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The Reaction Mechanism for CD38. A Single Intermediate Is Responsible for
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ABSTRACT: Human recombinant CD38 catalyzes the formation of both cyclic ADP-ribose and ADP-ribose
products from NAD and hydrolyzes cyclic ADP-ribose to ADP-ribose. The corresponding GDP products
are formed from NGD. The enzyme was characterized by substrate and inhibition kinetics, exchange
studies, rapid-quench reactions, and stopped-flow-fluorescence spectroscopy to establish the reaction
mechanism and energetics for individual steps. Noncyclizable substrates” NN nicotinamide-7-
deaza-hypoxanthine dinucleotide (7-deaza Njiidere rapidly hydrolyzed by the enzyme. Tk for

NMN* was 5-fold higher than that of NADand has the greatest reportegl of any substrate for CD38.
7-deaza-NHD was hydrolyzed at approximately one-third the rate of NHiit does not form a cyclic
product. These results establish that a cyclic intermediate is not required for substrate hydrolysis. The
ratio of methanolysis to hydrolysis for cCADPR and NARatalyzed by CD38 increases linearly with
MeOH concentration. Both reactions produce predominanthyStheethoxy riboside compound, with a
relative nucleophilicity of MeOH to bD of 11. These results indicate the existence of a stabilized cationic
intermediate for all observed chemistries in the active site of CD38. The patrtitioning of this intermediate
between cyclization, hydrolysis, and nicotinamide-exchange unites the mechanisms of CD38 chemistries.
Steady-state and pre-steady-state parameters for the partition and exchange mechanisms allowed full
characterization of the reaction coordinate. Stopped-flow methods indicate a burst of cGDPR formation
followed by the steady-state reaction rate. A lag phase, which was'N®®Bcentration dependent, was

also observed. The burst size indicates that the dimeric enzyme has a single catalytic site formed by two
subunits. Pre-steady-state quench experiments did not detect covalent intermediates. Nicotinamide
hydrolysis of NGD precedes cyclization and the chemical quench decomposes the enzyme-bound species
to a mixture of cyclic and hydrolysis products. The time dependence of this ratio indicated that nicotinamide
bond-breakage occurs 4 times faster than the conversion of the intermediate to products. Product release
is the overall rate-limiting step for enzyme reaction with NGD

Human CD38 is a glycoprotein expressed during early and acts as a second messenger in a signal cascade from NO
late stage maturation in the plasma membrang a#lls (1— synthesis to the release of calcium caused by cADPR binding
4). Reports link its presence to cytokine-induced differentia- to ryanodine receptorsl( 16-22). Both ADP-ribosyl
tion (1, 5-7), cell adhesioni, 6, § and signal transduction  cyclase and CD38 possess NARyclase activity {1).
(5—13). A catalytic function in vivo has been proposed from CD38 has been implicated in the regulation of CADPR levels
the high sequence homology (68%) between CD38 and ADP-in mammalian cells10—-22). Moreover, CADPR appears
ribosyl-cyclasé(14). ADP-ribosyl cyclase converts NAD  to increase Cd levels in specific cell types20—22). The
to cyclic ADP-ribose (CADPR)X5, 1§. cADPRis apotent ~ Wide distribution of CD38 in brain20—24), white blood

agonist of calcium release from intracellular’Catores and ~ Cells @), pancreasdp), and a variety of other tissues, (26,
27) suggests that this molecule may have a general signaling

role via cADPR production in vivo.
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Two mechanisms have been proposed to explain the(Sigma, TFA conditions for repurification as described
reactivity of NAD" and other dinucleotides with CD3&1, above) by a known procedure3q, 3§. The 7-deaza
31-35). One mechanism proposes an obligatory cyclization nucleotide and NMN in respective amounts 2/6mol and
of NAD" to cADPR followed by hydrolysis to ADP-ribose 5 umol and 60umol of MgCl, in 100 uL of distilled H,O
(ADPR) (11). The second proposal is based on the mech- were evaporated by tabletop spin evaporator to dryness; 100
anism of spleen NAD glycohydrolases which also function uL of 1.5 M HEPES-NaOH and 100uL 5 M of 1-(3-
as NAD" and NGD' cyclases and hydrolase3-35). The dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
mechanism of NAD glycohydrolases and that suggested for (EDC) were added to the dried residue to initiate the coupling
CD38 proposes that all products are derived from a single reaction. Incubation (15 h) at 3 was followed by dilution
intermediate that partitions to the cyclic or hydrolytic with 1.0 mL of water. The reaction mixture was purified
products. The present work resolves these views of theby injection of 50QuL onto a Waters C-18 Bondapak column
enzymatic mechanism of CD38. Spectroscopic, chemical 2.5 mmx 100 mm using elution of 95:5 A/B (A, 100 mM
reactivity, kinetic, and rapid quench studies are presented totriethylammonium acetate, pH 6.0; B, 50% MeOH, 50%
furnish a complete microscopic analysis of the catalytic and H,O). Lyophilization of the collected fractions afforded a

rate steps for CD38. 46% yield of 7-deaza-NHD. Chemical hydrolysis at 80C
of this compound vyielded nicotinamide and a second
METHODS AND MATERIALS compound assigned to 7-deaza-inosine diphosphate-ribose.

