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ABSTRACT: Nicotinic acid phosphoribosyliransferase (NAPRTase; EC 2.4.2.11) is a facultative ATPase
that uses the energy of ATP hydrolysis to drive the synthesis of nicotinate mononucleotide and
pyrophosphate from nicotinic acid (NA) and phosphoribosyl pyrophosphate (PRPP). To learn how
NAPRTase uses this hydrolytic energy, we have further delineated the kinetic mechanism using steady-
state and pre-steady-state kinetics, equilibrium binding, and isotope trapping. NAPRTase undergoes
covalent phosphorylation by bound ATP at a rate of 38 sThe phosphoenzyme () binds PRPP

with a Kp of 0.6 uM, a value 2000-fold lower than that measured for the nonphosphorylated enzyme.
The minimal rate constant for PRPP binding tefEis 0.72x 10° M~1s™1. Isotope trapping shows that
greater than 90% of bound PRPP partitions toward product upon addition of NA. Binding of NA to
E—P-PRPP is rapidke, = 7.0 x 106 M~1 571, and is followed by rapid formation of NAMN and PR

> 500 st After product formation, EP undergoes hydrolytic cleavage= 6.3 s, and products
NAMN, PR, and R are released. Quenching from the steady state uvidgrconditions indicates that
slightly less than half the enzyme is in phosphorylated forms. To account for this finding, we propose
that one step in the release of products is as slow as™3.2rgl, together with the EP cleavage step,
codetermines the overdd};; of 2.3 s at 22°C. Energy coupling by NAPRTase involves two strategies
frequently proposed for ATPases of macromolecular recognition and processing. Firshds a 18

fold higher affinity for substrates than does nonphosphorylated enzyme, allowing-#éobbind substrate

from low concentration and nonphosphorylated enzyme to expel products against a high concentration.
Second, the kinetic pathway follows “rules” [Jencks, W. P. (198Biol. Chem 264, 18855-18858]

that minimize unproductive alternative reaction pathways. However, an analysis of reaction schemes
based on these strategies suggests that such nonvectorial reactions are intrinsically inefficient in ATP use.

NAPRTasé (EC 2.4.2.11) presents an interesting case in [PRPP][NA] from its equilibrium value of 0.671J. Among
which enzymic intermediates couple ATP hydrolysis and enzymes that couple conversions of metabolic intermediates
nucleotide formation. Th8almonella typhimuriurenzyme to the hydrolysis of ATP, NAPRTase has several features
is a facultative ATPase, using ATP hydrolysis to accelerate that are unusual. First, ATP is used to phosphorylate the
and provide a thermodynamic drive for the reaction: enzyme. No phosphorylated substrate derivatives occur
along the reaction pathway. Second, the increased products/
substrates ratio is a transient, steady-state phenomenon, col-
lapsing to the equilibrium value when the supply of ATP is
) , exhausted. Third, the enzyme is inefficient in capturing the
The enzyme catalyzes NAMN formation without ATP, but - anergy of ATP hydrolysis, attaining only about 0.1% of the
the reaction is accelerated-180-fold in its presence. With product/substrate ratio of about®libiat should result from
the hydrolysis of ATP, the enzyme can produce and sustaincoypled ATP cleavage. Finally, the kinetic scheme for
an approximate Fofold increase in the ratio [NAMN][PH NAPRTase is branched, allowing for at least two competing
reactions. The enzyme catalyzes ATP hydrolysis, induced
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been made. Finally, the scheme proposes that the intercon-
version of enzyme forms is triggered by a reaction interme-
diate. Isthe compulsory decomposition f BENAMN -PR

to E-P-NAMN -PR, followed by product release, sufficient

to capture the complete energy of ATP hydrolysis in the form
of a [NAMN][PPJ/[PRPP][NA] gradient? Here we have
used binding, isotope trapping, and steady-state and pre-
steady-state kinetics to address these issues. We define rate
constants for many of the reaction steps of Scheme 1 and
use the constants to reconsider the effiency of energy
coupling by NAPRTase. We find that inefficency is intrinsic

to the reaction cycle itself, a finding with implications for
other ATPases of macromolecular recognition and process-

ing.
EXPERIMENTAL PROCEDURES

Materials [$-32P]PRPP was synthesized as described by
Xu et al. @). [y-*?P]ITP was synthesized as described by
Grubmeyer and Penefsky)( [y-3?P]JATP (3 Ci/mmol) was
obtained from Amershani?P;, [*?P]PR, and [“C]NA were
from NEN—DuPont. Pyruvate kinase, lactate dehydrogen-
ase, and inorganic pyrophosphatase were from Boehringer
Mannheim; Sephadex G50 was from Pharmacia. HPLC
solvents and other chemicals were from Fisher. Poly-
(ethylenimine}-cellulose plates (Polygram CEL 300 PEI,
Macherey-Nagel Inc.) were from Alltech, Deerfield, IL. All
other biochemicals were from SigmaS typhimurium
NAPRTase was purified as previously describ&y (The

enzyme was homogeneous as judged by SBPAGE with
E Coomassie blue staining.

. ) . Quantitative amino acid analysis was performed at the
a branched pathway with the ATP-coupled reaction shown Wistar Protein Microchemistry Facility. In three separate

as the central path. The uncoupled NAMN synthesis and analyses, duplicate samples were hydrolyzed &N HCI

the product-stimulated ATPase reactions are shown, respec- 0 o~
tively, to the left and right of the coupled reaction. The and 1% phenol iol h at 160°C in vapor phase, followed

scheme proposes an alternation of enzyme forms (E andby manual PTC der|vat_|zat|on and HPLC separatﬁ)n(he
E—P) that differ in their enzymic properties and link the experimentally determineBzsonm for a 1 mg/mL. solution,

