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ABSTRACT: Adenine phosphoribosyltransferase (APRT, EC 2.4.2.7) catalyzes the reversible phospho-
ribosylation of adenine fromR-D-5-phosphoribosyl-1-pyrophosphate (PRPP) to form AMP and PPi. Three-
dimensional structures of the dimeric APRT enzyme fromLeishmania donoVani (LdAPRT) bear many
similarities to other members of the type 1 phosphoribosyltransferase family but do not reveal the structural
basis for catalysis (Phillips, C. L., Ullman, B., Brennan, R. G., and Hill, C. P. (1999)EMBO J. 18,
3533-3545). To address this issue, a steady state and transient kinetic analysis of the enzyme was performed
in order to determine the catalytic mechanism. Initial velocity and product inhibition studies indicated
that LdAPRT follows an ordered sequential mechanism in which PRPP is the first substrate to bind and
AMP is the last product to leave. This mechanistic model was substantiated by equilibrium isotope exchange
and fluorescence binding studies, which provided dissociation constants for the LdAPRT-PRPP and
LdAPRT-AMP binary complexes. Pre-steady-state kinetic analysis of the forward reaction revealed a
burst in product formation indicating that phosphoribosyl transfer proceeds rapidly relative to some rate-
limiting product release event. Transient fluorescence competition experiments enabled measurement of
rates of binary complex dissociation that implicated AMP release as rate-limiting for the forward reaction.
Kinetics of product ternary complex formation were evaluated using the fluorophore formycin AMP and
established rate constants for pyrophosphate binding to the LdAPRT-formycin AMP complex. Taken
together, these data enabled the complete formulation of an ordered bi-bi kinetic mechanism for LdAPRT
in which all of the rate constants were either measured or calculated.

Adenine phosphoribosyltransferase (APRT)1 is a purine
salvage enzyme that catalyzes the Mg2+-dependent transfer
of the 5-phosphoribosyl moiety fromR-D-5-phosphoribose-
1-pyrophosphate (PRPP) to adenine, resulting in the forma-
tion of AMP and inorganic pyrophosphate (PPi). Although
APRT is functionally redundant in mammals and most other
organisms that can generate AMP de novo, via the purine
biosynthetic pathway, recycling of preformed purines by
purine salvage enzymes does play an important role in
periods of rapid growth such as tumor proliferation and
embryogenesis (1). Although APRT deficiency in humans
is not lethal, it causes 2,8-dihydroxyadenine urinary lithiasis
(a rare form of kidney stones). In contrast to the mammalian
situation, protozoan parasites lack the ability to synthesize
purine nucleotides de novo, and each genus has consequently
evolved a unique complement of purine salvage enzymes
that enable it to scavenge host purines (2). The indispensable

nutritional function of the purine salvage pathway of
protozoan parasites, therefore, offers a multiplicity of
potential targets for therapeutic validation. APRT is an
important component of the purine salvage pathway for many
(but not all) protozoan parasites and is likely to be essential
for several genera.

APRT is a member of the type I phosphoribosyltransferase
(PRT) family, enzymes that play roles in both the de novo
and salvage pathways of purines, pyrimidines, and pyridines,
as well as in several amino acid biosynthetic pathways in
lower organisms. The structures of many type I PRTs have
now been solved, and each shares a common core region of
at least five parallel strands surrounded by three or more
helices (3). This core encompasses a conserved domain of
13 amino acid residues known as the PRPP binding motif
that binds the ribose ring and 5′ phosphate of either PRPP
or nucleotides in crystal structures of PRTs complexed with
either substrate or product, respectively (4-7). Type I PRTs
also possess a structurally versatile region known as the hood,
which confers substrate selectivity to the enzyme, and a
flexible loop that closes over the active site during catalysis
(4-7).

On the basis of early steady-state kinetic and isotope
exchange studies performed on type I PRTs, including orotate
PRT (OPRT), uracil PRT (UPRT), and hypoxanthine-guanine
PRT (HGPRT), a ping-pong (covalent intermediate) type
mechanistic model was proposed for PRT catalysis (8-10).
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In contrast, both Henderson et al. (11) and Giacomello and
Salerno (12) proposed a sequential reaction mechanism for
the human HGPRT on the basis of extensive steady-state
kinetic analyses. More recent mechanistic studies with
recombinant HGPRTs, employing both steady-state and pre-
steady-state kinetics, have convincingly demonstrated that
HGPRT proceeds through a fully ordered bi-bi sequential
mechanism in which PRPP is the first substrate to bind to
the enzyme followed by the purine base (13-15). Kinetics
of recombinant OPRT fromSalmonella typhimuriumhave
also been studied recently by a variety of techniques, and
the enzyme was shown to follow a random sequential
mechanism (16, 17). These latter kinetic studies on theS.
typhimuriumOPRT further demonstrated that early isotope
exchange data (8) that were initially interpreted as evidence
for a ping-pong type mechanism for OPRT were artifactual
(16), further bolstering the consensus that type I PRTs all
follow sequential mechanisms that proceed through reversible
substrate ternary complex formation.

Compared to other purine and pyrimidine PRTs, investiga-
tions of APRT enzymes have been scant. Biochemical studies
on APRT from rat liver (18, 19), Plasmodium falciparum
(20), andSaccharomyces cereVisiae(22) have demonstrated
divalent cation dependence, pH optima, and kinetic constants
similar to other purine PRTs. Ping-pong type kinetic mech-
anisms involving an activated phosphoribosyl intermediate
have also been proposed for the human and yeast APRTs
(18, 21), but there has, as of yet, been no demonstration of
an enzyme-phosphoribose covalent complex by isotope
exchange for either of these enzymes. Relatively recently,
three-dimensional structures of theS. cereVisiae (23) and
Leishmania donoVani APRT (LdAPRT) (24) have been
crystallographically determined for the apoenzymes, as well
as for the APRT-AMP binary complexes. In the case of the
LdAPRT, an APRT-adenine complex was also solved.
These structures reveal a number of features common to type
I PRTs, including core and hood domanins, as well as a large
flexible loop poised to cover the active site. However, the
APRT structures reveal a number of structural novelties
compared with other purine PRTs, including an unusual
purine binding pocket and no apparent candidate for a
catalytic base residue located within the active site (24).
Interestingly, LdAPRT appears to be more structurally related
to OPRT than to any of the other purine PRTs. Furthermore,
the apparent ability of theL. donoVani enzyme to form an
APRT-adenine binary complex (23, 24) would appear to
suggest that the parasite purine salvage enzyme may exhibit
a random sequential kinetic mechanism.

