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ABSTRACT: Quinolinate phosphoribosyltransferase (QAPRTase, EC 2.4.2.19) catalyzes the formation of
nicotinate mononucleotide, carbon dioxide, and pyrophosphate from 5-phosphoribosyl 1-pyrophosphate
(PRPP) and quinolinic acid (QA, pyridine 2,3-dicarboxylic acid). The enzyme is the only type Il PRTase
whose X-ray structure is known. Here we determined the kinetic mechanism of the enzyng&afroomella
typhimurium Equilibrium binding studies show that PRPP and QA each form binary complexes with the
enzyme, withKp values (53 and 2M, respectively) similar to theiKy values (30 and 2%M,
respectively). Although neither PRor NAMN products bound well to the enzyme, 130-fold tighter binding

of PR (Kp = 75uM) and NAMN (Kp = 6 uM) in a ternary complex was observed. Phthalic a¥d €

21 uM) and PRPP each caused a 2.5-fold tightening of the other’s binding. Isotope trapping experiments
indicated that the £)A complex is catalytically competent, whereas th® BEPP complex could not be
trapped. Pre-steady-state kinetics gave a linear rate of NAMN formation, indicating that on-enzyme
phosphoribosyl transfer chemistry is rate-determining. Isotope trapping from the steady state revealed
that nearly all QA and about one-third of PRPP in ternary enz@AePRPP complexes could be trapped

as the product. Substrate inhibition by PRPP was observed. These data demonstrate a predominantly
ordered kinetic mechanism in which productive binding of quinolinic acid precedes that of PRPP. An
E-PRPP complex exists as a nonproductive side branch.

The N-nucleosidic bond of purine, pyrimidine, and pyri- may also be a type || PRTas&(). The X-ray structure of
dine nucleotides is formed by the action of the phosphori- the dimericSalmonella typhimuriunQAPRTase has been
bosyltransferases (PRTaseas/cleotide synthases). The last determined as its enzyn@A and enzymeNAMN com-
several years have seen remarkable growth in our knowledgeplexes at 3.0 A resolutiori. In this case, the fundamental
of the structure and function of this enzyme group. A major fold is an unusual seven-strande(p barrel containing the
finding is that the PRTases consist of two distinct evolution- active site, with ar/3 open sandwich structure that serves
ary groups with distinct active site architectufg. (The first as a cap for thew/3 barrel of the adjacent subunit. More
group, the type | PRTases, consists of HGPRTags ( recently, the hexameriycobacterium tuberculosesnzyme
OPRTaseJ), glutamine PRPP amidotransferase (GPA)T; has been determined to 2.4 A resolution as a catalytically
UPRTase %), and PRPP synthas6)( Their architecture is ~ unproductive enzymghthalatePRPP complex1(1). In this
of a Rossman fold, atop which loop and hood structures flank structure, it appears that the QA analogue phthalic acid lies
a solvent-exposed active sit, (7). In all cases studied to  at the bottom of a solvent-occluded active site, with bound
date, their kinetic mechanisms are sequential, with either PRPP positioned between it and the solvent, an arrangement
functionally ordered (HGPRTas8) or random (OPRTase; quite distinct from that seen in the type | enzymes.

9) binding of substrates. The random component to the The QAPRTase reaction

mechanism of type | PRTases is consistent with the observa-

tion from many X-ray structures of incomplete enzyme QA + PRPP—NAMN + PR + CO,
tS(;J Zztlila;ﬁtcgrgf I(_ar);]ees (;[P; etr?nogur(l)? sils]zisr:;aﬁﬁsth;%flfzseeﬁ(;cespsrovides the de novo source of NAMN for NAD biosynthesis

proposed to result from a PRPP-induced structural change.f)lezénl?g'o;ra?g de]f:g?'nmﬁ];iqﬁ;?g;o;ij\fe'rnaﬂ;tgt;:ﬁ]or::)’l:r?tg h;ns d
The second PRTase group, the type Il enzymes, is repre—bacteria {4-17). The enzyme fronS. typhimuriumis a

sented by a single enzyme, QAPRTase, although NAPRTasedimer of identical 32 428 Da subunit&8), and is stable in

solution. Interest in the human central nervous system form
T Supported by NIH Grant GM48623. of the enzyme has been fueled by the observation of high
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biochemicals were from Sigma. Econo-safe liquid scintilla-
tion cocktail was from Research Products International Corp.
(Mt. Prospect, IL).Escherichia coliPRPP synthase was a
kind gift of R. Switzer 25).

[5-32P]PRPP and [52P]PRPP (synthesized by B. Bizzle)
were prepared enzymatically as described by Xu et&l. (
and Wang et al.46), respectively. For synthesis of*C]-
NAMN (performed by J. Gross), reaction mixtures contained
0.05ug/mL NAPRTase, 1 mMYC]NA (54.8 mCi/mmol),

3 mM PRPP, 5 mM ATP, 15 mM MgS5 mM DTT in
200 mM potassium glutamate, and 20 mM Trisz$aH 8.3).
After 30 min at 30°C, 100uL portions were injected onto
auBondapack C18 column equilibrated and eluted isocrati-
cally in 100 mM sodium acetate (pH 4.5). THEGINAMN

4

was then diluted 10-fold into 20 mM Tris-HCI (pH 7.5).
Portions (1 mL) of the crude product were loaded onto a
mono-Q column (0.5 cnx 6 cm) equilibrated in the same
buffer and eluted with a 10 mL linear gradient to 0.5 M NaCl.

