mtb DHPS structure. Loop 2 of Ec and Sa DHPSs differ slightly from each other, with the Ca position of Sa Arg52 (corresponding to Ê from both Mtb Arg55 and Ec Arg63) residing 4 A the equivalent position in the Ec structure (Figure 8). Unlike Ec Arg63, the equivalent Sa Arg52 does not occupy space where residues are found in the closed conformation of Mtb loop 1. Sa Arg52 replaces Ec Thr62 as the hydrogen bonding partner with Oa1 of the a-phosphate moiety of PtPP. Because (i) loop 2 is in slightly different conformations in the Ec and Sa DHPS structures (Figure 8); (ii) Ec Arg63 and Sa Arg52 interact with different parts of the pyrophosphate moiety in the Ec and Sa DHPS structures; and (iii) the equivalent Mtb Arg54 is invisible in the Mtb DHPS structure, it is quite possible that loop 2 undergoes dynamic motion during catalysis such that this highly conserved arginine residue hydrogen bonds to different parts of the pyrophosphate during substrate binding along the reaction pathway. In summary, Mtb Ser53 and Arg54 may hydrogen bond to the pyrophosphate moiety of the H2PtPP during



1205 catalysis and serve to facilitate pyrophosphoryl transfer. The a-phosphate position of PtP in the Mtb DHPS structure is particularly interesting. The observed position of the phosphate moiety in PtP places this oxygen atom roughly perpendicular to the plane of the pterin ring system. This is in contrast with the observed conformations of the a-phosphate moiety in the Ec DHPS:H2PtPP and Sa DHPS:PtPP binary complexes, in which the a-phosphate group lies in the plane of the pterin ring system, as can be seen in Figure 5. The b-phosphate group of the pyrophosphate moiety of H2PtPP can be modeled into the Mtb DHPS:PtP structure and ®ts within the b-phosphate-binding site consisting of Mtb Asn13, His255, and Val11. (The homologous residues in E. coli and S. aureus create similar b-phosphate binding sites in the Ec DHPS:H2PtPP and Sa DHPS:PtPP:Mn2‡ structures). Hence, the out-of-plane oxygen atom for PtP seen with Mtb DHPS may be closer to the transition state than the observed conformation of H2PtPP or PtPP. Further support for the possibility that the position of the a-phosphate group in the Mtb DHPS:PtP structure is relevant for the actual reaction between pABA and H2PtPP stems from the direction of the C9-O10 bond. It is most likely that the nucleophilic attack by the amino nitrogen atom of pABA occurs from a direction approximately in line with the C9-O10 bond, but obviously with the nitrogen atom on the side of C9 opposite from that where O10 is observed. In our structure, such an incoming position for pABA can be modeled as shown in Figure 6(d). In this model, pABA interacts with the highly conserved Phe182 as well as with the highly conserved loop 2 residues Ser53 and Arg54. Phe182 is conserved in all DHPS sequences except in Toxoplasma gondii DHPS, in which the corresponding residue is isoleucine (Pashley et al., 1997). Interestingly, the binding mode of pABA proposed from this protein:substrate complex is in agreement with the location of the sulfa-drug-resistant mutations of residues in other species equivalent to Mtb Ser53 and Mtb Pro55, as discussed below. In a mechanism consistent with our hypothesized pABA binding site, the positive charges of the absolutely conserved Arg253 and Lys214 next to the pyrazine ring system would be suitably positioned to enhance the polarization of the C6-C9 bond, promoting a partial positive charge on C9 and thereby facilitating the reaction with the pABA amino nitrogen atom. In summary, the available information suggests key catalytic functions for seven residues; Asn13, Asp21, Ser53, Arg54, Phe182, Lys213, Arg253 and His255 (Figures 4(b) and 6(d)). Predicted binding mode of pABA, dapsone, and sulfonamides Although pABA and various sulfa drugs were present in the crystallization buffers and cryoprotectants at a concentration of 3 mM, these ligands



