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ABSTRACT: Activation of glutamine phosphoribosylpyrophosphate (PRPP) amidotransferase (GPATase)
by binding of a PRPP substrate analog results in the formation of a 20 A channel connecting the active
site for glutamine hydrolysis in one domain with the PRPP site in a second domain. This solvent-
inaccessible channel permits transfer of theshNtermediate between the two active sites. Tunneling of

NH3z may be a common mechanism for glutamine amidotransferase-catalyzed nitrogen transfer and for
coordination of catalysis at two distinct active sites in complex enzymes. The 2.4 A crystal structure of
the active conformer of GPATase also provides the first description of an intact active site for the
phosphoribosyltransferase (PRTase) family of nucleotide synthesis and salvage enzymes. Chemical
assistance to catalysis is provided primarily by the substrate and secondarily by the enzyme in the proposed
structure-based mechanism. Different catalytic and inhibitory modes of divalent cation binding to the
PRTase active site are revealed in the active conformer of the enzyme and in a feedback-inhibited GMP
complex.

Glutamine phosphoribosylpyrophosphate amidotransferaseglutamine and acceptor catalytic domains whose activities
(GPATase) catalyzes the first step ofle nao purine are tightly coupled for efficient transfer of nitrogen from
biosynthesis, transfer of nitrogen from glutamine to phos- glutamine to the acceptor substrat&)( The extent to which
phoribosylpyrophosphate (PRPP), producing phosphoribo-the two active sites function independently is a major
sylamine (PRA), pyrophosphate ({bRnd glutamate. This question. Are the two active sites proximal so that essential
enzyme belongs to a family of glutamine amidotransferases, elements for substrate binding or catalysis are shared, or are
which provides the main route for incorporation of nitrogen they physically separated and catalytically independent with
into biomolecules. The GPATase polypeptide is folded into a mechanism for signaling between them? We refer to
two structural domains, each belonging to a homologous enzymes with two or more active sites as complex enzymes.
enzyme family {, 2. The N-terminal glutamine domain is GPATase controls thée nao purine biosynthetic pathway
an Ntn hydrolase with well-understood catalytic functions through allosteric regulation by feedback inhibitors. Crystal
for conserved enzyme group8-{6). The C-terminal ac-  structures of inhibited forms oBacillus subtilisand Es-
ceptor domain is a phosphoribosyltransferase (PRTase), archerichia coliGPATase have not been informative about
important family of enzymes for nucleotide salvage and the relationship between the two active sites during catalysis
synthesis 7). GPATase is a type | PRTase, among two (1,6, 16 20). In each enzyme, the solvent exposed PRTase
unrelated PRTase familie8)( Several crystal structures of — active site is incompatible with catalysis using a substrate
type | PRTasesl( 9-14) have led to the general conclusion that is spontaneously hydrolyzed. Furthermore, the glutamine
that a flexible loop closes the active site upon binding of and PRTase active sites are separated by approximately
the unstable substrate PRPP, but none has shown structural5 A, much of which is solvent accessible. Two nitrogen
details of the enzyme in a catalytically competent, closed transfer mechanisms for the amidotransferases have been
conformation. All 16 glutamine amidotransferases possessdiscussed for a number of yeafd( 17-19). Direct transfer
of nitrogen from glutamine or activated glutamine to PRPP
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Table 1: Summary of Crystal Structure Determinations

ligands
DON, Mr?*-cPRPP Mg"-cPRPP 2:GMP, Mg?*
Space group P432,2 P4;2,2 P2:2:2:,
a(h) 78.2 8¢ 95.8
b (A) 78.2 8@ 113.2
c(A) 308.8 31% 199.6
Diffraction Data
data range (A) 20:62.4 (2.5-2.4) 18-3.9 (4.0-3.9) 30.0-2.7 (2.8-2.7)
completeness (%) 88.3 (60.3) 88.2 (54.7) 97.7 (78.9)
Reyr? (%0) 3.6 (17.2) 7.1(15.1) 9.2 (33.0)
Moy 22.7 (3.1) 14.8 (5.3) 12.7 (3.5)
observations (no.) 99285 33875 354923
unique reflections (no.) 35343 8962 58955
Model Refinement