Cleavage of the diphosphate bond of 7-deaza-NHith

General ExperimentaI.So_Ivents, compounds,_ and en- g ake venom diesterase provided NMBind 5-phospho-
zymes were used as obtained from commercial Ve”dors7-deaza-inosine36).

unless otherwise indicated. Adenosine kinase was purified Synthesis of [1*H]NGD™ and [82H,carbonyl*CINGD""
from beef liver 86). The stopped-flow spectrophotometer [1'-*H]NAD + was prepared as repor'téwl and was treated
was an Applied Photophysics Model SX 17MV interfaced with snake venom diesterase to obtairHJNMN *+ (39).

to an Acorn computer processing system using AP SOftware. t,q reaction mixture was heated to FIDfor 40 s and spun
The rapid-quench instrument was a Kintek Model RQF-3 4, pellet protein; the supernatant was injected onto a C-18
fitted with eight variable volume loops. HPLC used a Hitachi column and eluted with 98:2 A/B (A, 0.1% TFA; B, 50%
L-6200 combined with a digital variable wavelength LIN-  \»o 511 5004 HO). The peak containi’ng [—fH]NMI\]+ \;vas
EAR UVIS 204 detector set to 260 nm and a Hitachi D-2000 collected and lyophilized. The EEHJNMN* residue was
recorder/integrator. Recombinant CD38 was made and yj teq to a concentration of 2 mM with 50 mM potassium

purified according to published procedur@g)( phosphate pH 7.5 containing 5 mM MgQind 4 mM GTP.
Synthesis of'8Phospho-7-deaza-inosind.o a suspension  To this solution was added 1.0 unit of NApyrophospho-
of 2.0 mg (7.5umol) of tubercidin in 1.5 mL of 50 MM rylase and 0.1 unit of inorganic pyrophosphatase. The
K2PO, at pH 7.5 was added 3@ of adenosine deaminase  reaction was incubated at 3T and afte 6 h 1.0 unit of
(calf intestine, 10 mg/mL) obtained from Boehringer Man- NAD* pyrophosphorylase and 0.1 unit alkaline phosphatase
nheim. The reaction was incubated at“&for 12 h after ~ were added and the reaction was continued for another 6 h.
which an additional 5@L of enzyme was added. Progress The reaction mixture was terminated by heating for 20 s at
of the reaction to the product 7-deaza-inosine was monitored110°C to precipitate protein and then spun at 12 000 thin
by HPLC using a C-18 Waters Bondapak column (2.5 mm for 2 min to remove precipitate. The product-fHINGD*
x 100 mm) eluted with: 2 mL/min 96:4 A/B (A, 50 MM was purified by injection of 50@L onto a preparative C-18
ammonium acetate, pH 5.0; B, 50%® 50% MeOH). The  column eluted with 50 mM ammonium acetate, pH 5.0.
retention times were 24.0 min for tubercidin and 19 min for Ejuted fractions of [£®H[NGD* were lyophilized and were
7-deaza-inosine. After conversion in excess of 98%, the compared with authentic NGD(Sigma) to verify purity.
reaction was terminated by heating for 1 min at 200and [8-*H]NGD™* was synthesized as above by incubatingH$-
spinning for 2 min by tabletop centrifugation (12 000 min GTP with NMN" and coupling with NAD' pyrophospho-
to pellet protein. To the decanted supernatant was addedylase. After 12 h of coupling as above, the product
an equal volume of 100 mM PIPES pH 6.5 buffer containing [8-3HINGD* was purified. The isolated [8<]NGD* was
2 mM ATP, 10 mM phosphoenol pyruvate, 100 mM KCI, incubated in the presence of 20 mM [carbot@]nicoti-
and 10 mM MgC}. Adenosine kinase and pyruvate kinase namide in 50 mM potassium phosphate pH 7.5. CD38 was
(0.5 unit each) were added to start the reaction. The reactionadded to a concentration of 0.0V, and the reaction
was incubated at 37C for 3.5 h until the reaction was in monitored for incorporation JfC into NGD' by HPLC and
excess of 90% complete as determined by HPLC (see below).scintillation counting. After the specific activity fC in
The product 5phospho-7-deaza-inosine was purified on a NGD* reached a plateau, the reaction was terminated by
Waters C-18 Bondapak column using an ion-pairing solvent heating to 110C for 1 min and the reaction spun for 2 min
system 85:15 A/B (A, 100 mM triethylammonium acetate, to precipitate protein. The reaction was injected onto an
pH 6.0; B, 50% MeOH, 50% kD) with an elution time of ~ HPLC column and the [8H, carbonyl**CINGD" purified
5.0 min. The phosphate compound was lyophilized and as above. Specific activity of [8, carbonyl¥CINGD*
repurified by HPLC elution 95:5 A/B (A, 0.1% TFA; B, 50%  was determined to be 30 000 cpm /nriidlcpm A4C cpm
MeOH, 50% HO) and lyophilized. Treatment of this = (.58
product with alkaline phosphatase rapidly regenerated the Kinetic Study of NMN Hydrolysis by CD38.The desired
7-deaza-inosine. concentrations of NMNin 50 mM potassium phosphate pH
Synthesis of 7-Deaza-nicotinamide Hypoxanthine Dinucle- 7.5 were prepared to volumes of 200 and equilibrated at
otide. The monophosphate was coupled to repurified NMN 37 °C; 1 uL of 380 nM CD38 was added to start reactions.
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Aliquots were taken at 30 s time intervals and quenched with syringe was added [84, carbonyl?*CINGD* in 50 mM

a 10 vol % solution of 25% TCA. Assay was done by HPLC
95:5 A/B (A, 50 mM ammonium acetate, pH 5.0; B, 50%
MeOH, 50% HO) on a Waters C-18 column to determine
the amount of NMN unreacted and the amount of nicoti-

