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ABSTRACT. Hypoxanthine-guanine phosphoribosyltransferase (HGPRTase) is the locus of Lesch-Nyhan
syndrome, the activator of the prodrugs 6-mercaptopurine and allopurinol, and a target for antiparasitic
chemotherapy. The three-dimensional structure of the recombinant human enzyme in complex with GMP
has recently been solved [Eads, J., Scapin, G., Xu, Y., Grubmeyer, C., & Sacchettini, J. C.(2894)

78, 325-334]. Here, ligand binding, pre-steady state kinetics, isotope trapping, and isotope exchange
experiments are presented which detail the sequential kinetic mechanism of the enzyme. In the forward
reaction, in which a base (hypoxanthine or guanine) reacts with PRPP to form nucleoside monophosphate
and PR, binding of PRPP precedes that of the base, and in the reverse direction, IMP binds first. Compared
to keaw phosphoribosyl group transfer is rapid in both the forward (131 vs 8)0asd reverse (9 vs 0.17

s 1) directions. In the forward direction, product pyrophosphate dissociates rapidB §*) followed

by release of IMP (6.078). In the reverse direction, Hx dissociates rapidly (9.5 and PRPP dissociates
slowly (0.24 s1). The more rapid rate of utilization of guanine than hypoxanthine in the forward reaction

is the result of the faster release of product GMP rather than the result of differences in the rate of the
chemical step. The kinetic mechanism, with rapid chemistry and slow product dissociation, accounts for
the previously observed ability of the alternative product guanine to stimulate, rather than inhibit, the
pyrophosphorolysis of IMP. The overall equilibrium for the hypoxanthine phosphoribosyl transfer reaction
lies far toward nucleotide produd€{;~ 1.6 x 10P), at the high end for PRPP-linked nucleotide formation.

The three-dimensional structure of the HGPRTHASE complex has been solved to 2.4 A resolution and

is isomorphous with the GMP complex. The results of the ligand binding and kinetic studies are discussed
in light of the structural data.

Hypoxanthine-guanine phosphoribosyltransferase (HG- 1972; Hochstadt, 1978; Chou & Martin, 1972), the Gram-
PRTasé, EC 2.4.2.8) catalyzes the transfer of the 5-phos- positive bacterid actococcus lactigNilsson & Lauridsen,
phoribosyl group froma-p-5-phosphoribosyl 1-pyrophos-  1992) andBacillus subtilis(Ogasawarat al, 1994), yeast
phate (PRPP) to hypoxanthine or guanine to form the (Kornberget al, 1955; de Groodét al.,1971), the parasitic
nucleotide IMP or GMP, a critical reaction in purine salvage worm SchistosoméDoveyet al, 1986), mammals (Koret

pathways. al., 1955), and the parasitic protozhaishmania(Tuttle &
Krenitsky, 1980) andPlasmodiun{Queeret al, 1988; Reyes
gzgsixniﬂzfgﬁz)mm prpp HOPRTase IMP 4 ppi et al, 1982). In humans, HGPRTase is found in liver, red

blood cells, and nervous tissues (Stout & Caskey, 1985). The
i ) ) .. complete lack of HGPRTase activity in humans causes the
_ The enzyme has a wide phylogenetic and tissue d|str|bu_- Lesch-Nyhan syndrome (Seegmillerral, 1967), character-
tion and has been reported from the Gram-negative bacterig; o by hyperuricemia and neural disorders, including mental
Escherichia colandSalmonella typhimuriurtMiller et al, retardation and compulsive self-mutilation behavior (Lesch
& Nyhan, 1964; Stout & Caskey, 1989), whereas partial
T This work was supported by National Institues of Health Grant deficiency of HGPRTase leads to gouty arthritis (Kelkiy
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® Albert Einstein College of Medicine. salvage pathways. Therefore, HGPRTase has been proposed
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TX 77843. 1983; Doveyet al., 1984; Ullman & Carter, 1995).

® Abstract published iAdvance ACS Abstractdarch 1, 1997. PRI .
1 Abbreviations: HGPRTase, hypoxanthinguanine phosphoribo- Potent and specific inhibitors for parasitic HGPRTase must
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to a C-terminalf structure which appears to confer base dissociation of Hx and PRPP. In the forward reaction, PRPP
specificity. A potential conformational change associated binding was proposed to precede binding of Hx, with random
with base binding was identified in this C-terminal region. product release. A novel Gua/IMP exchange was interpreted
The structure of the active site also suggests that both PRPRo indicate slow release of PRPP from th¢?RPP complex
and Hx should be able to bind simultaneously, consistent (Salerno & Giacomello, 1979). Ali and Sloan (1982) used
with chemical mechanisms involving direct transfer of the flow dialysis to identify a tight E°PRPP complex in the yeast
phosphoribosyl moiety within ternary complexes. A flexible enzyme, in agreement with kinetic mechanisms in which this
loop, directly adjacent to the active site, may move to cover substrate binds to the apoenzyme first. More recently, Yuan
the active site during catalysis. It is not yet clear if the etal.(1992) employed steady state kinetics to show that the
enzymes from parasites, which show-28% primary schistosomal enzyme follows an ordered kinetic mechanism,
sequence identity with the human enzyme, demonstratewith PRPP binding followed by binding of Hx, and with
species specific structural differences, since only the crystalrelease of PPpreceding that of IMP. The studies to date
structure of theTritrichomonas foetugnzyme is available  were based nearly exclusively on steady state kinetics and
(Somozaet al, 1996). Ullman and Carter (1995) have are subject to the limitations and problems of interpretation
generated a molecular model BlasmodiumHGPRTase that arise from those methods.

using the human HGPRTase structure as a template. The The availability of the recombinant enzyme makes it