1206 were not observed in the Mtb DHPS structure. The binding mode of pABA has not been reported for any DHPS. In fact, only the structure of Ec DHPS soaked with H2PtOH and sulfanilamide has provided a position of the simplest sulfonamide bound to DHPS (Achari et al., 1997). When the Mtb DHPS:PtP binary complex is compared to the Ec DHPS:H2PtOH:sulfanilamide ternary complex (PDB code 1ajz.pdb; Achari et al., 1997), it appears that the closed loop 1 conformation of Mtb DHPS occupies the space where sulfanilamide was observed to bind in the homologous Ec DHPS drug-soaked crystal structure. As mentioned earlier, since many residues of loop 1 are highly conserved, it is quite likely that the position of loop 1 in the Mtb DHPS structure is of catalytic relevance, in particular since the absolutely conserved Asp21 makes a direct interaction with O2 of the PtP phosphate moiety (Figure 4(b)). Hence, we investigated whether we could predict an alternative binding mode for pABA and sulfa drugs to DHPS. Loop 2 was not observed in the Mtb DHPS structure, but was observed in both the Ec and Sa DHPS structures to contribute highly conserved residues to the interaction with the pyrophosphate moiety of H2PtPP and PtPP, respectively. Therefore, it can be expected that loop 2 plays an important role in DHPS catalysis. Dapsone resistance has been attributed to mutations in the dhps gene of M. leprae (Kai et al., 1999). The reported dapsone-resistance mutations, M. leprae Thr53Ala/ Ile and Pro55Leu correspond to Mtb loop 2 residues Ser53 and Pro55. Because M. leprae and Mtb DHPSs share a 75 % sequence identity in loop 2, it is most likely that this loop assumes similar functions and conformations in both enzymes. Therefore, M. leprae dapsone-resistant mutations may provide information that can be used to predict a binding mode for dapsone in the Mtb DHPS crystal structure. In order to explore this possibility, the coordinates of the residues corresponding to E. coli loop 2 (Ec residues Glu60 to Ser70) were grafted onto the Mtb DHPS structure and the four non-identical E. coli side-chains were changed into the corresponding Mtb residues. In the Mtb DHPS model so obtained, the positions of the two dapsone-resistant mutations in loop 2 lie very close to the active site. Additionally, there is only one solvent-accessible channel to the active site, since Mtb DHPS loop 1 is in a closed conformation. The most likely binding site for pABA, dapsone, and sulfonamides is located within this channel. Residues contributing to the formation of this channel include Mtb loop 2 residues Ser53, Arg54, and Pro55; loop 5 residues His141 and Pro143; loop 6 residues Gly181, Phe182, Lys184, and Thr185; and loop 70 residues Lys213 and Arg214. Two of these residues, Phe182 and Lys213, interact with the pterin moiety. Of these channel residues, the pABA-binding site is most likely lined by Ser53, Arg54, Pro55, Phe182, and Lys213. When this channel is closed by the binding of a pABA, dapsone, or sulfonamide mol-
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ecule, the active site becomes shielded from bulk solvent water, which agrees well with the need to prevent water serving as the nucleophile that would hydrolyze the activated substrate, yielding 6-hydroxymethyl-7,8-dihydropterin. Shielding of the active site during magnesium-dependent pyrophosphoryl transfer from bulk water by the closure of ¯exible loops has been observed crystallographically in the PRTase enzymes (HeÂroux et al., 1999; Shi et al., 1999). The modeled binding mode of dapsone spans across the tip of loop 2, and places dapsone close to the resistance mutations (Figure 9) Ê from the with Arg54 and Pro55 approximately 3 A