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            Crystallographic Structure of Phosphofructokinase-2 from Escherichia coli in Complex with Two ATP Molecules. Implications for Substrate Inhibition Ricardo Cabrera 1 , Andre L. B. Ambrosio 2 , Richard C. Garratt 2 , Victoria Guixé 1 and Jorge Babul 1 ⁎ 1 Departamento de Biología, Facultad de Ciencias, Universidad de Chile, Casilla 653, Santiago, Chile 2 Centro de Biotecnologia Molecular Estrutural, Instituto de Física de São Carlos, Universidade de São Paulo, São Paulo, Brazil Received 27 April 2008; received in revised form 10 August 2008; accepted 14 August 2008 Available online 22 August 2008 Phosphofructokinase-1 and -2 (Pfk-1 and Pfk-2, respectively) from Escherichia coli belong to different homologous superfamilies. However, in spite of the lack of a common ancestor, they share the ability to catalyze the same reaction and are inhibited by the substrate MgATP. Pfk-2, an ATP- dependent 6-phosphofructokinase member of the ribokinase-like super- family, is a homodimer of 66 kDa subunits whose oligomerization state is necessary for catalysis and stability. The presence of MgATP favors the tetrameric form of the enzyme. In this work, we describe the structure of Pfk-2 in its inhibited tetrameric form, with each subunit bound to two ATP molecules and two Mg ions. The present structure indicates that substrate inhibition occurs due to the sequential binding of two MgATP molecules per subunit, the first at the usual site occupied by the nucleotide in homologous enzymes and the second at the allosteric site, making a number of direct and Mg-mediated interactions with the first. Two configurations are observed for the second MgATP, one of which involves interactions with Tyr23 from the adjacent subunit in the dimer and the other making an unusual non- Watson-Crick base pairing with the adenine in the substrate ATP. The oligomeric state observed in the crystal is tetrameric, and some of the structural elements involved in the binding of the substrate and allosteric ATPs are also participating in the dimer–dimer interface. This structure also provides the grounds to compare analogous features of the nonhomologous phosphofructokinases from E. coli. © 2008 Elsevier Ltd. All rights reserved. Edited by M. Guss Keywords: phosphofructokinases from E. coli; substrate inhibition; protein– nucleotide interactions; intersubunit interactions; analogous enzymes Introduction The interconversion between fructose-6-P and fructose-1,6-bisP is one of the three points of central metabolism where the occurrence of substrate cycling results in the net hydrolysis of ATP. 1 As a consequence, regulatory properties coherent with the prevention of the metabolic uncoupling result- ing from substrate cycling are expected to be found in the enzymes involved at these critical points of the metabolic network. The two phosphofructokinases from Escherichia coli, phosphofructokinase-1 and -2 (Pfk-1 and Pfk-2, respectively), have been described as showing sub- strate inhibition by MgATP at low concentrations of the co-substrate fructose-6-P. 2,3 However, a mutant form of Pfk-2 (Tyr23Asp) insensitive to substrate inhibition leads to a reduction in the growth rate of the bearing strain, when cultured on a gluconeogenic carbon source, due to substrate cycling. 4 Since Pfk-1 and Pfk-2 belong to different homologous groups (CATH superfamilies 3.40.50.450 and 3.40.1190.20, respectively), it is rather surprising how independent lineages of phosphoryl transferases have evolved protein–ligand interactions that are congruent not only with specificity towards the same donor– *Corresponding author. E-mail address: [email protected]. Present address: A. L. B. Ambrosio, Veterinary Medical Center, Cornell University, Ithaca, NY 14853, USA. Abbreviations used: Pfk-1, phosphofructokinase-1; Pfk-2, phosphofructokinase-2; SAXS, small-angle X-ray scattering; AIRs, aminoimidazole riboside; PDB, Protein Data Bank; ASA, accessible surface area. doi:10.1016/j.jmb.2008.08.029 J. Mol. Biol. (2008) 383, 588–602 Available online at www.sciencedirect.com 0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved. 
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 Crystallographic Structure of Phosphofructokinase-2from Escherichia coli in Complex with Two ATPMolecules. Implications for Substrate Inhibition
 Ricardo Cabrera1, Andre L. B. Ambrosio2, Richard C. Garratt2,Victoria Guixé1 and Jorge Babul1⁎
 1Departamento de Biología,Facultad de Ciencias,Universidad de Chile, Casilla653, Santiago, Chile2Centro de BiotecnologiaMolecular Estrutural, Institutode Física de São Carlos,Universidade de São Paulo,São Paulo, Brazil Received 27 April 2008;received in revised form10 August 2008;accepted 14 August 2008Available online22 August 2008
 *Corresponding author. E-mail addrPresent address: A. L. B. Ambrosi
 Center, Cornell University, Ithaca, NAbbreviations used: Pfk-1, phosp
 Pfk-2, phosphofructokinase-2; SAXSscattering; AIRs, aminoimidazole ribData Bank; ASA, accessible surface
 0022-2836/$ - see front matter © 2008 E
 Phosphofructokinase-1 and -2 (Pfk-1 and Pfk-2, respectively) fromEscherichia coli belong to different homologous superfamilies. However, inspite of the lack of a common ancestor, they share the ability to catalyze thesame reaction and are inhibited by the substrate MgATP. Pfk-2, an ATP-dependent 6-phosphofructokinase member of the ribokinase-like super-family, is a homodimer of 66 kDa subunits whose oligomerization state isnecessary for catalysis and stability. The presence of MgATP favors thetetrameric form of the enzyme. In this work, we describe the structure ofPfk-2 in its inhibited tetrameric form, with each subunit bound to two ATPmolecules and two Mg ions. The present structure indicates that substrateinhibition occurs due to the sequential binding of twoMgATPmolecules persubunit, the first at the usual site occupied by the nucleotide in homologousenzymes and the second at the allosteric site, making a number of direct andMg-mediated interactions with the first. Two configurations are observedfor the second MgATP, one of which involves interactions with Tyr23 fromthe adjacent subunit in the dimer and the other making an unusual non-Watson-Crick base pairing with the adenine in the substrate ATP. Theoligomeric state observed in the crystal is tetrameric, and some of thestructural elements involved in the binding of the substrate and allostericATPs are also participating in the dimer–dimer interface. This structure alsoprovides the grounds to compare analogous features of the nonhomologousphosphofructokinases from E. coli.