To resolve the apparent biochemical and structural dis-
similarities between LdAPRT and other purine PRTs and to
evaluate the structural model for LdAPRT further, we have
analyzed the kinetic mechanism of LdAPRT using kinetic
bisubstrate and product inhibition analyses and steady-state
fluorescence binding in order to determine the order of
substrate binding and product release. Our data suggest that
the LdAPRT follows a highly ordered bi-bi kinetic mech-
anism, where PRPP is the first substrate to bind to the
enzyme, followed by adenine. Additionally, we have also
established microscopic rate constants for the majority of
the individual steps in this mechanism employing pre-steady-
state kinetics and transient stopped-flow fluorescence tech-
niques.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents.All chemicals and reagents were
purchased from Sigma Chemical Co. unless otherwise noted.
DE81 disks (catalog no. 3658323) were bought from
Whatman International, Ltd. [14C]Adenine (55 mCi/mmol)
was obtained from Moravek Biochemicals, and32PPi (15
mCi/mmol) was acquired from New England Nuclear Life
Sciences Products, Inc. Trinitrophenyl-AMP (TNP-AMP)
was purchased from Molecular Probes and spectroscopy-
grade HEPES from USB.

Purification of APRT.The LdAPRTgene was expressed
in E. coli strain SΦ446, a clone that lacks the bacterial APRT
activity, and recombinant LdAPRT was purified essentially
as described (25) with the following exception. The purifica-
tion procedure was augmented with an additional step in
which the clarified bacterial 100 000g supernatant in 25 mL
of TMD50 (50 mM Tris pH 7.5, 10 mM MgCl2, and 2.5
mM dithiothreitol) buffer was chromatographed over a 40
mL TMD50-equilibrated DEAE-cellulose column, and the
column washed continuously with TMD50. Fractions (5 mL)
were collected and evaluated for the presence of LdAPRT
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. Fractions containing LdAPRT protein were pooled,
chromatographed over a 2.5 mL AMP-agarose column
(Sigma catalog no. A-3019), and eluted with TMD50
containing 2 mM PRPP as previously reported for the
purification of LdAPRT (25). The eluate was then dialyzed
for 48 h against two 4 L volumes of TMD50 to remove
residual PRPP. Protein concentrations were determined by
measuring absorbance at 280 nm (ε ) 16 960 M-1 cm-1).

Forward and ReVerse Assays for LdAPRT ActiVity. All
assays were performed at 27°C in 100 mM Tris pH 7.5
buffer containing 10 mM MgCl2. In all experiments,
LdAPRT measurements were initiated by addition of en-
zyme. The forward reaction was assayed using both spec-
trophotometric and radiometric techniques. The spectro-
photometric assay was performed with a Beckman DU-640
spectrophotometer, and the absorbance increase associated
with the conversion of adenine to AMP was monitored at
256 nm (∆ε ) 2.13 mM-1 cm-1) where spectral differences
between adenine and AMP are at a maximum. The reaction
was performed in a 1 cmquartz cuvette in a final volume of
1.0 mL.

The radiometric assay monitored the conversion of
[14C]adenine to [14C]AMP using the filter binding protocol
described by Allen et al. (26). Buffer and divalent ion
conditions were identical to those of the spectrophotometric
assay except that the final assay volume was 120µL.
Aliquots (15 µL) of the reaction mixture were spotted at
various time points onto DE81 filter disks under constant
vacuum suction. Disks were washed thoroughly with H2O
and then 95% EtOH and dried, and radioactive AMP product
was quantitated by scintillation spectrometry. Rates for a
single LdAPRT reaction were typically determined from
seven time points.

AMP pyrophosphorolysis was monitored by coupling
PRPP formation to quinolinate phosphoribosylation in the
presence of excessE. coli quinolate phosphoribosyltrans-
ferase (QPRT) using the methodology of Bhatia et al. (27).
Assays were carried out in 1 mL reaction mixtures and
typically contained 0.15 units of recombinant QPRT, 100
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µM quinolinate, and varied concentrations of AMP and PPi.
Reactions were terminated at various times by removal of
100 µL of the reaction mixture and rapid mixing with an
equal volume of 2 M NaCN. After incubation of the
quenched reaction at 25°C for 10 min, mixtures were
assayed spectrophotometrically for the presence of the
cyanide adduct of nicotinic acid mononucleotide (28).

Cloning, Expression, and Purification of QPRT.The
recombinant QPRT employed for the LdAPRT reverse
reaction was generated from aQPRT construct in the
bacterial pBAce expression vector (29). PCR was used to
amplify QPRTfrom 1µL of a stationary phaseE. coli culture
using Advantage-HF2 polymerase (Clonetech). The sense
primer, 5′-CATATGCCGCCTCGCCGCTATAAC-3′, har-
bored an NdeI restriction site (underlined), which was
inserted at the initiation codon (boldface), while the antisense
primer, 5′-TCTAGACTATTA GCGAAAACGCATTG-3′,
contained anXbaI site (underlined) upstream from the
termination codon (boldface). After 30 cycles of denaturation
at 94°C for 30 s, annealing at 68°C for 1 min, and extension
at 68 °C for 8 min, the PCR product was ligated into the
PCR2.1-TOPO vector (Invitrogen) and then subcloned into
the pBAce vector viaNde I and Xba I restriction sites.
Automated DNA sequencing was performed in both direc-
tions to verify theQPRTsequence.QPRTexpression was
induced in low phosphate induction (LPI) medium as
described (28).

JM109E. coli cells transformed with the QPRT expression
plasmid were cultured in 1 L of LPI, harvested, and lysed
by a French press into 50 mM Tris pH 7.5 buffer with 2mM
DTT. The lysate clarified by centrifugation at 100 000g and
then chromatographed over a 30 mL DEAE column was
equilibrated in the same buffer. Protein was eluted using a
400 mL 0-50 mM MgCl2 gradient. Fractions containing
QPRT were pooled and precipitated with 50% (NH2)2SO4.
The protein was then dialyzed overnight against 4 L of 100
mM Tris pH 7.5 buffer, 10 mM MgCl2, and 100 mM NaCl.