ATPase reaction with NAMN synthesis. Frofy andkea (19)6 Sélr:\éa\fviésl;?é% ?r;ggg:n'hhnirgi;:ev;?r:?ﬂ:gt%? X§|§§90I01'27
values, the nonphosphorylated E form of NAPRTase is 7 : . :
proposed to be a poor catalyst, with weak binding of calculat.e molarity of .the m.opon.wenc gnzyme.
substrates and a poor catalytic rate. In contrast, th® E A unit of enzymatic activity is defined as the amount
arising from phosphorylation at His-219 has been shown to '€quired to catalyze the conversion offnol of substrate
have 200-fold loweKy values than E and ke value that ~ (ATP. NA, or PRPP) to product/min under the stated
is 10-30-fold higher. Our knowledge of the exact events condmons: Unless otherwise stated, the :ates reported here
of coupled NAMN formation is more speculative. The Were obtained at room temperature {22 °C). _
scheme proposes the compulsory hydrolysis efPEafter Anal_y5|§ of Data Results from steady-state experiments
conversion of enzyme-bound NA and PRPP to bound NAMN Were fit with the programs HYPER and COMPQ(J and
and PR The EP-NAMN -PR complex, which is presumed  Presented with the standard error. Data from single-turnover
to share the low-affinity properties of E rather than the high €Xperiments were fit with a linear least-squares regression.
affinity of E—P, must then dissociate to release produgts P Chemical Quench ExperimentsPre-steady-state and
PR, and NAMN. By using ATP to ensure rapid conversion Single-turnover experiments using chemical quench tech-
of free E to E-P, a cycle is created in which substrates are hiques utilized a Precision Syringe Ram, model 1010 (Update
captured, converted to products, and driven off the active Instruments Inc., Madison, WI). Samples from each of two
site, allowing for a displacement of the [NAMN][RMPRPP]- syringes were injected through a mixing chamber and an
[NA] ratio from its equilibrium value. aging hose, with 10Q:L of the reaction mixture ejected
The scheme is speculative in several respects. Firstamonghrough a nozzle into 50@QL of quench solution (1.2 M
these is the order of events. To capture the energy-d?E ~ NaOH for E-P determination, 6% perchloric acid in all other
hydrolysis effectively, NAMN and PRormation are placed  cases).
before E-P cleavage, but no direct evidence for this exists.  Product Purification For the isolation of '"CI[NAMN
Second, althougtKy and k. values support a dramatic  formed from [*C]NA during chemical quench experiments,
difference between E and-H, no direct measurements of quenched samples were neutralized to a pH of approximately
binding affinities or rate constants for individual steps have 7 with 6 M KOH, incubated on ice for 15 min, and then
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centrifuged for 10 min at 140@0to remove potassium  Syringe B contained 60@M [*“C]NA in buffer N supple-
perchlorate and precipitated protein. Aliquots (100 were mented with 5 mM DTT. Reactions were quenched in 6%
injected onto auBondapak C18 column (3.% 300 mm) perchloric acid. Separation ofC][NAMN from [*“C]NA
equilibrated in 10 mM KHPQ@ and 0.45 mM tetrabutylam- was done on the HPLC using the ion pairing method
monium dihydrogen phosphate, pH 2.7, and eluted with a 5 described above.

mL linear gradient to 100 mM KHPQn the same buffer. The rate of phosphoribosyl transfer starting from unli-
A flow rate of 1 mL/min was employed. NA elutes 3.8 mL ganded NAPRTase was determined in chemical quench
after initiation of the gradient, and NAMN at 8.5 mL. This experiments in which syringe A contained 0.2 mM{]-
purification protocol was discontinued due to irreversible loss NA, 2.0 mM PRPP, 20 mM ATP, and 25 mM Mgs@

of column resolution. Subsequently, separation *6€CF buffer N supplemented with 5 mM DTT, and syringe B
NAMN from [1C]NA was performed using aBondapak contained 2«M NAPRTase and 5 mM MgS£n buffer N
C18 column (3.9x 300 mm) equilibrated and eluted supplemented with 5 mM DTT. Separation Si§INAMN

isocratically in 100 mM sodium acetate, pH 4.5%(]- from [*C]NA was performed by HPLC with the sodium
NAMN elutes at 4.5 mL and‘{C]NA at 6.5 mL. acetate buffer.
ATP Binding and PhosphorylationTo determine thé Substrate Binding to £EP. The apparenk,, for NA was