 © 2008 Elsevier Ltd. All rights reserved.
 Keywords: phosphofructokinases from E. coli; substrate inhibition; protein–nucleotide interactions; intersubunit interactions; analogous enzymes
 Edited by M. Guss Introduction
 The interconversion between fructose-6-P andfructose-1,6-bisP is one of the three points of centralmetabolism where the occurrence of substratecycling results in the net hydrolysis of ATP.1 As aconsequence, regulatory properties coherent withthe prevention of the metabolic uncoupling result-
 ess: [email protected], Veterinary MedicalY 14853, USA.hofructokinase-1;, small-angle X-rayoside; PDB, Proteinarea.
 lsevier Ltd. All rights reserve
 ing from substrate cycling are expected to be foundin the enzymes involved at these critical points of themetabolic network.The two phosphofructokinases from Escherichia coli,
 phosphofructokinase-1 and -2 (Pfk-1 and Pfk-2,respectively), have been described as showing sub-strate inhibition by MgATP at low concentrations ofthe co-substrate fructose-6-P.2,3 However, a mutantform of Pfk-2 (Tyr23Asp) insensitive to substrateinhibition leads to a reduction in the growth rate of thebearing strain, when cultured on a gluconeogeniccarbon source, due to substrate cycling.4 Since Pfk-1and Pfk-2 belong to different homologous groups(CATH superfamilies 3.40.50.450 and 3.40.1190.20,respectively), it is rather surprising how independentlineages of phosphoryl transferases have evolvedprotein–ligand interactions that are congruent notonly with specificity towards the same donor–
 d.
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589ATP–Pfk-2 Complex Crystal Structure
 acceptor pair but also with interactions that result ininhibition by the same substrate.Pfk-1 is a homotetrameric enzyme whose struc-
 ture in complex with its products at the active site,with MgADP at the allosteric site, as well as the apoform has been solved by X-ray crystallography.5,6The subunits consist of two domains with a centralβ-sheet surrounded by α-helices. Each subunitcontributes with complementary parts of two activesites and two allosteric sites, and the completetetramer is required for all eight sites. The allostericsite in Pfk-1 is not involved in the MgATP inhibitionbut binds effectors such as ADP, GDP (activators),and PEP (inhibitor).7 MgATP inhibition in Pfk-1 isoriginated by the allosteric communication betweenthe active sites in the oligomer, according to themodel of Johnson and Reinhart.8 Substrate bindingantagonism, as observed for Pfk-1,9 when mani-fested between active sites on an oligomeric enzyme,will cause substrate inhibition with MgATP acting inthe active site of one subunit as an allosteric inhibitorof fructose-6-P affinity of another subunit in theoligomer. Johnson and Reinhart demonstrated withthe use of hybrid oligomers that a tetrameric Pfk-1with only one functional active site is not able toshow substrate inhibition, highlighting the impor-tance of intersubunit interactions for the regulationmechanism of this enzyme.8
 In an alternative view, Wang and Kemp proposedthat ATP inhibition results from substrate antagon-ism coupled with a steady-state random mechanismwherein the high rate of catalysis does not permitequilibration of the binding of the substrates.10
 Correlation between decreased kcat (which allowsthe equilibration of the binding events) and absenceof substrate inhibition in a number of kinetic studieswith alternate substrates and mutant forms of theenzyme gives support to this view.The homodimeric Pfk-2 is a member of the
 ribokinase family of sugar kinases.11 In this family, amajor cluster of phosphosugar kinases, including Pfk-2, 1-phosphofructokinases, and tagatose-6-P kinases,is observed separated from ribokinases and fructoki-nases. The first X-ray structure determinedwas that ofE. coli ribokinase.12 Subsequently, structural compar-ison has allowed the inclusion of adenosinekinases,13,14 as well as nucleoside kinases,15 aminoi-midazole riboside (AIRs) kinase,16 and 2-keto-3-deoxygluconate kinases17,18 within the ribokinasefamily. More recently, the structure of 6-phosphota-gatose kinase from Staphylococcus aureus was alsosolved19 and structures of 1-phosphofructokinaseshave been deposited in the Protein Data Bank(PDB),20 but without an associated publication. Allthese enzymes have in common a two-domainorganization, with a large domain having thearchitecture of an α/β/α three-layer sandwich anda small domain composed of a four-stranded β-sheetthat interacts with the corresponding domain of asecond subunit in the case of homodimeric structures.In themonomermembers of the ribokinase family, thepresence of additional secondary-structure elementsin the small domain prevents the β-sheet interactions.