duced by phosphoribosy! transfer and may exist fleetingly _ Enzyme  Purification. Recombinant S. typhimurium
on the enzyme surface or be released into solution. Ylide QAPRTase was expressed and purified to homogeneity
mechanisms have been proposed for the spontaneous decafe!lowing the methods described by Eads et d). (The
boxylation of QAMN @2), but enzymic assistance has not extinction coefficient of QAPRTase was determined by
been ruled out and could occur through a number of guantitative amino acid analysis of triplicate samples at the
mechanisms. The decarboxylation step is chemically analo-Protein Microchemistry Facility of the Wistar Institute
gous to the reaction carried out by OMP decarboxylase, (Philadelphia, PA). The resultafigo of 0.82 far a 1 mg/

which is also aro/g barrel £3), and like QAPRTase uses mL solution was used throughout this work. The molarity
no cofactor. of the homodimeric enzyme was calculated on the basis of

Because of its unusual chemistry, and its position as the an M of 64 856 (2x 32 428:18). e -
sole documented representative of type Il PRTases, the Standard As_sayﬁ)unng_enzyme purification, activity was
kinetic mechanism of QAPRTase is important. Calvo's group determined using a colorlmetnc_ass_ay for the cyanlde adduct
has completed two studies on the reaction. The fi2g) ( of NAMN (18). Fpr all other kinetic work_, a contmuou;
used steady-state kinetics to deduce a sequential mechanisr’ﬁpeCtmpf?.o.tomet”fC assay (kj)ased on thezggference m_extlnc—
in which both PRPP and QA bind before {PRAMN, or tlgn C?f |C|§nts 0 QAd an NAMN at .anI‘IA@\zee = g
CO; is released. Three possible orders of substrate binding9 0 MM CWA )1wa?\Aus|;eRb,gssay dmlxturl\(zs’\t/lyplcla yconti/llne
in the sequential kinetic mechanisms of QAPRTase may beg?_'O/; (g f;‘ mH 79 ’.‘T\n 156,;8 ng mAPSFng
proposed, as diagrammed in Scheme 1. Scheme 1a presents '? Q outter (pH 7.2), wit Hg o .Q ase.
an ordered sequential mechanism with PRPP as the leadin hesg mixtures were altered for c_ietermlnatlom(gfvalues
substrate. Scheme 1b shows an ordered sequential mechanis%%?)i'tri‘c')t;‘algpe:éfr'%ggf[g'ni gt(rei)c(:paesr!smasnrfixct)ﬂrZsREgnf:iﬁztgaé%
in which QA binding precedes that of PRPP. Scheme 1c ’
presents a random sequential mechanism. Bhatia and Calvg™ KH2PQs, 6 mM MgCl, 254M QA, and 15-25ug of
(24) used patterns of product inhibition and dead-end QAPRTase. In this case, the MgPRPP concentrations were
inhibition by phthalic acid and fructose 1,6-bisphosphate to Yal€d from 33uM to 10 mM. Substrate inhibition kinetic
determine that QAPRTase followed mechanism 1la. parameters were evgluqtgq with the HYPER program of
In the current work, equilibrium binding, isotope partition- Cleland @7), and other Infgjlbltlon patterns were analyzed with
. ) ’ : ’ OMP, NONCOMP, and UNCOMP.
ing, and chemical quench experiments are used to documeng Equilibrium Binding.The equilibrium gel filtration method

an ordered sequential mechanism with QA leading. An e
unproductive side branch in which PRPP binds first and of Hummel and Dreyer2g) moqmed bY Grubmeyer et al.
S . (29) was employed to assess ligand binding to the enzyme.
binding of PRPP to Bphthalate complexes provide a o . ; . .
. C . s All binding mixtures contained radiolabeled substrate with
rationale for earlier initial velocity and product inhibition S L X
Kineti a second nonbinding compound containing a different
inetics data. : o A
radioactive isotope to serve as a volume indicator. The
standard buffer consisted of 50 mM KPO, and 6 mM
MgCl, (pH 7.2). To quantify PRPP binding, mixtures also
contained -*?P]JPRPP and 3H]glucose, with 100uM
purchased from Moravek Biochemicals, Inc. (Brea, CA). phthalic acid present as noted. For QA binding, QAPRTase
[y-32P]ATP was obtained from Amershan¥?®]R and F?P]- was equilibrated with®H]QA and [F?P]R in standard buffer,
PR were purchased from Dupont NEN Research Products. with 2 mM phthalic acid present as noted. Each enzyme
Polyethyleneiminecellulose sheets for thin-layer chromatog- ligand mixture was applied to a Sephadex G-50 column in
raphy (Macherey-Nagel Inc.) were obtained from Alltech a 1 mL tuberculin syringe preequilibrated and eluted with
(Deerfield, IL). Whatman 3MM chromatography paper, CF11 the same buffer containing the respective isotopes. The levels
cellulose, all chromatography solvents, and other chemicalsof radioactivity in the peak and the trough were averaged to
were from Fisher. FCINA, NAMN, PRPP, and all other  calculate the extent of binding.