for ATP, 200 uL reactions were incubated at 3C and determined by mixing substoichiometric quantities of NA
contained 0.2£2.1 mM [y-32P]ITP, 0-3.0 mM ATP, 0.5 with NAPRTase and high levels of ATP and PRPP in single-
mM PRPP, 0.5 mM NA, 7 mM MgS® and 2-20 ug of turnover, chemical quench experiments. Syringe A contained
NAPRTase in buffer N (200 mM monopotassium glutamate 11-51 uM NAPRTase, 2.0 mM PRPP, 4.0 mM ATP, and
and 20 mM Tris-S@ pH 8.3) supplemented with 5 mM 11 mM MgChk in buffer N supplemented with 1 mM DTT.
DTT. Five samples were collected at 1-min intervals. The Syringe B contained 1:36.0 uM [C]NA in buffer N
samples were quenched by injecting /20 portions of the supplemented with 1 mM DTT. Product separation was done
reaction into 880uL of 6% perchloric acid. A 10QuL by HPLC with the sodium acetate buffer.
aliquot of an activated charcoal slurry (8 g/100 mL ofH The apparenk,, for PRPP was determined in a single-
was added to the quenched samples to adseBH]ITP. turnover, chemical quench experiment in which syringe A
Samples were vigorously mixed, incubated for 5 min at O contained 17.668.3uM NAPRTase, 4.0 mM ATP, 0.67
°C, and then centrifuged for 10 min at 14@00%*?P; in 500 mg/mL pyruvate kinase, 5.0 mM PEP, and 9.0 mM MgCl
uL of the supernatant was determined by Cerenkov radiation.in buffer N supplemented with 1.0 mM DTT. Syringe B
Protocols for the formation and isolation of-P (5) were contained 0.672.0 uM [$5-32P]PRPP, 2.0 mM NA, and 5.0
adapted as follows for chemical quench experiments. Sy-mM MgCl, in buffer N supplemented with 1.0 mM DTT.
ringe A contained 1306175uM (6—8 mg/mL) NAPRTase Reactions were quenched 3 M formic acid. Samples (10
in buffer N supplemented with 5 mM DTT. Syringe B ulL) were applied to PEI thin-layer chromatography plates
contained 0.220 mM [y-32P]JATP (500-2000 cpm/nmol), and developed with 0.85 M NaHR(QH 3.4 (12). The TLC
3 mM PEP, and 0.15 mg/mL pyruvate kinase in buffer N plates were exposed to Fuji phosphorimager screens for 16
supplemented with 5 mM DTT. Mg was maintained ata  h and the screens were developed and quantitated using a
minimum 3 mM excess over ATP in all experiments. Fuji BAS 2000 phosphorimager.
Reactions were quenched1 M NaOH as described above. Equilibrium Gel Filtration Equilibrium gel filtration was
Protein was separated from noncovalently bound substratesione as described by Xu et ab)( PRPP binding was
using a centrifuge column method1j, in which portions determined in reactions containing NAPRTase (0.53 and 2.1
(400uL) of the guenched reactions were loaded onto 5 mL u«M), [3-*2P]PRPP (0.035.4 uM), 1 mM ATP, 7 mM
disposable syringes packed with Sephadex G50 and preMgSQ,, and PH]glucose in buffer N supplemented with 5
equilibrated wih 6 M urea in 50 mM KHPQ@ pH 7.4. mM DTT. NA binding was assayed in both the presence
Column effluents were diluted with the equilibration buffer and absence of 1 mM ATP in reactions containing 450
to 1 mL. Radioactivity was determined by Cerenkov NAPRTase, 100uM ['C]NA, [®*H]glucose, and 5 mM
radiation and protein byA;so absorbance. MgSQy in buffer N supplemented with 5 mM DTT.
The level of phosphorylation during steady-state turnover  Isotope Trapping of5-32P]JPRPP Isotope trapping1(d)
was determined in chemical quench experiments in which was performed using5f32P]JPRPP. Binding reactions (50
syringe A contained 154M NAPRTase and 3 mM MgS9©  ul), containing 2 mM ATP, 3.&M [3->P]PRPP (1x 10°
in buffer N supplemented with 5 mM DTT. Syringe B cpm/nmol), 7 mM MgCJ, and 16.6:M NAPRTase in buffer
contained 6 mM¥§-32P]JATP (2000 cpm/nmol), 2 mM PRPP, N supplemented with 5 mM DTT, were preincubated for 5
and 11 mM MgSQ in buffer N supplemented with 5 mM  min. Samples (1@L) of the binding reaction were injected
DTT. The stoichiometry of enzyme phosphorylation in the into 450 L of the chase buffer (1.5 mM PRPP, 1.0 mM
E-3?P-PRPP binary complex at the indicated times of reaction ATP, 7 mM MgCbh, and either 1 mM or 1@M NA in buffer
was assayed as described above. Syringe B was therN supplemented with 5 mM DTT). After 20 s, the reaction
supplemented with 2 mM NA, and the stoichiometry of was quenched by the addition of 190 of 0.5 M EDTA.
phosphorylation was assayed at the same times. Samples (1@L) of the quenched reactions were spotted on
Phosphoribosyl Transfer The rate of phosphoribosyl PEl—cellulose TLC plates and developed with 0.85 M
transfer from the preformed-2>-PRPP binary complexwas NaHPQ, pH 3.4 as described previously. For the controls,
determined in chemical quench experiments, in which syringe nonradioactive PRPP was used in the binding reaction, and
A contained 83uM NAPRTase, 4.0 mM ATP, 2.0 mM  [3-*?P]PRPP was included in the chase buffer.
PRPP, 16 mM MgS@Q and 1 unit/mL yeast inorganic E—P Hydrolysis The rate of E¥P hydrolysis was
pyrophosphatase in buffer N supplemented with 5 mM DTT. measured in chemical qguench experiments in which syringe
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A contained 176:M NAPRTase, 1 mM §-32P]JATP (5000 7
cpm/nmol), 2 mM PRPP, and 7 mM MgCin buffer N

supplemented with 5 mM DTT. Syringe B contained 2 mM ] °
NA, 20 mM nonradioactive ATP, and 20 mM MgCin
buffer N supplemented with 5 mM DTT. Reactions were
quenched in 1.0 M NaOH. Portions (144) of the
guenched reaction were applied to 1 mL centrifuge columns
(12) equilibrated in 100 mM NaOH. Column effluents were
brought to 1 mL with 100 mM NaOH. Radioactivity was
determined by Cerenkov radiation and protein bysoA
absorbance. The first-order decrease in stoichiometry of
phosphorylation vs time was used to calculate the rate
constant for E-32P hydrolysis.

Product-Stimulated ATPaseThe rates of BPand NAMN-
stimulated ATPase were investigated at 3D using the
coupled spectrophotometric assay described by Vinitsky and
Grubmeyer ). In the PRstimulated reaction, ATP con-
centrations of 0.59 mM and PPconcentrations of 26M —

2.0 mM were used. Inthe NAMN-stimulated reaction, ATP
was fixed at 1 mM and NAMN was varied from 8M to

2.5 mM.
i i hOi Ficure 1: Inhibition of [y-32P]ITP hydrolysis by ATP. Lines
Stoichiometry of ATP UsageThe molar stoichoimetry represent the simultaneous fit using the program COMEI K

of ATP hydrolyzed to NAMN formed was assayed at various ,a< 0 82+ 0.07 mM. @) no ATP; (0) 0.5 mM ATP: @) 1.0 mM
PR concentrations. Reactions (1 mL) contained 1.0 mM ATP; (O) 2.0 mM ATP; @) 3.0 mM ATP.

ATP, 3 mM PEP, 7 mM MgS@ 5 mM DTT, 0.4 mM

NADH, 75 ug/mL pyruvate kinase (PK), 12/g/mL lactate 10
dehydrogenase (LDH),-63 mM PR, and either 10QuM

PRPP and 118M [*“C]NA or 200uM PRPP, and 212M °
[*CINA (500 cpm/nmol) in buffer N. ATP use was moni- 0.8
tored continuously as the decreasefiflo At 5, 8, or 10 e
min, reactions were gquenched with 6% perchloric acid, and
[**CJNAMN in the quenched samples was separated from
substrate’'C]NA by HPLC with the sodium acetate buffer.

1/v (mg/U)

1/ITP (mM-1)

0.6 1

RESULTS

0.6 4

ATP Binding and PhosphorylationI TP is a good alterna- 0.4

tive substrate for ATP in the coupled NAMN synthesis
reaction ¥max = 5.1 4+ 0.28 units/mgKy = 1.16 &+ 0.13
mM). As expected for an alternative substratd)( nonra- 02
dioactive ATP ¥max = 3.9 units/mgKy = 330uM) was a ' A
competitive inhibitor vs §-*?P]ITP, giving akK, of 0.82+ VATP (mM-1)
0.08 mM (Figure 1).