 The active site lies in the cleft formed by both the largeand small domains with the site for the sugar lyingnear the hinge between the domains and the site forATP lying distal to this hinge.More distant members show differences in the
 presence/absence of secondary-structure elementsand domains, as well as the connectivity betweenthem. Extending to the superfamily level, homo-logues include kinases that phosphorylate a varietyof hydroxymethyl-bearing substrates, includingsugars and coenzymes, using either ATP or ADPas the phosphoryl donor.An allosteric site for potassium has been observed
 in ribokinase and AIRs kinase, lying near the ATPsubstrate site at the active site.16 In the case of Pfk-2,biochemical evidence indicates that MgATP inhibi-tion is due to its binding at an allosteric site, whichalso causes the formation of tetramers.21–23 Modelsfor the tetrameric arrangement together with struc-tural changes involving the relative orientation ofdomains were proposed from studies using com-parative modeling combined with small-angle X-rayscattering (SAXS) measurements.24 However, thereremains a dearth of detailed information concerningthe structure of the enzyme at higher resolution,such as the location of the allosteric site, which hashindered a fuller understanding of the mechanismof the allosteric inhibition by ATP.Pfk-2 has been crystallized in its tetrameric ATP-
 bound form.25 In this work, we describe the crystalstructure of this complex at a resolution of 1.98Åsolved by molecular replacement, using 6-phospho-fructokinase from Bacillus halodurans as the searchmodel. Electron density for two ATP molecules andtwo Mg ions is observed in each subunit. One of theATPs occupies the usual site for the phosphoryldonor in other enzymes of the superfamily while thesecond (allosteric) ATP interacts with the first andwith protein residues from the two subunits thatcompose the native dimer. Two configurations areobserved for the adenosine moiety of the allostericATP, one in which the adenine is interacting withTyr23 from the partner subunit in the dimer and theother interacting via non-Watson-Crick hydrogenbonds with the adenine of the ATP substrate. Theproximity of the allosteric and active sites describedin this work is a general novel finding for allostericenzymes. Furthermore, within the ribokinase-likesuperfamily, this is the first structural description ofan ATP-dependent 6-phosphofructokinase, as wellas the first reported allosteric site for ATP. Thesefindings will allow for a better understanding of themechanism of inhibition of Pfk-2 by ATP, as well asits comparison with the corresponding mechanismof the nonhomologue Pfk-1 from E. coli.
 Results
 Overall structure of the monomer
 The overall structure of the Pfk-2 subunit consistsof two domains: a major three-layered α/β/α
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590 ATP–Pfk-2 Complex Crystal Structure
 sandwich domain, characteristic of the ribokinase-like superfamily, and a second smaller four-strandedβ-sheet domain (Fig. 1a). The active site is located ina shallow groove stretching along the C-terminal
 edge of the central β-sheet in the major domain. Inother members of the ribokinase family, the minordomain has been described as a lid that covers theactive site.
 Fig. 1. Structure of the Pfk-2monomer. (a) Cartoon representa-tion. α-Helices are colored yellow,β-strands in blue (minor domainsheet) and gray (major domainsheet), and loops in white. Loopshaving the hydrogen-bonding pat-tern of a 310-helix are colored orange.(b) Topology diagram. α-Helicesshown as rectangles and β-strandsshown as arrows are color codedaccording to (a). Each secondary-structure element is labeled with itsdesignator number and with itsbeginning and ending sequencenumber. The first six strands in themajor domain are secondarilylabeled with the Rossmann orderingnumber in italics. These strandstogether with α-helices 1, 2, 3, 4,and 5 constitute the Rossmannmodule. The β-meander moduleincludes helices 6, 7, 8, 9, and 10and strands 11, 12, and 13.
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591ATP–Pfk-2 Complex Crystal Structure
 The central β-sheet in the major domain shows thetypical right-handed twist and is composed of ninestrands with the topology β5↑-β4↑-β1↑-β8↑-β9↑-β10↑-β11↑-β12↓-β13↑, surrounded by five α-heliceson each side (Fig. 1b). Helices α3, α4, and α5 and theconsecutive helices α6 and α7 flank one side of theβ-sheet, while helices α1 and α2 and the consecutivehelices α8, α9, and α10 are located on the oppositeside. Two hydrogen bonds characteristic of a short310-helix are observed in the loop connecting β11and β12 (Fig. 1a).As first recognized by Sigrell et al. the first six
 strands within the major domain of ribokinase(together with its associated α-helices) have thetopology of the Rossmann fold.12 Pfk-2 follows thesame pattern: two βαβαβ motifs (β1α1β4α2β5 andβ8α4β9α5β10) connected by a helix linker (α3) thatreverses the strands' order in the sheet (Fig. 1b). Themajor domain is completed by the sequence ofsecondary-structure elements α2–β3–α3, with thestrands forming a β-meander. Most of the enzyme–nucleotide interactions are made by residues in thisregion of the major domain (see Discussion). It isconvenient therefore to describe the major domainas being composed of two modules: the Rossmannmodule and the β-meander module.The β-sheet minor domain is composed of two
 pairs of consecutive antiparallel strands with thetopology β3↓-β2↑-β6↑-β7↓ (Fig. 1b). Strands 2 and 3
 Fig. 2. Symmetry relationships between the subunits. Subuin the asymmetric unit. The noncrystallographic axis p relates tC and D is related to the AB dimer by the q-axis. The axis r comand D. Additionally, locations of the ATP molecules are indic
 and strands 6 and 7 are inserted after the first andthird strands of the Rossmann module, respectively.In the loop connecting strands 6 and 7, hydrogenbonding characteristic of a 310-helix is observed (Fig.1a). Strand 3 has a β-bulge26 resulting in the splittingof the strand into two halves, indicated as 3a and 3b,in agreement with the original description of E. coliribokinase.12
 Intersubunit interactions
 Pfk-2 elutes as a tetramer in the presence of 1mMMgATP in size-exclusion experiments.27 A homo-dimer is observed in the asymmetric unit, whichmakes extensive contacts with a symmetry-relatedmate (Fig. 2), forming what appears to be thetetramer under the abovementioned conditions.Intersubunit contacts are found to different extentsbetween the minor domains of all four subunits.Extensive intersubunit contacts are made betweenthe major domains of juxtaposed subunits inadjacent dimers. The subunits in the tetramer arerelated by 222 (D2) symmetry, as expected for atetramer built from two dimers, and they aredesignated as A, B, C, and D. In Fig. 2, the moleculardyad axes are designated p, q, and r, where pcorresponds to the noncrystallographic dyad relat-ing the monomers of the asymmetric unit and lies inthe bc plane of the unit cell, 11° from the c-axis. The
 nits labeled as A and B correspond to the homodimer seenhese subunits. The dimer formed by the subunits labeled aspletes the orthogonal system relating A and C, as well as Bated in orange and green.