potassium phosphate pH 7.5 at either 18 or /4,

respectively. The reaction was quenched by a 20% TCA
solution placed into the quench syringe. The quenched
solutions were collected in eppendorf tubes and immediately

namide formed. Plots of product formed vs time were used placed on dry ice. The reaction times were varied from 1.8

to determine initial reaction rates. A plot of NMN

ms to 305 ms in typical reactions. The collected solutions

concentration vs rate was fit using the program Kaleidograph were thawed, spun at 12 000 minto precipitate protein,

to obtain the Michaelis parameters.
Enzymatic Assay of 7-Deaza-NHand NHD'. Solutions
of 7-deaza NHD and NHD' from 10 to 400uM in 100 uL

and injected onto a Waters C-18 column eluted with 98:2
A/B (A, 50 mM ammonium acetate, pH 5.0; B, 50% MeOH,
50% HO). cGDPR, GDPR, NGD, and nicotinamide peaks

of 50 mM potassium phosphate pH 7.5 were equilibrated at were collected. The radioactive peaks (1.0 mL) were mixed
37 °C. 5uL of CD38 (830 nM) was added to start each with 9.0 mL of scintillation fluid to count the radioactivity.
reaction. Aliquots (2Q:L) of the reaction were taken at 30 A blank and &H standard were counted in order to determine
s intervals and quenched with a 10 vol % solution of 25% background and counting efficiency. Plots of radioactivity
TCA. Injection of samples onto a Waters C-18 column and product vs time were generated and fit with the program
eluted with a 98:2 A/B (A, 50 mM ammonium acetate; B, Kaleidograph to a curve defined by:

50% MeOH, 50% HO) at 2.0 mL/min permitted quantitation
of the reaction components. Product formed vs time was
plotted to determine initial reaction rates. The rates were
plotted against substrate concentration and fit with Ka-
leidograph to a Michaelis curve to determine valueskfgr
andKn,. NGD' at saturating concentrations $0 uM) was

run as a control.

P(t) = P, + P, exp(¥,t) + Pst

Pulse-Chase Analysis of NGReaction with CD38.The
mixing syringes of a rapid-quench instrument were loaded
with concentrated CD38 in 50 mM acetate and 100 mM NaCl
at pH 5.0 and [£*H]NGD™ in 50 mM potassium phosphate

Methanolysis of cCADPR and NADhy CD38. Solutions pH 7.5, and the chase syringe was loaded with 50-fold excess
of 500uM NAD * and 30QuM cADPR in 50 mM potassium  NAD* in 50 mM potassium phosphate pH 7.5. Initial
phosphate pH 7.5 containing MeOH concentrations of 0.5, reaction time to chase was set to 7.5 ms, and a delay was
1.0, and 2.0 M were prepared in volumes of 3030 uL. inserted after chase of variable times4D0 ms prior to an
CD38 was added (5.0L of 1.6 uM) to start the reaction  ejection pulse into a microcentrifuge tube containing 50%
and samples were taken to approximately 80% completion TCA to give the final quench of 10% TCA. For the zero-
of reaction as determined by HPLC 96:4 A/B (A, 50 mM time point the quench was 30% TCA loaded to the quench
ammonium acetate, pH 5.0; B, 50% MeOH, 504l The (chase) syringe. The quenched reaction mixtures were
amounts of ADPR andx- and -methoxy-ADPR were  injected onto a C-18 column and assayed as described above.
quantitated by HPLC peak area measurements. A controlThe data were plotted against total reaction time for all
reaction without enzyme was used for each substrate inproducts formed including nicotinamide. Commitment was
MeOH /H,O 10:90 at pH 7.5 in 50 mM potassium phosphate determined by the relatio@ = (total moles of product from
buffer. Ratios of methoxy ethers to ADPR were determined NGD* — moles of product at 7.5 ms)/(moles of enzyme
by the ratio of peak areas. Peak areas were also used tanoles of product at 7.5 ms).
determine the total amount of products formed of each Nicotinamide Exchange Reactioi®olutions (10QL) of
species. Each reaction condition was plotted as follows: 50 uM NGD™" in 25 mM K,HPQ, pH 7.5 were equilibrated
Rwni (Rwn = moles of methanolysis product/moles of at37°C. Solutions included concentrations of nicotinamide
hydrolysis product) vs MeOH concentration. Relative nu- from 1.0 to 16.0 mM with a specific radioactivity of 1 mCi
cleophilicity was calculated by the equation RN Ry /20 umol. Reactions were initiated by addition of& of
/([MeOH]/[H.0]) where [HO] ~ 55 M. CD38 enzyme (0.4@M) to a final concentration of 20 nM.

Stopped-Flow Studies of NGITyclization. Fluorescence  Reactions were aliquoted in 20- volume at 30-s time
spectroscopy experiments were performed using a stoppedintervals and quenched by addition ofu2 of 25% TCA.
flow spectrophotometer fitted with dual syringe mounts and Each sample was analyzed by injection onto a Waters C-18
each contributing approximately 2L to give the total HPLC column eluted with 97:3 A/B (A, 50 mM ammonium
reaction volume of 4@L. To the first syringe was added a acetate, pH 5.0; B, 50% #@, 50% MeOH) to separate the
CD38 solution of 4.0 or 8.2M in 50 mM acetate and 100 reaction components. Integration of peak areas quantitated
mM NaCl at pH 5.0. The other syringe contained /A4 cGDPribose (5.4 min), GDPR (6.15 min), NGD7.8 min),
or 75uM NGD™ in 50 mM potassium phosphate pH 7.5. and nicotinamide (15.4 min). The NGIand nicotinamide
Excitation wavelength was 300 nm and emission intensity peaks were collected and combined with 1.0 mL of eluant
was observed using a 360-nm cutoff filter. Data were to 9.0 mL of scintillation fluid. Radioactivity was counted
collected at time resolutions to 0.25 ms. The dead time on with a scintillation counter. A blank and*C standard were
the instrument is<2.0 ms. Data were collected on disk and run to determine the background and counting efficiency.
plotted and analyzed using Kaleidograph fits to a curve The counts in each NGDsample were subtracted against
defined by: E(t) = E; exp(kit) + E; exp(kat) + Est +E4 background to obtain total counts. Nicotinamide counts were