phenyl ring containing the amino group deepest in Ê from this amino the binding site, Ser53 6 A Ê from group, and Gly181 and Ala183 about 3-5 A the other phenyl group of the symmetric (Figure 1(d)) dapsone molecule. The position of the modeled pABA/dapsone/ sulfonamides in the Mtb DHPS structure places the aniline ring of these ligands orthogonal to the position of sulfanilamide observed in the E. coli DHPS:H2PtOH:sulfanilamide structure (Achari et al., 1997). The modeled position may re¯ect the binding mode after closure of loop 1, which was open in the E. coli structure. The binding mode of sulfanilamide reported in the E. coli DHPS complex (Achari et al., 1997) allows little room for the heterocyclic substitutions at the sulfonamide position that are common in many sulfa drugs, whereas there is space for these substitutions in the channel that we predict to be the sulfa-drug-binding site. The modeled binding mode of pABA/dapsone/ sulfonamides in the Mtb DHPS structure is closer than sulfanilamide in the Ec DHPS structure to the distribution of sulfonamide-resistant mutations observed from a variety of species, which have been found to lie mainly on the loop regions of DHPS. As can be seen in Figure 10 and in Table 2, many of the mutations lie on loop 2 between Mtb Ser53 and Asp61. Interestingly, mutations occur in three organisms at positions equivalent to Mtb Ser53 and Pro55, the residues that we used to predict the binding mode of dapsone. Mutations occur at positions corresponding to Mtb Phe19 and Ser20, both located on loop 1. In fact, a single mutation in E. coli and N. meningitidis DHPSs corresponding to the Mtb Phe19 position can convert the enzyme from being sulfonamide-sensitive to sulfonamide-resistant (Dallas et al., 1992; FermeÂr et al., 1995; FermeÂr & Swedberg, 1997). The presence of a dominant sulfa drug-resistant mutation at a position corresponding to Phe19 supports our hypothesis that loop 1 plays an important role in DHPS catalysis by placing residue Asp21 at the active site. Mtb Phe19 packs against the loop 2 Ê of the absolutely grafted from E. coli, within 5 A conserved Pro55, another position that, when mutated, confers sulfonamide-resistance in several different species. Therefore, one can imagine that the equivalent Phe19Ile (E. coli) and Phe19Leu (N. meningitides) mutations may indirectly modulate the dynamic behavior of loop 2 through
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Figure 9. Modeled binding site of dapsone. (a) The Mtb DHPS structure has loop 2 (purple) grafted from the E. coli structure. Mtb loop 1 and the grafted loop 2 close over the active site and shield it from bulk solvent. Dapsone (green) can be modeled into the only remaining solvent-accessible channel to the PtP (yellow) site. (b) Residues contributing to the pABA/sulfa drug binding site come from loop 1 (grey), loop 2 (purple), loop 5 (blue), loop 6 (pink), and loop 7 (orange). Loop 2 was taken from the homologous E. coli DHPS structure (Achari et al., 1997) and grafted onto the Mtb DHPS structure (in red). Loop 2 residues Thr53 and Pro55, shown in purple, are mutated in the homologous M. leprae DHPS in response to dapsone (Kai et al., 1999). Residues that may contribute to dapsone binding and that may form a general pABA/sulfa drug binding region include (Mtb numbering) loop 2 residues Ser53, Arg54, and Pro55; loop 5 residues His141 and Pro143; and loop 6 residues Gly181, Phe182, Lys184, and Thr185; and loop 7 residues Lys213 and Arg214. The 4-amino group of dapsone (in green) is in line for nucleophilic attack of the 6-methyl carbon atom of PtP (in yellow). This Figure was produced with the program InsightII (Molecular Simulations, Inc.).