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592 ATP–Pfk-2 Complex Crystal Structure
 q-axis corresponds to the crystallographic a-axis ofthe unit cell, relating the two dimers of the tetramerwith subunit A mapping to D and subunit Bmapping to C. Finally, the noncrystallographic axisr relates subunit A to C and subunit B to D.
 Fig. 3. Structural features of the eight-stranded flattened bβ-sheets from each subunit of the dimer in the asymmetric unblue, respectively. Hydrogen bonds in the parallel ladder formgreen. (b) Interactions of the eight-stranded flattened barrel wside chains of Tyr23, Lys27, and Arg29 from subunit B (in italicssubunit A (gray surface, except for atoms closer than 4 Å to thepolar, positively charged, and nonpolar residues, respectivelyπ-cation interaction with Arg90 and is located next to the N
 The β-sheets from the minor domain of eachsubunit of the dimer are placed face to face with thestrand directions, making an approximate rightangle, in agreement with the general model fororthogonal β-sheet packing.28 The presence of a
 arrel domain. (a) Orthogonal packing of the four-strandedit. Chains from subunits A and B are colored orange anded between β3a and β7 from opposite subunits are coloredith the major domain. Near the distal splayed corner, the) become projected to the active site of the major domain ofATP ligands, which are colored green, blue, and white for). At the proximal splayed corner, Trp88 is involved in a-terminus of α2 from subunit B.
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593ATP–Pfk-2 Complex Crystal Structure
 wide-type β-bulge in strand 3 induces a kink ofapproximately 90°. In this corner, residues Thr31,Ala32, and Pro33 interrupt the regular H-bondingpattern of antiparallel β-strands between β2 andβ3b, allowing the N-terminal half, β3a, to form aparallel ladder with β7 from the opposite subunit(Fig. 3a). β3 thus forms part of both sheets and joinsthem covalently at two diagonally opposite corners,leading to the formation of an eight-strandedflattened barrel (a bimolecular domain). Due to thenormal right-handed twist, the two β-sheets areonly in contact along the diagonal joining the twocovalently linked corners. At the other two corners,the β-sheets splay apart (Fig. 3a). The splayed cornerwhere the eight-stranded flattened barrel domainconnects with the major domain is termed theproximal splayed corner, while the other is calledthe distal splayed corner.At the proximal splayed corner, Trp88 in the loop
 linking β5 to β6 contacts N-terminal residues fromα2 of the adjacent subunit (Fig. 3b). Trp88 residue isalso involved in a π-cation interaction with Arg90from the same subunit. Since interactions are madewith residues from both the major and minordomains, Trp88 serves as a potential fluorescenceprobe of their relative orientation and other con-formational changes, as already described by Guixéet al.22 At the opposite splayed corner, residuesTyr23 and Lys27, together with Arg29 in β3a fromone subunit, become oriented towards the active sitefrom the partner subunit of the dimer. Curiously, amolecule of ethylene glycol is observed at theproximal splayed corner of the eight-strandedflattened barrel domain. However, the physiologicalrelevance of this finding, if any, is not clear at themoment.
 Both the major andminor domains are involved inthe dimer–dimer interface (Fig. 4). That coming fromthe minor domain involves residues at the distalsplayed corner. Specifically, residues 21–24 in theloop connecting β2 to β3a form complementaryinteractions with residues 99–102 (in the regionconnecting β6 to β7) of a symmetry-related subunitof the opposite dimer. In the β-meander module ofthe major domain, two adjacent grooves on eitherside of the β-sheet (Fig. 4) are involved in thetetramer packing. One groove is lined by residues inthe N-terminus of α7. The other groove is formed atthe opposite side and includes residues in the loopconnecting β13 to α8 and the C-terminal residues inα10.As seen in Table 2, approximately 1440 Å2 of
 surface area is buried at the dimer interface,representing approximately 10% of the total acces-sible surface area (ASA) of the monomer. Arelatively high deviation from the least-squaresplane through the atoms of the interface is indicatedby the planarity index value29 of 5.13 of themonomer–monomer interface in contrast with thedimer–dimer interface, which is relatively flat.Nonpolar residues represent almost 68% of theinterface and polar residues contribute with 14 H-bonds and no salt bridges. On the other hand,tetramer formation results in the burial of 2154 Å2 ofASA, representing 8.8% of the dimer surface, withnonpolar residues accounting for almost 59% of this(Table 2).
 Interactions with ligands at the active site
 Electron density for heteroatoms is observed inthe region between the β-meander module in the
 Fig. 4. Interface of associationbetween dimers. Chains are coloredaccording to Fig. 2. In the CD dimer,the accessible surface for a 1.4-Å-radius probe is shown for residuesthat are within 5 Å of the AB dimer.At the major domain, a groove isformed between the N-terminus ofα7 and the central β-sheet. In thiscleft, residues from the loop con-necting β13 to α8 in subunit Bbecome engaged. Residues fromthe C-terminus of α10 in B alsoparticipate in the interaction. Sub-strate and allosteric ATP moleculesfrom opposite subunits B and C areshown.