E‘QA —= E + NAMN
‘PRPP PPi

co,

/N
\

E-PRPP

MATERIALS AND METHODS

Materials [*H]Quinolinic and PH]phthalic acids were
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For binding of fH]phthalate, $°P]PR, and [“CJNAMN, acid in HO. The separation offH]QA and PHJINAMN was
a centrifugal dialysis method (modified from that from ref monitored at 230 nm, and the compounds were collected
30) was employed. Equilibration mixtures (3@Q) contain- and quantified by liquid scintillation counting. To measure
ing enzyme and ligand in standard buffer were made. the degree to which the substratelJQA was contaminated
Nonradioactive PRPP (1 mM) was present in some experi- by material chromatographing a#H]NAMN, 54 uL of a
ments as noted in the text. A 50 sample was removed to  solution from the H]QA syringe was thoroughly mixed with
determine the total amount of ligand by liquid scintillation. 450 uL of 0.9 N HCIO,, and 54uL of solution from the
The remainder of the mixture was applied to a Microcon enzyme syringe was added. These control samples were then
YM10 apparatus (Amicon). A centrifugation in a laboratory treated like the experimental samples.
microcentrifuge at 8000 rpm for 2 min was employed to wash  Steady-State Isotope Trappirteady-state isotope trap-
out liquid left in the apparatus by the manufacturer, which ping (34) followed the same instrumental setup as described
otherwise gave erroneous results. A second centrifugationin the rapid mixing experiments, and made use of a two-
at 14 000 rpm for 3 min was made into a fresh tube. A push protocol. In duplicate reactions for each time point, the
sample (5QuL) of this liquid was used to measure the amount aged solution was ejected either into quench or into a rapidly

of unbound ligand. . stirred chase solution. After ejection into chase, samples were
In all cases, data were analyzed using the format of mixed for 40 s (16-20 turnovers) and the reactions quenched
Scatchard 1), fit by linear least squares. as described below.
Isotope Trappinglsotope trapping experiment8%, 33) For PH]QA steady-state isotope trapping, syringe A

were carried out at room temperature. For isotope trapping contained 40:M QAPRTase and 400M [3H]QA in 50 mM

of [B-*P]PRPP, 1QuL of an qu‘z'"br'um enzyme ligand Ky ,pQ, (pH 7.2) and syringe B contained 2 mM PRPP and
mixture containing 60uM [B-*P]PRPP and 60uM 12 mM MgCh in 50 mM KH,PO, (pH 7.2). The chase
QAPRTase in standard buffer was injected with a Hamilton gq|ytion contained 10 mM QA, 1 mM PRPP, and 6 mM
syringe into a rapidly stirred 45@L chase mixture containing MgCl, in 50 mM KH,PO, (pH 7.2). For “chase” samples,

5 mM QA and 5 mM PRPP in standard buffer. For isotope 40,1 of 9 N HCIO, was added as a quench after the trapping
trapping of QA, 10uL of an equilibrium enzyme ligand  process. For “quench” samples, the quench solution included
mixture containing 3QM [*H]QA and 42uM QAPRTase || components of the chase solution and /0 of 9 N

in standard buffer was injected into a rapidly stirred 480 0, In both cases, the quenched reaction mixtures were

chase solution containing 10 mM QA and 5 mM PRPP in rocessed by the same procedures as described for rapid
standard buffer. In both reaction mixtures, after mixing had mixing experiments.

been carried out for 40 $20—30 turnovers), 10QL of

?égclt\i/lonE[,)ALAaVg:if]tr%?(?tgde;(;,utrgethmel)g#iréefc qg?rilggtc: hi((a: contained 2 mM QA, 4%M QAPRTase, and 6 mM MgGl
dilution .10 L of the apoenzyme was in'ected)i/nto 460 P lin 50 mM KHPOy (PH 7.2). Syringe B contained 2
of a cha,lse golution COIE)taininy the res e]ctive isotope i h[5_32P]PRPP’ 6 mM MgGl and 50 mM KHPQ, (pH 7.2).

9 P PE€ IN €aChT e chase solution contained 1 mM QA, 3 mM PRPP, and

experiment. In all cases, a sample (0 of the quenched 9mM M . .
32 . ) . , gCl in 50 mM KH,PQO, (pH 7.2). The chase period
[8-*PIPRPP isotope trapping solution was applied to a was 15 s. Formic acid (7bL, 20 M) was employed as the