working R¢ (%) 17.7 21.9
free R¢ (%) 27.0 29.0
protein atoms (no.) 7758 14904
solvent atoms (no.) 341 235
averageB-factor (A2 34.2 32.3
rmsd bonded-factors (&) 2.1 5.2
rmsds from target values

bond lengths (A) 0.012 0.011

bond angles (deg) 1.9 1.8

torsion angles (deg) 23.0 23.3

2 Cell dimensions for Mg"™-cPRPP complex crystals were not well determirfeig,m = Snjlln — 1j1/3l;, wherel, = average intensity for all
observations of a reflection with unique indidesind|; = jth observation of a reflection with average intendity* R = Y |Fo — F|/Y |Fo|. All

measured reflections were included, with the fReactor based on a random 5% subset of the data.

EXPERIMENTAL PROCEDURES residues), using data from the KtgcPRPP complex crystal.
o ) . A crude dimer model was constructed by positioning a
Crystallization and Measurement of Diffraction Data pRrTase domain core adjacent to each glutaminase domain,
Crystals of the GPATase Mg-cPRPP complexes were g in the inactive form of the enzyme. Multiple-fragment
grown at 20°C from solutions of 3.6 mg/mL protein, 0.42  jgiq-hody refinement resulted in aR-factor of 32% (all
mM cPRPP, 25 mM MgG| 40 mM Bis-Tris, pH 5.8,3.2%  4ata, 20.6-3.9 A). Using the MA*-cPRPP data, phases from
2-propanol, and 7.5% poly(ethylene glycol) (PEG) 3350 by this model were extended to 3.0 A by 2-fold averaging and
vapor diffusion against a solution of 100 mM Bis-Tris, pH  gqjyent flattening with the AVGSYS programd). Mn2"-

5.8, 8% 2-propanol, and 15% PEG-3350. Crystals were cprpp and the PRTase flexible loop, not present in the dimer
transferred in two steps to a cryoprotectant solution of 100 yaqel, were easily interpreted in the resulting electron
mM Bis-Tris, pH 5.8, 10% 2-propanol, 15% PEG 3350, 15% gensity map. An anomalous difference map indicated clear
D,L.-mese2,3-butanediol, 50 MM MgGJand 2 mM cPRPP.  haaks for one Mit in each PRPP catalytic site and one¥In
Crystals of the MA"-cPRPP complex were grown and jn 5 crystal lattice contact, explaining the superior diffraction
cryoprotected in the same way as the Mg complex, exceplquality of Mr?*t cocrystals. Subsequent refinement in
for use of DON-inactivated protei®), substitution of MgGl X-PLOR and model building in O7) produced the current
by MnCl, (20 mM in protein solutions)., qnd elimination of  odel. Phasing of the GMP complex was initiated by
PEG 3350. Crys:tals of the GMP—lnh|b[ted complex were positioning a GPATase tetramer in the ®2; unit cell,
grown from solutions of 5 mg/mL protein, 2.5 MM GMP,  f|iowed by rigid-body model refinement and phase refine-
10 mM MgCl, 50 mM Bis-Tris, pH 6.0, 5% PEG 3350,  ment py 4-fold averaging. The resulting electron density
and 5% 2-propanol by vapor diffusion against 100 MM Bis- map was easily interpretable for GMP in the allosteric and
Tris, pH 6.0, 10% PEG 3350, 10% 2-propanol, and 20 MM c4iaivtic sites.” Model building and refinement using seg-

MgCl, and were cryoprotected in reservoir solution with  mental noncrystallographic symmetry restraints produced the
addition of 18%p,L.-mese2,3-butanediol and 1 mM GMP. ¢ rrent model. The quality of the models is summarized in