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594 ATP–Pfk-2 Complex Crystal Structure
 major domain and the distal splayed corner of theorthogonally packed β-sheets. Two ATP moleculesand two Mg ions were fitted to this density (Fig. 5).One ATP is located in a deep groove in the
 β-meander module of the major domain, sur-rounded by residues from the N-terminus of α6,the loops connecting β11 toβ12 and β13 toα8, theN-terminus of α8, and the C-terminus of α9. Since thislocation is consistent with the phosphoryl donor sitein all themembers of the ribokinase-like superfamily,which have known structures for the ligand-boundcomplex, we call this ATP the substrate ATP. Theadenine is stacked by residues at the C-terminus ofα9 and the loop connecting β11 to β12. Two watermolecules bridge the Watson-Crick edge of thebase30 to main-chain oxygens in the β13–α8 loop.As observed in Fig. 6a, direct interactions to adenineinclude hydrogen bonds between the side-chainhydroxyl of Ser284 (in α9) and N3 and betweenthat of Ser248 in the β13–α8 loop and the exocyclicnitrogen N6. The ribose moiety is buried in thedeepest part of the pocket with the ribosyl ringoxygen (O4′) approaching the interface of helices α8and α9 and the exocyclic oxygens making directinteractions with protein residues. The O2′ of theribose forms a bifurcated H-bond with the main-chain O from Val280 and side-chain hydroxyl ofSer284. Interestingly, interactions with Met258replace the usual Phe stacking of the ribose ringobserved in other members of the ribokinase-likesuperfamily. The triphosphate arm surrounds theN-terminal end of α8. Oxygens in the α-phosphatemake hydrogen bonds with the main-chain N fromGly226 and the hydroxyl in the side chain of Ser224at the C-terminal end of β11. As shown in Fig. 6b,the oxygens of the β-phosphate are engaged ininteractions with the side chains of Lys185 andAsn187 from the loop that links β10 to α6. Here, theγ-phosphate becomes oriented towards residues atthe N-terminus of α8, particularly Asp256 (seeDiscussion).
 Fig. 5. Stereo view of the 2Fo−Fc Fourier electron density mPfk-2. The modeled ATP molecules and the Mg ions are repdifference Fourier map (green, contoured at 3 σ) is also showbase moieties of the allosteric ATP (as shown in pink sticks). Ninconclusive refinement results. Tyr23, from chain B, is shown[http://www.pymol.org].
 Additional density was modeled as two Mg ionsper subunit (Fig. 5), based on the presence of 5 mMMgCl2 in the crystallization setup, the octahedralcoordination geometry, and the refined B-factors.Oxygens of the β- and γ-phosphates of the substrateATP are engaged in bidentate coordination withboth Mg ions. The side chains of Glu190 and Asp166make hydrogen bonds with water in the coordina-tion sphere of one of these, which we call the “firstMg”. The coordination sphere of the second Mginvolves a further bidentate coordination, comingfrom the β- and γ-phosphates of a second ATPmolecule, the allosteric ATP. The remaining coordi-nation positions are occupied by waters, one ofwhich interacts with the side chain of the conservedresidue Asn187.In the case of the allosteric ATP, the region
 corresponding to the orthophosphate moiety iswell defined, as indicated by its B-factors. Theside-chain amine of Lys27 (from the partner subunitin the dimer) is halfway between the oxygen atomsof the γ-phosphates from both the allosteric andsubstrate ATPs (Fig. 6b). The side-chain nitrogen ofAsn187 interacts with oxygens in the γ-phosphatefrom the allosteric ATP, while the main-chainnitrogen from Lys27 (partner subunit) is withinhydrogen-bonding distance of an oxygen in the β-phosphate and the side chain of Lys189 in α6interacts with the α-phosphate (Fig. 6b). A networkof waters surrounds the triphosphate moiety of theallosteric ATP. Weaker density is observed for theadenine, which shows evidence of presenting twoalternative configurations (Fig. 5). In the configura-tion that presents the strongest density, the Watson-Crick edge of the adenine ring of the allosteric ATPinteracts by two hydrogen bonds with the Hoogs-teen edge of the substrate ATP, with their glycosidicbonds oriented in trans.30 In the second configura-tion, the adenine ring is stacked against the aromaticring of Tyr23 from the partner subunit of the dimer(Fig. 5). No interactions are observed between the
 ap (blue, contoured at 1 σ) of the ligands in subunit A ofresented as white sticks and green balls, respectively. An, suggesting an alternate conformation for the sugar andevertheless, the latter is not present in the model, due toin yellow sticks. The figure was prepared using PyMOL
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Fig. 6. Interactions with the sub-strate and allosteric ATPs at theactive site of Pfk-2. Dotted linesindicate interatomic distanceswithin 3.5 Å. Water molecules inthe coordination sphere of Mg ions(in green) are not shown. (a) Resi-dues surrounding the adenosinemoiety of the substrate ATP show-ing direct and water-mediatedinteractions; the allosteric ATP ison the left. (b) Residues surround-ing the three-phosphate arms of thesubstrate and allosteric ATPs. Resi-dues coming from the partner sub-unit in the dimer are in italics.
 595ATP–Pfk-2 Complex Crystal Structure
 ATP molecules in one dimer with residues in thefacing dimer of the tetramer.
