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Abstract Purine nucleoside phosphorylase (PNP) catalyzes the phosphorolysis of the N-ribosidic bonds of purine nucleosides and deoxynucleosides. PNP is a target for inhibitor development aiming at T-cell immune response modulation and has been submitted  resolution, which to extensive structure-based drug design. More recently, the 3-D structure of human PNP has been reﬁned to 2.3 A allowed a redeﬁnition of the residues involved in the substrate-binding sites and provided a more reliable model for structure-based  design of inhibitors. This work reports crystallographic study of the complex of Human PNP:guanine (HsPNP:Gua) solved at 2.7 A resolution using synchrotron radiation. Analysis of the structural diﬀerences among the HsPNP:Gua complex, PNP apoenzyme, and HsPNP:immucillin-H provides explanation for inhibitor binding, reﬁnes the purine-binding site, and can be used for future inhibitor design. Ó 2003 Elsevier Inc. All rights reserved. Keywords: PNP; Synchrotron radiation; Structure; Drug design



PNP catalyzes the reversible phosphorolysis of the ribonucleosides and 20 -deoxyribonucleosides of guanine, hypoxanthine, and a number of related nucleoside compounds [1], except adenosine (Fig. 1). Human PNP is an attractive target for drug design and it has been submitted to extensive structure-based design. PNP inhibitors could be used in the following applications: (1) treatment of T-cell leukemia; (2) suppression of the host-vs.-graft response in organ transplantation recipients; (3) treatment of secondary or xanthine gout by restricting purine catabolites to the more soluble nucleosides; and (4) in combination with nucleosides to prevent their degradation by PNP metabolism [2]. More recently, the 3-D structure of human PNP has been *
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 resolution [3], which allowed a redeﬁreﬁned to 2.3 A nition of the residues involved in the substrate-binding sites and provided a more reliable model for structurebased design of inhibitors. The crystallographic structure is a trimer and analysis of human PNP in solution, using SAXS, conﬁrmed that the crystallographic trimer is conserved in solution [4]. We have obtained the crystallographic structure of the complex between HsPNP and guanine (HsPNP: Gua). Previously reported structure for the same complex showed poor stereochemistry quality [2,5] and the reﬁned model does not show water molecules. Our analyses of the HsPNP:Gua structural data and structural diﬀerences between the PNP apoenzyme and HsPNP:Gua complex provide explanation for substrate binding, reﬁne the purine-binding site, identify water molecules, a new phosphate-binding site, and can be used for future inhibitor design.
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fractional coordinates are Tx ¼ 0:164, Ty ¼ 0:625, and Tz ¼ 0:032. At this stage 2Fobs  Fcalc omit maps were calculated. These maps showed clear electron density for the guanine in the complex. Further reﬁnement in X-PLOR continued with simulated annealing using the



Table 1 Data collection and reﬁnement statistics Fig. 1. The enzymatic reaction catalyzed by PNP.



Materials and methods Crystallization and data collection. Recombinant human PNP was expressed and puriﬁed as previously described [6]. HsPNP:Gua was crystallized using the experimental conditions described elsewhere [7,8]. In brief, a PNP solution was concentrated to 13 mg mL1 against 10 mM potassium phosphate buﬀer (pH 7.1) and incubated in the presence of 0.6 mM of guanine (Sigma). Hanging drops were equilibrated by vapor diﬀusion at 25 °C against reservoir containing 19% saturated ammonium sulfate solution in 0.05 M citrate buﬀer (pH 5.3). In order to increase the resolution of the HsPNP:Gua crystal, we collected data from a ﬂash-cooled crystal at 104 K. Prior to ﬂash cooling, glycerol was added, up to 50% by volume, to the crystallization drop. X-ray diﬀraction data were collected at a wavelength of  using the Synchrotron Radiation Source (Station PCr, Lab1.4310 A orat orio Nacional de Luz Sıncrotron, LNLS, Campinas, Brazil) and a CCD detector (MARCCD) with an exposure time of 30 s per image at a crystal to detector distance of 120 mm. X-ray diﬀraction data were  resolution using the program MOSFLM and scaled processed to 2.7 A with the program SCALA [9]. , Upon cooling the cell parameters shrank from a ¼ b ¼ 142:90 A  to a ¼ b ¼ 141:07 A , and c ¼ 162:37 A . For HsPNP:Gua c ¼ 165:20 A 3 compatible with complex the volume of the unit cell is 2.847  106 A 3 /Da. one monomer in the asymmetric unit with Vm value of 4.92 A 3 1 Assuming a value of 0.25 cm g for the protein partial speciﬁc volume, the calculated solvent content in the crystal is 75% and the calculated crystal density 1.09 g cm3 . Crystal structure. The crystal structure of the HsPNP:Gua was determined by standard molecular replacement methods using the program AMoRe [10], using as search model the structure of HsPNP (PDB Access Code: 1M73) [3]. Structure reﬁnement was performed using X-PLOR [11]. The atomic positions obtained from molecular replacement were used to initiate the crystallographic reﬁnement. The overall stereochemical quality of the ﬁnal model for HsPNP:Gua complex was assessed by the program PROCHECK [12]. Atomic models were superposed using the program LSQKAB from CCP4 [9].