Isotope Exchange Reactions. All isotope exchange half
reactions were performed in 100 mM Tris pH 7.5 buffer with
10 mM MgCl2 at 27°C and were initiated by the addition
of 8.5 nmol of LdAPRT. The PRPP-PPi exchange reaction
was performed in a volume of 100µL and contained 200
µM PRPP and 500µM 32PPi, while the adenine-AMP
exchange reaction was carried out in a volume of 1 mL and
included 100µM [14C]adenine and 250µM AMP. Both
exchange reactions were allowed to proceed for 1 h after
which 5 µL of the reaction were spotted on 20 cm PEI-
cellulose TLC plates (Merck; Darmstadt, Germany) and
developed according to the methods of Bhatia et al. (1).
Radioactivity was measured by phosphorimagery.

Bisubstrate Analysis. Bisubstrate kinetic analyses were
performed using the radiometric assay described above for
the forward reaction and the QPRT-coupled assay for the
backward reaction. Data for initial reaction velocities were
fitted to the following equations (29) using the KinetAsyst
(Intellikinetics) program. For the sequential mechanism:

For the ping-pong mechanism:

For the equilibrium-ordered mechanism:

The equation that fit the experimental data best was identified
by nonlinear least-squares analysis and used for the deter-
minations of steady-state kinetic parameters.

LdAPRT Steady-State Inhibition.The modes of inhibition
of AMP and PPi for the forward reaction and of formycin
AMP for the reverse reaction were determined spectro-
photometrically. Inhibition patterns were then fitted to one
of the following equations by the KinetAsyst program. For
competitive inhibition:

For noncompetitive inhibition:

For uncompetitive inhibition:

Nonlinear least-squares analysis was also used to ascertain
which equation best fit the experimental data.

Equilibrium Fluorescence Binding Measurements. All
fluorescence measurements were performed in 50 mM
HEPES pH 7.5 buffer containing 5 mM MgCl2 at 25 °C.
Fluorescence changes accompanying the binding of TNP-
AMP to LdAPRT were measured in a 0.5 mL quartz cuvette
using a PTI-QM1 model fluorimeter (Photon Technology
International). The excitation wavelength was 410 nm (10
nm slit width), and emission was monitored at 546 nm (5
nm slit width). To experimentally determine theKd of the
binding of TNP-AMP to theL. donoVani APRT, aliquots of
an 8.63 mM TNP-AMP stock solution were titrated into a
0.5 mL volume of buffer containing 5µM LdAPRT protein.
Control fluorescence increases after the addition of TNP-
AMP to the buffer in the absence of LdAPRT were also
measured and these values subtracted from the experimental
measurements in the presence of LdAPRT. The data were
then fit to the following equation using Kaleidagraph
(Apelbeck Software):

whereFmax is the maximal fluorescence change, andKd is
the equilibrium dissociation constant for TNP-AMP binding.

Inhibition of fluorescence change was determined by
titrating aliquots of AMP, PRPP, or formycin AMP, as
appropriate, into 0.5 mL of buffer containing 5µM TNP-
AMP and 1.0 µM LdAPRT. The resulting data were
represented as % fluorescence change and fit to the following
hyperbolic equation using Kaleidagraph:

whereFmax is the maximal fluorescence change andKd(APP)

is the apparent equilibrium dissociation constant for competi-

V ) Vm[A][B]/(( Ka[B]) + (Kb[A]) + ([A][B])) (2)

V ) Vm[A][B]/(( KaKb) + (Kb[A]) + ([A][B])) (3)

V ) Vm[S]/(Km (1 + I/Kis) + [S]) (4)

V ) Vm[S]/(Km(1 + I/Kis) + [S](1 + I/Kii )) (5)

V ) Vm[S]/(Km + [S](1 + I/Kii )) (6)

% fluorescence change)
(Fmax[TNP-AMP]/Kd + [TNP-AMP]) (7)

% fluorescence change)
(Fmax[ligand]/Kd(app)+ [ligand]) (8)V ) Vm[A][B]/( K iaK ia) + Kma[B] + (Kmb[A]) + ([A][B])

(1)
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tive ligand binding. Equilibrium constants (Kd) for ligand
dissociation were then calculated according to eq 9:

Pre-Steady-State Kinetics. Pre-steady-state kinetics meas-
urements of the forward reaction were performed on a model
SF-61 stopped-flow system (Hi-TECH Scientific) by moni-
toring the increase in absorbance at 256 nm. All measure-
ments were obtained at 27°C in 100 mM Tris pH 7.5 buffer
containing 10 mM MgCl2 using a two-syringe setup in which
LdAPRT preincubated with 250µM PRPP in one syringe
was rapidly mixed with various concentrations of adenine
in the other. The absorbance increase at 256 nm as a function
of time was described by the following single-exponential
equation with a steady-state term:

where Abs256 is the absorbance signal at timet, ∆A is the
amplitude in absorbance units of the initial, logarithmic
(burst) phase,kobs is the observed first-order rate constant
governing the initial burst phase, andV is the rate of increase
in absorbance during the second linear (steady state) phase.
Data were collected with Kinetasyst 2 and then fit to eq 10
using Kaleidagraph.

Kinetics of Ligand Dissociation. Transient kinetics of
ligand dissociation from LdAPRT were measured using
stopped-flow fluorescence spectroscopy. These measure-
ments were obtained at 27°C in 100 mM HEPES pH 7.5
buffer containing 10 mM MgCl2. Typically, one syringe
contained LdAPRT preincubated with ligand, while the other
syringe contained TNP-AMP. The excitation wavelength was
410 nm, and emitted light was monitored through a 455 nm
cutoff filter. Between 12 and 15 traces were obtained for
each experiment and averaged, and data were collected with
Kinetasyst 2, exported to Kaleidagraph, and fitted to either
a single- or double- exponential equation:

whereFt is the fluorescence at timet, ∆Fn is the amplitude
of fluorescence increase for a given exponential phase,kobs

is the observed first-order rate constant for a corresponding
phase, andFeq is the fluorescence at equilibrium.

Kinetics of Product Ternary Complex Formation. Steady-
state fluorescence measurements were obtained in 50 mM
HEPES pH 7.5 buffer containing 5 mM MgCl2 at 25 °C.
Fluorescence changes were measured in a 0.5 mL quartz
cuvette using a PTI-QM1 model fluorimeter (Photon Tech-
nology International). The excitation wavelength was 313
nm (10 nm slit width), and emission was monitored at 360
nm (5 nm slit width). Data were fitted using eq 8 with
Kaleidagraph. All stopped-flow experiments were performed
at 27 °C on an SF-61 stopped-flow instrument. Typically,
one syringe contained LdAPRT preincubated with various
concentrations of formycin AMP, while the other contained
various PPi concentrations in buffer. Formycin AMP-
associated fluorescence changes due to PPi binding were
monitored through a 320 nm cutoff filter using an excitation
wavelength of 313 nm. For each experiment, 12-15 traces

were taken, and the data were averaged and then fitted to eq
11 with Kaleidagraph.