Each data set was obtained from a single crystal, flash frozentgple 1.

to 110 K after 10 min of cryoprotection, using a Rigaku

rotating anode Cu & source and an R-AXIS lic image plate RESULTS

system. Images were integrated and scaled with the HKL  Formation of a complex with the stable carbocyclic analog

data processing packag@1(-22). Data quality is sum-  of the substrate PRPP (cPRF8) was essential to crystal-

marized in Table 1. lization of the active conformer of GPATase. The highly
Structure DeterminationsPhasing for both structures was charged PRTase active site was stabilized in a closed state

obtained by molecular replacement from the 2.0 A model by binding of a divalent metal ion complex of the charged

for the inactive form of unliganded GPATas#&6] using substrate analog cPRPP. cPRPP is not a substrate for

AMORE (23). All model refinement was done with X- GPATase 29), although the M used for structural work

PLOR @4, 25). Phasing of thé®45:2,2 active-form structure,  supports catalysis with PRPP (data not shown). 2Mn

which has two subunits in the asymmetric unit, was initiated cPRPP and M&J-cPRPP appear to be identical in structure

by positioning each of two single glutaminase domains (249 and in binding to the protein. In the structure of the active
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Ficure 1: Structural change to GPATase upon activation. The purple stereo ribbon diagram is of the GPATase subunit in the active
conformation with the glutamine substrate analog DON (yellow) bound to the upper glutamine domain and the PRPP substrate analog
cPRPP (red) bound to the lower PRTase domain. The green ribbon diagram depicts the GPATase subunit in the inactive corif6ymation (
Peptides with the most striking structural differences between active and inactive GPATase are highlighted. These are the PRTase flexible
loop (residues 325354) and the C-terminal peptide (residues 4492).