[y-32P]ATP rapidly phosphorylates NAPRTase at N1 of 006 : . . .
His-219, producing a base-stable-E (5). Stoichiometries 0 1000 2000 3000 4000 5000
of phosphorylation typically ranged from 0.8 to 0.9 in the Time (ms)

presence of PRPP and frqm (_)‘25 to 0'.4 in its absence. [InFIGURE 2: Rate of phosphorylation of NAPRTase by{?P]ATP.
the present work, the extinction coeffient of NAPRTase, chemical quench experiments were performed as described under
determined experimentally using quantitative amino acid Experimental Procedures. Data were fit to single-exponential decay
analysis, was 1.3-fold higher than the calculated value. equatiotnstl_Jsingf;[ir;gg]rAI?aF)S»t-Tsr?uares regreisign to ditaiat egggted
Values from Gross et al5) are corrected here to reflect the ~concentration on-*J]A1P. The experiment shown was con
: g - ; . at 5 mM [y-32P]JATP, with the line fit to of 21.3s'and a
revised extinction coefficient for the protein; see Experi- ¢ -, StOiCDI‘/liom]etry 0f 0.75. (Inset) Doul?ll;p?ﬁéciprocal plotigfos
mental Procedures.] The lower values observed when PRPR;s [,,-32P]ATP concentration. The maximum rate of phosphoryla-
was not present likely resulted from ADP binding te-E, tion, 29.6+ 1.6 s, andKy 5, 1.7+ 0.3 mM, were calculated using
leading to re-formation of ATP. When an ATP regenerating HYPER (10).
system composed of PEP and pyruvate kinase was added t¢y-32P]JATP, pyruvate kinase, and PEP from the second
remove free ADP, stoichiometries of phosphorylation were syringe, and then the reaction was quencmetl M NaOH,
indistinguishable from those obtained in the presence of with subsequent determination of£2P. The extent of
PRPP. phosphorylation followed pseudo-first-order kinetics and
Chemical quench techniques were used to follow the rate allowed calculation of the rate constant for NAPRTase
of enzyme phosphorylation (Figure 2). NAPRTase in one phosphorylationkned. Thekpnesvalues showed a hyperbolic
syringe of a chemical quench apparatus was mixed with dependence onyf3?P]JATP concentration, with a maximal

0.4
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mol 32P incorporated/mol E
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Ficure 4: Binding of substrates to NAPRTase. Chemical quench

experiments were performed as described under Experimental€XPeriments were performed as described under Experimental
Procedures.fC]NA in one syringe was added to the preformed Procedures. (A) A single-turnover experiment withJJNA was

E—P-PRPP binary complex in the other. The burst was faster thal
the resolving time of the equipment and was estimated ta be
500 s 1. The magnitude of the burst was 0.65 mol ¥{J]NAMN/

mol of NAPRTase and the steady-state rate was 112 s

n performed with a molar excess of NAPRTase and allowed calcula-
tion of the rate constant for binding, 7.0 10° M1 s71. The
experiment shown contained 12:¥ NAPRTase and aM [“C]-

N
performed with an excess of NAPRTase and allowed calculation

A. (B) A single-turnover experiment withSf?P]PRPP was

of the rate constant for binding, 0.3210° M~* s~L. The experiment

value of 29.64+ 1.6 s*. The half-maximal rate of enzyme
phosphorylation was attained at an ATP concentrati)(
of 1.7+ 0.3 mM (Figure 2, inset).

Substrate Binding and Phosphoribosyl Transféihen
NAPRTase, ATP, and PRPP, incubated in one syringe of
the chemical quench apparatus, were mixed WitG]NA
from the other syringe and then the reaction was quenched
in HCIO,, a burst of *CINAMN production was observed,
followed by steady-staté4CJNAMN formation. The steady-
state rate was 1.2 5(Figure 3), about half the rate measured
at room temperature using the spectrophotometric ATPase
assay k.ar= 2.3 s'1). The rate constant for the burst phase
was more rapid than the resolving time of our instrument
and was estimated to ke 500 s*. The magnitude of the
burst, 0.65 mol of NAMN/mol of NAPRTase, represented
approximately 75% of the phosphorylatable NAPRTase
molecules measured with the same enzyme preparation.

The very rapid conversion of-BP>-PRPPNA complexes
to E-P-NAMN -PR allowed the determination of minimal
on rates for formation of productive complexes for phos-
phoribosyl transfer. Wher{C]NA in syringe A was mixed
with a 10-fold molar excess of NAPRTasé ¢JNAMN
formation followed pseudo-first-order kinetics, allowing calc-
ulation of the rate constant for the binding of NA to the
E—P-PRPP complex as (78 0.9) x 1(° M~ s1 (Figure
4A).

The minimal rate constant for productive PRPP binding
to E—P was determined in similar chemical quench experi-
ments in which enzyme was incubated with ATP in one
syringe, then mixed withd-*P]PRPP and NA from the other
syringe. The rate constant for PRPP binding teFEs (0.72
+ 0.04) x 1® M~t s This value is close t&a/Ku prrp
(0.13 x 10° Mt s1) measured at 36C.

The Ky of MgPRPP in the coupled reaction, 204, is
200-fold lower than th&y, for MgPRPP in the uncoupled
reaction and suggests tighter binding of MgPRPP tePE
than to E. To test this,fF*?P]PRPP binding to EP was

shown contained 8.8M NAPRTase and 0.3aM [(-32P]PRPP.
Lines in both plots were fit by linear least-squares regression.