Results and discussion Molecular replacement and crystallographic reﬁnement The standard procedure of molecular replacement using AMoRe [10] was used to solve the structure. After translation function computation the correlation was of 74% and the Rfactor of 31%. The highest magnitude of the correlation coeﬃcient function was obtained for the Euler angles a ¼ 113:7°, b ¼ 57:5°, and c ¼ 158:0°. The



, a ¼ b ¼ 141:07 A  c ¼ 162:37 A a ¼ b ¼ 90:00°, c ¼ 120:00° R32 46,457 18,226 91.0



Cell parameters



Space group No. of measurements with I > 2r (I) No. of independent reﬂections Completeness in the range from 56.80 to  (%) 2.60 A 7.0 Rsym a (%) ) Highest resolution shell (A 2.85–2.70 Completeness in the highest resolution shell (%) 96.0 Rsym a in the highest resolution shell (%) 37.1 ) Resolution range used in the reﬁnement (A 8.0–2.7 Rfactor b (%) 21.8 29.3 Rfree c (%) 2 ) B valuesd (A Main chain 34.45 Side chains 38.07 Guanine 28.72 Waters 32.14 Sulfate groups 37.70 No. of water molecules 38 No. of sulfate groups 4 P P a Rsym ¼ 100 jIðhÞ  hIðhÞij= IðhÞ with IðhÞ, observed intensity and hIðhÞi, mean intensity of reﬂection P P h over all measurement of IðhÞ. b Rfactor ¼ 100  jFobs  Fcalc j= ðFobs Þ, the sums being taken over all reﬂections with F =r ðF Þ > 2 cutoﬀ. c Rfree ¼ Rfactor for 10% of the data, which were not included during crystallographic reﬁnement. d B values ¼ average B values for all non-hydrogen atoms.



Table 2 Structural quality of the present structure and 1ULB Structure



1ULB



Present work



Residues in most favored regions of the Ramachandran plot (%)



73.5



82.0



Residues in addition allowed regions of the Ramachandran plot (%)



21.2



13.5



Residues in generously allowed regions of the Ramachandran plot (%)



2.4



3.7



Residues in disallowed regions of the Ramachandran plot (%)



2.9



0.8



0.038 29.64 1.50



0.013 24.90 1.79



2.75



2.70



Observed r.m.s.d. from ideal geometry ) Bond lengths (A Bond angles (°) Dihedrals (°) ) Highest resolution (A
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slow-cooling protocol, followed by alternate cycles of positional reﬁnement and manual rebuilding using XtalView [13]. Finally, the positions of guanine, water, and sulfate molecules were checked and corrected in Fobs  Fcalc maps. The ﬁnal model has an Rfactor of 21.8% and an Rfree of 29.3%, with 38 water molecules, 4 sulfate ions, and the guanine. Ignoring low-resolution data, a Luzzati plot [14] gives the best correlation between the observed and calculated . data for a predicted mean coordinate error of 0.36 A
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2 , The average B factor for main chain atoms is 34.45 A 2  whereas that for side chain atoms is 38.07 A (Table 1). Comparison of the present structure with previously deposited atomic coordinates for the same complex indicates that the present structure shows better overall stereochemistry (Table 2). Furthermore, analysis of the electron-density maps of the present structure allowed the determination of water molecules, not identiﬁed in the previous structure. In addition, three new human PNP structures [3,7,8] made possible structural comparison presented here. Overall description Analysis of the crystallographic structure of HsPNP:Gua complex indicates a trimeric structure. Each PNP monomer displays an a=b fold consisting of a mixed b-sheet surrounded by a helices. The structure contains an eight-stranded mixed b-sheet and a ﬁvestranded mixed b-sheet, which join to form a distorted b-barrel. Fig. 2 shows schematic drawings of the HsPNP:Gua complex. Ligand-binding conformational changes



Fig. 2. Ribbon diagram of HsPNP:Gua generated by Molscript [23] and Raster3d [24].