polyethyleneiminecellulose plate and chromatographed with : : .
guench. A 1QuL portion of each quenched reaction mixture
0.85M .NaHZ.PO“ at pH 3.4. The;ﬁ-”P]PRPP andP1PR .. was chromatographed on cellulose as described above. The
were visualized and quantified using a BAS2000 Fuji [3P]PRPP and 3fP]NAMN spots were visualized and
Bioimaging Analyzer. The quenchetH]QA trapping mix- quantified by phosphorimaging
ture was chromatographed on 3MM Whatman paper (20 cm '
x 20 cm) with a 4:6 mixtureol M ammonium acetate and  ResULTS
95% ethanol. The chromatographic origin was prespotted
with nonradioactive QA or NAMN to allow visualization Substrate BindingEquilibrium gel filtration experiments
under 254 nm UV light. The spots were then cut out from were performed to detect the binding ¢{2P]JPRPP and
the chromatogram, eluted in 0.1 mL of 0.1 N HCI, and [®H]QA to QAPRTase. PRPP bound to tBe typhimurium
subjected to liquid scintillation counting. QAPRTase with &p of 53 + 11 uM and ann of 2.1 mol
Rapid Mixing Experiment®re-steady-state kinetic experi- of PRPP/mol of QAPRTase dimer (Figure 1; constants are
ments were performed using a model 1010 Precision Syringesummarized in Table 1). Thi€p corresponds t&y values
Ram (Update Instrument Inc., Madison, WI) at room of 30 and 16uM for the S. typhimuriumandE. coli forms
temperature. A two-syringe setup was employed, in which of the enzyme, respectivel§g 24). For QA binding (Figure
one syringe usually contained 4081 [*H]QA and 40uM 2), the Scatchard plot allowed the calculation dmof 21
QAPRTase, while the other syringe contained 2 mM PRPP + 7 uM with an n of 1.7 mol of QA/mol of QAPRTase
with 12 mM MgChk. KH,PO, (50 mM, pH 7.2) was present  dimer. TheKp is consistent with th&y of 25uM for the S.
in both syringes. Single-push {300 ms) and two-push  typhimuriumand 6uM for the E. coli QAPRTases. These
(>100 ms) protocols were followed. After the reaction had results indicate that both substrates can bind to unliganded
been quenched in 4506L of 0.9 N HCIQ,, followed by QAPRTase, but do not indicate whether the resultant binary
centrifugation to remove the denatured protein, the pH of complexes are catalytically competent. Although binding
the supernatant was adjusted to pH@5 by adding 9 N results are most consistent with the random mechanism of
KOH. Following centrifugation, a portion (100L) of the Scheme 1c, addition of nonproductive branches to mecha-
supernatant was chromatographed on a WatBandapak nism la or 1b would allow them to accommodate these
C18 column and eluted isocratically with 0.1% trifluoroacetic results.

For [5%?P]PRPP steady-state isotope trapping, syringe A
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FiIGURE 1: [$-*?P]PRPP binding to QAPRTase. The line was fit
by linear least-squares regression. The valu&gfwas 53uM
with ann of 2.1 mol of [3-32P]PRPP/mol of QAPRTase dimer.

Table 1: Kinetic and Rate Constants Measured for QAPRTase

constant value constant value
kq2 1.5#M_1 st Ki(pRpp) 2.2mM

k-1 245t Ki(NAMN) 63/4M (VS QA)
ko OO4IMM “1g71 KD(NAMN) SOOﬂM

K-> 0.8st KD(NAMN) (Wlth PP.) 62,LtM

kcat 0.4st KD(pH) >1.5mM
KD(QA) 22/4M KD(pR) (Wlth NAM N) 75 /tM

Kwma) 25 uMP Kiphthalate) 44 uM (vs QA)
Kperepy  53uM Kp(phthalate) 21uM

Kuerery 30uM Kpphthalate(With PRPP) &M

aSee Scheme 2 for definition3From ref18.

Bound/Free (uM-1)

Bound (mo! QA/mol dimer)

FicurRe 2: [3H]QA binding to QAPRTase. The line was fit by linear
least-squares regression. Thg was 21uM with ann of 1.7 mol
of [3H]QA/mol of QAPRTase dimer.

The binding of products NAMN and RRwas also
examined by equilibrium gel filtration. No binding o?P]-
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14

12 1

10 1

1/Trapped
(=]

-3 -2 -1 0 1 2 3 4 5 8

1/[PRPP] (mM-1)
Ficure 3: Double-reciprocal plot of the level otH]QA trapping
vs PRPP concentration. The line was fit by linear least-squares
regression. The maximum amount of  complex trapped was
70% of that bound, with half-maximum trapping achieved at 800
uM PRPP in the chase solution.

uM PR. Correction of this number for the 20M enzyme
present suggests p for PR binding to the ENAMN
complex of 75uM. If a thermodynamic box is drawn
representing the random binding of jRidd NAMN to the
apoenzyme in formation of the two binary complexes and
one ternary complex, the binding of P® unliganded
enzyme, required to be 130-fold looser than binding to the
E-NAMN complex, must have &p of 15 mM, explaining
why it was unobservable. The origin of the lowalue for

the binding of NAMN is not known.

Isotope Trappinglsotope trapping experiment8% 33)
investigate the partitioning of binary and ternary enzyme
substrate complexes in the reaction pathway. For PRPP and
QA substrates of the QAPRTase reaction, complexes of
enzyme with radiolabeled substrate were formed, and then
injected into a chase solution containing the second substrate,
together with a large concentration of the nonradioactive form
of the substrate whose behavior was to be analyzed. When
QAPRTasd3-*P]PRPP complexes were injected into chase
mixtures containing QA and nonradioactive PRPP A& P]-
PRPP was trapped as iPRontrols confirmed that the
enzyme remained active during the incubation phase. The
experiment was repeated under various conditions of active
site occupancy by4-*?P]JPRPP to confirm the absence of
trapping. These results are inconsistent with an ordered
sequential mechanism with PRPP leading (Figure 1a) in
which the E[3-3P]PRPP complex should be trapped, but
are consistent with mechanism 1b, or the random mechanism
1c if PRPP is able to dissociate rapidly from thePRPP

PR was detected. On the basis of the sensitivity of the assay, QA Michaelis complex.

and the conditions that were employed, a minialof PR
is 1.5 mM. Bhatia and Calva2@) reportedK; values of 0.5
and 2.2 mM for PPinhibition of E. coli QAPRTase,
consistent with our findings. Binding of4CJNAMN was