enzyme conformer, a substrate analog is also bound to theroute are invariant in the 24 reported GPATase sequences.
glutamine active site. The glutamine analog 6-diazo-5-oxo- The channel is formed primarily by loosely packed hydro-
L-nor-leucine (DON) was attached covalently to Gythe phobic side chains. Such a structure for intermediate
catalytic nucleophile. Specific contacts of invariant residues channeling implies that catalysis by the two domains is
with both substrate analogs clearly indicate that this structure coordinated by signal transduction.
is the catalytically active conformer of GPATase. The In GPATase, the signal for activation of catalysis in the
enzyme structure in complex with the feedback inhibitor glutaminase domain is binding of PRPP to the PRTase
GMP represents the inactive form of the enzyme and is domain B0). The signal is transduced by three structural
virtually identical with previously reported structurés (6). changes in the protein. Ordering of the PRTase flexible loop
The substantial structural differences between active andand bending of the C-terminal helix are induced by binding
inactive forms of GPATase occur in loops and extensions the charged substrate MPRPP and result in closure of
to the domain cores. the PRTase active site. Restructuring of the “glutamine
Formation of the Actie Enzyme The most dramatic  loop”, residues 7379, is a direct steric effect of the first
structural change in the transition from inactive to active two structural changes (Figure 3). The restructured loop
GPATase is an ordering of the PRTase “flexible loop” to interacts with the glutamine analog DON differently in the
cover the analog-bound PRTase active site (Figure 1). Thisactive form of the enzyme than in the inactive form. Of
is accompanied by a kinking of the adjacent C-terminal particular importance is a salt bridge between the side chain
o-helix. These two structural elements together shield the of invariant Arg® and the DON carboxylate, which occurs
PRTase active site from solvent and sequester cPRPP. Thenly in the active conformer of the enzyme. The new
surface area of Mi(CPRPP)(HO), is 100% inaccessible  conformation of the glutamine loop may be the major
to bulk solvent when bound to the active conformer of the contributor to the overall 600-fold PRPP stimulation of
enzyme. The binding cavity created by closure of the glutaminase catalytic efficiency, most of which comes via a
PRTase active site is perfectly complementary in shape and200-fold reduced,, for glutamine 6).
charge to the bound Mh(cPRPP)(HO).. PRTase Actie Site The structure of the active conformer
Contrary to expectation, total closure of the PRTase active of GPATase provides the first picture of a PRTase active
site is achieved with almost no change in the hinge betweensite in a productive complex with a substrate or substrate
the glutamine and PRTase domains relative to the inactiveanalog. MiA™(cPRPP)(HO), is completely buried within the
form of the enzyme. The two active sites remain well protein through a total of 21 hydrogen bonds and salt bridges
separated, with CysS, and cPRPP C16 A apart. Thus, (Figure 4A). This binding mode is remarkable for a molecule
essential elements for catalysis and substrate binding are notis charged as cPRPP but is consistent with the need to protect
shared by the two active sites of this complex enzyme. the reactive substrate PRPP from hydrolys34) (and to
Instead, conserved hydrophobic residues from the interdo-prevent protonation of N The closed active site is a
main cleft and the ordered PRTase loop create a narrow,striking contrast to the partially exposed substrate, product,
solvent-inaccessible channel between active sites. Thisand inhibitor molecules in the structures of open forms of
channel permits diffusion of NHbetween the two sites PRTasesk, 9-12, 20, 32). The active site cavity created
through a pathway of conserved residues (Figure 2). Four-by closure of the PRTase loop has a highly charged inner
teen of the 17 residues along the inferred 20 AsMtdnsfer surface perfectly mated to the charges of the bound™™Mn
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Ficure 2: NHz channel between active sites of GPATase. The stereo diagram shows the glutamine active site at the top and the PRTase
active site at the bottom. The proposed pathway of MHendered as light blue spheres. Substrate analogs and conserved side chains in
the channel are shown explicitly. Heteroatoms are colored by atomic type (O, red; N, blue; S, yellow; P, purple). Substrate analogs are
shown with white bonds, invariant side chains lining the channel with yellow bonds (from top to bottorh: TB¥8, Arg?5, GIu?%S, Tyr’4,

Pheé>s, 11e335, Phé34 Tyr2s8 Thr33 Leufls, Aspt7, Sefb8 Valf70, Asp®6 11e369, Thii74), and conservatively substituted side chains with

green bonds (from top to bottom: 1R& Met*9, LewrS3 Phe>4, Val?5’, Phe®l, 11e399 Thr39, Ala3),

Ficure 3: Variability in the substrate interaction surface. The stereo diagram is based on superposition of the glutamine domains of active
(purple) and inactive (green) conformations of GPATase The highlighted peptides are involved in signal transduction between the PRTase
(bottom) and glutamine (top) domains and are the glutamine loop, the C-terminal helix, and the PRTase flexible loop. The substrate analogs
DON (top) and cPRPP (bottom) identify the two active sites and are drawn with white bonds (atom coloring as in Figure 2). Side chains
of two residues with a demonstrated role in signal transductnArg’3 and Tyr4, are drawn explicitly for the active and inactive
conformations of the enzyme. The 1.8ifference in the interdomain hinge between active and inactive conformations of GPATase is
apparent in this view, which is approximately perpendicular to that of Figure 1.

cPRPP complex. Six basic and two acidic side chains line loop is a feature of all GPATase structures and of some other
the cavity. Four basic side chains are contributed by the type | PRTases6, 11, 13-14, 16, 20).