There is a conformational change in the PNP structure when guanine binds in the active site. The overall change is relatively small, with an r.m.s.d. in the coor after superimposition. The dinates of all Ca of 1.29 A largest movement was observed for His257 side chain, which partially occupies the purine subsite in the native enzyme. The residues 241–260 act as a gate that opens during substrate binding. This gate is anchored near the central b-sheet at one end and near the C-terminal helix at the other end and it is responsible for controlling access to the active site. The gate movement involves a helical transformation of residues 257–265 in the transition apoenzyme-complex. Fig. 3 shows the gate



Fig. 3. Gate movement after binding of guanine to human PNP.
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Fig. 4. Multiple modes of binding to human PNP. (A) HsPNP:guanine, (B) HsPNP:acyclovir, and (C) HsPNP:immucillin-H.



movement observed in the transition from the apoenzyme to the complex HsPNP:Gua. Phosphate-binding sites The present structure of HsPNP shows clear electrondensity peaks for four sulfate groups, which are present in high concentration in the crystallization experimental condition. Three of these sulfate groups have been previously identiﬁed in the high-resolution structure of human PNP [3] and one new site was identiﬁed in the present structure. The ﬁrst sulfate site, which is the



catalytic phosphate-binding site, is positioned to form hydrogen bonds to Ser33, Arg84, His86, and S220. The second sulfate-binding site lies near Leu35 and Gly36 and is exposed to the solvent and whether it is mechanistically signiﬁcant or an artifact resulting from the high-sulfate concentration used to grow the crystals is not known. The third identiﬁed sulfate group makes hydrogen bonds, involving residues Gln144 and Arg148 from adjacent subunit. The fourth sulfate-binding site ) and makes hydrogen bonds with residues Ser33 (3.5 A ) and it is close to guanine, making one Tyr88 (3.3 A ), and occupies the hydrogen bond to the nitrogen (2.9 A
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ribose-binding site (Fig. 4A). The ribose-binding site is mostly hydrophobic, which is composed of several aromatic amino acids, including Tyr88, Phe159 (of the adjacent subunit), Phe200, His86, His257, and Met219. It is tempting to speculate that the presence of a sulfate (phosphate) group at the ribose-binding site may oﬀer further hindrance to the binding of substrates, which may also contribute to the larger IC50 observed for several inhibitors in the presence of higher phosphate concentrations [7,8].
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The speciﬁcity and aﬃnity between enzyme and its ligand depend on directional hydrogen bonds and ionic interactions, as well as on shape complementarity of the contact surfaces of both partners [15–21]. The electrostatic potential surface of the guanine complexed with HsPNP was calculated with GRASP [22] (ﬁgure not shown). The analysis of the charge distribution of the binding pocket indicates the presence of some charge complementarity between inhibitor and enzyme, though most of the binding pocket is hydrophobic. Comparison of the present structure with human PNP complexed with acyclovir (HsPNP:Acy) [7] and immucillin-H (HsPNP:ImmH) [8] indicates that human PNP presents multiple modes of binding to the active site. Figs. 4A–C show the interaction between ligands and PNP. The main residues involved in binding in all complexes are Glu201, Thr242, and Asn242. Analysis of the hydrogen bonds between immucillin-H and PNP reveals eight hydrogen bonds, involving the residues His86, Tyr88, Glu201, Asn243, and His257. For the complex HsPNP:Acy ﬁve hydrogen bonds were observed. These hydrogen bonds involve Glu201 and Asn243. Five hydrogen bonds between guanine and human PNP, involving residues Glu201, Thr242, and Asn243 were observed. The previously described participation of Lys244 [5] in ligand binding was not identiﬁed in the present study and in the structures of human PNP complexed with inhibitors. Analysis of the complexes indicates that Glu201 and Thr242 occupy approximately the same position in all the complexes. The side-chain of Asn243 shows some ﬂexibility, which causes diﬀerences in the hydrogen bond pattern of this residue, the complexes HsPNP:ImmH and HsPNP:Gua show intermolecular hydrogen bonds involving the following atom pairs: Asn243 ND2-O6 and Asn243 OD1-N7. The participation of Asn243 OD1 is not observed in the HsPNP:Acy complex. The precise deﬁnition of the modes of binding to human PNP may help in future structure-based design of inhibitors. The atomic coordinates and the structure factors for the complex HsPNP:Gua have been deposited in the PDB with the Accession Code: 1V2H.
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