active site of this hypothetical structure is similar to that of possible to employ techniques that are not feasible with the
the human enzyme. The structure of the schistosomalsmaller quantities of protein available from tissue isolations.
HGPRTase is especially anticipated since this enzyme iswe report here the detailed kinetic mechanism for human
proposed to have an organization of the active site substanHGPRTase determined using a combination of rapid quench,
tially different from that of the human enzyme (Kanaahi  |igand binding, and isotope trapping experiments. We have
al., 1995). clarified the sequential kinetic pathway, which is ordered in
Kinetic study has helped to elucidate the mechanism of jts associative steps, partially random in product dissociation,
action of phosphoribosyltransferases. Many of the phos- and which features rapid phosphoribosyl group transfer. We
phoribosyltransferases, including ATP-PRTase, OPRTase,have also established rate constants for most of the individual
and uracil PRTase, were reported to follow ping-pong type steps.
kinetic mechanisms, on the basis of parallel lines in steady
state kinetic plots and/or catalysis of PRPR/BP base/ MATERIALS AND METHODS
nucleotide isotope exchanges (Martin, 1963; Viotbral,
1979; Nataliniet al, 1979). Enzyme forms containing Materials. [8-*H]Hypoxanthine and [8C]guanine were
activated phosphoribose were proposed for ATP-PRTaseObtained from Moravek Biochemicals, Inc. (Brea, CA).
(Bell & Koshland, 1970), adenine PRTase (Groth & Young, [7-*PJATP was from Amersham.*]PR was from Dupont
1971), and OPRTase (Victat al, 1979). In some cases, NEN Research Products. Sheets of polyethyleneimine
these results have been shown to arise from experimentatcellulose for thin layer chromatography (Macherey-Nagel
artifacts. For example, Brashear and Parsons (1975) dem{nc.) were from Alltech (Deerfield, IL). Econo-safe liquid
onstrated that ATP contamination in radiolabeled PRPP hadscintillation cocktail was from Research Products Interna-
led to the apparent detection of an enzyme-bound intermedi-tional Corp. (Mt. Prospect, IL). Whatman 3MM paper and
ate for ATP-PRTase. In the case of OPRTase, Bleiti CF11 cellulose were obtained from Fisher. Charcoal (DAR-
(1990) showed that OMP contamination of the enzyme and CO S-51 grade) was from ICI (Wilmington, DE). Yeast
PR contamination of OMP led to artifactual exchange inorganic pyrophosphatase was from Boehringer-Mannheim
reactions. In that case, as with other PRTases, sequentiaCorp. DTT was from U.S. Biochemicals. Xanthine oxidase,
kinetic mechanisms are more compatible with the available PRPP, and other biochemicals were from Sigma Chemical
evidence. In accord with a sequential mechanism, an Co. QAPRTase was prepared as described previously
oxocarbonium-like transition state for direct phosphoribosyl (Hugheset al., 1993).
transfer between PRPP and orotate in OPRTase has recently [8-3H]IMP was prepared enzymatically by incubating 50
been delineated through the use of kinetic isotope effectsuCi [8-*H]Hx (12 Ci/mmol) at 30°C for 30 min in 500uL
(Taoet al, 1996). of 5 mM PRPP, 100 mM Tris-HCI, and 12 mM MgCat
Prior kinetic studies on HGPRTase have been inconsistentpH 7.4 with 3.2ug of HGPRTase. The reaction mixture
in their conclusions. Hendersat al. (1968) in a charac- was then chromatographed using HPLC on a Waters
terization of the human enzyme concluded that HGPRTaseuBondapak Gs column (3.9x 300 mm) eluted isocratically
followed a sequential kinetic mechanism, with ordered with 1% acetonitrile in HO. The [82H]IMP was found to
binding of PRPP and base, slow interconversion of ternary be at least 99.8% pure as revealed by paper chromatography.
complexes, and ordered product release. Krenitsky and[8-“CIGMP was similarly prepared. For preparation of
Papaioannou (1969) suggested that an alternative ping-ponds-?P]JPRPP, 3@Ci [y-3?P]ATP (3 Ci/mmol) was included
pathway was also operative, a conclusion later put forward in 100 uL of 50 mM KH;PQO, and 50 mM triethanolamine
for the yeast enzyme (Ali & Sloan, 1982). Giacomello and at pH 8.0 containing 3 mM ribose 5-phosphate andysof
Salerno developed a xanthine oxidase (XO)-coupled assayE. coliPRPP synthase (Hove-Jenstral, 1986; a generous
for the reverse pyrophosphorolysis reaction of the human gift of R. Switzer). The reaction mixture was incubated at
enzyme and in a series of three papers (Giacomello & room temperature for 20 min before being applied to a 1
Salerno, 1978; Salerno & Giacomello, 1979, 1981) proposed mL column of charcoal/CF11 cellulose (1:4, w:w; Parkin
a purely sequential kinetic mechanism for the reverse reactional., 1984) and eluted with 50 mM PO, at pH 8.0.
with IMP and PR binding in rapid equilibrium random  Fractions containingd-*?P]PRPP were collected and stored
fashion, followed by phosphoribosyl transfer and ordered at —80 °C.
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Enzyme Isolation.Recombinant human HGPRTase was reaction times greater than 200 ms were desired, a two-push
expressed and purified as previously described (Eads, protocol was employed. The mixture was centrifuged to
1994). The enzyme was homogeneous as judged by SDSprecipitate denatured enzyme. The pH of the supernatant
PAGE. The published extinction coefficient for human was brought to approximately pH 7 Wit N KOH, cooled
HGPRTase [Eo1 mg/mL) = 0.53; Keoughet al, 1991] on ice, and the KCIQ precipitate was then removed by
which was calculated on the basis of amino acid composition centrifugation. The supernatant was injected onto a Waters
was carefully reexamined by quantitative amino acid analysis. uBondapak G column (3.9x 300 mm) and eluted isocrati-
Experiments were performed at the Protein Microchemistry cally with either 100 mM (NH),HPO, at pH 5.0 or 1%
Facility at the Wistar Institute (Philadelphia, PA). Samples acetonitrile in HO. Chromatographic peaks containing base
were hydrolyzed wh 6 N HCI and 1% phenol fol h at and nucleotide, monitored at 206 nm, were collected, and
160 °C in vapor phase, followed by manual PTC derivati- the radioactivity was measured by liquid scintillation.
zation and HPLC separation essentially as described by EberControls were performed in which €L of solution from
(1986). Quantitative amino acid analysis gave a value for the syringe that contained HGPRTase was thoroughly mixed
Ezso(1 mg/mL) of 1.0. Protein was quantified spectropho- with 400 4L of HCIO, followed by addition of 50uL of
tometrically using this revised value. The subunit molarity solution from the other syringe. The mixture was then
was calculated on the basis of & of 24 470, calculated treated according to the aforementioned procedures. No
from the deduced protein sequence (Jelhal, 1983). The residual enzymatic activity was detected, indicating that the
enzyme concentrations reported in this paper and used todenaturation procedure was effective.
calculate n andk. refer to the subunit concentration. Equilibrium Gel Filtration. The approach of Hummel and

Standard Assays.The forward reactions catalyzed by Dreyer (1962), as modified by Grubmeyadral. (1987), was
HGPRTase, formation of IMP or GMP, were assayed at 30 used to quantitate ligand binding. HGPRTase was equili-
°C using a Perkin-Elmer 552A UV/VIS spectrophotometer. brated with B-*2P]JPRPP and®H]glucose in 10Q:L of 100
The difference in extinction coefficients at 245 nm between mM Tris-HCI, 12 mM MgC}, and 5 mM DTT at pH 7.4
IMP and Hx was determined to be 1900 Mcm™ and was for 10 min at room temperature. The mixture was then
used to monitor the HPRTase forward reaction. The applied to Sephadex G-50ia 1 mL tuberculin syringe
difference in extinction coefficients at 257.5 nm between preequilibrated and eluted witg£2P]JPRPP and®H]glucose

GMP and Gua was determined to be 5900'Mm™! and in the same buffer. Fifty single-drop fractions were collected
was used to monitor the GPRTase forward reaction. Thein 4 mL Wheaton Omni-Vials. Counting by liquid scintil-
standard forward assay (1 mL) consisted of 100 Hx or lation was conducted until 1% error was reached in both the