For PH]QA isotope trapping, 3@M [3H]QA and 42uM
QAPRTase subunit were present in the equilibrium binding
solution prior to trapping. In this solution, 46% of the total
ligand was bound to the enzyme, and 32% of the enzyme

weak. No Scatchard analysis was undertaken, but single-active sites were occupied by the ligand. Under these

point determinations suggesteda of 800+ 100 uM. In
contrast, the reporte; for NAMN was 27uM (24). When
the binding of F*C]INAMN was examined in the presence
of 1 mM PR, binding was observed, withkp of 6.2+ 2.1
uM, and ann value of 1.1 mol of *CINAMN/mol of dimer.
This represents a tightening of NAMN binding of at least
130-fold induced by PPA titration of the effect of PPon
[**CINAMN binding gave a half-maximal stimulation at 85

conditions, bound®H]QA was trapped asH]NAMN when

the complexes were injected into buffer containing PRPP
and nonradioactive QA. The PRPP concentration in the chase
solution was varied from 200M to 10 mM (Figure 3). The
amount of E[*H]QA trapped exhibited a hyperbolic depen-
dence on the PRPP concentration in the chase solution, with
a maximum of 70% of the #£H]QA complexes trapped.
Half-maximal trapping was achieved at a PRPP concentration
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Ficure 4: Rate of fHINAMN formation. Rapid mixing experi-  Fgure 5: Steady-state isotope trapping 8H[QA. Steady-state

ments V\!ere Performed as described in Materials and Methods. Blackisotope trapping experiments were performed as described in

and white circles represent two separate experiments kfhef Materials and Methods. The extents of formation $1]JNAMN

the reaction was 0.4°8. in reactions quenched at the steady state (Quenched) and reactions
quenched after isotope trapping at the steady state (Trapped) were

of 800uM. The trapping of enzyme-bounéH]QA indicates plotted against each other. Data from two experiments are shown

that mechanisms 1b and 1c are each possible, and is als@s black and white circles. The line was fit by linear least-squares
' regression, generating a slope of 0.93 mol of NAMN trapped/mol

inconsistent with mechanism 1a. o _ quenched. The amount ofH]QA trapped from the steady state
Phosphoribosyl Group TransfeRapid mixing experi- was 1.44 mol/mol of dimer.

ments were performed on ti& typhimuriumnQAPRTase to
document the rate of the on-enzyme phosphoribosyl group
transfer in the presteady state (Figure 4). The time points in *
these experiments ranged from 2 ms to 20 s. A straight line =, 3.5
fitting the time course could be extrapolated to the origin.
The k.o: Observed during the rapid mixing experiment was
0.40 s%, in agreement with the value reported previously in 3
the standard assaylq). The lack of a burst of product
formationinthe forward reaction demonstrates that QAPRTase,
a type Il PRTase, displays slow phosphoribosyl transfer <
chemistry. This behavior is in contrast to the rapid phos-
phoribosyl transfer chemistry characteristic in the type |
PRTases, including HGPRTas® @and OPRTase2@). This
result indicates that in the steady state at saturating substrate
QAPRTase must predominantly exist a$®RPPQA com- 0.5 1
plexes, and that phosphoribosyl transfer chemistry is largely
rate-limiting. Although the radioactive product formed from 0 T T
[®H]QA behaved like JHINAMN on chromatography, the 0 1 2 3
experiment does not address whether a “QAMN” intermedi-

ate exists, only that its existence is fleeting under the current Quench (mol NAMN/mol dimer)

reaction and isolation protocols. FIGURE 6: Steady-state isotope trapping with¥R]PRPP. Experi-

_ I Tr in ifferenti ween  ments were performed as described in Materials and Methods. The
Steady-State Isotope Trappino differentiate betwee extents of formation of FPJNAMN in reactions quenched from

rar_ldom and ordered sequential k'”e“c_ _me_chanlsms (mECh'the steady state (Quench) and reactions quenched after isotope
anisms b and c of Scheme 1), the partitioning of th@A: trapping from the steady state (Trap) were plotted against each other.
PRPP ternary complex was examined by steady-state isotop®ata from three experiments are shown. The line was fit by linear

trapping experiments3@) with [3H]QA and [532P]PRPP. least-squares regression, generating a slope of 1.05 mol trapped/

In these experiments, mixtures of enzyme and radioactive Ml quenched The amount of BPJPRPP trapped from the steady
' S . state was 0.55 mol/mol of dimer.
substrate allowed to reach the steady state were injected into

a quench solution or into a trap solution containing a vast trapping (Figure 5) extrapolated to 1.44 mol #[NAMN/
excess of the nonradioactive substrate. Trap samples werenol of QAPRTase dimer at time zero, indicating that 1.4
allowed to react for-10 additional turnover times, and then mol of the E[?H]QA-PRPP complex is bound in active sites
the reactions were quenched. The amount of radioactiveand committed to catalysis during the steady state. A plot
substrate bound in the steady state and committed to catalysi®f quenched versus trapped 3#2]PRPP (Figure 6) extrapo-

is indicated by the difference between trap and quench lated to 0.55 mol of [5?P]PRPP/mol of QAPRTase dimer
samples. The time points of the plots ranged from 2 to 20 s. at time zero. This indicates that during steady-state isotope
The data from multiple experiments were plotted as the molestrapping,~0.55 mol of EQA-[5-3P]PRPP/mol of QAPRTase
of product per mole of dimer of the reactions quenched from dimer is committed to catalysis. For each experiment, the
the steady state versus the moles of product per mole ofslope of the line was close to 1.