RESULTS AND DISCUSSION

Bisubstrate Kinetics. To distinguish whether LdAPRT
catalysis occurs through a sequential mechanism involving
reversible binding of both substrates prior to catalysis or a
ping-pong type mechanism requiring the formation of a
covalent enzyme-substrate intermediate, kinetic studies were
performed over a range of substrate concentrations. Line-
weaver-Burk analysis of rate data for the forward reaction
obtained at varied adenine concentrations and various fixed
PRPP concentrations displayed convergence of lines above
the abscissa consistent with a sequential mechanism that
proceeds through the formation of a ternary complex (Figure
1A). A similar pattern was obtained for rate data of the
reverse reaction at various AMP concentrations and various
fixed PPi concentration (Figure 1B), again compatible with
a sequential mechanism governing LdAPRT catalysis. The
steady-state kinetic parameters obtained for both the forward
and reverse reactions are summarized in Table 1.

Because the human andS. ceriVisiaeAPRTs were previ-
ously reported to proceed via a ping-pong mechanism
requiring a covalently bound, activated phosphoribosyl
intermediate (18, 21), the sequential mechanism model for
LdAPRT was confirmed by isotope exchange methods. If
LdAPRT catalysis were to ensue through a ping-pong
mechanism similar to that reported for the human and yeast
counterparts, LdAPRT operating in the forward direction
should catalyze the reversible dissociation of PPi from PRPP
after the formation of the proposed activated phosphoribosyl
intermediate. Correspondingly, the enzyme in the reverse
direction should catalyze the abstraction of the adenine ring
from AMP after formation of the phosphoribosyl intermedi-
ate. However, no evidence for LdAPRT-catalyzed exchange
between PRPP and32PPi was observed, as evinced by the
lack of incorporation of32PPi into the PRPP pool, either in
the absence or presence of 100µM AMP. Likewise, no
incorporation of [14C]adenine into AMP was observed when
the two compounds were incubated with LdAPRT. However,
isotope exchange was observed between the purine base and
nucleotide after addition of either 100µM PPi or 100 µM
PRPP. These results further reinforce the notion that LdAPRT
binds both substrates in a reversible, noncovalent fashion
prior to catalysis, and, therefore, proceeds through a sequen-
tial mechanism.

Steady-State Inhibition. To differentiate among the various
types of sequential kinetic mechanisms that could be ap-
plicable to LdAPRT, the modes of product inhibition were
determined to assess both the order of substrate binding and
product release. Inhibition constants for all experiments are
presented in Table 1. When AMP inhibition of the forward
reaction was evaluated at a fixed saturating adenine con-
centration, AMP exhibited a competitive inhibition profile
versus PRPP substrate (Kis ) 39.2( 19.1µM) (Figure 2).
AMP did not, however, inhibit LdAPRT catalysis at saturat-
ing PRPP concentrations, regardless of the adenine concen-
tration (data not shown). These results demonstrate that AMP
competes with PRPP for binding to the same form of
LdAPRT but binds to a different form of the enzyme than
adenine. Within the context of a sequential mechanism, these

Kd ) Kd(APP)/(1 + [TNP-AMP]/Kd(TNP-AMP)) (9)

Abs256) ∆Ae-kobst + Vt (10)

Ft ) ∆Fe-kobst + Feq (11)

Ft ) ∆F1e
-k1obst + ∆F2e

-k2obst + Feq (12)
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data are consistent with a model in which PRPP and AMP
both bind to the LdAPRT apoenzyme and are, therefore, the
first substrate bound and the last product released, respec-
tively. Given this model, the observation that AMP and
adenine bind to different LdAPRT forms is explained by a
model in which adenine binds only to an LdAPRT-PRPP
binary complex.

The steady-state inhibition properties of PPi versus both
PRPP and adenine were also examined. Inhibition profiles
at varying PPi concentrations were observed to be noncom-
petitive for both PRPP (Kii ) 242( 155,Kis ) 506( 120)
and adenine (Kii ) 690( 197,Kis ) 526( 169) (Figure 3).
This suggests that PPi binds to a form of LdAPRT distinct
from that of PRPP or adenine but that the two forms are
coupled in a reversible manner. Together with the AMP

inhibition data, these observations argue strongly for a fully
ordered reaction mechanism, where initial binding of PRPP
to the LdAPRT apoenzyme is followed by adenine binding
and catalysis. PPi is then the first product to be released
followed by AMP.

The nature of the QPRT-coupled assay used to measure
rates of the pyrophosphorolysis reaction precluded a complete
product inhibition analysis for catalysis in the reverse
direction. As an alternative, formycin AMP inhibition
patterns were, therefore, employed to probe the order of
substrate (AMP and PPi) addition for the reverse reaction.
Formycin AMP is a pyrazolopyrimidine analogue of AMP
that contains a carbon atom at the 9-position (and a nitrogen
at the 8-position), thereby rendering the molecule inert to
pyrophosphorolysis. As expected, formycin AMP behaved
as a competitive inhibitor against AMP (Kis ) 59.4( 22.5)
(data not shown) and as a noncompeitive inhibitor against
PPi (Kii ) 89.5( 15.8,Kis ) 62.3( 25.8) (Figure 4). These
results are consistent with the ordered addition of sub-
strates in the reverse reaction (30) and agree with a model

FIGURE 1: Demonstration of ternary complex formation for both
forward and reverse LdAPRT reactions. Double-reciprocal plots
for the forward (A) and reverse (B) LdAPRT reactions are shown.
Experiments for the forward reaction were performed using the
radiometric assay described in Materials and Methods. The adenine
concentration is varied between 2.5 and 20µM at various fixed
levels of PRPP: 25µM (closed circles), 50µM (open squares),
100 µM (closed diamonds), 200µM (open triangles). Experi-
ments for the reverse reaction were carried out using the QPRT-
coupled assay described in Materials and Methods. The AMP
concentration is varied between 20 and 140µM at various fixed
levels of PPi: 75 µM (closed circles), 150µM (open squares),
300 µM (closed diamonds), 600µM (open triangles). Both
experiments were performed in triplicate with representative plots
displayed. Lines were fitted to data from both experiments using
KinetAsyst according to the model for a sequential mechanism (eq
1).