Gua, 1 MM PRPP, 12 mM Mggland 100 mM Tris-HClat  3H and3®P channels, and standards were used to correct for
pH 7.4. The reverse reaction (IMP pyrophosphorolysis) was spillover of 2P into the3H channel. The counts in th#l
assayed either spectrophotometrically or by using a radiolabelchannel were then used to calculate the volume of each drop,
transfer method at 30C . The spectrophotometric assay and the average of the total excé¥3 present in the peak
employed xanthine oxidase (XO). Assay components con- fractions and deficient in the trough fractions was used to
sisted of 10Q«M IMP, 500 uM PR, 5 mM MgCl, 0.1 unit calculate boundd-*2P]JPRPP. Determinations of bound and
of XO, and 100 mM Tris-HCI at pH 7.4 in a final volume  bound/free were plotted (Scatchard, 1949) and fit by linear
of 1 mL. The formation of uric acid was monitored using least squares.

an extinction coefficient of 12 000 M cm™! at 293 nm Isothermal Titration Calorimetry of Nucleotide Binding
(Kalckar, 1947). In the radiolabel transfer method, the to HGPRTase.The experiments were performed using an
reverse reaction was assayed witi#f§tMP or [8-1“C]GMP. isothermal titration calorimeter (MicroCal, Inc., Northamp-

A typical assay (in 0.1 mL) included 1QfM [8-H]IMP or ton, MA). Twenty-five 4 uL injections of 3-10 mM
[8-1“C]IGMP (0.08uCi), 500 uM PR, 5 mM DTT, and 5 nucleotides (IMP or GMP) in 20 mM Tris-HCI, 12 mM
mM MgCl, in 100 mM Tris-HCl at pH 7.4. Product$Hl]- MgCl,, and 1 mM DTT at pH 8.0 were made into 1.4 mL
Hx and EH]IMP (or [**C]Gua and }*C]JGMP) were resolved  of 53—132uM HGPRTase in the same buffer at 2. As

by paper chromatography, on Whatman 3 MM paper noted, in some cases, Mg@Vas absent. MicroCal software
developed in 400 mM N&PO, (pH 8.0) of 10uL samples was used to fit the data using a nonlinear least-squares
of reaction mixture (Hendersat al,, 1968). The radiolabel  algorithm. The errors reported here are those generated by

transfer method was used to determine the appatgyfor the MicroCal fitting program and reflect the quality of the
IMP pyrophosphorolysis. The reaction mixture consisted of fit of the data to the titration curve.
either 0.1 or 1 mM [8H]IMP, 20 mM PR, 20 mM MgCh, Equilibrium Dialysis. A multisample Microvolume Dia-

and 5 mM DTT in 100 mM Tris-HCI at pH 7.4. The lyzer (model EMD 101B, Hoefer Scientific Instruments, San
conversion of IMP to Hx was analyzed by paper chroma- Francisco) was used in equilibrium dialysis. To measure
tography at various times from 0 to 50 min. the binding of Hx to apoenzyme, 200L of 151 uM
Analysis of Kinetic Data.Steady state kinetic parameters HGPRTase subunit, 44M [3H]Hx, 100 mM Tris-HCI, 12
(Keat and Ky) were evaluated with the HYPER program of mM MgCl,, and 5 mM DTT at pH 7.4 was injected into
Cleland (1979) and are reported standard errors. one side of the dialyzer chamber and 240 of the same
Rapid Quenching Experiment®re-steady state kinetic  solution without HGPRTase was injected into the opposite
experiments were performed at room temperature-@p side. The two chambers were separated by a sheet of dialysis
°C) in a Precision Syringe Ram, model 1010 (Update membrane with a nominal molecular mass cutoff of-12
Instrument Inc., Madison, WI). A two-syringe setup was kDa (Hoefer). For measurement of iRiihding, 200uL of
used. A typical reaction was started by mixing B0 of 245uM HGPRTase, 6@M [32P]PR, 100 mM Tris-HCI, 12
solution from each syringe and ejecting from the aging hose mM MgCl,, and 5 mM DTT at pH 7.4 and the same solution
through a nozzle into 408L of 0.6—0.9 N HCIQ,. When without HGPRTase were loaded into the two chambers.
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Hypoxanthine (2.2 mM) was also added in studies of the 1.0
E-PR-Hx dead-end complex. In all cases, the samples were .
incubated with constant mixing at room temperature for ca. T 081
12 h. An aliquot of sample was then taken from each %
chamber and the radioactivity determined by liquid scintil- ~ 061
lation. o
Isotope Trapping. The experiments were performed at = 041
room temperature. For isotope trapping wifh3fP]PRPP, 2
10 uL of an equilibrium binding mixture containing 14.2 3 02
uM HGPRTase, 22.2M [5-3?P]PRPP in 50 mM KP and e -
4.6 mM MgCl at pH 7.5 was injected into 454 of rapidly
stirred chase solution (19M Hx, 1.58 mM PRPP, 50 mM 00 02 04 06 08 10 12 14
KP;, and 5 mM MgCj} at pH 7.5), using a Hamilton syringe. bound (mol/mol subunit)

Five seconds (30 turnovers) after mixing, 100 of 500 FIGURE 1: Scatchard plot of binding off*P]PRPP to HGPRTase.

mM EDTA was added. A s_ample (1BL) of EDTA_' . The data are from equilibrium gel filtration experiments as described
quenched mixture was applied on a polyethyleneimine in Materials and Methods. HGPRTase afefP]PRPP were used
cellulose film and chromatographed Wwi2 M LiCl and 100 at 0.26-2.6 and 0.3-30 uM, respectively. The line represents the

mM Tris-HCI at pH 8.0. A phosphorimager screen was linear least-squares fit.

exposed to the chromatogram. Using a BAS2000 Fujix Bio-

imaging analyzer (Fuji Photo Film Co., Ltd.}%]PRPP and ~ HCI, 0.1 mM EDTA, 1 mM DTT, and 10% glycerol at pH
[32P]PR spots were identified with standards, and the 7.4, whichis also consistent with previously reported results
digitized, background-corrected, photostimulated lumines- (Holden & Kelley, 1978).

cence was quantified. To measure isotope trappingHit [ Values forVmax and K, were determined using spectro-
IMP, the equilibrium binding mixture contained 7av photometric assays at 3«. The specific activity of the
HGPRTase, 0.4M [3H]IMP in 100 mM Tris-HCI, 5 mM pure recombinant human HGPRTase, ranging from 21 to 23
DTT, and 5 mM MgC} at pH 7.4. A portion (1QL) was  #mol of IMP formed min* mg* (kea= 8.5-9.3 s*) at 30
injected into 933L of 1.5 mM IMP, 200uM Hx, 20 mM °C, was similar to reported values (Muensch & Yoshida,
PR, and 25 mM MgCl in 100 mM Tris-HCl at pH 7.4 (chase 1977; Olsen & Milman, 1977). At room temperature {22
solution). After 30 s of reaction (5 turnovers), E of 9 24°C), the specific activity was 1415umol of IMP formed