 Discussion
 The nucleotide binding site in the ribokinase familyis mostly accounted for by the β-meander module.Adenine is usually involved in several water-mediated interactions as well as direct interactionswith protein residues from the loop emerging from thelast strand of the β-meander (β13–α8 loop in Pfk-2).The latter are not generally conserved. Ribose isburied in the deepest part of the binding pocket,between the loop linking the first and second strandsof the β-meander and one side of α8 and α9 helices.The triphosphate moiety runs along the groove to theN-terminus of α8, where the γ-phosphate encountersthehighly conservedcatalyticAsp residue (256 inPfk-2),which is proposed to abstract the proton from thesubstrate acceptor, increasing its nucleophilicity inorder to attack the γ-phosphate.As with Pfk-2, Mg ions have been observed in the
 active sites of homologous structures. In human
 adenosine kinase, a Mg ion is found in a channelrunning between the phosphoryl donor and accep-tor, with five of its six coordinatedwaters interactingdirectly with the protein, for example, with thecarboxylate group from Glu226.13 In the case ofAIRs kinase, one Mg is observed bound to the ATPanalogue, located between the β- and γ-phosphatesand interacting with the oxygen atoms of both.16 Inthe case of Methanocaldococcus jannaschii nucleosidekinase,15 a Mg is coordinated octahedrically by sixwater molecules and is located between adenosineand AMP–PNP in the active site. Waters in thecoordination sphere of Mg form hydrogen bonds tothe side chains of Asp160, Glu189, and Asp247. Inadenosine kinase from Toxoplasma gondii, a boundsolvent that was designated as a Mg ion does notdisplay the commonly observed octahedral coordi-nation normally seen for Mg and is located betweenthe α- and β-phosphate.14 The exact nature of thisdensity is therefore dubious. In the active site of S.aureus tagatose-6-P kinase, two Mg ions areobserved, one coordinated to the γ- and β-phos-phates and the other to the β- and α-phosphates ofthe ATP analogue ATP–PNP. The conserved residue
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Fig. 7. Multiple sequence alignment of ribokinase family members. The alignment was obtained after structural superposition of Pfk-2 from E. coli, 1-phosphofructokinasefrom B. halodurans (PDB code: 2ABQ), 6-phosphotagatose kinase from S. aureus (PDB code: 2JG1), and ribokinase from E. coli (PDB code: 1GQT). Secondary-structure elements areindicated for Pfk-2, color coded according to Fig. 1. At a given position, identical residues in the four sequences are shaded black, while identical residues appearing in only threesequences are shaded gray. X indicates undefined residues in the original PDB file. Bold lines indicate the position of the conserved AsnXXGlu motif and the catalytic Asp residue.
 596ATP–P
 fk-2Com
 plexCrystalS
 tructure

Page 10
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 Asp163 interacts with the water molecules in thecoordination sphere of the first Mg. Thus, thecommon factor is that in none of the above casesare there protein atoms directly involved in thecoordination sphere of theMg ions. The requirementof two Mg for efficient catalysis in Pfk-2 has beensuggested from kinetic experiments together withsite-directed mutagenesis of the Glu190 from theAsnXXGlu motif conserved among the members ofthe ribokinase family31 (Fig. 7).
 Allosteric site and substrate inhibition in Pfk-2
 In opposition to Pfk-1, lines of evidence indicatethat substrate inhibition in Pfk-2 is a consequence ofthe binding of the nucleotide to an allosteric site (i.e.,different from the active site). The pattern ofinhibition by the reaction products and dead-endsubstrate analogues leads to the conclusion thatentrance to the active site is not permissible forMgATP in the absence of fructose-6-P due to a bi–biordered sequential mechanism.21 However, quench-ing of the intrinsic fluorescence and blue shift of theemissionmaximum of the single tryptophan of Pfk-2is observed in the presence of MgATP with no sugarphosphate present,22 suggesting binding to anallosteric site. The structural changes stabilized byMgATP binding also allow for a change in theoligomerization state of native dimeric Pfk-2 into atetrameric form with a sigmoidal dependence on thenucleotide concentration.23 Since the Tyr23Aspmutant is not sensitive to inhibition and is not ableto form tetramers,23 one can deduce that inhibitionis the consequence of MgATP binding to an allostericsite, not present in the mutant.In the structure described here, the allosteric ATP
 is found in two alternate conformations, withadenine interacting either by Watson-Crick–Hoogs-teen hydrogen bonds with the adenine moiety of thesubstrate ATP or via π-stacking with Tyr23 from thepartner subunit of the dimer. The former interactionis uncommon and has, thus far, only been observedin the X-ray structure of a curved RNA helix.32 Thesecond conformation appears equally interesting. Inthe Tyr23Asp mutant, the presence of a nonaromaticside chain eliminates the possibility of the π-stackinginteraction. Lack of inhibition in this mutant2suggests that such an interaction may be criticalfor the observed reduction in activity at high ATPconcentrations, possibly by preventing the bindingof the second ATP. Molecular simulation studiestogether with site-directed mutagenesis are requiredto better understand the stability of both conforma-tions. The position of the allosteric ATP suggests it toact as a bridge uniting the two domains andfavoring the closed conformation. Specifically, thetriphosphate moiety simultaneously forms saltbridges with Lys189 from α6 of the major domainand Lys27 from the minor domain of the partnersubunit. Additional stabilization comes from the π-stacking interaction with Tyr23 as described aboveand from interactions between residues from bothdomains (shown in Fig. 3b).
 We have shown previously, using SAXS,24 that therelative orientation of the domains in the apo form ismore open than that in the presence of eitherfructose-6-P or ATP. If relative domain movementsoccur during catalysis, the loss of activity at highATP concentrations may be at least partially under-stood as a result of stabilizing the closed conforma-tion. Coincidentally, this may simultaneouslygenerate the appropriate dimer–dimer interface fortetramerization, which, via its large interactionsurface, would further favor the closed state.Recently, our group has shown that MgATP inhibi-tion persists in the absence of tetramerization in amutant form of Pfk-2,33 suggesting that tetrameriza-tion is not required for enzyme inhibition.As the present structure indicates, MgATP inhibi-
 tion in Pfk-2 is a consequence of the binding of asecond ATP to an allosteric site, with part of this sitedepending on the presence of the substrate ATP,raising the possibility that binding of the allostericATP is of an uncompetitive type, according to theCleland notation.34 That is, binding of the catalyticATP is required for the binding of the allosteric one.Furthermore, we can observe that substrate ATPenters the active site in the absence of fructose-6-P,suggesting that a random mechanism should beconsidered for Pfk-2. Interestingly, in the Tyr23Aspmutant, in which the binding of the allosteric ATP isimpaired, ATP can bind to the enzyme in theabsence of fructose-6-P (unpublished observations).