1.5

1.0

0.5 1

Bound/Free (uM-1)

0.0

0.0 0.2 0.4 0.6 0.8

Bound (mol PRPP/mol subunit)

FicUrRe 5: Scatchard plot off-32P]JPRPP binding to EP. Binding
of [3-32P]PRPP to EP was investigated by equilibrium gel
filtration. The values oh andn/f were plotted, allowing calculation
of Kq as 0.6uM with 0.8 binding site/NAPRTase molecule. The
line was fit by linear least-squares regression.

determined by equilibrium gel filtration in the presence of
1.0 mM ATP (Figure 5). Kp was 0.59+ 0.13 uM, with
0.76 + 0.2 mol of [3-*2P]PRPP bound/mol of NAPRTase.
The binding of PRPP was also measured in the absence of
ATP. In each case, NAPRTase was present at20&nd
[8-32P]PRPP at 9Q«M. With no nucleotide present, the
binding stoichiometry was 0.078 mol of£2P]PRPP/mol

of NAPRTase. The weak binding precluded Scatchard
analysis, but assuming 0.8 binding site/enzyme molecule (i.e.,
the value observed for both P&hd PRPP bindingKp was
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estimated as 1 mM. Wheg-$?P]PRPP binding to NAPRTase 1
was assayed in the presence of 5 mM AMP-PCP, 0.036 mol
of [3-32P]PRPP/mol of NAPRTase was detected. This value
was 25-fold lower than that fo3F¥2P]PRPP binding to EP .
measured in the same experiments (0.88 mgbafiP]JPRPP/ .
mol of NAPRTase).
NA Binding to E and EP. Binding of [1C]NA to both
the nonphosphorylated andHP forms of NAPRTase was
measured using equilibrium gel filtration in reactions con-
taining 100uM ['“C]NA and 150uM NAPRTase. When
no ATP was present, the binding stoichiometry was 0.045
mol of [**C]NA/mol of NAPRTase, and when 1 mM ATP
was included, the stoichiometry was 0.12 mol HJJNA/
mol of NAPRTase. By assuming ax value of 0.8 NA
binding site/enzyme molecul& values for the nonphos-
phorylated and phosphorylated forms of NAPRTase were
estimated as 1.7 mM and 0.6 mM, respectively. This weak 01 0 100 200 300 400 500 600
binding was not studied further.
Isotope Trapping Isotope trapping was performed to Time (ms)
investigate the kinetic compe_tence of the=PRPP binary FiGURE 6: Rate of E-32P hydrolysis. Chemical quench experiments
complex. At the concentrations of NAPRTase (16M) were performed as described under Experimental Procedures. The
and [B-*?P]PRPP (3.«M) used, 96% of the/-*P]PRPP decrease in the stoichiometry of NAPRTase phosphorylation was
should be bound toEP (Kp prep= 0.64M). In experiments observed following the addition of substrates PRPP and NA and
using 1 mM NA in the chase, 93% of the boung+®P]- was used to calculate the rate of EP hydrolysis as 6.33. Data
PRPP was converted t##P]PP. When 10uM NA was used were corrggted for steady-state phosphorylation with isotopically
! diluted [y-*?P]JATP as described in Results.
in the chase, 87% of the bound-{?P]PRPP was converted
to [¥P]PR. Control experiments showed that the conversion
of [3-3?P]PRPP to J°P]PR was not caused by steady-state
turnover in the chase phase of the reaction. L
E—P Hydrolysis When mixed with substrates PRPP and
NA, E—3?P undergoes complete phosphohydrolysis within 0.8 -
the time resolution of experiments done by hand (8)sin
chemical quench experiments, the decrease in the stoichi-
ometry of E-32P was monitored upon addition of substrates.
E—3%P-PRPP in one syringe of the chemical quench apparatus
was mixed with NA and an excess of nonradioactive ATP
from the other syringe. Approximately 90% of the radio-
activity initially associated with NAPRTase was lost in 350
ms; however, after 1 s, radioactivity representing 3% of the
initial value remained associated with NAPRTase. This
radioactivity represents enzyme phosphorylated during steady-
state turnover with isotopically diluteg{*?P]JATP. When
the steady-state phosphorylation was subtracted from the
hydrolysis data, the rate constant for the first-order loss of
E—3?P was 6.3 st (Figure 6). 0.0
NAPRTase Phosphorylation in the Steady Staf¢hen
NAPRTase reactions containing 3 my-$2P]JATP, 1 mM Time (ms)

PRPP, and 1 mM NA were base-quenched from the steady

sate (14 movers), he level of £¥5 was 04 ol of e B e erace

E—P/mal of _enzyme. The maximum StOIChlometry. of was investigated by mixing enrz)yme Wit?;r-sz]ATP and PRPP

phosphorylation in the same experiments was 0.9 (Figure poth with @) and without @) NA. Phosphorylation during steady-

7). Thus, 44% of the enzyme molecules are phosphorylatedstate turnover was 44% of that detected in the’#-PRPP binary

during steady-state turnover undésa.x conditions. complex. The lines represent the equation mot8fmol of E=
Substrate Inhibition of PPStimulated ATPase Exog- fh(é r_atgngor?syt;vr?tefgeral\;zFt>hReTfe|12ae| Sﬁ%ﬁgkoor?ﬁ%g'ﬁ%-(ﬁhﬁnﬁse

enous PPs_umuIates the ATPase activity of NAPRTag. ( in seconds. The value of was 0.4 @) and 0.9 ‘)_'

The PRstimulated ATPase activity of NAPRTase was

assayed by the coupled spectrophotometric assay described

by Vinitsky and Grubmeyerlj and found to be inhibited at  concentrations of RPresults characteristic of ping-pong

high concentrations of substrate;FPigure 8). reactions exhibiting substrate inhibitiot4). As determined
Double-reciprocal plots of vs ATP were made for each  using formulas described by Seg®hax was 5.8 units/mg

concentration of PRested. These plots were parallel at low of NAPRTaseKw are Was 210uM, Ky pp was 93uM, and

concentrations of RRnd intersected on the ordinate at high K pp was 320uM.
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Ficure 8: Double-reciprocal plot of RBRtimulated ATPase activity
vs ATP concentration al) 25uM PR; (O0) 100uM PR; (a) 500
uM PP; (o) 1 mM PPR; (O) 1.5 mM PR, and @) 2 mM PR. The
Ki pr, Km PR, KM aTp, @NdViax values were 32M, 93 uM, 210

uM, and 5.8 units/mg, respectively. The lines represent a simul- sets.

taneous fit to the equation for substrate inhibition described by Segel

FiIcURe 9: Comparison of ATPase and NAMN synthesis activities
of NAPRTase at increasing concentrations of. FEC]NA and
PRPP concentrations were both fixed at 180 énd 200«M (H).
Lines represent linear least-squares fits to the individual data

(14).