N HCIO, was added, and quenched samples were processefin™* mg (kea = 5.7-6.4 s!). The specific activity in

as for rapid quenching experiments. To ensure that thethe reverse reaction was 0:50.76 umol of Hx formed
isotopic dilution was sufficient, controls were carried outin  Min~* Mg (kea = 0.23-0.30 s™) at 30°C and 0.34-0.53
which 10uL of apoenzyme HGPRTase was injected into #mol of Hx formed min* mg™ (ke = 0.13-0.21 s7) at
450uL of chase solution which also contained radiolabeled room temperature. As noted by others (Keoeghl., 1991;

PRPP or IMP. Control samples were processed as described’uanet al, 1992), Gua was utilized more rapidly than Hx,
for experimenta| Samp|es_ with a Vay of 43//£m0| of GMP formed min? m971 (kcat =

P : 18 s!) at 30°C. TheKn, values for Hx (2.44+ 0.6 uM)
HGPRTasdMP Crystallization and Structure Determi- Lo !
nation. Crystals of HGPRTase complexed with IMP were PRPP (35t 6 4M with Hx as the second substrate, £56

roduced under conditions identical to those reported for the“'vI with Gua as the second sybstrate), Gua (8.5.2uM)
gomplex of HGPRTase with GMP (Eads 199 4y IMP (5.4 1.2uM), and PPwith IMP as second substrate

Crystals grew to maximum dimensions of 0<50.5 x 0.2 (25+ S”M)’. were similar to those pub_lished for the human
mm and diffracted to a maximum resolution of 2.2 A. Data €nzyme purified from erythrocytes (Giacomello & Salerno,

were collected from two crystals, using a pair of Xuong- 1978) or aden_ocarcmoma (_:ells (Hill, 1970). .
Hamlin multiwire detectors and a Rigaku RU-200 rotating Sl_Jbstrate Bmdmg.Expe_rlm_ents were performed to in-
anode as the X-ray source. Data were collected andvgsngate the (ggder of the bl_ndlng of substrates to HGPRTa_se.
processed using the software supplied with the detectors (C_Bm_dlng of W P.]PRPP (Figure 1). was measured by. equi-
Nielsen, San Diego Multiwire). Ilpnum gel filtration. The results .flt \_NeII toa mod.el Wlth a
single class of homogeneous binding sites indicating that
RESULTS PRPP binds to the apoenzyme withiKag of 1.3 + 0.1 uM
and ann of 1.18 4+ 0.06 mol of PRPP/(mol of HGPRTase
Properties of Recombinant HGPRTas€he purification subunit) [4.6 mol/(mol of tetramer)]. WherBf?P]PRPP
of recombinant human HGPRTase from the T7 promoter- binding experiments were performed in the absence ¢fMg
driven pYM10 clone was similar to that described previously no binding was detected. Inclusion of IMP reduced the
(Eadset al,, 1994) except that, after the initial precipitation amount of B-*P]PRPP bound to the enzyme, allowing
with 60% saturation (Nk),SQu, samples were first subjected calculation of theKp for IMP of 53 uM. Pyrophosphate at
to chromatography on the Q-Sepharose column (HiLoad 26/1.5 mM did not detectably compete witf§-f?P]PRPP for
10, Pharmacia) followed by the Phenyl-Sepharose columnbinding to the enzyme, suggesting that Bids poorly to
(HiLoad 16/10, Pharmacia). Amino acid sequencing of the the apoenzyme. On the basis of the detection limits of the
recombinant HGPRTase revealed that the initiator methionine procedures, if PRIoes bind to the apoenzyme, it must have
had been removed, as in mature human erythrocyte HG-a Kp of at least 7.5 mM.
PRTase (Wilsoret al,, 1982). Gel filtration of the enzyme Binding of IMP to the apoenzyme in the presence ofMg
(0.38 mg/mL) on a Superdex-200 column (HiLoad 16/60, was also quantitated directly by isothermal titration calo-
Pharmacia) indicated that it was tetrameric in 100 mM Tris- rimetry (Figure 2). The data were fit to a single-binding
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FIGURE 2: Isothermal titration of IMP binding to HGPRTase. Each Time (ms)
point represents an injection of IMP. The molar ratio refers to the
ratio of cumulative IMP concentration to total HGPRTase subunit B

concentration. Thg-axis represents enthalpy change brought by
each injection. The line represents the fit using a nonlinear least-
squares alogrithm.

site model which yielded &, of 61 + 6 uM and ann of
1.32+ 0.06 mol of IMP/(mol of subunit) [5.3 mol/(mol of
tetramer)]. GMP binding experiments using the same
method gave &p of 7.1+ 0.2 uM, with ann of 1.27 &+
0.02 mol of GMP/(mol of subunit) [5.0 mol/(mol of
tetramer)] (data not shown). When Rtgwas omitted, the

Kp for GMP was 3.2+ 0.3 uM with an n of 1.27 + 0.02

mol of GMP/(mol of subunit) [5.0 mol/(mol of tetramer)],
and theKp for IMP was 39+ 3 uM with an n of 1.00 + 0
0.04 mol of IMP/(mol of subunit) [4.0 mol/(mol of tetramer)].

At 200 uM, weak binding of [8%*C]guanine to the apo- . .
enzyme was detected by equilibrium dialysigccurate FiGURe 3: Pre-steady state nucleotide formation by HGPRTase.

oo . . (A) IMP formation. One syringe containetgH]Hx in 100 mM Tris-
determination of &p for guanine was prevented by its low HCI, 12 mM MgCh, and 5 mM DTT at pH 7.4. The other syringe

solubility, but the results suggesteda of = 300uM. No contained HGPRTase and PRPP in the same buffer. Reactions were
binding of either Hx or PRo the apoenzyme was detected initiated when equal volumes of solution from each syringe were
by isothermal titration calorimetry, equilibrium dialysis, or, mixed in the mixer. The final concentrations of HGPRTase, HX,
as determined only for Hx, equilibrium gel filtration. On 2and PRPP were 4M, 1004M, and 1 mM, respectively. Reaction