Table 1: Steady State Kinetic and Equilibrium Constants forL.
donoVani APRT

substrate Kd (µM) Km (µM)
kcat/Km

(µM-1 s-1) kcat( s-1)

PRPP 3.83( 1.34 25.1( 5.9 0.708
17.9( 5.6 (fwd)

adenine 2.33( 1.11 7.66
PPi 255( 168 0.00423

1.25( 0.82 (rev)
AMP 66.2( 15.2 5.23( 2.25 0.239

inhibitor Kd (µM) Kii (µM) Kis (µM)

TNP-AMP 1.21( 0.22
formycin AMP 98.7( 17.3 89.5( 15.8 (vs PPi) 59.4( 22.5 (vs AMP)

62.3( 25.8 (vs PPi)
AMP (vs PRPP) 39.2( 19.1
PPi (vs PRPP) 242( 155 506( 120
PPi (vs adenine) 660( 197 526( 169

FIGURE 2: AMP is a competitive inhibitor toward PRPP. Experi-
ments were carried out using the spectrophotometric assay described
in Materials and Methods. Data are plotted in double-reciprocal
form. The adenine concentration is held constant at 50µM and the
PRPP concentration varied between 10 and 200µM at various fixed
levels of AMP: 0µM (open triangles), 12.5µM (closed circles),
25 µM (closed diamonds), 50µM (open squares). The experiment
was performed in triplicate with a representative plot displayed.
Lines were fitted to the data using KinetAsyst according to the
model for competitive inhibition (eq 4).
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in which AMP is not only the final product to leave in the
forward reaction but the first substrate to bind in the reverse
reaction.

Equilibrium Binding. To determine the affinities of
LdAPRT for its substrates and products and to validate the
ordered sequential kinetic model suggested by bisubstrate
and product inhibition data, equilibrium binding measure-
ments of substrates and products to LdAPRT were carried
out. To measure binding affinities of ligands to LdAPRT, a
binding assay using TNP-AMP, a fluorescent probe, was
implemented. Addition of AMP or PRPP to an LdAPRT/
TNP-AMP mixture abrogated the enhanced fluorescence
signal elicited by the binding of LdAPRT to the fluorescent

analogue, demonstrating that TNP-AMP was a useful probe
for ascertaining the binding of ligands to the active site of
the enzyme. The resulting fluorescence intensity data plotted
as a function of TNP-AMP concentration displayed two
distinct components: a saturable component resulting from
reversible binding of the fluorescent probe to LdAPRT and
a linear portion arising from the accumulation of unbound
TNP-AMP. Subtraction of the linear component from the
biphasic data yielded a saturable hyperbolic curve for the
binding of TNP-AMP to LdAPRT (Figure 5A) with a
calculatedKd value of 2.21( 0.22 µM.

Affinities of putative ligands of LdAPRT were then
determined from their ability to competitively displace TNP-
AMP from the enzyme. All competition experiments were
conducted with LdAPRT at a 6-fold molar excess with
respect to TNP-AMP in order to ensure that all of the TNP-
AMP ligand was bound to the enzyme. The percent decrease
in fluorescence as a function of PRPP (Figure 5B) or AMP
(Figure 5C) concentration revealedKd values of 3.83( 1.34
µM and 66.2( 15.2µM for PRPP and AMP, respectively.
A Kd value of 98.7( 17.3µM was calculated for formycin
AMP, a value comparable to that obtained for AMP.
Conversely, aKd value of ∼1.8 mM was calculated for
adenine, while PPi at concentrations up to 5 mM did not
displace TNP-AMP from the enzyme, observations consistent
with the ordered sequential binding mechanism model
proposed above.

The steady-state kinetic and binding data suggest that
PRPP and AMP are the only ligands that bind to the enzyme
with affinities capable of supporting catalysis and that an
LdAPRT-adenine complex is probably not kinetically
viable. While the measurable binding of adenine does imply
a random sequential mechanism, the disparity between the
measuredKd (1.8 mM) and theKm measured for adenine
(2.33µM) in steady-state kinetics experiments indicates that
the LdAPRT mechanism is effectively ordered and that the

FIGURE 3: Inhibition of LdAPRT by the product PPi. Data for
inhibition of adenine (A) and PRPP (B) are plotted in double-
reciprocal form. Both experiments were carried out using the
spectrophotometric assay described in Materials and Methods.
Experiments for inhibition of adenine were performed with the
PRPP concentration held constant at 200µM and the adenine
concentration varied between andµM at various fixed levels of
PPi: 0 M (open triangles), 250µM (closed diamonds), 500µM
(open squares), 1500µM (closed circles). Experiments for inhibition
of PRPP were performed with the adenine concentration held
constant at 60µM and the adenine concentration varied between 1
and 10µM at various fixed levels of PPi: 0 µM (open triangles),
250 µM (closed diamonds), 500µM (open squares), 1500µM
(closed circles). Both experiments were performed in triplicate, and
a representative plot is displayed. In both A and B, lines were fitted
to the data using KinetAsyst according to the model for noncom-
petitive inhibition (eq 5).

FIGURE 4: Inhibition of the LdAPRT reverse reaction by formycin
AMP versus PPi. Data are plotted in double-reciprocal form. The
experiment was carried out using the QPRT-coupled assay described
in Materials and Methods. Experiments for inhibition of adenine
were performed with the AMP concentration held constant at 100
µM and the PPi concentration varied between 75 and 750µM at
various fixed levels of formycin AMP: 0 M (open triangles), 50
µM (closed diamonds), 120µM (open squares), 300µM (closed
circles). The inhibition experiment was performed in triplicate, and
a representative plot is displayed. Lines were fitted to the data using
KinetAsyst according to the model for noncompetitive inhibition
(eq 5).
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kinetic flux through the LdAPRT-adenine binary complex
is negligible at concentrations near the adenineKm. This
contrasts with the previous assumption of an ordered
mechanism drawn from high-resolution three-dimensional
structures of both LdAPRT-adenine and LdAPRT-AMP
binary complexes (24). However, the content of adenine in
the crystallization conditions was at 5 mM, well within range
of the adenine affinity observed for the enzyme. An
alternative explanation for the crystallographic demonstration
of an LdAPRT-adenine binary complex may be that citrate,
a component of the crystallization solution that also cocrys-
tallized in the LdAPRT active site with adenine, possibly
mimicks PPi hydrogen bonding, thereby simulating an
LdAPRT-PPi-adenine dead-end ternary complex. In such
a complex, the binding affinity for both PPi and adenine
might be greater.