dimer for corresponding trapped samples. The quenched Using the QAKy of 20 uM, the PRPRKy of 32 uM (18),
versus trapped plot of the*H]QA steady-state isotope and the experimental conditions, the amount @&-PRPP

4

MH/mol dimer
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Ficure 7: Binding of PH]phthalate to QAPRTase3H]Phthalate
binding was assessed by centrifugal dialysis as described in V[PRPF] (mM)-1
Materials and Methods, in the presend®) (or absencel) of 1 FIGURE 8: Substrate inhibition by PRPP. Assays were performed

mM PRPP. The lines were fit by linear least-squares regression. as described in Materials and Methods. The concentration of PRPP
was varied from 33:M to 10 mM, with the level of QA fixed at

complex in the reaction system was estimated and compared> MM-ldThe data were fit with the HYPER program of Cleland
with the amount of radioactive label trapped for each (8)Yielding aK;of 2.2+ 0.3 mM.
substrate. In the [32P]PRPP steady-state isotope trapping,

which contained 200M PRPP and 1 mM QA, 85 and 97% - centration was fixed at 20, inhibition b [
S . , y phthalic

of the t_catlalytlt_: Sites twere OCCUp'?d by PRPP andeSJ/A, acid over 25-500:M PRPP gave a pattern of parallel lines

respectively, giving a ternary compiex occupancy o 2 (Figure 7) that was well fit by uncompetitive inhibitiok(

If two active sites per QAPRTase dimer are assumed, the _ 128+ 11 uM), as noted 24).

observed trapping of the-QA-[5-3?P]PRPP ternary complex Since QAPRTase can bind PRPP (Figure 1), and the E

was calculateq to be 32% of the expectt_ed total amount OfPRPP complex is catalytically nonproductive, high PRPP

PRPP bound in ternary complexes. Using calculated oC- ¢,hcentrations should cause substrate inhibition. We inves-

cupancies of 87% for QA and 97% for PRPP, 85% of the yjoa1eq this possibility using steady-state kinetics. The QA

active sites are In the form of tgrnary cqmplexes in & { concentration was kept constant &g level of 25uM (35),

QA sFeady-.stlate ISotope trapping experiments, f@.HiQA and the PRPP concentrations were varied fromp/8i3o 10

trapping efficiency 0f~85%. The results clearly indicate that mM (Figure 8). Under these conditions, inhibition by PRPP

nearly all the fHJQA and about one-third of th@f*?PIPRPP | ¢ Chserved with K, of 2.2 mM. ’

in E:QA-PRPP ternary complexes partition forward 10 yinetic isotope effects (KIEs) provide an alternative route

product formation. for assessing the partitioning of intermediates in enzymatic
Interaction with Phthalic AcidPhthalic acid (benzene-  reactions. The KIE for [BH]PRPP was measured to be 1.10

1,2-dicarboxylic acid) is a good inhibitor of QAPRTase with  + 0.02. The observed KIE in competitive experiments is a

a reportecK; of 6 uM in the E. colienzyme g4). Recently,  function of the intrinsic KIE k) for the isotopically sensitive

the X-ray crystal structure ofycobacteriumQAPRTase  step, a ratio of summed “commitment factors; &nd c,)

cocrystallized with PRPP and phthalic acid was determined expressing how the intermediate partitions toward dissocia-

(12). In equilibrium gel filtration binding experiments with  tion of products or substrates, and the equilibrium isotope

[®H]QA, a phthalic acid concentration of 2 mM abolished effect CKeg) (36).

[®H]QA binding to QAPRTase (not shown), demonstrating

that phthalic acid binds to the QA site. In the presence of KIE = (k + ¢+ CrSKeo)/(l +c +c)

100uM phthalic acid, QAPRTase has@ of 22 4+ 3.4 uM

for PRPP, binding approximately 2.4 times tighter to PRPP The overall QAPRTase reaction is irreversible, allowing the

than in the absence of phthalic acid (not shown). Phthalic reyerse commitment factor to be set at 0, permitting

acid binding to QAPRTase hadka of 20.9+ 4.7 uM, with simplification to

ann value of 1.46 mol/mol of dimer (Figure 7). As demanded

previously reported for th&. coli enzyme. When the QA

by the relevant thermodynamic box, in the presence of 1 KIE = Ck + ¢ ) +c)
mM PRPP, thep tightened 2.6-fold to 8.3 1.9 uM with
ann value of 1.5 mol of phthalate/mol of dimer. The steady-state isotope trapping allowed the independent

Steady-State Kinetic Measuremernifs. resolve some of  determination ot for PRPP (0.47). Thusk = 1.147. For
the differences between our conclusions and those of BhatiaADP ribosylation reactions in which the €N1 bond of
and Calvo 24), selected steady-state kinetic measurements NAD is broken, 13H intrinsic isotope effect values of1.20
were undertaken using the direct spectrophotometric method.have been measured7), indicative of oxocarbenium-like
In agreement with published data, initial velocity experiments transition states. For the NAMN-producing NAPRTase

gave an intersecting pattern, withkKaa) of 14.0 £ 5.3 operating in the absence of ATP, a value of 1.14 was
uM and aKyprpp)0f 22.3£ 9.9 uM. The product NAMN measured (C. Grubmeyer, unpublished observations). The
was competitive versus QA, with l§ of 63.0 + 28.8uM uncoupled NAPRTase reaction is known to proceed without