. e ; .. samples were processed [100 mM (NHPO, at pH 5.0 was used
the basis of the sensitivity of the techniques employed, it ;¢ the solvent] as described in Materials and Methods. (B) GMP

was possible to estimate the lower limitk$ values for Hx  formation. Conditions were as for panel A excé€]Gua replaced
and PR Kp values for the binding of these ligands to the [3H]Hx. The final concentrations were 54M HGPRTase, 105

apoenzyme must be at least 1.9 mM for Hx and 1.8 mM for #M Gua, and 1 mM PRPP. Acetonitrile (1%) in,@ was used as
PP, if binding does occur. the solvent in chro_matograph_y. The lines in panels A and B
Isotope trapping experiments (Rose, 1980, 1995) were represent the best fit as described in Results.
carried out to quantitate the behavior of the binary complexesin solutions containing 20 mM RPwvhereas the remaining
for each of the two substrates that bind to the apoenzyme,95% of the bound3H]IMP dissociated without undergoing
PRPP and IMP. In these experiments, an equilibrium net conversion to®H]Hx. The high level of PPemployed
binding mixture of enzyme and radioactive substrate was ensured that all £2H]IMP would be converted to the-EH]-
injected into a solution containing the second substrate andIMP+-PR ternary complex. The ability to trap only 5% of
a large molar excess of nonradioactive substrate. Mixturesthe bound JH]IMP is thus most likely due to the release of
(10 uL) of 14.2 uM enzyme and 22.2ZM [-32P]PRPP, in [BH]IMP from the E[*H]IMP-PR ternary complex. Efforts
which 64% of the -32P]PRPP was calculated to be bound, to trap an E[*H]Hx complex with PRPP were unsuccessful,
were injected into a trapping solution (42Q) containing providing a further indication that Hx binds poorly to the
190uM Hx and 1.58 mM nonradioactive PRPP. After 5s apoenzyme. On the basis of the results of binding and
(30 turnovers), the reaction was quenched. Of hé’P]- isotope trapping experiments, ordered binding of substrates
PRPP present, 73.5 8.3% (115% of the -*°P]PRPP is indicated. In the forward direction, PRPP binds first,
calculated to be bound) was converted*®]PR. Controls whereas IMP binds first in the reverse reaction.
showed that only 0.1% of conversion of previously unbound  Phosphoribosyl Group TransfeiWhen EH]IMP forma-
[5-*2P]PRPP to J?P]PR occurred in the trapping solution, tion from [PH]Hx in the forward reaction was monitored
indicating effective dilution of §-3?P]PRPP by a nonradio-  using a rapid quenching apparatus, a biphasic time course
active compound. The results confirm that enzyme-bound was obtained (Figure 3A) which consisted of an initial rapid
[B-*2P]PRPP is catalytically competent. When similar phase followed by a slower linear phase. The linear phase
experiments were performed with mixtures ofi enzyme represented steady state formation3f][MP with a ke, Of
and 0.4uM [3H]IMP, only 5% of the fH]IMP calculated to 6.6 s1, a value identical to that measured for the same
be bound to the enzyme was found to be trappedtilix enzyme preparation in the spectrophotometric assay at the

nmol GMP/nmol subunit
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Time (ms)
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FiGURE 4: Pre-steady state kinetics of IMP pyrophosphorolysis.
(O) One syringe contained P® 100 mM Tris-HCIl and 5 mM
DTT at pH 7.4. The other syringe containe@HJIMP and
HGPRTase in 100 mM Tris-HCI, 10 mM Mggland 5 mM DTT
at pH 7.4. The final concentrations of HGPRTase, IMP, and PP
were 5.7uM, 100 uM, and 1 mM, respectively. The reaction
samples were treated as for Figure 3®) (The conditions were
the same as those farexcept that nonradioactive Hx was included
giving a final concentration of 10@M. The lines represent the
linear least-squares fit.

same temperature (2&). The entire data set was fit to the
following equation (eq 1):

[mol of IMP formed/(mol of total subunit)}
n(l — e ) + ket (1)

wherekqpsis the first-order rate constant for the rapid phase
andn represents the size of the burst &flIMP formation
[mol of [3H]IMP/(mol of enzyme subunit)] when the steady
state phase was extrapolated to zero time. The value of
was 1.2-1.3 mol of PH]IMP/(mol of subunit). In simula-
tions, fitting was attempted with values kf,s from 20 to
300 s. The best fit was obtained with ks of 140 st

Biochemistry, Vol. 36, No. 12, 1998705
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Ficure 5: Measurement ok,, for Hx binding to the EPRPP
complex. The BEPRPP complex was formed by incubating 540 nM
HGPRTase with 2 mM PRPP in one syringe. The other syringe
contained 88 nM3H]Hx. The experimental procedures were the
same as those in Figure 3A. The line represents the linear least-
squares fit.

300

The ratio of the burst size in the forward and reverse
directions allows the calculation of the rate constants for the
interconversion of BHx-PRPP and EMP-PR with rates of
131 and 9 s! in the forward and reverse directions,
respectively.

A minimal on rate for Hx binding to the PRPP complex

was determined by rapid quench experiments with 270 nM
HGPRTase subunit and 44 nN¥H]HX, in the presence of 1
mM PRPP (Figure 5). Under these conditions, pseudo-first-
order conversion of 3H]Hx to [*H]IMP was observed,
allowing calculation of the Hx on rate (1 10’ M1 s™1).
The experiment was repeated with 0.05 and o\ HG-
PRTase. The mean value for the Hx on rate was .9
0.3) x 10 M~tst

Product ReleaseThe overall rate of the reverse reaction,

and was constant among experiments. The pre-steady stat®.17 s, is far slower than the rate of the reverse phospho-

kinetics clearly demonstrated that, in the forward reaction,

the formation of enzyme-bound IMP is fast relative to the

ribosyl transfer step, 97§, suggesting that Hx or PRPP
release is rate-limiting in the reverse reaction. If PRPP

release of the products. Similar results were obtained whenrelease were slow, then given the rapid rate of Hx binding
[*“C]Gua was used as the base substrate (Figure 3B) with aand the rapid forward phosphoribosyl transfer, a long-lived

rapid phasekg,s= 140 s2) followed by a linear phaseka
=11 s’ which was comparable tokg, of 13 s measured

E-PRPP complex should be able to bind base to catalyze a
rapid exchange reaction under conditions of reverse catalysis

with the spectrophotometric assay at room temperature. The(exchange against the flow; Clebal.,1988). We were able

burst of F“CJGMP formed was 1.3 mol off{C]GMP/(mol
of subunit).

to detect and quantitate 8HJHx/IMP exchange reaction
proceeding at 1.17$, about 6 times faster than net reverse

When similar pre-steady state kinetic experiments for the catalysis. Previously, Salerno and Giacomello (1979) de-

reverse IMP pyrophosphorolysis reaction were carried out,

tected acceleration of IMP pyrophosphorolysis in the pres-

no continuing net product formation was detected (Figure ence of guanine. We were able to confirm this observation

4). However, if non-radiolabeled Hx was added to the
reaction mixture to isotopically dilute releasetH]Hx, a
steady state conversion of labeléH]IMP to [3H]Hx could

be easily monitored. Under either set of conditions, ex-
trapolation to zero time showed a small burst #fi]JHx
production h = 0.085 mol of fH]Hx/(mol of subunit)]. The
ratio of burst sizes is thus 1.3/0.08515 which represents
the equilibrium constant for the interconversion of ternary
enzyme-substrate and enzym@roduct complexes. The

by spectrophotometric assays and determined a rate for the
guanine-accelerated IMP pyrophosphorolysis of 0:37/As
observed by Salerno and Giacomello (1979), the stimulation
of IMP pyrophosphorolysis by Gua was transitory and was
accompanied by formation of an amount of GMP stoichio-
metric to the amount of guanine added (not shown). The
guanine-stimulated IMP pyrophosphorolysis reaction is thus
a mixed Gua/IMP exchange, diagnostic of mechanisms in
which release of a second product is slow (Segel, 1975).