Pre-Steady-State Kinetics. When LdAPRT-dependent AMP
formation was monitored at 256 nm by stopped-flow
spectrometry, a biphasic time course was observed (Figure
6). The initial “burst” phase was described by a single-
exponential term (kobs ) 178 ( 41 s-1). The second phase
was linear, and a steady-state value of 16.1( 3.6 s-1 was
determined, a value that is in good agreement with thekcat

value measured in the steady-state kinetic experiments (Table
1). Both the burst amplitude and linear rates were propor-
tional to the monomeric enzyme concentration, as 2- and
3-fold increases in the enzyme concentration resulted in
proportionate increases in both parameters, while thekobs

value remained essentially constant in all experiments. The
kobs value for the exponential phase displayed a hyperbolic
dependence on adenine concentration (Figure 6, inset). The
following equation was used to analyze this relationship:

where maximumkobs, as denoted bykburst, yielded a value of
182 ( 32 s-1. The Kapp value was calculated to be 5.96(

FIGURE 5: Use of TNP-AMP fluorescence to study the equilibrium
binding of ligands to APRT. The enhanced extrinsic fluorescence
of TNP-AMP upon binding to LdAPRT was observed at 545 nm
by excitation at 410 nm. (A) TNP-AMP was added incrementally
to a solution containing LdAPRT and fluorescence intensity
measured after each addition. Data were treated as described in
Materials and Methods and fitted to eq 7 using Kaleidagraph. (B,
C) A solution containing 5.0µM TNP-AMP preincubated with 1.0
µM LdAPRT was titrated with aliquots from concentrated stocks
of PRPP (B) and AMP (C). The change in the fluorescence due to
competition with ligand was plotted as a % of change in
fluorescence from the initial, untitrated solution. Data for both B
and C were fitted to eq 8 using Kaleidagraph and used to calculate
Kd values as described in Materials and Methods.

FIGURE 6: Pre-steady-state burst of AMP production as determined
by stopped-flow absorbance at 256 nm. Time course of the
logarithmic approach to the steady-state rate when a solution
containing 11µM LdAPRT preincubated with 250µM PRPP was
mixed with 70µM adenine under standard assay conditions. The
line represents the fit of the data to eq 10. The inset shows the
dependence ofkobsupon adenine concentration under fixed LdAPRT
and PRPP concentrations. The line represents the fit of the data to
eq 13.

kobs) kburst[adenine]/(Kapp+ [adenine]) (13)
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1.86µM and represents the dissociation constant for adenine
from the APRT-PRPP-adenine complex. The results from
the pre-steady-state experiments are consistent with the
notion that phosphoribosyl transfer chemistry is rapid and
that some aspect of product release is slower and rate limiting
for steady-state turnover. The rapid phosphoribosyl transfer
and slow product release is a mechanistic feature common
among at least two other type I PRTs, the human HGPRT
(13) and S. typhimuriumOPRT (17). These data also
reinforce the notion of ordered substrate binding, as the
binding affinity of adenine for the APRT-PRPP binary
complex is dramatically increased over that for the apo-
enzyme.

Kinetics of Ligand Dissociation.Dissociation rate constants
for LdAPRT-ligand complexes were measured using a
competitive displacement technique (31). This approach
involves mixing preformed enzyme-ligand (E-L1) complex
with a large excess of a second ligand (L2) that competes
for the same binding site. The rate of any accompanying
change in signal as a result of ligand exchange should reflect
the dissociation rate of L1 from the enzyme, provided that
the association rate of L2 is sufficiently fast. The validity of
the measurement as a dissociation rate for L1 can be
confirmed by demonstrating that the observed rate is
independent of the L2 concentration. Ligand dissociation
from LdAPRT was monitored by increases in fluorescence
ascribed to the ligand displacement by TNP-AMP on a
stopped-flow apparatus. Figure 7A shows an exemplary
experimental trace for PRPP dissociation when LdAPRT-
PRPP complex was mixed with an excess (>350 µM) of
TNP-AMP. The data can be described by a single-
exponential term with akobs value of 3.53( 0.98 s-1.
Increasing the TNP-AMP concentration 2-3-fold did not
affect the observed rate, indicating that thekobs value is
independent of TNP-AMP concentration and reflective of
the PRPP dissociation rate.

Due to experimental constraints and the relatively low
affinity of AMP for LdAPRT (Kd ) 66.2 ( 15 µM),
experiments measuring the AMP dissociation rate charac-
teristically involved the mixing of TNP-AMP with a solution
containing substantial amounts of both unbound and bound
APRT. As expected, data traces for AMP dissociation (Figure
7B) displayed two distinct first-order exponential phases. The
initial, rapid phase corresponds to the rapid association of
TNP-AMP to unbound APRT. The second, slower phase is
dependent on AMP dissociation. The ratio of the ampli-
tude of the two phases (0.57) was close to the calculated
ratio of bound to unbound enzyme (0.37), and the ampli-
tude of both phases increased, as expected, when more
LdAPRT was added. Adjustment of the TNP-AMP concen-
tration had no significant effect on the second phase, which
was assigned ak value of 21.6( 4.5 s-1 after fitting the
data to eq 13.

Despite the relatively low binding affinity of LdAPRT for
AMP, the measured rate of AMP dissociation is relatively
slow (21.6 s-1) and probably represents the rate-limiting step
in the steady-state turnover, given its concordance with the
kcat value of 17.8 s-1 measured in steady-state experiments.
Slow release of nucleotide is also a feature common to
several other type I PRT enzymes (13, 17). In a detailed
kinetic analysis, the pre-steady-state burst observed with the
human HGPRT was attributed to the slow, rate-limiting

dissociation of nucleotide from the enzyme (13). The pre-
steady-state burst kinetics presented here also support the
conjecture that LdAPRT proceeds via a similar mechanism
and agree with the results of the bisubstrate and fluorescence
binding experiments that predict AMP release as the final
step in the LdAPRT reaction mechansim.