 The analogous 6-phosphofructokinases fromE. coli
 The term analogy is distinguished from homology inthat the compared characters, although similar, havedescended convergently from unrelated ancestralcharacters.35 Now that the Pfk-2 structure is avail-able, it is of interest to make some comparisonsbetween the two analogous phosphofructokinasesfrom E. coli.Pfk-1 and Pfk-2 show a core domain with the same
 architecture (three-layer α/β/α) and a similartopology of the six first strands (the Rossmannarrangement). Cheek et al. classified them to thesame fold group (the Rossmann-like fold group) intheir survey of all available kinase sequences.36
 However, when the Rossmann strands are com-pared, the third strand in Pfk-1 is antiparallel withthe β-sheet and the binding site for the phosphoryldonor occupies different locations in each enzyme(Fig. 8). At the quaternary structural level, two kindsof interfaces are observed in oligomers of bothphosphofructokinases. In the case of Pfk-1, oneinterface holds the active sites while the other holdsthe allosteric sites. These interfaces have differentstabilities; the interactions at the allosteric interfaceare stronger than the corresponding ones at theactive-site interface.37 The oligomeric state of thewild-type Pfk-1 is not modulated by any knowneffector.In the dimeric Pfk-2, the orthogonal packing of the
 small-domain β-sheet from each monomer (Fig. 3a)
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Fig. 8. Analogous structural features in the 6-phosphofructokinases from E. coli. The major domains of Pfk-1 and Pfk-2are shown with the Rossmann strands colored gray and displaying the same relative ordering. The proposed catalyticresidues Asp127 in Pfk-1 and Asp256 in Pfk-2 are labeled. The Mg ions and substrate ATP molecules are located atdifferent sites of the corresponding scaffolds. Additional secondary-structure elements at each major domain (theβ-meander module in the case of Pfk-2) are shown in orange. Topology diagrams of the Rossmann strands (triangles) andthe associated helices (circles) are shown in the lower panel. Broken polypeptide chain is indicated by arrows.
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 apparently plays a role in the stability of the majordomain, since the loss in secondary structure, afterdissociation of the dimer by a chaotropic agent, isgreater than expected for only the unfolding of thefour β-strands.38The second kind of interface in Pfk-2 is regulated
 by the binding of the allosteric ATP. The packing oftwo dimers is allowed by the groove formed by α7in the β-meander module of each monomer (Fig. 4)in which the β13–α8 loop becomes engaged.In the SAXS modeling study, a tetrameric packing
 similar to the one observed in the present study gavethe best agreement with experimental data but wasrejected in favor of a configuration with the activesites looking outward (opposite to that which weobserve in this study) since clashes were observedbetween the major domain regions in the facing
 dimers.24 Ribokinase from E. coli, whose coordinateswere taken as template for homology modeling ofPfk-2, presents slight differences in tertiary structurearound the corresponding region.In Pfk-1, nucleotide binding at the active site
 includes interactions with the β-phosphate, hydro-phobic contacts and hydrogen bonds to the hydro-xyls of the ribose, and hydrophobic interactionswith adenine.5 Site-directed mutagenesis studies39
 highlight the role of Arg82 and Arg111 as determi-nants of nucleotide specificity in Pfk-1. In terms ofcatalysis, Asp127 plays a critical role as a generalbase, increasing the nucleophilicity of the 1-hydroxylof fructose-6-P by abstracting its proton andpermitting attack on the γ-phosphate of the sub-strate ATP. During this process, a pentacoordinatedγ-phosphate transition state may be stabilized by
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Table 1. Data collection parameters and structurerefinement statistics
 Data collectionSpace group P2221Cell parameters (Å) a=42.8, b=86.8, c=171.3Resolution range (Å) 20.0–1.98 (2.09–1.98)Unique reflections 43,478 (5514)Redundancy 5.8 (5.3)Rsym (%) 7.5 (30.2)Completeness (%) 93.8 (90.1)I/σ(I) 18.6 (4.3)Molecules/AU 2Solvent content (%) 49.8Matthews coefficient (A3/Da) 2.46
 RefinementR-factor/Rfree (%) 18.6/23.4Average B-factor/r.m.s.d. (Å2)Main chain (612 residues) 22.4/0.8Side chain (482 residues) 25.6/1.6ATP (4 molecules) 17.4/2.4Mg (4 ions) 12.4/0.7Solvent (463 molecules) 25.6/9.0Refinement (r.m.s.d. from standard geometries)Bond length (Å) 0.011Bond angles (°) 1.483Ramachandran plot (%)Most favored 98.5Allowed 1.0Outliers 0.5
 Values in parentheses are for the outer-resolution shells.