Rapid-Quench Studies of NGDReaction with CD38.  similarly quantitated. The amount of nicotinamide incor-
Concentrated enzyme CD38 in 50 mM acetate and 100 mM porated vs time at each concentration was plotted as a
NaCl at pH 5.0 was placed into one syringe of a dual syringe function of time to obtain the initial rate of exchange. The
rapid-mix rapid-quench instrument at 3. To the other rate of exchange was plotted against the nicotinamide
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concentration and fit to a Michaelis curve using the program
Kaleidagraph. A Dixon plot could also be derived by
plotting the reciprocal of the rates of NGDreaction to
cGDPR and GDPR vs nicotinamide concentration.
Kinetics of Nicotinamide Inhibition of NGDCyclization
and Hydrolysis (HPLC Method)Solutions of NGD ranging
in concentration from 20 to 200M containing different
concentrations of nicotinamide (0, 1.0, 5.0, and 7.5 mM) in
a volume of 10QuL of 50 mM potassium phosphate pH 7.5
were equilibrated to 37C. CD38 (5uL of concentration
400 nM) was added to initiate the reaction. Aliquots in 20-

uL amounts were taken at 30-s time points and quenched

by addition of 2uL of 25% TCA. Aliquots were injected
under identical conditions to those above and areas of peak
guantitated to obtain amounts of cGDPR, GDPR, and NGD

cGDPR) were plotted vs time to a yield initial rate curves.
Double reciprocal plots of 2/vs 1S for the different
inhibitor concentrations were used to fit the data as straight
lines. K; values were obtained from the equatiBglv =
ka1 + [IJ/ Kii) + Km/Keaf1 + [1)/ Kis).

Fluorescence Study of Nicotinamide Inhibition of NGD
Cyclization (Stopped-Flow Method)Solutions containing
2, 4, 10, 20, and 5«M NGD* in 50 mM potassium
phosphate pH 7.5 were made to contain nicotinamide
concentrations of 0, 5, 7.5, and 15 mM. Exact NGD
concentrations (0 mM nicotinamide) were determined at pH
7.5 by 253-nm absorbance using a valuesgf; of 17 750
M-t cmt. To one syringe was added the desired NGD
and nicotinamide solution; to the other was added 100 nM
CD38 in 50 mM potassium phosphate pH 7.5. |Initial
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%IGURE 1: Competitive reaction of methanol and®with NAD*
3 and cADPR measured by HPLC. Plot of ratio of alcohol products/
present in each sample. The products formed (GDPR andhydrolysis products vs concentration of methanol. The dashed line

(open diamonds) is the solvolysis of NADmediated by CD38.

The solid line (closed circles) is CADPR solvolysis mediated by
CD38, and the dashed line (closed triangles) is the uncatalyzed
solvolysis of NAD" in 50 mM phosphate buffer pH 7.5. Relative
nucleophilicity for each line is calculated 55 (slope)= RN. For

each curve 11, 11 and 1 are the respective values for this parameter.

Scheme 1

nicotinamide

NAD*

-ADPR
M y E + MeO

HZO\* E + ADPR
cADPR

nolysis products]/[hydrolysis products])/([MeOH]/8]), to
assess the electrophile selectivity. The anomeric configu-

reaction rates were obtained in quadruplicate under the saméation at the kcarbon and the extent of methanolysis and

reaction conditions. All reactions were performed at 36.8
+ 0.2°C.

Reaction Coordinate Free-Energy CalculationA.reac-
tion coordinate diagram (Scheme 6) fixed to free-energy

levels was constructed using the reaction rates determined®

experimentally. The energies were calculated by the relation
AG = —RTIn (k.h/KT) wherek, is the rate constant for a
given stephis Plancks constarnit,is the Boltzmann constant,
Ris the ideal gas constant, aiids temperature in Kelvin.
The potential energy wells foreEGDPR and EGDPR are
undetermined and are approximated; thus the transition-stat
energy level of product dissociation is also approximate
although the height of the energetic barrier is calculated in
the forward direction. In addition, the energy level of the
cGDPR product is calculated by literature values for bond
strengths 40) assuming no strain energy and no entropy
change vs the hydrolysis product for the cyclic geometry.