Kinetics of Product Ternary Complex Formation.Due to
its high intrinsic fluorescence, formycin AMP serves as a
useful probe for studying the behavior of AMP binding
proteins (32). However, no significant change in formycin
AMP emission was observed when the pyrazolopyrimidine
analogue was mixed with LdAPRT at excitation wavelengths
between 290 and 315 nm, wavelengths which yielded the
greatest emission at>320 nm. Interestingly, when the
preformed LdAPRT-formycin AMP complex (12 µM
APRT and 215µM formycin AMP) was mixed with PPi, a
distinct decrease in fluorescence emission was observed when
the sample was excited at 313 nm. This PPi-induced
quenching of formycin AMP fluorescence was detected only
in the presence of LdAPRT. The change in formycin AMP

FIGURE 7: Kinetics of PRPP dissociation. Time-course of fluores-
cence increase when LdAPRT-ligand complex is mixed rapidly
with excess TNP-AMP to form LdAPRT-TNP-AMP. (A) PRPP
off-rate determination. Final, post-mixing concentrations are 12.8
µM APRT, 55 µM PRPP, 385µM TNP-AMP. (B) AMP off-rate
determination. Post-mixing concentrations are 12.8µM LdAPRT,
170 µM AMP, 385 µM TNP-AMP. For both experiments, TNP-
AMP was excited at 410 nm and emission was monitored using a
455 nm cutoff filter. Data are the average of 12 separate trials.
The line represents the fit of the data to eq 11 (for PRPP
experiments) and eq 12 (for AMP experiments) using Kaleidagraph.
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fluorescence as a function of PPi concentration is depicted
in Figure 8A. This hyperbolic relationship was then fitted
to eq 8, and aKapp value for PPi-induced quenching of 282
( 56 µM was calculated. The PPi-induced quenching of
formycin AMP fluorescence as a function of time is shown
in Figure 8B. This trace fits well with the first-order
exponential described by eq 11. The calculated value forkobs

shows a linear dependence on PPi concentration (Figure 8B
inset). The following equation was used to obtain rate values
for the quenching event (5):

where k1 and k-1 are the rate constants governing PPi

association and dissociation, respectively. Rate constants of
0.349( 0.067µM-1 s-1 and 255( 38 s-1 were calculated
for PPi association and dissociation, respectively, yielding a

k-1/k1 value of 730µM. These data support the conclusion
that the quenching event was reflective of PPi association
with the LdAPRT-formycin AMP complex. The low
apparent affinity of PPi for the LdAPRT-formycin AMP
binary complex and the fast dissociation rate of PPi are
consistent with the highKi values observed in the steady-
state inhibition experiments and provide further evidence that
PPi dissociation is the preferential first step in product release.
Interestingly, the nearly 3-fold discrepancy between thek-1/
k1 ratio and the thermodynamic equilibrium constant (Kapp

) 282 ( 56 µM) intimates that there is another step to
binding that is not monitored by this experiment. However,
the nonsaturability of the plot forkobs versus PPi (inset of
Figure 8B) at concentrations>1 mM indicates that the
observed change in formycin AMP fluorescence appropri-
ately reflects the PPi binding event despite any isomerizations
that may occur following initial PPi binding.

FIGURE 8: Kinetics of Formycin AMP-PPi-LdAPRT complex formation. (A) The enhanced extrinsic fluorescence of formycin AMP-
LdAPRT upon binding to PPi was observed at 365 nm by excitation at 313 nm. PPi was added incrementally to a solution containing
LdAPRT (12µM) and formycin AMP (215µM) and fluorescence intensity measured after each addition. The decrease in the fluorescence
due to quenching of formycin AMP fluorescence was plotted as a % ofdecrease in fluorescence from the initial, untitrated solution. Data
were fitted to eq 8 using Kaleidagraph to yield a hyperboloidal plot. (B) Time-course of fluorescence increase when solution containing
LdAPRT-formycin AMP is mixed rapidly with a solution containing PPi to give LdAPRT-formycinAMP-PPi. Post-mixing concentrations
for a typical experiment were 15µM LdAPRT and 250µM formycin AMP. Formycin AMP was excited at 313 nm, and fluorescence was
read through a 320 nm cutoff filter. The trace in the figure is a representative experiment conducted at a concentration of 200µM PPi and
is the average of 13 trials. The line represents the fit of the data to eq 11 using Kaleidagraph. The inset shows values forkobs for various
PPi concentrations fitted to a linear model according to eq 14. (C) Relationship betweenkobs and formycin AMP concentration for similar
stopped-flow experiments. For each experiment, LdAPRT and PPi concentrations were held constant at 25 and 850µM, respectively.
Kaleidagraph was used to generate the hyperboloidal plot that was fitted to the data with eq 15.

kobs) ki[PPi] + k-1 (14)
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In a separate set of experiments, formycin AMP fluores-
cence quenching was monitored when a solution of LdAPRT
(25 µM) was mixed with a solution of PPi (850 µM)
containing 75-500µM formycin AMP. The time-dependent
formycin AMP quenching is described by a single-exponen-
tial term that varied with formycin AMP concentration. When
kobs was plotted as a function of formycin AMP concentra-
tion, a hyperboloidal (Figure 8C) relationship was observed
that could be described by the equation below:

TheKappvalue measured for this equilibrium (59.4( 12.5
µM) was interpreted as a measure of the equilibrium of
formycin AMP dissocation from the enzyme and was close
to theKd value of 98.7( 17.3µM obtained from the steady-
state binding measurements. This result reinforces the idea
that PPi binds to a preformed APRT-formycin AMP
complex to induce the fluorescence changes.

Calculation of Rate Constants and Kinetic Simulation.On
the basis of the data accumulated in this study, the ordered
bi-bi kinetic mechanism summarized in Scheme 1 was
proposed and the rate constants for each of the individual
steps were either measured or calculated. Time-resolved
ligand competition experiments demonstrated a rate of PRPP
dissociation (k-1) from LdAPRT of 3.53 s-1 (see Scheme
1). From this dissociation rate and theKd of PRPP (3.83
µM) for the enzyme, a value of 0.92µM-1 s-1 was obtained
for the PRPP association constant (k1). As predicted for an
ordered bi-bi mechanism,k1 is in good agreement with the
kcat/Km ratio (0.708µM-1 s-1) measured for PRPP in steady-
state experiments. A value of 21.6 s-1 was obtained for the
rate of AMP dissociation (k5) from the enzyme. A rate of
AMP association (k5) to LdAPRT of 0.325µM-1 s-1 was
then calculated from theKd for AMP dissociation (66.2µM),
a value comparable to thekcat/Km ratio of 0.239µM-1 s-1

calculated for AMP in the reverse reaction. Rate constants
for PPi dissociation(k4 ) 255 s-1) and association (k-4 )
0.349µM-1 s-1) were then estimated from the stopped-flow
experiments measuring association of PPi to the LdAPRT-
formycin AMP complex (see eq 15). The rate of phospho-
ribosyltransfer chemistry (k3) of 178 s-1 was obtained directly
from the pre-steady-state stopped-flow experiments, while
the dependence of the burst magnitude on the adenine
concentration permitted the measurement of the equilibrium
dissociation constant (k-2/k2) for adenine binding to the
LdAPRT-PRPP complex of 5.98µM. The following equa-
tions for a bi-bi mechanism with ordered substrate addition

and product release and central complex isomerization were
then used to calculatek-2 andk-3 (33):

The calculated values fork-2 andk-3 were 26.8 s-1 and
10.7 s-1, respectively. The rate of adenine association to the
LdAPRT-PRPP binary complex (k2) of 6.02µM-1 s-1 was
then obtained from thek-2 Value and thek-2/k2 ratio.