(no pattern for this inhibitor vs QA was reported previously). forward or reverse commitments (J. Gross and C. Grubmeyer,
Phthalate was found to be a competitive inhibitor versus QA, unpublished observations), suggesting the observed KIE is
with aK; of 44.1+ 12.6uM, higher than the value of 6M close to the intrinsic value. The existence of a nonunitary
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Scheme 2 800 uM for binding to the apoenzyme), NAMN must be
QA PRPP NAMN PPi released first from BNAMN -PR complexes, and be able to
ki WAkt ko YhAke AY AY rebind to resulting EPR complexes. In contrast, although it
€ e E can bind to ENAMN with a Kp of ~75uM, pyrophosphate
is a weak inhibitor, suggesting that it is released after NAMN.
PRPP A random mechanism of product release, with slower release
of PR, could also be accommodated by the binding data.
g "ree Bhatia and Calvo showed that F16BP and phthalic acid
were inhibitors of QAPRTase, and used their inhibition
poTH - PREP patterns to deduce mechanism 24)( F16BP, a potential
¥4 v Aol
PHTH PRPP analogue of PRPP, was a weak competitive inhibitor versus
PHTH that substrate; = 3.5 mM), and noncompetitive versus
] o QA (Ki = 10.9 mM). These patterns are in accord with an
value for QAPRTase KIE confirms the finding from steady- ordered mechanism in which PRPP (and its dead-end
state isotope trapping that PHJPRPP bound in ternary  analogue F16BP) binds only to the unliganded enzyme. A
complexes is not irreversibly committed to catalysis. purely ordered mechanism with QA binding first should yield
uncompetitive inhibition by a PRPP analogue versus QA.
DISCUSSION However, it is likely that the demonstrated ability of PRPP

The central conclusion from the current work is tl%at to bind to either the apoenzyme or the(EA complex is
typhimuriumQAPRTase primarily follows an ordered sub- shared by F16BP. In inhibition experiments, increasing QA
strate binding mechanism in which binding of QA precedes concentrations would compete with F16BP for binding to
that of PRPP (Scheme 2). This mechanism is compatible E, but would not affect F16BP binding to the@A complex,
with the known structure of QAPRTaséigand complexes  so that F16BP would produce both intercept and slope effects
(12), but is in part inconsistent with the PRPP-leading ordered (noncompetitive inhibition) versus QA.
sequential mechanism previously determiriag).(The major As expected from its resemblance to QA and in agreement
discrepancies result from the existence of nonproductive with the current binding studies, phthalate produced competi-
branches on the reaction pathway, with an unproductive E tive inhibition versus QA. At moderate (K@) levels of QA,
PRPP complex, the ability of PRPP to bind to and stabilize phthalate inhibition appeared to be uncompetitive versus
complexes inhibited by fphthalate complexes, and a tight PRPP K; = 128 uM). Bhatia and Calvo also observed
dead-end ENAMN -PR product complex. uncompetitive Ki = 21 uM) inhibition by phthalate versus

The current evidence for an ordered mechanism comesPRPP, the behavior expected from mechanism 1a, instead
from the behavior of preformed-RA and EPRPP com- of the noncompetitive pattern expected from mechanism 1b.
plexes in isotope partitioning experiments. Although PRPP For either mechanism 1la or 1b, the intercept effect of
binding to a single class of two sites on the dimeric enzyme phthalate is expected. However, if the unliganded enzyme
was documented here; BRPP complexes failed to partition and the Ephthalate complex can each bind PRPP, then high
toward the PPproduct in trapping experiments. If the levels of PRPP will have two contrary effects: binding
mechanism were in fact random, the failure of QA to trap productively to EQA complexes and trapping unproductive
preformed EPRPP complexes might be attributable to fast E-PRPP and EphthalatePRPP dead-end complexes. The
PRPP dissociation from an active ternaryQA-PRPP trapping effect of the second substrate on a nonproductive
complex. However, the ability to trap one-third of the E  analogue of the first substrate is well-know8b), and was
QA-PRPP from the steady state shows that the ternaryproposed to lead to infinitesimd{ values at an infinite
complex must be quite stable on the catalytic time scale. concentration of the second substrate. These two effects may
Thus, an ordered mechanism in which PRPP binds first is offset to give a pattern of uncompetitive inhibition versus
ruled out. PRPP.

The behavior of PRPP was in marked contrast to that of Using the data gathered here, rough estimates can be made
QA, which also bound to unliganded enzyme, and which of several of the rate and equilibrium constants for the
gave good trapping from either-@A complexes or from mechanism (Scheme 2 and Table 1). The response of QA
E-QA-PRPP ternary complexes in the steady state. Together trapping to PRPP concentration allowed us to determine half-
this behavior is consistent with an ordered mechanism with maximal trapping at 802M PRPP. Thus, at this concentra-
QA leading. A strictly ordered mechanism with QA leading tion, the rate of QA dissociation fromQA complexesK_,)
should allow for isotope trapping of 100% of the bound QA is equal to the rate of PRPP bindinky)(times the PRPP
at an infinite PRPP concentration, but experimentally, only concentration. Using thie../Ky for PRPP (0.01&M 1 s™%)
70% was trapped, indicating the possibility of a random and the finding that one-third of the bound PRPP iQE&:-
component for substrate dissociation. A random mechanismPRPP complexes partitions forward in the steady skate,
of substrate association is both unlikely and physiologically 3(0.013uM™* s71) = 0.04 uM~! s™%. The rate of PRPP
insignificant, based on the inability to trap bound PRPP with binding at 800uM is calculated to be 3274. Using this
5 mM QA. However, it is not possible to rule out the value (32 s) ask-; and the measured value Kf permits
possibility that even higher concentrations of QA would the calculation of the QA on-ratey( 1.5 uM™! s7). By
allow capture of an BPRPP complex. comparisonke/Ku for QA gives a value of 0.01&M 1