first-order rate constant describing the pre-steady state bursSince the conversion of-BuaPRPP to free GMP is rapid
(140 s is the sum of the forward and reverse rate constants (13 s%), the exchange ratekd) represents the net rate

(Fersht, 1985).
Kobs = ke + ki

constant (Cleland, 1975) for the conversion of NEP-PR
to EEPRPP. The equations below (eqs4) describe the
relationships between individual rate constants kpdor
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Ficure 6: Reverse HGPRTase reaction coupled to QAPRTase. The - . .
reaction mixture consisted of 1Q@ of 100 xM [3H]IMP, 500 r,\'/ngH' Time cioguegcs:erlflform?tlon of‘[tC]Gua (cwgktas()jar]]ofﬁ]-
4M PP, 400 uM QA, 5 mM MgCl,, 5 mM DTT, and 100 mM (squares) a . All reaction mixtures consisted of 104

- - : f 200uM Hx, 19 uM PRPP, 10«M GMP, 5 mM MgCbh, and 50
Tris-HCl at pH 7.4 containing 0.58g (0.0003 unit) of HGPRTase 0 / “ A
and 0.02 unit of QAPRTase at 3C. At the indicated times, 10 mM KoHPO, at pH 7.5 containing 0.7%g of HGPRTase. To

uL of the reaction mixture was sampled and analyzed as described™ de dasclijr$ formation OfflfC]Gt.“a’ gfjrﬁ\;g amtount o%“p]Gl\t/IPﬁwas
in Materials and Methods. The solid line represents the linear least- 2dd€d. 10 measure formation | , @ trace amount ofH]-

squares fit of the data. The dashed line represents the rate of thé—lxhwas |ncludhed. ;I;he reaction mlxtuBeT were 'O%U%a;ed e.'thefr
reverse reaction in separate experiments in which xanthine oxidase"'" OL# pyﬁogt) ospf_ﬁlt?jse (ogeln sySm ols) or W'tf : tynlt 0
e GARTL T s it e o hopepurtee (e omos Camps ] ek ©
reverse reaction when neither xanthine oxidase nor QAPRTase Waﬂaterials and Methgds

present. :

The order of release of IMP and Pffom the enzyme

the reverse reaction aridy. PR:IMP complex was investigated by monitoring the time
, course of }*C]Gua formation from J*CJGMP in reaction
oy + Ik + 1K 5= 1y (reverse) ) mixtures containing HGPRTase, Hx, PRPP, a@GMP,

Time (min)

1k ,+ 1K 5= 1k, 3) with or without added inorganic pyrophosphatase (Figure 7).
2 -3 X If IMP can dissociate from the ‘-BMP+-PR complex before
K _3=k_gk_,/(ks + k_,) 4) PR, then free }*CJGMP should be able to bind to the R

complex to form and releasé*C]Gua. The inclusion of

wherek' _; refers to the net rate constant for the skep pyrophosphatase should thus have little effect. However, if
(see Scheme 1 in the Discussion for nomenclature). Equa-PR dissociation precedes IMP dissociation, then the inclusion
tions 2-4 allow the calculation of the rate constant for Hx of pyrophosphatase should preventC]Gua formation.
release from the PRPPHx complex k-), 9.5 s'%, and that Formation of [*C]Gua from [“C]JGMP was observed in the
for PRPP release from the BRPP complexi(,), 0.24 s*. absence of pyrophosphatase, but only following an initial

Xanthine oxidase (XO), which converts Hx to uric acid, lag phase. The reaction was almost totally abolished by the
was required to observe the net reverse reaction catalyzednclusion of pyrophosphatase. To assure that continuous
by HGPRTase (Giacomello & Salerno, 1978). We per- conversion of Hx to IMP was occurring under these
formed experiments in which XO was replaced by quinolinic experimental conditions, the formation &fjIMP from [3H]-
acid PRTase (QAPRTase), which serves to remove PRPPHXx was also measured under identical conditions in separate
instead of Hx. A level of QAPRTase sufficient to produce experiments. Pyrophosphatase did not affect the rate of
maximal HGPRTase reaction rates was employed. Underformation of PH]IMP. These observations suggest that the
these conditions, the reverse reaction gave linear productionconversion of *C]JGMP to [*C]Gua under these conditions
of Hx at a rate (0.01978) 10-fold less than that obtained required free PP consistent with PPrelease preceding
when coupled to XO (Figure 6). The addition of QAPRTase release of IMP in the forward reaction.
to control assays containing XO did not affect the observed Dead-End EHx-PP, Complex. It has been shown by other
rate. The slower rate observed when QAPRTase, rather thanworkers that PHs a good inhibitor of the forward reaction,
X0, was used as the coupling enzyme is best explained bycompetitive with respect to PRPP (Giacomello & Salerno,
the random release of Hx and PRPP from the ternary 1978). With the use of the spectrophotometric assay, we
E-Hx-PRPP complex. In the presence of XO, direct release were able to confirm that Rihhibition of the recombinant
of Hx from this complex (9.5%) is 40-fold faster than the  human HGPRTase occurred and was indeed competitive with
release of PRPP (0.24%, making primary Hx release the respect to PRPR( = 240 + 33 uM). However, we were
favored pathway. However, when free Hx is not removed unable to detect the binding of?P]PR to free enzyme,
from the reaction, it rebinds to the BRPP complexkg, = suggesting that an-Bx-PR dead-end complex might form.
1.9 x 10"’ Mt s7Y), forcing the release of PRPP from the Indeed, when Hx was present at 2.2 mM, witfP]PR at
E-PRPPHx complex to be the predominant route for net 100 uM and HGPRTase at 148M, equilibrium dialysis
product release. The result also strongly favors the idea thatrevealed that 22«M [*?P]PR was bound to HGPRTase.
the reverse HGPRTase reaction is thermodynamically dis- Precipitation of the MgPR complex at high PPlevels
favored, since at least one of the products must be depletedorecluded accurate determination of #agfor PR from the
in order to detect net reverse reaction. dead-end complex.
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Table 1: Summary of Data Collection and Crystal Parameters for strategies were employed for both structures, this difference

HGPRTasdMP in averageB factors probably reflects a real difference in
resolution range w_238A the degree of order _of IMP and GMP when bound to_
Reymm 8.8% HGPRTase. The active site structures are compared in
completeness 77% (55% in the 28.4 A shell) Figure 8.