RESULTS

Methanolyses of NADand cADPR by CD38 and by
Uncatalyzed Seblysis. Methanol has been employed as an
acceptor for ADP-ribosyl electrophiles to characterize the

hydrolysis at different methanol concentrations were used
to calculate the RN values for the reaction of CD38 with
NAD™ and cADPR (Figure 1). The slope of 0.20 indicates
a relative nucleophilicity of 11 for MeOH/A® for solvolysis

f both NAD" and cADPR by CD38. The slopes are linear
and intersect at zero within experimental error. The curves
for NAD* and cADPR solvolysis are the same for 0.5 to
2.0 M methanol. Thea/f anomers for 1-methylribose
products were produced at a ratio of 1:10 at all concentrations
except &2 M methanol with cCADPR as a substrate, where

ethe ratio ofo/ was 1:20. The hydrolysis and methanolysis

were also done in the absence of enzyme. The amount of
methanolysis product increased linearly with methanol
concentration, and the slope of the curve for NADas
found to be 0.018 to obtain a relative nucleophilicity MeOH/
H,0 of 1 (Figure 1). The same value has been reported for
the solution methanolysis of NAD(43). The uncatalyzed
methanolysis products were formed in an approximate 1:1
ratio of o8 stereochemistry, consistent with the previous
report @3).

Conversion of both cADPR and NADto the same active
site ADP-ribose electrophile unifies the reaction pathways
leading to methanolysis and hydrolysis from both substrates

stereochemistry and character of the hydrolysis reaction of (Scheme 1). The intermediate reacts with MeOH as both

NAD™ glycohydrolases41—43). Stereochemical informa-
tion for the hydrolytic product is lost by rapid equilibration
of the epimeric forms. Products of alcoholysis reactions do
not rapidly interconvert and can be used to determine the
stereochemistry. The relative reactivity of MeOH and water
were calculated as relative nucleophilicity, (RN[metha-

substrates reach an identical step along their reaction
coordinates. This mechanism indicates that nicotinamide
release precedes the methanolysis and hydrolysis of NAD
This mechanism has also been proposed to explain the
activities of spleen NAD glycohydrolases in their reaction
with NGD* in the presence of methan@4).
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Ficure 2: Dependence of initial reaction rate of NMMydrolysis
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FicUre 3: Chemical structures of 7-deaza-NHRand NHD" and
the site of cyclization on the purine ring of NHD The 7-deaza-
NHD™ lacks nucleophilicity at the 7-site.
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HPLC. The solid line is the best fit to the MichaeliMenten
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Table 1: Michaelis Parameters of Cyclizable and Noncyclizable
Substrates for CD38

substrate Keay S71 Km, uM
NAD* b 96+ 5 16+ 1
NMN* 5124+ 32 149+ 15
NHD* P 7.1+2.2 23+ 4
7-deaza-NHD ¢ 1.9+ 0.3 3.1+£1.0

a All experiments performed at 37C by HPLC as indicated in

cyclize. The substrates NMNand 7-deaza-NHDestablish
that hydrolysis and cyclization are two paths in a branched
reaction coordinate. The&, for 7-deaza NHD is lower than
that for the NHD" substrate, indicating that binding of the
substrate is influenced by replacement of the N with a CH
group (Table 1), or that the decrease in the catalytic rate
reduces th&, value.

Stopped-Flow Measurements of NGDyclization: Steady
State and Presteady StateStopped-flow fluorescence
measurements with NGDindicated a phase of decreased
emission prior to a burst in reaction rate for approximately
70 ms after which a linear steady-state rate was established
(Figure 4B). The rapid burst is interpreted as on-enzyme
production of cGDPR based on the fluorescence of the cyclic
product. The steady-state rate is defined by a step following
cGDPR formation and is related to product release. The
burst phase has a rate of 52'compared to the steady-
state rate of 7.578 per subunit. The duration of the initial
emission decrease is NGDlependent (Figure 4A,B). At

Methods and Materials. Error is standard deviation multiple determina- 7.5uM NGD* the duration of the decrease is approximately

tions.? Two product peaks detected; value represents the sum of
cyclization and hydrolysis activitie§.Only one product peak detected.

Reaction of NMN, 7-Deaza NHD, NHD*, and NAD
with CD38. The mononucleotide NMN is incapable of

20 ms, and at 37.6M NGD™ the duration is approximately
8 ms. The signal is interpreted to be the binding of NGD
and was fit to a rate of 120°5at 7.5uM, for a bimolecular
rate constant of 1.6« 10/ M~ s,

Rapid-Quench Studies of Pre-steady-State NGBcliza-
tion. Rapid-mix-rapid-quench studies permit the direct

cyclization, but reacts rapidly with CD38 to form ribose easurement of nicotinamide, cGDPR, and GDPR to evalu-
5-phosphate and nicotinamide (Scheme 2). The rate VSgie the microscopic rate constants. Mixing:® [8-3H,-

NMN™ concentration yielde®, andk., values of 14uM
and 512 s! per dimer (Figure 2). Thds for NMN is

carbonyl**CINGD™" with CD38 results in product formation
at 1.8 ms, and approximately 80% of a single turnover occurs

greater by a factor of 5 than the value obtained for NAD by 20 ms for a rate of 144 &for NGD* based on the value

hydrolysis, while theK, for NMN™ is 10-fold greater than
that for NAD" (Table 1).

The enzyme stabilizes the transition stateNsfibosyl

of 1.6 x 10’ Mt s7* from stopped-flow measurements. At
36 uM [8-3H,carbonyl#*CINGD' and 6.5uM CD38 the
burst phase increased to 39275 s* (Figure 5A). This

hydrolysis without the requirement of a cyclic intermediate result establishes that the rate of enzyme-bound product

or the presence of AMP. The NADanalogues NHD and

formation is limited by the on-rate for substrate.