Our binding results also have bearing on the order of s, 100-fold lower. This discrepancy comes about from
product dissociation. Since NAMN is a potent inhibitor (see PRPP inhibiting QA binding, and is explored below. An
below), but only binds well to PR complexesKp = 6 vs estimation ok_,, the off-rate for dissociation of PRPP from

E



QAPRTase Kinetics Biochemistry, Vol. 41, No. 10, 2003527

ternary complexes, can be made by calculation from the leading is enforced by the structure of the enzyme’s active
partition coefficient of enzyme-bound PRPP from the steady site, which appears to block access for QA when PRPP is

state Pc = Keaf (Keat + k-2)]. Using the finding that one-third
of the bound PRPP is trapped from the steady staje<
0.33),k-, = 0.8 s'%, giving aK; of 0.05x 10° M (1/K, =

20 uM). The approximate 2.5-fold tightening of PRPP
binding in ternary EPRPPQA complexes is in agreement
with the 2.6-fold effect seen with phthalate-induced tighten-
ing of PRPP binding.

Since PRPP binds unproductively to unliganded QAPRTase,
it should cause substrate inhibition, as®PRPP complexes
deplete the concentration of free QAPRTase. Substrate
inhibition by PRPP was in fact noted (Figure 8). Surprisingly,
the K;, 2.2 mM, was far above the measurég for PRPP

bound. In NAPRTase, for which no structure is known, but
which has been proposed to be a member of the type 2 group
by weak sequence similarityL (), the order of the forward
reaction catalyzed by the phosphorylated enzyme is PRPP
leading. For OPRTase, a type 1 PRTase, the order of both
substrate binding and product release is clearly rand@in (

a finding in good agreement with the solvent-exposed active
site. In HGPRTases, also type 1, trapping experiments show
that productive substrate binding is ordered, with PRPP
leading in the forward direction and nucleotide in the reverse
(8). However, this order is not directly enforced by the
structure of the unliganded active site, which appears to be

of 0.05 mM. However, inhibition in the steady state is open to both substrates, but is probably the result of a PRPP-
dynamic, and is dominated by rate constants rather thaninduced enzyme isomerization which tightens base binding
equilibrium constants. The rate constant for equilibration of (39). Since products can be released in random fashion in

E and 25uM QA is the sum of the on-rate and off-rate for
that substratek¢q = ki[QA] + k-1), and is determined to be
62 s*. To reach a comparable rate for equilibration of E
and PRPP (usingfeq = ko[PRPP]+ k-,) requires~1500

uM PRPP, close to the measured value for substrate
inhibition. In fact, the situation is more complex in that E
QA complexes are removed by the productive binding of
PRPP, and because binding of PRPP to E is 2.5-fold less
tight than binding to the A complex. The latter is difficult

to include in any model because it is not known whether it

is PRPP on-rates or off-rates, or both, that are changed when

QA is bound. Despite this limitation, it was possible to model
substrate inhibition using KinSinBg), using the branched

kinetic pathway of Scheme 2 and rate constants determined

above, and maintaining the same rates for PRPP binding to
the unliganded enzyme as for@A complexes. Simulation
results (not shown) were in good accord with the experi-
mental data in predicting a macroscopig for QA of 33

uM, and that 4 mM PRPP would cause 50% inhibition at
20 uM quinolinate. The slightly more potent substrate
inhibition by PRPP observed experimentally may arise from
the predicted 2.5-fold looser binding of PRPP to the
unliganded enzyme.

The ability of PRPP to bind unproductively to E predicts
an additional interesting kinetic anomaly. Under typical
conditions for measurement of tkg, for QA (1 mM PRPP
and 20uM QA), ~97% of the enzyme is present a"RPP
and EQA-PRPP complexes, and ontyl% is in the free
form. If simulations are run in which PRPP is not allowed
to bind to the unliganded enzyme, the simulatiqnfor QA
drops to~1 uM, in accord with the deviation betweda
and the measurekl,/Ky for QA noted above.

The QAPRTase reaction (rate of 0.4)sis slow compared
to those of other PRTases in the type | group, which proceed
at rates of 26-100 s%, and whose internal chemistry steps
range from 100 to 300°$ (26). NAPRTase, in its phospho-
rylated form, catalyzes group transfer at 500, sin a
sequence with an overdil, of 2.5 s*. The nonphospho-
rylated enzyme proceeds at a rate of 0.3 svith a rate-
limiting chemical step. QAPRTase has been proposed to be
phosphorylated 18), but the catalytic significance of the
phosphorylation remains unkown.

The predominantly ordered mechanism for QAPRTase can

either direction, and a tight-BR-hypoxanthine complex has
been documented, HGPRTase is only functionally ordered,
a conclusion which may be important in drug design.
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