14 252 reflections> 1o in the
20-2.4 A range (77%) DISCUSSION
unit cell a=129.3Ab=66.4A,c=529A, L i
anda=B=y=90° Our study of the kinetic mechanism of human HGPRTase
space group P2,2,2 has directly established that the phosphoribosyl transfer step

catalyzed by the enzyme is fast and that the rate of the overall
Equilibrium Constant. The PRTase reactions display a reaction in both directions is limited by product release steps.
wide range of externaKeq values, from 0.1 for OPRTase We have documented the existence of a dead-eho-PR
(Bhatiaet al., 1990), and 0.67 for NAPRTase (Vinitsky & complex. Our results demonstrate that release of each
Grubmeyer, 1993), to a value of 300 for adenine PRTase product directly from ternary complex is possible for
(Hori & Henderson, 1966). Attempts to measure the external reactions in both directions. However, substrate binding is
Keq for the HGPRTase reaction provided only estimated effectively ordered. This type of mechanism was reported
values. The method of Purich and Allison (1983) with for hexokinase (Wilkinson & Rose, 1979). It is interesting
spectrophotometric observation of IMP/HXx ratios at 245 nm to note that the release of nucleotide and RPlargely
did not provide accurate data at high product/substrate ratios.ordered, with PReleased first, which is essentially the same
However, when the reverse reaction was run to apparentas the schistosomal HGPRTase (Ywral, 1992).

equilibrium (50 min at room temperature witPH]IMP in Table 2 summarizes &y, keay andKp values determined
the absence of any coupling system), the extekagwas here. An updated kinetic mechanism is proposed on the basis
estimated to be 1.8-4.8 1. of the results reported in this work (Scheme 1 and Table 3)

Structure of the HGPRTad&P Complex. The results which contains measured or estimated rate constants for all
of data collection are summarized in Table 1. The crystals of the individual steps. Guanine-stimulated IMP pyrophos-
of the IMP complex were essentially isomorphous with phorolysis revealed that release of PRPP from tHeRPP
respect to those of the GMP complex; thus, the structure complex is partially rate-limiting in the reverse reaction and
was solved using the HGPRTa&MP coordinates (Eadst a rate of 0.24 s' (k_;) was derived for PRPP dissociation.
al., 1994) as the initial model, with no ligand or ordered KnowingKpererfrom equilibrium gel filtration, the second-
water. Rigid body refinement using least-squares methodsorder rate constant for the binding of PRPP to free enzyme
(TNT; Tronrudet al., 1988) reduced thB-factor from 25.4 (ky, 0.20 x 1® M~* s1) was readily obtained and is
to 24.3%. Subsequently, least-squares refinement withessentially identical téa/Km, (0.17 x 10° Mt s71) for this
restrained individual temperature factor refinement reduced substrate. The association rate constant for PRPP is several
theR-factor to 19.4% with good geometry. Electron density orders of magnitude slower than diffusion-controlled as-
maps (Fo| — |Fc|) clearly showed the location of the bound sociation of enzyme and substrate but is not atypical among
ligand and also clearly showed that there was no electronenzymes utilizing nucleotides as substrates (Fersht, 1985).
density at the position occupied by the N2 amino group of A rate of 9.5 s* (k_,) was calculated for the dissociation of
GMP. Addition of the IMP ligand and ordered water Hx fromthe EPRPPHx complex on the basis of the overall
molecules into the model, with manual model building using rate of guanine-stimulated IMP pyrophosphorolysis. The
TOM (Jones, 1985), was followed by further least-squares association rate constant for Hi;\ was determined to be
refinement. The final model contains 3259 of 3424 non- 1.9 x 10’ M~! st using single-turnover experiments with a
hydrogen protein atoms, two IMP molecules, and 65 ordered molar excess of PRPP and was very similar to the value
water molecules and has d&ifactor of 17.8%, with rms of KealKm (1.3 x 107 M~t s71) for this substrate. Pre-steady
deviation from ideal geometry of 0.019 A for bond lengths state experiments established rapid phosphoribosyl transfer
and 2.8 for bond angles. with rate constants of 13175 (ks) and 9 s? (k_3) in the

The structure of the HGPRTa$®IP complex was es-  forward and reverse reactions, respectively. Partitioning of
sentially identical to the structure of the HGPRT-436P [*H]IMP between its release antH]Hx formation (0.62 s?)
complex (Figure 8). Minor differences include the position- in isotope trapping experiments allowed the calculation that
ing of the Lys-68 side chain, whose dissimilar conformations IMP is released from the-BR-IMP complex at 12 st (k).
in the two complexes may reflect disorder of this residue. Experiments with added pyrophosphatase indicated that the
Side chain positions at the exterior of the protein and the release of PPfrom E-PR-IMP is the main pathway of
positions of residues in the poorly defined loop region of product release in the forward reactidn & 12 s). As
residues 106125 (Ead=t al., 1994) also vary between the reasoned belowKpr (ki/k-4) was estimated to be 130M;
two complexes (not shown). There was no evidence for an therefore, the rate constant for association of Wikh the
ordered water molecule in the position occupied by the N2 E-IMP complex k-4) must be at least 0.09 10° M1 s,
amino group in the HGPRTagaéMP complex. The average Since the pre-steady state study demonstrated that product
temperature factor of the bound IMP was significantly higher release must be rate-determining for the forward reaction
than the average temperature factor of the prot@igotein and it was inferred that RRelease was much faster than the
= 28.5 R, BLip = 45.4 &, and BLJaer = 48.5 2. This overall rate, it follows that the release of IMP from the E
was not true in the HGPRTa<&MP complex, in which the  IMP complex must be rate-limitingk{ = 6.0 s). The
average temperature factors were about the same for theknowledge ofKpump), determined by isothermal titration
protein and the ligand®Bowein = 28.5 A2, Blgwp = 28.9 calorimetry, ancks allows the rate constant for association
A2 and BLaer = 39.1 A). Since identical refinement of IMP to the free enzymek(s) to be estimated to be 0.09
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Table 2: Steady State Kinetic Parameters and Binding Equilibrium
Constants for HGPRTa%e

parameter value comments
Km(Hx) 0.45uM
Km(Guap 3.5uM
Km(PRPP) 3uM HPRT reaction
Km(PRPP) 65uM GPRT reaction
Kn(IMP) 5.4uM
Kim(PR) 25uM
keafforward) 6.0s?t HPRT reaction
keafforward) 13s? GPRT reaction
keafreverse) 0.17% IMP pyrophosphorolysis
Ko(PRPP) 1.3M equilibrium gel filtration
Kp(IMP) 61uM isothemal titration calorimetry
Ko(GMP) 7.1uM isothemal titration calorimetry

a All values were determined at Z&. ® These were determined at

30 °C.

x 10f M1 s7%, which is comparable to the value k&/Km
(0.04 x 1 M~t Y for IMP. The rate of the reverse
reaction coupled to QAPRTase showed that PRPP dissociates
from the EPRPPHx complex with a rate of 0.2873% (k).
On the basis of the proposed kinetic mechanism (Schemewhose measured value was 25l.