Table 1: Rate Constants for NAPRTase

NAMN Stimulated ATPaseAs mentioned in the preced-  constant value comments
ing paper 17), an NAMN-stimulated ATPase activity was ki 2x10°M1sl  ka/Kos determined in pre-steady-state
detected using the coupled spectrophotometric adawe phosphorylation studies
found that the reaction rate demonstrated hyperbolic depen- t*l %g gi Kix ki

. . 2 s determined from pre-steady-state

dence on NAMN concentration, with no detectable substrate phosphorylation studies
inhibition. The program HYPERI1Q) was used to solve for k, =>35¢! Kexchange ATP/ADP exchange reaction
Kwm namn (620 + 50 uM) and Vinax (0.88 + 0.03 unit/mg). ks >=30st callt\:ltAl’?AtﬁdffromtprE-SteadY-State

Stoichiometry of ATP UsageWhen the concentrations o ormation
of [*“C]JNA and PRPP were fixed at 100 or 2QoM ks Sx1PM™sH kex?':;?ft}fo“”nwp’ ATPIADP exchange
(Experimantal Procedures), the stoichiometry of ATP use k, 0.72x 1°M-1s! experimentally determined

increased in a linear fashon with increasing €&fcentration ks 0.04s? Kb prepX Kg
(Figure 9). The slopes were inversely proportional to PRPP ';5 7.0x 1°M™st  experimentally determined
(and NA) concentration. N . i ) .
NAMN Synthesis from Nonphosphorylated NAPRTase I;ife =508 pre-steady-state formation of NAMN
Phosphoribosyl transfer chemistry was fast when initiated k; 6.3s? determined from B2P hydrolysis
by the addition of J*C]NA to E—P-PRPP (Figure 3). To ks
determine if there were any slow steps in the mechanism k& 5:2s* Ca'Cﬁézteggrﬂ;iztﬁadyﬁate
between binding of the first substrate, MgATP, and phos- | . phosphory

phoribosyl transfer, chemical quench experiments were

performed in which apoenzyme in one syringe was mixed
with [Y*C]NA, PRPP, and ATP in the other. A rapid burst
of [**C]NAMN formation was observed with = 0.8, Kqps

= 15 s}, and a steady-state turnover of 0.8 ¢data not
shown).

DISCUSSION

how NAPRTase utilizes the differential properties of E and
E—P forms to couple ATP hydrolysis to NAMN synthesis
and demonstrate that this mechanism results in a coupling
that is intrinsically inefficient.

ATP Use The use of ATP involves four nominal steps:

nucleotide binding, phosphorylation of His-219, release of

The work presented in this and the accompanying paperADP, and a change in the active site of the enzyme that
(17) allows a more complete description of the structural allows high-affinity PRPP binding. The alkaline stability
and kinetic features of energy coupling in NAPRTase. Here, of E—P provided a means to measure the extent of phos-
we first discuss the kinetic mechanism in segments corre-phorylation in the pre-steady state using chemical quench
sponding to ATP use, NAMN formation, and product release. techniques. The rate constant for covalent enzyme phos-
Rate constants for this segment of the mechanism arephorylation from EATP was measured at 29's Thek.a/
summarized in Table 1 and Scheme 2. We then discuss theK, s for MgATP in phosphorylation of NAPRTase (2 10*
side reactions catalyzed by the enzyme. Finally, we show M1 s™1) provides a minimum estimate of the rate constant
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Scheme 2 of 0.6 uM, which compares to the value of 1,8V for
E HGPRTase §). The measured rate constant for PRPP
ATP binding (0.72x 10° M~! s7%) was consistent with values
kw Ky measured for HGPRTase (1 10° M~1s™%; 6). Thek,,and

Kp for PRPP allow calculation of an off rate of 0.04!s

AT suggesting that EP-PRPP complexes are stable on the
ky ” ko catalytic time scale. Isotope trapping showed that these
E-P-ADP complexes were catalytically productive and verified that the
off rate for PRPP was not significant compared to the rate
Mt ks of forward catalysis.
ADP o TheKp values for the weak equilibrium NA binding to E
PRPP A and E-P (1.7 and 0.6 mM) are far higher than tKg of
k‘w ke 1.5uM in the coupled reaction and are consistent with the
conclusion from steady-state kinetie§ that PRPP binding
E-P-PRPP precedes binding of NA in a compulsory ordered fashion.
NA The rate constant for NA binding to-EP-PRPP, 7.0x 10°
kd ks M~1 s is similar to that for base binding to HGPRTase
E-P-PRPP.-NA (6).
ke " . E—P Hydrolysis and Product Releasd he maximal rate
s for hydrolysis of preformed EP complexes when mixed
E-P-NAMN-PPi with PRPP and NA, 6.373, was far slower than the rate of
K “ ks NAMN formation by the same complexes, 500L.s This
difference demonstrates that NAMN formation precede®E
EPiNAMN-PPi hydrolysis and that EP hydrolysis is a participant in
NAMN MI kg determining the overall rate constant for forward net catalysis
PPi E of 2.3 st at 22-23 °C. Employing the formula ki =
Pi 1k + 1k, + ... + 1/k,, wherek, are net rate constant$q)

for steps in forward catalysis, and using the measured values

for ATP binding and is supported bg./Ku (5 x 10° M1 for enzyme phosphorylation (293, phosphoribosyl transfer
s 1) in the overall reaction. These rates are slow compared (500 s1), and E-P hydrolysis (6.3 3% gives a value of 5.1
to rate constants for ATP binding in other enzymes, typically s! for k., and suggests that at least one other step, with a
about 16 Mt s71 (15, 16). rate of 4.5 5%, must also participate in rate limitation. Since

Calculation of the rate of ADP dissociation depends on rate constants were measured for all steps up to formation
the assumption that this step is compulsory before binding of E-P.-NAMN PR, the missing slow step must be subse-
of PRPP and NA, as demonstrated by Hanna e#.ahd guent to E-P hydrolysis. The proportion of active enzyme
is not an independent event, as originally proposed by Kosakaphosphorylated in the steady stateVaty, 0.44, shows that
etal. @). This conclusion is also supported by the apparent slightly less than half the enzyme is in complexes that have
competion between ligands noted in the previous pap@r (  not yet undergone EP hydrolysis, with the remainder in
Since the rate of ATP-coupled NAMN formation from complexes in which EP has been hydrolyzed. These
unliganded NAPRTase occurs at 18,xclose to the rate of  proportions, combined with previously determined net rates,
E—P formation of 29 s!, ADP release must be relatively independently show that steps following-B hydrolysis and
rapid, at least 30 3. Rapid ADP release is also consistent preceding regeneration of active apoenzyme have a net rate
with the observation that ADP/ATP isotope exchanges in constant of about 5.2°& It is not yet clear whether product
the absence of PRPP and NA are consistently faster tharnrelease steps, or conformational changes that regenerate
the rate of net forward catalysi4,(3, 18). Following the active apoenzyme, contribute to the rate limitation.
same logic used to consider ADP release, the conformational Alternative Reactions Catalyzed by NAPRTadéAPRTase
change associated with high-affinity PRPP and NA binding catalyzes rapid RRBtimulated and NAMN-stimulated
must also proceed at a rate of at least 30 s ATPase reactions and a slow and reversible ATP-uncoupled