closed PRTase loop, one basic side chain by the loop from Remarkably, GPATase has two modes for binding divalent
another subunit of the tetrameric enzyme, and the remainingmetal ion. In the closed, active conformer of the enzyme
charged side chains by the PRPP binding loop (residuesthe metal ion binds to ribose pyrophosphate (cyclopen-
366—374). An unusuatis peptide binds MA™-cPRPP via  tanediol pyrophosphate of the cPRPP analog) and is coor-
hydrogen bonds from the peptide=© to a M#" water dinated by four PRPP oxygens and two water molecules but
ligand and from the peptide NH to th@-phosphate of  has no protein ligands (Figure 4B). In the open, inactive
pyrophosphate (Figure 4B)is-Amides are rare in proteins form of GPATase complexed with feedback inhibitor
(33), but thecis-peptide loop adjacent to the PRPP binding GMP, the divalent metal ion is coordinated by both ribose
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hydroxyls, by the dual carboxylate side chains of ®spnd of the flexible loop into the active site during catalysis is
Asp®®”, and by two water molecules (Figure 4C). Thus the predicted in nearly all the earlier structural reports of type |
common structure of divalent metal ion coordinated to ribose PRTases and has ample precedent in structural enzymology.
2- and 3-hydroxyl groups binds to the enzyme in two Total burial of the substrate was not anticipated, although it
different orientations, dependent on the presencexbf is consistent with the need to exclude water from the catalytic
pyrophosphate. Metal ligation appears to be the primary reaction. We predict that other type | PRTases will also bury
determinant of the conformation of bound analog or substrate.Mg?"(PRPP)(HO), during catalysis.

Cs-exoring pucker best fits both the electron density for ~ No catalytic residues are obvious in the closed PRTase
cPRPP and the constraint of metal ligation by all three active site of GPATase. Instead, the unstable, “activated”
exocyclic oxygen atoms. The pyrophosphate tail is curled substrate appears to assist catalysis directly, with the enzyme
back toward the ring due to metal ligation by a terminal playing a secondary catalytic role. We propose that the

oxygen and by the Obridging oxygen. enzyme guides catalysis by binding PRPP in an orientation
that favors breakdown to products and by sequestering the
DISCUSSION active site so that R®s displaced by Nkland not by water.

Accordingly, theg face of the ribose ring is directed toward
the NH; channel so that any nucleophile in the channel will
attack PRPP at {OFigure 2). The hydrophobic surface of
the channel excludes water and ensures thas ptelduced

in the glutamine domain is the only nucleophile to enter the
channel.

Substrate-assisted catalysis by type | PRTases is proposed
on the basis of analysis of analog binding to the PRTase
active site of GPATase. Substrate assistance functions at
two levels. The substrate conformation is fixed to promote
in-line attack at @ and formal charges on the substrate are
exploited to form and to stabilize transient positive charge.
The metal ion, which has no protein ligands, is a major
contributor to both of these effects. It fixes analog confor-
mation via four coordination bonds, which determine both
the pucker of the ring and the conformation of the pyro-
rphosphate tail (Figure 4B). The structure of the cPRPP
complex is consistent with an anticipated oxycarbonium ion
catalytic intermediate37—39). The electron-withdrawing

Intermediate ChannelingFormation of a channel for the
NH; intermediate was an unanticipated result of the current
work. A hydrophobic channel is ideal for transfer of NH
because it excludes water during formation, prevents the
protonation of ammonia, and includes no hydrogen-bonding
groups, which might hinder diffusion of NfHen route to
the acceptor substrate PRPP. ThesNhannel discriminates
between mechanisms for nitrogen transfer by GPATase and
other glutamine amidotransferases. The structure of the
active conformer of GPATase is consistent with mechanisms
involving formation of a free Nhlintermediate but would
seem to rule out mechanisms involving direct transfer of
nitrogen from glutamine or an activated form of glutamine
to the acceptor substrate. The only well-characterized
structural example of intermediate channeling inside a protein
is tryptophan synthase34, 35), which channels indole
between two catalytic sites. Tryptophan synthase has othe
features in common with GPATase including communication
between the two active sites to couple the half-reactions andeWer of the metal ion promotes formation of the oxycar-