7-deaza-NHD were evaluated as substrates (Figure 3, Table Analysis of the ratio of GDPR to cGDPR formed during

1). NHD* has been reported to be similar to NADorming

the first turnover indicated that the product formation is

predominantly IDPR with a minor cyclization product formed primarily GDPR early in the reaction with increasing
by ribosylation of the hypoxanthine ring at the 7-position amounts of cGDPR in the first 50 ms (Figure 6). This result
(44). The deaza compound was used to determine if indicates an initial enzyme intermediate that yields GDPR

cyclization is required for hydrolysis of dinucleotides.
The k.ot value obtained for 7-deaza NHDs 27% of the

upon quench. The decrease in the GDPR/cGDPR ratio over

time provides a rate of 118 5for decay of the intermediate.

rate of the NHD substrate, indicating that apparent transi- This value agrees reasonably with the value of 72 s
tion-state stabilization is decreased by only 0.81 kcal/mol calculated for combined cGDPR and GDPR formation in
as a result of the inability of the 7-deaza compound to the burst phase from stopped flow measurements.
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Ficure 4: Stopped-flow fluorescence kinetic profile of CD38 o0 p” T e T e e e 3%
reaction with NGD at 37 °C. (A) Excitation wavelength is 300
nm. The output signal intensity was generated by passing the msec

emission through & 360-nm cutoff filter. Fluorescence is shown Ficure 5: Formation of nicotinamide and combined GDPR

in arbitrary units. Dots represent digitally recorded data. The top ¢cGDPR by rapid-quench reaction of 38 [8-3H, carbonyl4C]-
curve represents signal and curve fit for CD38 reaction with NGD  NGD* with 6.5 M CD38 at 37°C. (A) Solid triangles represent

at 2 and 7.5M concentrations, respectively. Solid curve is best nicotinamide formed at the times indicated; solid circles are
fit to the curveE(t) = Eo + Ext + E; exp(Kobd), Kobs = 120 s'L. combined GDPR and cGDPR formation measured in cpm. The solid
(B) Stopped-flow fluorescence kinetic profile of CD38 reaction with  curves represent best fits of the points to a curve of the yipe=
NGD* at 37°C. Excitation wavelength is 300 nm. The output signal A exp(.pd) + Bt + C. Top and bottom curves produced values of
intensity was generated by passing the emission througB&D- kops = 339 st andkyps = 446 s'. The average value obtained of
nm cutoff filter. Fluorescence is shown in arbitrary units. Dots k. is 392+ 75 s'1. (B) Formation of nicotinamide and combined
represent digitally recorded data. The top curve represents signalGDPR + cGDPR by rapid-quench reaction of 368V [8-3H,

and curve fit for CD38 reaction with NGDat 2 and 37.5uM carbonyl*C]NGD* with 6.5 uM CD38 at 37°C expressed as
concentrations, respectively. Solid curve is best fit to the cE(te equivalents of enzyme. Solid triangles represent nicotinamide
= Eo + Exit + E; exp(kopd) + Es exp(Kopd), Kops= 53 s°L. formed at the times indicated; solid circles are combined GDPR
and cGDPR formation. The solid curves and dashed curves
Stoichiometry of Enzyme-Bound Product Formatidine represent linear best fits of the points beyond 30 ms extrapolated

magnitude of the burst is a measure of enzyme concentrationt® they-axis. They-axis intercept in both cases produces a value

when the rate of product formation pre-steady-state is much® ~
faster than rate limiting product release. The enzyme burst 2
phase reaches only 1 mol of product per 2 mol of CD38
subunits before the onset of the steady-state rate, suggesting
that two monomers are required to form one catalytic site
(Figure 5B). Product formation on the enzyme of 392 s
exceeds the calculated product off-rate of 20(slimer), so

that the burst extrapolation is expected to give an intercept
stoichiometry error of below 10%.

Pulse-Chase Analysis of the Pre-steady-State Reaction 05 . -
Pulse-chase experiments provide the partition of enzyme-
bound substrate between products and release to free
substrate. [t*H]NGD™' was used as substrate and NAD 0 20 P P 0 100 120
as the chase. Enzyme and-fH]NGD™ were mixed (19 msec
°C) to form the Michaelis complex and were diluted with Ficure 6: Decay of hydrolysis-to-cyclization ratio in the transient-
excess NAD at 7.5 ms. The time-dependent product phase reaction of 36M NGD* and 6.5uM CD38 at 37°C. The
formation following dilution by NAD" (Figure 7) gave a  Solid curve represents best fit to a curve of the ty(i= A exp-
measure of the [PH]NGD" in the Michaelis complex that ~ (Koed) + B. kos = 118 s The steady-state ratio is 0.38.
is committed to catalysis. The amount trapped is in excessment introduces an error at35%. However, the result
of 70% per subunit. This value is greater than the theoretical demonstrates that the forward reaction progress is fast relative
maximum of 50% assuming one binding site per two to substrate dissociation, i.&; > k. (Scheme 3). The
subunits. The low number of total counts in the measure- plateau of product counts indicates that the chase is effective

i

GDPR/ ¢GDPR
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FiIGURE 7: Pulse-chase analysis of reaction ofj#f]NGD* and 0.4 ——
CD38. Time points represent time after initial mix of NGE&nd [
CD38. Pulse time was 7.5 ms followed by the 50-fold dilution with
NAD™. The time point at 7.5 ms is the extent of reaction using a
qguench (TCA) at 7.5 ms. Following time points were quenched by
TCA after the pulse was aged with NAD Commitment is
determined byC; = [(moles of product formed from NGD —
(moles of product formed (7.5 ms))]/(moles of enzyme). The value ~ 02r
obtained was 1.4. The solid curve represents best fit of the points