As microscopic rate constants for all the steps depicted in
Scheme 1 were either directly measured or reasonably
deduced, it is possible to use these constants to calculateKm

values for all substrates of both the forward and reverse
reactions. Employing the equations derived by Plapp (33)
gaveKm values of 17.8 and 3.58µM for PRPP and adenine,
respectively, numbers similar to the experimentally deter-
minedKm values of 25.1( 5.9 and 2.33( 1.11µM obtained
from the steady-state analyses. For the reverse reaction,Km

values for PPi and AMP were calculated to be 473 and 2.95
µM, respectively, numbers comparable to the 295( 168 and
5.23( 2.25µM experimentally obtained values. Thus, the
concordance of the calculated and experimentally obtained
Km values for all substrates validates the proposed bi-bi
ordered kinetic mechanism.

To further substantiate the proposed kinetic model for
LdAPRT, the pre-steady-state burst kinetics of the enzyme
were compared to a computer-simulated time course of the
enzyme predicted from the mechanism and rate constants
depicted in Scheme 1. Figure 9 shows the stopped-flow
absorbance data from the pre-steady-state experiment de-
picted in Figure 6. The solid line in Figure 9 represents
simulated data generated by KINSIM( 34) using the mech-
anism and rate constants shown in Scheme 1. The simulated
data represents the predicted accumulation of LdAPRT-

Scheme 1: Proposed Kinetic Mechanism for Adenine
Phosphoribosyltransferase fromL. donoVani

kobs) kmax[formycin AMP]/(Kapp+ [formycin AMP])
(15)

FIGURE 9: Simulation of the time course for the LdAPRT reaction
as measured by stopped-flow absorbance. The data trace shows
the approach to the steady-state rate obtained when when 11µM
APRT preincubated with 250µM PRPP was mixed with 70µM
adenine. The solid line was simulated with KINSIM using the
kinetic model and rate constants depicted in Scheme 2. Output for
the simulation was calculated for the accumulation of the LdAPRT-
AMP-PPi, LdAPRT-AMP, and AMP species.

k-2 ) k-1kcat(rev)(k3 + k-3)/k-1k-3 - kcat(rev)(k-1 + k-3)
(16)

k-3 ) (k4k5k3) - kcat(fwd)(k4k5 + k4k3 + k5k3)/kcat(fwd)k4

(17)
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AMP-PPi, LdAPRT-AMP, and AMP species given the
initial concentrations of substrate and enzyme employed in
the original experiment. The rate constants in Scheme 1
accurately predict the burst phase of the time course, while
the slope of the linear phase of the experimental data differs
only slightly from that of the simulation (Figure 9).

Comparison of the LdAPRT Kinetic Mechanism with the
LdAPRT Three-Dimensional Structures:The crystallographi-
cally determined three-dimensional structures of LdAPRT
can now be evaluated within the context of the proposed
kinetic model. On the basis of the LdAPRT-adenine binary
crystallographic complex, it was initially proposed that the
apparent accessibility of both adenine and PRPP binding sites
to solution was indicative of a random addition mechanism
(24). However, the data reported herein demonstrate that
substrate binding is highly ordered. The dramatic increase
in the affinity of LdAPRT for adenine upon PRPP binding
would suggest that the adenine binding pocket, reconfigured
upon the binding of PRPP, may be significantly different
structurally from that of either the AMP- or adenine-
LdAPRT binary complexes. The structural basis for such a
mechanism has also been described previously for other type
I PRT enzymes (3, 35) and is particularly well illustrated
by theToxoplasma gondiiHGXPRT, where PRPP binding
induces the structural reordering of two active site loops
resulting in the formation of the binding pocket, which
subsequently accommodates the purine base (35). Three-
dimensional structures of both substrate and product ternary
complexes will further elucidate the conformational changes
that LdAPRT undergoes during catalysis and the mechanism
through which these changes facilitate adenine binding.

As predicted from the LdAPRT structures, additional
isomerizations of the central complex (the conversion of
bound substrates to products) depicted in Scheme 1, involv-
ing the closure of the large flexible loop over the active site,
probably occur prior to and after phosphoribosyltransfer (24).
While the loop is open and largely disordered in the crystal
structures, it almost certainly moves to cover the active site
during catalysis, as supported by the presence of several
highly conserved amino acid residues in the loop among
APRTs from a variety of phylogenetically diverse organisms
(24). These residues are thought to play critical roles in
catalysis, as point mutations at the conserved sites in the
mouse (36) and S. cereVisiae (37) APRTs significantly
increase theKm value for adenine and decrease the overall
turnover rate of the enzyme. However, since these data
provide no convincing evidence for any additional isomer-
izations of the species depicted in Scheme 1, the relative
kinetic lifetimes of either “closed-” or “open-loop” APRT
conformations remain unclear. ForS. typhimuriumOPRT, a
combination of pre-steady-state quench-flow kinetics and
NMR titration techniques have been used to measure the
isomerization rate of the flexible loop upon PRPP binding
(38). Data from these experiments indicate that the loop exists
in two discrete (open and closed) conformations when PRPP
is bound to the enzyme and that isomerization between OPRT
forms is extremely rapid (kclose ) 12 000 s-1 and kopen )
400 s-1). The rapidity of these events would probably render
any isomerization associated with the movement of the
LdAPRT flexible loop undetectable using the experimental
approaches employed in this study. Indeed, the rate of central
complex isomerization measured in pre-steady-state experi-

ments may reflect the slowest of several distinct kinetic steps
that follow adenine association. Determining the three-
dimensional structure of a closed-loop transition state
LdAPRT complex, as has been accomplished for several
other purine PRTs (39-41), would provide critical insight
into the influence of PRPP and adenine binding to the
movement of the LdAPRT flexible loop.
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