complete shielding of both active sites from bulk solvent. bonium ion, which is stabilized by the negatively charged
Creation of an N tunnel is an elegantly simple means v rophosphate tail. Two details of cPRPP conformation also
to carry out nitrogen trgnsfer from glutamine to PRPP. We support catalysis. The #xoring pucker fixes the bond
propose that othe'r amldptransfergses also employ the Sam@pposite G in a nearly eclipsed conformation, which
scheme f_or_ coupllng their glutamlne and acceptor dom_alns promotes formation of planar geometry at énd partial
because it is a simple solution to the problem of catalysis in §ouple bond character in the; €0, bond of the oxycar-
complex enzymes. Each amidotransferase contains aponjum jon intermediate. Am-phosphate oxygen of the
glutamine domain from one of two homologous famili&S)( pyrophosphate tail (§) points toward the Catom. This
and an acceptor domain, which also may belong o a conformation is optimal for formation of a GHD interaction
hor_nologous enzyme family. _Catalytlc activities of the two  petween the pyrophosphate,@nd the G proton to stabilize
active sites are coupled by signal transduction and not by pjanar geometry at Gand to provide electrostatic stabiliza-
merger into a single active site. In retrospect, fine tuning tjon for an oxycarbonium ion. The dual carboxylate side
an existing .catalyt|c domain for opqmal activity, deper_ldmg chains of invariant residues A¥pand Asgé” may provide
on availability of substrates or inhibitors, seems a far simpler 5qgitional stabilization to the oxycarbonium ion via hydrogen
task in molecular design than is merger of two precise active honds to the ribose hydroxyls. The pair of acidic side chains
sites into oné. S is a hallmark of the PRPP binding loop of type | PRTases.
PRTase Catalysis Binding of substrate analog clearly The hydroxyl of Ty?5® may be a proton shuttle between the
drives formation of the closed PRTase active site, which, attacking NH and the leaving RPalthough direct proton
with six basic and two acidic side chains, will not form in  transfer may also occur. Although our structure-based
the absence of a suitable ligand. The closed active site musimechanism invokes PRPP-facilitated catalysis, specific roles
thergfore be regarded as a transient form of the enzyme. Infor enzyme side chains, not presently apparent, remain
previously reported crystal structures of type | PRTases, apossible and should be addressed in future biochemical
variety of flexible loop conformations was observed, all experiments.
poorly ordered and none closed. Subunitinterfaces also vary, The structures of substrate analog and inhibitor complexes
such that the flexible loop apparently closes over the active of GPATase reveal two overlapping Kgsites that share
site of a second subunit of orotate PRTak® 39. Ordering four of six ligands, consistent with kinetic analysesBof
subtilis GPATase that suggested the presence of two metal

2 Channels have been described recently for intermediates in the Sites #0). Metal ligation to the pyrophosphate tail in the
multistep reaction catalyzed by carbamoyl phosphate synthet8se ( closed, active conformer of GPATase is similar to that
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reported in the open, M3-PRPP complex of orotate PRTase confirm our prediction 2) of a universal amidotransferase
(32. The noncatalytic metal binding mode has also been NH3 channel for nitrogen transfer between glutamine and
observed in other nucleotide complexes of GPATase and inacceptor sites. GPATase and carbamoyl phosphate syn-
product complexes of other PRTasd®,20. The two thetase belong to the Ntn and Triad amidotransferase families
modes of metal binding reflect the variety of orientations (2), respectively, and have unrelated glutaminase domains.
observed for substrate, analog, products, and inhibitors inThe NH; channels of GPATase and carbamoyl phosphate
the type | PRTase active site. The importance of ligand, synthetase differ substantially in polarity, although both
either cPRPP or GMP, to metal binding in GPATase supports enzymes must exclude water from reaction with the labile
the idea that the protein binds a metigand complex and  acceptor substrates PRPP and carboxy phosphate. This
not the metal alone4l). The features of substrate binding apparent discrepancy is consistent with the rather different
to GPATase described above are compatible with available structural biology of GPATase and carbamoyl phosphate
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