interactions with Pro55, altering the pABA-binding pocket so as to better exclude sulfonamides. This was not observed before, since the position of the corresponding phenylalanine residue (Ec Phe28) in Ê the E. coli structure (Achari et al., 1997) is 20 A away from the residue corresponding to Mtb Pro55 (Ec Pro64), due to the fact that Ec loop 1 is not in a conformation that places loop 1 residues near the active site, as does our Mtb DHPS structure. Finally, DHPS mutations at positions equivalent to Mtb Gly181 and Ala183, located on loop 6, confer resistance to sulfonamides in N. meningitidis and Plasmodium falciparum, respectively. Mutagenesis studies at the equivalent positions of the N. meningitidis DHPS enzyme show that N. meningitidis Gly194Cys or duplication of Ser193-Gly194, both part of loop 6, can result in a drug-resistant enzyme (FermeÂr et al., 1995; FermeÂr & Swedberg, 1997). Interestingly, this region Gly181-Thr185 of loop 6 contributes several residues to our predicted dapsone-binding site (Figures 9 and 10). The position of the modeled pABA/dapsone/ sulfonamides in the Mtb DHPS structure derived from mutational data is consistent with a putative transition state geometry depicted in Figure 6(d), in which the 4-amino group of the attacking



nucleophile displaces the pyrophosphate from the opposite side of the 6-methyl carbon atom. The absolutely conserved residues Ser211 and Arg212, whose function was previously de®ned as forming a pABA/sulfonamide-binding site based on the ternary complex E. coli:H2PtOH:sulfanilamide (Achari et al., 1997), can now be re-evaluated in light of our Mtb DHPS structure. The side-chain of Mtb Ser211 makes, in our structure, a hydrogen bond with ND1 of the imidazole ring of His255, which then allows the NE2 of this absolutely conserved histidine to form a hydrogen bond to an oxygen atom of the modeled b-phosphate moiety of H2PtPP (Figure 6(a)-(c)). Arg212 hydrogen bonds via its NH1 to the backbone carbonyl group of Asp21 (loop 1) (Figure 6(c)). This interaction with Arg212 was not observed in either the Ec or Sa DHPS structures because, as described above, the highly conserved Asp21 was far from the active site (Achari et al., 1997; Hampele et al., 1997). Of course, great ¯exibility of loops 1 and 2 is observed in the DHPS structures reported to date, so that it is likely that the substrate pABA and the large variety of sulfonamide and sulfone inhibitors may very well each have subtle or signi®cant differences in position upon binding DHPS. Yet the available evidence points to a general binding site
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Table 2. Sulfonamide and dapsone-resistance mutations observed in DHPS from six organisms Organisms



Mutation observed



Corresponding Mtb residue



Structure



E. coli



Phe28Leu, Ile



Phe19



Loop 1



N. meningitidis



Phe31Leu



Phe19



Loop 1



P. carinii M. leprae P. carinii



Phe23Leu Thr53Ile,Ala Thr55Ala



Ser20 Ser53 Ser53



Loop 1 Loop 2 Loop 2



P. falciparum P. falciparum S. pneumoniae M. leprae P. carinii



Ser436Ala, Phe Ala437Gly Arg58-Pro59 duplication Pro55Leu Pro57Ser



Ser53 Arg54 Arg54-Pro55 Pro55 Pro55



Loop Loop Loop Loop Loop



2 2 2 2 2



E. coli S. pneumoniae S. pneumoniae P. carinii S. pneumoniae P. carinii P. falciparum N. meningitidis



Pro64Ser Arg insertion after Gly60 Ser61 duplication His60Asp Ile66-Glu67 duplication Ile111Thr Lys540Glu Gly194Cys, Ser193-Gly194 duplication Ala581Gly Ala613Ser, Thr Val248Gly



Pro55 Gly56 Ala57 Thr58 Val60-Asp61 Val107 Trp132 Gly181



Loop Loop Loop Loop Loop Loop Loop Loop



2 2 2 2 2 4 5 6



Ala183 Gly217 Ala245



Loop 6 a70 a7



P. falciparum P. falciparum P. carinii



References Dallas et al. (1992); FermeÂr & Swedberg (1997) FermeÂr et al. (1995); FermeÂr & Swedberg (1997) Lane et al. (1997) Kai et al. (1999) Lane et al. (1997); Kazanjian et al. (1998); Mei et al. (1998) Wang et al. (1997) Wang et al. (1997) Padaycachee & Klugman (1999) Kai et al. (1999) Lane et al. (1997); Kazanjian et al. (1998); Mei et al. (1998) Vedantam et al. (1998) Padaycachee & Klugman (1999) Maskell et al. (1997) Lane et al. (1997) LoÂpez et al. (1987) Lane et al. (1997) Wang et al. (1997) FermeÂr et al. (1995); FermeÂr & Swedberg (1997) Wang et al. (1997) Wang et al. (1997) Lane et al. (1997)