to a curve of the typg(t) = A — Aexp(opd) + B, kops= 60 s2. ™~

sec

cat

in dilution of labeled NGD. The results also indicate that »
the enzyme is saturated with NGt 7.5 ms and product Z /
formation has begun before the first acid quench occurs at ol L
7.5 ms. The rate of product formation in the trapping -5 0 5 10 15 20
behaves as a single exponential with a rate constant of 60 nicotinamide, mM
st ass!gned to t.he forwarq ref"‘Ct'on of NGQ) the enzyme- FicUre 8: Panel A: Initial rate exchange kinetics HfC nicoti-
bound intermediate and nicotinamide. A similar experiment namide into NGD as a function ofC nicotinamide concentration
performed at 37C provided a rate constant in excess of (0.02umol peruCi). Solid circles represent experimental points
300 s but could not accurately establish the rate due to 'C\’At?t?]i”eﬁ' fcl\’; rates at ?;_70- Jhle S isd}zhe bels'i;itsltgnghe
; : ; : ichaelis-Menten equation. Values &, an are

the reaction rate (.axcgedln.g the d_ead “We of the |.nstrument.8_0 mM, respectivel)(/q. NGD concentratia(t)n waén near saturation at

Exchange of Nicotinamide during Initial Reaction Rate. 50 M. panel B: Dixon plot of initial rates of NGD hydrolysis
Nicotinamide exchange has been reported to be a significantand cyclization (combined) at 3T as a function of nicotinamide
feature of NAD" glycohydrolases including those from concentration as determined by HPLC. Concentration of N@D
spleen (canine and bovine). Both CD38 and ADP-ribosyl G HiRC e G O e et loast-squares Tt 10 &
cyclase eXh.lb't this beha\./mﬂ.l’ 19' Exchan.ge.requwes straight line. The highest level of inhibition measureg is at greater
the sequential release of nicotinamide and rebinding followed than2x K; showing that the inhibition remains linear even at high
by reaction with the enzyme-bound ADPR, consistent with nicotinamide site saturation.

a ping-pong mechanism. The sequential release of first o o ) o
product and rebinding of alternate first product prior to  Inhibition of CD38 by NicotinamideInhibition of CD38

second product release provides an opportunity for the Py nicotinamide had been reported previousBb,( 49.
reaction to reverse to substrate, provided that the intermediate-in€ar noncompetitive inhibition of the mixed variety was
formed on the enzyme reacts reversibly. SinceAkss for anticipated based on the mechanism of Scheme 3. The
nicotinamide hydrolysis is ca-8.2 kcal/mol &5), exchange |nh|b|t|on.curves shpwn display both slope and intercept
indicates stabilization of a high-energy form of ADPR bound &ffects (Figure 9).K(intercept) was 7.1 0.1 mM (7.0 mM

as a reactive intermediate. Addition of radioactive nicoti- HPLC); Ki(slope) was 1.4+ 0.1 mM. The value of
namide makes it possible to measure the kinetic parameterd<i(intercept) agrees well with thi of nicotinamide for

of base exchange. The exchange process atNBINGD* the base exchange reaction.

(excess of 10 time$K,) exhibits saturation kinetics vs

nicotinamide and reaches saturation as predicted by Michae-DISCUSSION

lis—Menten kinetics (Figure 8A). Thk., for exchange is Kinetic Mechanism of CD38Two mechanisms proposed
117 st and theK, value for nicotinamide is 8.0 mM. The for CD38 represent distinct chemical pathways describing a
reciprocal rate of product formed varied linearly with the “sequential intermediate mechanism” (SIM) and a “partition
concentration of nicotinamide in a Dixon plot (Figure 8B). mechanism” (PM), respectively. Inherent to the SIM is the
The result indicates that the forward and reverse reactionsformation of a cyclic dinucleotide prior to any hydrolytic
are joined by a common intermediate responsible for the step. Inherent to the PM is a stabilized active site intermedi-
ribosylating activity of the enzyme. High nicotinamide ate capable of behaving as a ribosylating electrophile. All
concentrations inhibit the forward reaction and activate the the observed products and chemistry of the enzyme are
exchange reaction. The saturable maximum of the exchangepresumed to traffic through this single reactive entity.
establishes that nicotinamide is not a competitive inhibitor ~ The SIM pathway has been criticized on kinetic grounds
of NGD*. (34) and cannot function as a hydrolase with substrates
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1400 T T

Table 2: Kinetic and Michaelis Parameters Based on Scheme 3 and
1200 [ Experimentally Determined Valugs
equality of experimental
§ 1000 - parameter microscopic rates value
- 800 | Keat (hydrolysis) ks'kaf(ks + ks')P 53+0.3s?
= keat (Cyclization) ks'"ka/ (ks + ks'")© 154+ 1.0s?t
2 oe0 [ keat (€XChange) koka/ (ka2 + k3) 118+ 12 std
Ty Km (NGD) ks(kz + ka)/ki(ks + k)¢ 2.0+ 0.5uM
" 400 - Km (nicotinamide exchange) kf+ ks)/ky 8.0+ 0.5mM
Ki (nicotinamide) ks + ks)/Kq 7.1+ 0.1 mM
200 | ] Cr (commitment) kalkz ks> ky
M nicotinamide, mM (1.4+05=
o L ‘ , ; } ‘
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 K’i/(K’3+ kz))c
NGD*, pM! aAll values were obtained at 37C except forC; which was

. L . . . determined at 20C. Algebraic values for Michaelis constants were
FiGURE 9: Inhibition of CD38 by nicotinamide. The ordinate is  getermined by the net rate-constant method of Cleladig). b ke'
reciprocal initial rate determination of NGDcyclization as represents the rate constant for formation of the hydrolytic product.
determined by fluorescence spectroscopy. Nicotinamide concentra-c i, represents the rate constant for formation of the cyclized product.
tions are labeled. The abscissa is reciprocal N@Dncentration 4 Single determination, counting error was used to determine ®keor.