2, a simplified version of Scheme 1 which includes only

Table 3: Kinetic Constants for HGPRTase

constant value comments

ky 0.20x 106M~1st kfl/KD(pRpp)

k-1 0.24s? rate-limiting step in the reverse
reaction

ko 19x 10'M~1s? experimentally determined

ko 95s? rate-limiting step in the reverse
reaction

ks 131s? determined from a pre-steady
state study

k-3 9st determined from a pre-steady
state study

Ka >12st main product release pathway

K_a >0.09x 1P M~1s?t k4/KD(pR)

ks 6.0s? rate-limiting step in the forward
reaction

k75 0.09x 10°M~1s? kg,/KDUMp)

ks 0.28s? determined from the reverse
reaction coupled to QAPRTase

k7 12st? derived from an isotope trap
experiment

k_4 do not allow a meaningful calculation &, for PR,

We were unable to detect binding of either Hx or, RP

functionally significant steps), the following equations (egs apoenzyme, setting minimal values of about 2 mM for their

5—8) are derived, using the concept of net rate constantsKys. Our observation that the presence of @& not affect
(Cleland, 1975) to relat&, to individual rate constants.

Km(PRPP)Z kcat (forward{ kl (5)

Km(HX) = [kcat (forward{kz](l + k72/k'3) (6)
Km(IMP) = kcat (reversJ)kfs (7)
Km(PPi) = [kcat (reversJ)k%](l + k4/k'73) (8)

wherek's andk'_; are the net rate constants ferandk_s,
respectively. Since most of the individual rate constants were Several features of the kinetic mechanism serve to explain
either measured or deduced, it is feasible to use them tothe very slow rate of the reverse reaction, the difficulty

calculate theK,, for each substrate according to egs&as
a test to determine whether the individual rate constants areinhibition) by guanine. First among these features is the slow
correct. The calculatel, values for PRPP, Hx, and IMP
were 30, 0.36, and 1,8M, respectively. These values are Hx (0.28 s?) complexes. As discussed below, this slow
in good agreement with those measured experimentally atrelease may be a function of a rate-limiting movement of a
room temperature, which are aM for PRPP, 0.45M for
Hx, and 5.4uM for IMP. The minimal values fok, and

Scheme 1

E

E-PRPP

A

ks
-HX
- PRPP

ky
ks

/.

E-HX

|

HX

E PPi

either binding or isotope trapping of3{°P]JPRPP also
supported the conclusion that thg for PR is very high.
However, we observed competitive inhibition by;R#th
respect to PRPPK( = 240 uM), confirming previously
reported data (Giacomello & Salerno, 1978). These observa-
tions suggest that a dead-endHk-PR complex must be
able to form, a deduction confirmed by the detectior*#?]F

PR binding in the presence of 2.2 mM Hx. The order of
binding leading to dead-end complex formation was not
established.

observing it without XO, and its stimulation (rather than

release of PRPP from eitherPRPP (0.24 ') or E:PRPP

peptide loop. The second feature limiting the rate of IMP
pyrophosphorolysis is the rapid (910 M~ s™1) and tight

E-IMP

27N

IMP

E~ PPi

E-PPi
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Scheme 2
kl kg k3 k4 kS
ET——— EPRPP ——— Ew ——— E.mi EIMPT—— E
k.] k-2 k.3 k_4 k_5

(Kp = 0.50uM) binding of Hx to EPRPP complexes. Even mol) compared to that when they are all bound to the enzyme
at 1uM Hx, its rebinding to EPRPP (19 s is nearly 100 (1.6 kcal/mol). The BPRPPHx complex is stabilized by
times faster than dissociation of theFRPP complex. When  16.4 kcal/mol, whereas the PR-IMP complex is stabilized
overall reverse catalysis is performed in the presence of Hx, by 11 kcal/mol, causing the ternary complexes to be nearly
with QAPRTase added to remove free PRPP, the overallisoenergetic, and permitting rapid phosphoribosyl transfer
reaction must thus proceed by PRPP release from the ternaryn both the forward and reverse reactions. The energy barrier
E-PRPPHx complex. As proposed by Salerno and Gia- for the transition state is 15 and 16.6 kcal/mol in the forward
comello (1979), the rapid rebinding of base to th® EPP and reverse reactions, respectively, which is lower than the
complex also explains the action of guanine in stimulating energy barrier for the release of PRPP from thEeRPPHx
the pyrophosphorolysis of IMP. The cellular significance complex (18.5 kcal/mol).
of the base-stimulated pyrophosphorolysis of nucleotides is  The kinetic results in this paper can be related to the two
unclear. known three-dimensional structures of human HGPR¥ase
The externaKeq for the forward HGPRTase reaction was nucleotide complexes (Eaés al., 1994; results reported in
calculated as the product of the internal equilibrium constants this paper). The calorimetric data show that GMP binds 10-
for the five individual reaction steps (Scheme Xpp(ks/ fold more strongly than IMPKp = 7 and 61uM for GMP
k-s) was not directly determined in our study. However, and IMP, respectively). The enthalpy of binding of GMP
this value was estimated to be 13M on the basis of eq 8.  is more favorable than that of IMP by 6.5 kcal/mol, probably
The calculated extern#eq was 1.6x 1P, consistent with  due to the hydrogen bonds made between the additional
the observedeq (1.8-4.3x 10P). This range of values is  exocyclic amino group of GMP and the main chain carbonyls
well above those known for other PRTases. It is well 0187 and 0193 of the enzyme. However, the more
established that the PRibose 5-phosphate bond of PRPP favorable enthalpy of GMP binding is partially offset by a
is of high energy. AG* for hydrolysis of the PPmoiety less favorable entropy of binding. The crystal structure of
from PRPP is-8.4 kcal/mol (Frey & Arabshahi, 1995). This the HGPRTas#MP complex did not reveal an ordered water
value, in conjunction withKeq for phosphoribosyl transfer  molecule in the position that would be occupied by the GMP
reactions, yields free energieA@®') for nucleosidic bond N2 amine. This finding is consistent with the observation
hydrolysis of OMP, NAMN, AMP, and IMP 0f-9.76, that binding of GMP is not more entropically favorable than
—8.64,—5.03, and—1.33 kcal/mol, respectively. binding of IMP, but it does not explain why GMP binding
Using the rate and equilibrium constants for each indi- is less entropically favorable. The crystal structure of both
vidual step, we were able to construct the free energy profile complexes indicated that IMP may be more disordered when
for both forward and reverse reactions catalyzed by humanbound, as reflected in the highBrfactors of the ligand as
HGPRTase under standard conditions (Figure 9). The freecompared to the average prot@&sfactors. The lack of the
energy difference between substrates (PRPP and Hx) andN2 amino group in IMP results in a less sterically constrained
products (IMP and RPin solution is quite large (7 kcal/  fit of the ligand to the protein, and the extra flexibility

10

AG o |-
(kcal/mol) | E+PRPP+Hx

E+IMP+PPi
EPRPP+Hx

EIMP+PPi

EPRPP'Hx

EIMPTPPi

Ficure 9: Free energy profile for HGPRTase-catalyzed reactions. The energy barrier bethderfR and EIMP+PR could be smaller
than shown since lower limits for rate constants involved were used in calculating the energy barrier.
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