NAMN Formation At high levels of NA and PRPP, the NAMN formation reaction. The alternative reactions provide
rate of NAMN formation from preformed £P complexes  information valuable to a consideration of coupling.
was at least 50073, faster than other steps in the mechanism.  The PRstimulated ATPase involves binding of ATP and
The amplitude of the burst of NAMN formed was ap- phosphoryl transfer to formEP, binding of PR, followed
proximately the same as the amount ofEand indicated by E—P hydrolysis and product release. The maximal rate
that all phosphorylated sites were capable of NAMN forma- (4.4 s, at 30°C) andKy ate (0.21 mM) for this reaction
tion. Rapid on-enzyme phosphoribosyl transfer chemistry suggest that steps which contribute to rate limitation are
appears to be a feature of several of the PRTases, includingsimilar to those for overall catalysis (2.8sat 30°C, Ky
HGPRTase, in which the phosphoribosyl transfer rate of 131 arp 0.3 mM). TheKy for PR was 93uM. The existence
s is 19-fold faster than net forward IMP formatioB)( of substrate inhibition by RRK, = 320uM) suggested that
and OPRTase, in which a transfer rate of 300is 5-fold binding of PRto E could occur and prevent ATP binding.
faster than net catalysis (this laboratory, unpublished results).PR binding to E was detected.7), with a Kp of 140 uM,
Because of the phosphohydrolytic stability of-B-PRPP andn values (0.8 mol/mol of NAPRTase) similar to those
complexes, it was possible to measure ieof MgPRPP for enzyme phosphorylation. NAMN-stimulated ATPase
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Scheme 3 equation) and E* (upper horizontal equation) forms of the
E enzyme. For each independent horizontal equat@pis
ATP K=k k that for the conversion of S P, Ks—p. The ATP-coupled
T pathway starts in the upper left with E, which after ATP use
KAD”*” is converted to E* and proceeds by binding S and then
i Ky . K2 K5 | . chemical catalysis to EP, which then forms &P, followed
B +S E-S E-P E' +P K eq=Ksep by product release to re-form E. If the coupled pathway
" followed only these productive stef&q = Ks—p(Knydr atp),
Eas K, s <2 pp K3 E4p Keg = Ksep Ya\/hereKthr atpiS Keg for the hydrolysis of ATP to ADP and
.

) S Scheme 3 makes it possible to consider the binding
was slower, 0.6778, and did not show substrate inhibition properties of the two enzyme forms that would favor the
by NAMN. Uncoupled NAMN synthesis occurs with a  coupled pathway. The ideal binding behavior for E* is high
Ku prepOf 4.5 mM, aKy na 0f 0.3 MM, and &/mnax0f 0.29  affinity for substrate, allowing it to bind S from low S
unit/mg of NAPRTaseX). concentrations. However, since tKg, for each horizontal

Stoichiometry of ATP UseSeveral groups have shown a equation isKs—p and is the product of thi& values for its
1:1 molar stoichiometry of ATP hydrolyzed per NAMN  constituent steps, tight binding of S by E* (a large value for
formed when assays are performed under initial rate condi- K;*) also demands either a compensatory tight binding of P
tions (1, 20—-22). The mechanism of Scheme 1 suggests (a smallKs*) or a poor equilibrium for the internal complexes
that stoichiometry will rise as product accumulates. When (a smallK,*). In the former case, as [P] increases, inhibitory
PR is allowed to accumulate, ATP use by NAPRTase no E*-P complexes will be formed, stopping the forward
longer follows unit stoichiometry with NAMN formation, reaction. For the E form of the enzyme, a relatively low
as it does under initial velocity conditions, but instead rises affinity for product would allow P to be released against a
in linear proportion to PPconcentration. Stoichiometries high P concentration. Again, however, constraints placed
as high as 10 mol of ATP hydrolyzed/mol of NAMN formed  on this binding behavior biKe; mean that binding of S by
were observed, and no apparent limit on this value could be E must also be poor. Therefore, in terms of binding
discerned or predicted. affinities, it appears most likely that E* will bind both S

Energy Coupling by NAPRTaselo understand energy  and P tightly and that E will bind both P and S loosely. The
coupling by NAPRTase, three observations must be ex- tight binding of P to E* leads to severe product inhibition.
plained. First, the ATP usage in the reaction follows variable  The relaxation of the E* form of the enzyme to the E form
stoichiometry, rising as [RPincreases. Second, the high is the final step of the ATP hydrolysis and must be linked
product-to-substrate ratios achieved by NAPRTase are ato P formation if energy is to be conserved. Thus, onlyFE*
feature of the steady state and not an equilibrium property. and not E* and E*S complexes can be allowed to decom-
Finally, the product-to-substrate ratio for NAMN synthesis pose to E. Scheme 3 thus demands an intrinsic signal for
(INAMN][PPJ/[PRPP][NA]) increases 1500-fold when ATP  linking P formation with deenergization of E*. That trigger
is present and being hydrolyzed. This value, although quite is the presence of P in the active site of E*. SinceE*
substantial, is far below the value of 1x410° expected for complexes can be formed by the binding of adventitious P
an ATP-driven reaction under these conditioB®)( These to newly formed E*, the compulsory relaxation of #*to
three phenomena, each of which represents a type ofE -P provides a way to discharge adventitiously bound P.
energetic inefficiency, have different origins and their This discharge obviates the product inhibition caused by the
analysis suggests fundamental intrinsic inefficiency in the tight P binding demanded of E* but comes at an energetic
ability of ATP to drive solution-phase coupled reactions cost, the net hydrolysis of one molecule of ATP.
through conformational intermediates. In addition, as Scheme 3 is written;FE an intermediate