Figure 10. Distribution of sulfa-drug-resistance mutations in DHPS. Mutations that confer sulfa drug-resistance to DHPS from six different species (Table 2) have been mapped onto the Mtb DHPS structure with ``loop 2`` grafted from E. coli DHPS. The equivalent position in the Mtb DHPS structure corresponding to where a mutation has been observed is indicated with a sphere at its Ca, and the sphere is color-coded by species; N. meningitidis blue, S. pneumoniae green, P. falciparum cyan, P. carinii orange. Positions that are mutated in several species, equivalent to Mtb DHPS residues 19 (loop 1), 53 and 55 (loop 2), are indicated by large red spheres, and are close to the active site and putative dapsone binding region. This Figure was produced with the program InsightII (Molecular Simulations, Inc.).
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for at least pABA and dapsone (Figures 9 and 10), which ®ts well into a picture of a likely catalytic mechanism (Figure 6(d)). Structural insights for the design of novel antimycobacterial agents The highly conserved pterin-binding pocket may be exploited for the design of novel DHPS inhibitors. Sulfa drugs are generally substituted on the sulfonamide position, as shown in Figure 1(c). Extension of a sulfa drug into the pterin pocket would mean modi®cation of the sulfonamide or sulfone drug molecule in a position opposite to where substitutions have traditionally been made. This may result in a new set of chemically diverse molecules that may serve as lead compounds for antimycobacterial drug design. Additionally, the highly conserved nature of the pterin-binding pocket may render it less prone to drug-resistant mutations, while the hydrophobic nature of many residues lining this pocket may create opportunities to add hydrophobic substitutions to novel inhibitors. This could be highly bene®cial for the membrane translocation steps of orally available anti-tuberculosis agents. Obviously, one has to avoid binding of such inhibitors to pterin and folate binding sites of key human proteins. The absolutely conserved Arg253, however, may function as a distinctive feature of the pterin-binding pocket of DHPS. Transition state inhibitors against DHPS may also serve as powerful leads for novel antimycobacterial agents, since the reaction catalyzed by DHPS is not present in humans. In summary, the crystal structure of Mtb DHPS presents exciting opportunities to be explored for the design of new antimycobacterial agents.



Materials and Methods Synthesis of pterin substrate analogues The pterin substrate analogues used in this study are shown in Figure 1(b). 6-Hydroxymethylpterin pyrophosphate (PtPP) and 6-hydroxymethylpterin monophosphate (PtP) were synthesized from 6-hydoxymethylpterin (Sigma) and pyrophosphoric acid (Aldrich) adapting the protocol of Shiota et al. (1964) and then separated using HPLC (Hewlett Packard 1100 Series Autosampler, Vydac C18 reverse phase column). The identities of PtPP and PtP were con®rmed with MALDI mass spectrometry. Co-crystallization of DHPS with pterin monophosphate Recombinant Mtb DHPS was overexpressed in E. coli and puri®ed as described (Nopponpunth et al., 1999). The Mtb DHPS protein sample was at a concentration of 14 mg/ml in a buffer containing 50 mM potassium phosphate (pH 7.0), 1 mM DTT, and 20 % (v/v) glycerol. When screening for crystallization conditions of binary or ternary DHPS complexes, the pterin derivatives (PtP or PtPP shown in Figure 1(b)) were added to the protein solution to a ®nal concentration of 3 mM and pABA or various sulfa drugs were added to a ®nal concentration