 Table 2. Structural analysis on the interfaces of Pfk-2
 Protein interfaceparameters
 Between monomersalong p-axis
 Between dimersalong q-axis
 Interface ASA (Å2) 1444 2154Percentage of ASA 10.5 8.8Planarity (Å) 5.13 3.17Length/Breadth (Å) 34.32/35.45 75.12/38.38Percentage of polar
 atoms in interface32 41.1
 Percentage of nonpolaratoms in interface
 67.9 58.9
 Hydrogen bonds 14 4
 599ATP–Pfk-2 Complex Crystal Structure
 several groups including the side chains of Arg72and Arg171.40 By homology with other knownribokinase-like superfamily members, Asp256 inPfk-2 can be inferred to be the analogue of Asp127in Pfk-1. Unlike Asp127, which is located in the loopfollowing the fifth Rossmann strand in Pfk-1,Asp256 in Pfk-2 is located in α8 within the β-meander module (Fig. 8).During catalysis by Pfk-1, the single Mg ion
 observed in its structure5 is proposed to establishcritical interactions for transition state stabilization.The acidic residues Asp103 and Asp129 are involvedin direct and water-mediated interactions with thesingle Mg, respectively. With the binding of a secondMg in Pfk-2, a net charge of 0 is obtained for themetal–nucleotide complex, facilitating the effectiveattack by the activated hydroxyl from the substrate.At present, it is difficult to draw definitive conclu-sions concerning the reaction mechanism in terms ofthe crystal structure given that the sugar substrate isabsent from the complex. Nevertheless, it wouldappear that at least some of the structural featuresnecessary for catalysis in Pfk-1 have analogouscounterparts in Pfk-2 and that the chemistry of thereaction probably differs in the use of Mg.Finally, a possible suggestion of nonredundant
 function of Pfk-1 and Pfk-2 from E. coli comes frommetabolic flux ratio analysis of a knockout mutantdefective in Pfk-1.41 Although a low growth rate onglucose was observed, a significant increase in theflux partitioning through the pentose–phosphatepathway occurs, suggesting that the intact Pfk-2 ispreferentially channeling fructose-P produced bythis pathway towards the lower part of glycolysis.
 This idea is congruent with the original proposal byUreta42 about the role of isozymes in the channelingof flux through different pathways that havecommon activities as one possible functional mean-ing of redundancy of enzymatic activity, a curiouslywidespread phenomenon in metabolism.
 Experimental Procedures
 Crystallization, data collection, and processing
 The steps involved in recombinant protein production,crystallization, and data collection have been describedpreviously.25 Crystallization experiments were performedat 18 °C using the conventional hanging-drop vapor-diffusion technique. Before data collection at cryogenictemperature (100 K), crystals were soaked with a cryopro-tectant solution containing 25% ethylene glycol diluted inmother liquor and subsequently flash frozen. A substan-tially complete X-ray diffraction data set up to 1.98 Åresolution was obtained at the Brazilian Synchrotron LightSource (Laboratorio Nacional de Luz Sincrotron, Campi-nas, SP) beamline MX1 (λ=1.438 Å) on a MAR CCDdetector, with a crystal-to-detector distance of 90 mm andoscillation steps of 1°. Raw data images were processedwith MOSFLM,43 scaled, and merged with SCALA,44 andamplitudes were estimated using TRUNCATE.45
 Phasing and model refinement
 The first set of phases was obtained by means of themolecular replacement technique as implemented in theprogram Phaser,46 searching for two monomers in theasymmetric unit, as predicted from the Matthews coeffi-cient of VM=2.46 Å3/Da (corresponding to a solventcontent of 49.8 %). A monomer of 1-phosphofructokinase(31% sequence identity) from B. haloduranswas used as thesearch model (PDB code: 2ABQ).Rigid-body refinement and simulated annealing refine-
 ment were performed on 95% of the data using CNS,47
 followed by subsequent cycles of positional and B-factorrefinement carried outwithREFMAC.48Rfreewas calculatedon the basis of the remaining 5%. Real-space refinement,including Fourier electron density map inspection, wasperformed with Coot.49 Noncrystallographic symmetryrestraints were used up until the final stages of TLSrefinement. Solvent water molecules, treated as oxygenatoms, were added using the appropriate Coot routine.During the model refinement, the inspection of Fourierdifference maps indicated the presence of very strong non-protein electron densities (more than 4σ in height) in each
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 monomer of the asymmetric unit inside the canonical activesite. Due to their size and shape, theywere readily identifiedas ATP molecules and magnesium ions and subsequentlyrefined as such. The overall stereochemical quality of thefinal model and the agreements between model andexperimental data were assessed by both the programPROCHECK50 and the appropriate Coot routines.
 Structure determination
 The final model was refined until convergence of thereliability indices to 18.5% (R-factor) and 23.3% (Rfree) andconsists of two copies of the Pfk-2 monomer in theasymmetric unit, 4 molecules of ATP (two per monomer),4 magnesium ions, and 463 water molecules.We refer to thetwomonomers of the asymmetric unit as the dimer,which iscomposed of subunits A and B. In the final structure, 98.5%of residues were in the most favorable regions of theRamachandran plot, 1% in additionally allowed regions,and the remaining 0.5% as outliers, but in conformationsexplained by clear electron density. Data collection, refine-ment, and quality parameters as well as the statistics for thefinal model are summarized in Table 1. The best refinementresults were reached by using elevated noncrystallographicsymmetry weights at the beginning of the procedure,followed by a stepwise relaxation, until complete elimina-tion of such. Evidence for local flexibility and interdomainmotions was analyzed by the TLSMD server,51 and optimalTLS group definitions were applied at the end of therefinement protocol. The electron density around one of thetwo ATP molecules per monomer (described above as theallosteric ATP) suggested the possibility of two alternativeorientations for the adenine moiety. However, it proveddifficult to reliably attribute occupancies for both. Thedeposited coordinates therefore correspond to the mostclearly defined conformation.The r.m.s.d., calculated by LSQMAN,52 after superposing
 all Cα atoms between the twomonomers, was 0.36 Å (with amaximum deviation of 1.32 Å). Minor differences areobserved between the monomers in the asymmetric unit,most notably fivemissing residues in a loopy region close tothe C-terminus of chain A (residues 289–293), which arepresent in chain B.
 Structural description
 The interfacial parameters shown in Table 2 werecalculated at the Protein–Protein Interaction Server†.Images were generated using VMD53 and PyMOL‡.
 PDB accession code
 Atomic coordinates and structure factors have beendeposited in the PDB with the accession code 3CQD.
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