For many ATP-driven reactions it is suggested that ATP on the coupled pathway, can convert té&5Ho release S, a
hydrolysis drives a series of conformational changes that pathway that also leads to net unproductive ATP hydrolysis.
selectively alter the affinity of enzyme for substrates and This pathway is formally necessary, but its practical signifi-
products. Jencks2@, 25) has also shown that as long as cance will depend on the rate of theFEto ES conversion.
the constituent steps of ATP hydrolysis and a second process Scheme 3 leads to energetic inefficiency that is exactly
are intertwined, and the intermediates obey “rules” that analogous to the three observations made with NAPRTase
prevent their unproductive decomposition, the two processesat the start of this section. First, because adventitious P
must be energetically coupled. While these precepts arebinding to E* will increase as [P] increases and because this
logical and attractive, a brief theoretical analysis for a one- binding leads to net ATP hydrolysis, the stoichiometry of
substrate one-product reaction shows that the enzymeATP use will also increase as product accumulates. At any
properties required to carry out such a reaction may be point in the reaction, the instantaneous stoichiometry is a
difficult to achieve. Scheme 3 considers the ATP-driven function of the E* relaxation induced by P and that induced
interconversion of S and P. In this scheme, the equilibrium by S:
constantsK, are each defined ds/k_,. To separate the
chemistry of ATP use from the basic problem of energy Moles of ATP consumed/moles of P formed
coupling, ATP hydrolysis is used to convert a relaxed form 1+ (k=5[PI/KL[S])
of the enzyme, E, to an energized form, E*, before any steps
of the S to P conversion. Complete reaction cycles are Second, the scheme is fundamentally steady state in its
shown for S= P catalysis by both the E (lower horizontal nature: When ATP is exhausted, the P-stimulated relaxation
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of E* will immediately consume any E* arising from the
overall reverse reaction, at= Vna{P)/([P] + Kum p), where
Vmax IS the rate for P-stimulated decomposition of E*.
Finally, the scheme is fundamentally inefficient because of
the ability of EP formed from E*P to revert to ES and
thus E+ S without re-formation of ATP. The partitioning
of E-P between the productive and unproductive fates is the
ratio of the dissociation rate of P fromIE (k3) to the net
rate (L9) for its conversion to E+ S, k—p[k_1/(k-1 + ky)]

partition ratio= Ky/[K; + K_,{k_,/(k_; + ky)}]

Each of these three sources of inefficiency can be
minimized by a change in the properties of the enzyme. If
k*; were reduced, then the product-stimulated decomposi-
tion of E* would be lessened, reducing two sources of
energetic inefficiency. To eliminate the binding of P to E*
would require the total occlusion of the active site from
solvent, so that P could neither bind to E* nor leave lE*

Gross et al.

fold slower than the value of 500 sdetermined for the on-
enzyme formation of NAMN by EP at 22°C. If the
conversion is assumed to proceed through a single transition
state, then the presence of the phosphoryl group lowers that
barrier by about 4.3 kcal/mol, about the same as the amount
of energy represented in the ATP-driven gradient of products
over substrates.

The variation of ATP stoichiometry as the RBncentra-
tion increases arises from the necessity for a linkage between
steps of ATP use and NAMN synthesis. NAPRTase clearly
uses PPto signal that the active site contains products and
that the high-affinity E-P state can collapse to the low-
affinity E-P.. As PR builds up in the medium, this signal
molecule can bind adventiously, causingIE hydrolysis
(PR-stimulated ATPase). Thus, NAPRTase phosphoenzyme
has become discriminatory toward substrate (PRPP) and
product (PP molecules: When PRPP is bound;-E is
stable and undergoes forward reaction, and wheni®P
bound, E-P decomposes, expelling Pénd allowing the

although S must be able to bind freely. Such occluded statescycle to start again. The alternative fates forfE cause a

are proposed by Jenck&4) and Krupka 26) in their analyses

of transporters. The movement of a peptide loop to cover
the active site, as suggested for other PRTag@s 48),
would effectively occlude the active site from all ligands,
but the effect would not discriminate S and P. It is difficult
in practical terms to envision how such an occluded state
could occur in an enzyme operating in solution. Therefore,
it seems that adventitious P binding is unavoidable and will
doom ATP-coupled enzymes to inefficiency.

To eliminate the third source of inefficiencl,, must be
effectively zero. Essentially this behavior would mean that
E and E* differ greatly in their catalytic ability. The ability
of ATP sulfurylase to drive a 5.4 10°-fold change in the
Keq for the forward reaction29) suggests that the rate of
the uncoupled reverse reaction is minimal in that case,
although the high stoichiometry of GTP use shows that other
sources of inefficiency have not been eliminated.

The properties of Scheme 3 can be broadly extrapolated
to NAPRTase, although its complexity with three substrates
and four products makes this difficult. In NAPRTase,
alternation occurs between two enzyme forms, E andPE
with E-P, complexes assumed to have the same properties
as E. The two forms show dramatic differences in their
binding and catalytic properties. Previously, evidence for a
cycle of affinity changes came from the 200-fold differences
in Ky values for MgPRPP (22M vs 4.5 mM) and NA (1.5
uM vs 0.29 mM) in the presence and absence of ATP. The
present work showed that productive binding of MgPRPP
to E—P (Kp of 0.6 uM) was about 2000-fold tighter than
the binding to apoenzyme (estimat&g of 1 mM; 17).
Binding of NA directly to E or E-P was poor, in keeping
with the required kinetic order of the reaction. Interaction
with reaction products was less clearly affected by the
phosphorylation state. Thi€p for binding of product PP
to E was measured at 140M, and binding to phosphoen-
zyme can be estimated from it&y in the PRstimulated
ATPase reaction, 98M. The Kp for binding of NAMN to
E—P is estimated at 620M from the Ky for the NAMN-
stimulated ATPase. N&p values are known for binding
of P, to the enzyme.

In its catalytic rate, EP is also enhanced over E. The
keatin the forward uncoupled reaction, 0.3'sis about 1500-

PR-dependent variation in the stoichiometry of ATP hydro-
lyzed per NAMN made but allow the enzyme to make
NAMN even in the presence of product/substrate ratios well
aboveKeq
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