of 3 mM. 7,8-Oxidized versions of pterins were used in crystallization experiments, since pterin binding to DHPS is relatively independent of the reduction state of the pterin ring, as shown by the ability of S. aureus DHPS to bind an oxidized pterin substrate (Hampele et al., 1997) and by the similar Ki values of folate (15 mM), dihydrofolate (15 mM), and tetrahydrofolate (8 mM in S. pneumoniae) (Vinnicombe & Derrick, 1999a). Despite extensive screening, crystals of apo-DHPS, binary complex PtPP:DHPS, or ternary complex PtPP: (pABA or sulfa drug):DHPS could not be grown. Mtb DHPS crystals were obtained only when PtP was present. Initial crystallization conditions, which were subsequently optimized, were found using the Crystal Screen Kit I from Hampton Research. Crystallization was carried out using the sitting drop vapor diffusion method in which 1 ml of protein solution was added to 1 ml of reservoir and equilibrated against 0.5 ml of reservoir solution in a sealed chamber at 25  C. The reservoir solution contained 100 mM sodium acetate (pH 4.6), 200 mM ammonium acetate, and 30 % (w/v) PEG 4000. Bipyramidal shaped crystals grew within one to two days with dimensions of 0.30 mm  0.20 mm  0.20 mm. The crystals used in data collection were grown in the presence of 3 mM PtP and 3 mM pABA or sulfa drugs. Data collection and processing Crystals were ¯ash-frozen in a liquid nitrogen stream using 15 % glycerol added to the reservoir solution as a cryoprotectant. The pH of the cryoprotectant was 5.8. A data set of the DHPS:PtP binary complex was collected Ê resolution using a Rigaku RU 200 rotatat 140 K to 1.7 A Ê ) and a Raxis ing anode X-ray generator (CuKa; l 1.54 A IIc area detector. This data set was processed using DENZO and scaled with SCALEPACK (Otwinowski & Minor, 1997). The crystal was trigonal with space group Ê , c ˆ 121.4 A Ê. P3221, cell dimensions a ˆ b ˆ 62.9 A Structure determination and refinement The structure of Mtb DHPS:PtP was solved by molecular replacement methods with the AMoRe program Ê . The search (Navaza, 1994) using data from 8 to 3.5 A model was an apo version of S. aureus DHPS monomer A (PDB code 1ad1.pdb; Hampele et al., 1997), with nonidentical residues compared to Mtb DHPS (percentage identity ˆ 37.4) replaced by alanine. The top solution before rigid-body re®nement yielded a correlation coef®cient of 23.5 %, and an R-factor of 52.5 %. The asymmetric unit contains a monomer of 28.8 kDa, but a crystallographic 2-fold axis generates a dimer. Mtb DHPS was re®ned with the software packages CNS (Pannu & Read, 1996; Adams et al., 1997; BruÈnger et al., 1998) and TNT (Tronrud et al., 1987) using data Ê . Iterative model building was done from 20 to 1.7 A employing the program O (Jones et al., 1991) using saweighted 2Fo ÿ Fc and Fo ÿ Fc electron density maps (Read, 1986). All re®nement procedures were corroborated by analysis of the free R-factor (BruÈnger, 1992), with 5 % of the observed re¯ections belonging to the test set. Loops 1, 2, 5, and 7, b-strand 1 and a-helix 8 were removed from the starting model, since initial electron density maps in these areas could not be well interpreted. Several rounds of simulated annealing, alternated with manual model building, were performed. During the course of model building, loops 1, 5, and 7, b-strand 1 and a-helix 8 were added to the model. A total of 244



1210 water molecules were added with the CNS program and carefully checked for proper hydrogen bonding geometry. Pterin monophosphate was also included in the model, using input topology and parameter ®les generated by the program XPLODE (Kleywegt & Jones, 1997). In the ®nal stages of re®nement, a magnesium ion was Ê from the OD1 of Asn13 and included, which was 1.93 A Ê from O1 of the PtP phosphate. The ®nal model (R 2.17 A 18.5 %, Rfree 24.3 %) includes Mtb DHPS residues 5 to 50 and 65 to 274, PtP, Mg2‡, and 244 water molecules. A summary of crystallographic information, data processing and re®nement statistics is given in Table 1. Protein Data Bank accession numbers The atomic coordinates for the re®ned structure of M. tuberculosis DHPS in complex with PtP have been deposited in the RCSB Protein Data Bank, accession code 1eye.pdb.
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