(«M). The data were fit to the equation for noncompetitive inhibition — ke + ke, ke'/ks" = 0.38.
to giveK; = 7.2 mM. K = 1.4 mM. Values are based upon best
fit to the equatiorE/v = Ki/Keaf1 + [I]/ Kis) + 1kea 1 + [ 1)/ Ki).

Base Exchange, Nicotinamide Inhibition, and Obligate
lacking the ability to cyclize. Two such substrates, 7-deaza- Release of Nicotinamideincubation of CD38, ADP-ribosyl
NHD* and NMN", were used in this study to eliminate the cyclase, and spleen NADglycohydrolases with a dinucle-
SIM mechanism. Previous work verified that the product otide such as NAD and a pyridinium base (including
of NHD™ treated with CD38 was a combination of cIDPR nicotinamide) results in incorporation of the base with
and IDPR. cIDPR was found to be a substrate of the retention of stereochemistrit1, 16, 33, 41, 46 Work on
hydrolase. By removing the nitrogen from the 7-position, the NAD" glycohydrolase from spleen provided an early
the hydrolase activity can be analyzed separate from theexample of this reaction in an isotope-exchange experiment
cyclization reaction. The hydrolase remains an active (45). Nicotinamide with &“C label resulted in incorporation
catalyst for 7-deaza-NHD (ks values 1.9 st vs 7.1 s?) of the label into the initial substrate during catalysis. This
when compared with the substrate NHD The robust behavior is typical of ping-pong mechanisms where a reactive
activity suggests that the hydrolase function of the enzyme intermediate is formed on the enzyme. Predictions for this
is independent of cyclase activity. NMNcannot cyclize, mechanism include mixed noncompetitive inhibition of the
and its strong substrate properties also discount the SIMforward reaction by nicotinamide and saturation kinetics for
mechanism. NMN is the first mononucleotide reported to the exchange reaction. CD38 also conforms to this inhibition
be a substrate of CD38. Hydrolysis of NMNy CD38 Keat pattern. Equations which relate the exchange reaction and
= 512 sY) is five times faster than that of NADhydrolysis. the product inhibition constant demonstrate the relationship
This is the most activé., for any substrate of CD38. The Ky(exchange)= Ki(intercept). TheK,, for the exchange
lack of a cyclization along the hydrolytic pathway as reaction was 8.0 mM, in good agreement with the value of
exemplified by the hydrolysis of NMN undermines the 7.2 mM Kj(intercept) obtained by inhibition studies. The
principles of the SIM model. linearity of the Dixon plot (Figure 8B) at high nicotinamide

Support for the PM pathway requires evidence for a concentrations (X K;) indicates that nicotinamide dissocia-
common intermediate to unite the production and hydrolysis tion from the enzyme occurs before the intermediate reacts.
of cADPR with the hydrolysis of NAD. If both cADPR The slope changes in the inhibition curves (Figure 9) can
and NAD' hydrolysis and cADPR formation proceed directly be explained by nicotinamide binding only to the stabilized
from a single intermediate product, distributions of metha- oxocarbenium intermediate. There is no competitive be-
nolyses must be identical for these two substrates assuminghavior with NGD' binding at these concentrations. The lines
the departure of nicotinamide prior to product formation on for the double reciprocal plots at various nicotinamide
the enzyme. The results clearly satisfy this prediction. Both concentrations are predicted to follow the behavior of the
substrates give identical ratios of MeO-ADPR/ADPR at the algebraic expressioByv = Kn/Kea{S](1 + ko[l]/ kiKmK;)) +
three methanol concentrations studied as shown in Figurel/k.{1 + [I]J/Ki). The value ot; is 168 s* (Table 3 kear
1. The linear increase in MeO-ADPR/ADPR with methanol (exchange)= kxks/(k» + k3)) and that ofk; of 1.6 x 10’
concentration indicates that the intermediate is stabilized andM~*s™*. K, was found to be 2ZM in several measurements.
reacts with MeOH only after solvent equilibration with the Using the relation Kj(slope)= ki/kiKnK; , the predicted
active site. Retention of configuration in the methanolysis value of Ki(slope) is 1.37 mM. The slopes of Figure 9
products is also consistent with the proposal that the determine a&Ki(slope) of 1.40 mM. Therefore the kinetic
intermediate responsible for hydrolysis of NARIso gener- constants are internally consistent and support this mecha-
ates cADPR, a product that also exhibits retention of nism.
stereochemistry relative to NAD The presence of a Reaction Scheme and Determination of Steady-State
significanta-stereochemical yield for methanolyses suggests Kinetic Parameters. Scheme 3 illustrates the minimal
that the reactive species is a stabilized oxo-carbenium ionreaction pathway to describe the enzyme chemistry. Equa-
at the active site, with the preferred route of attack to yield tions were derived for the behavior of the enzyme in steady-
the S-anomer. state, presteady state, exchange reactions, and inhibition.
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Table 3: Experimentally Determined Microscopic Rate Constants Scheme 4
Based upon Schemé 4 Ky ks
- - E + NGD* E:NGD* EeI* + nicotinamide
rate constant  experimental value method of calculation ky kg
ky 1.6£0.2x calculated from rapid quench ks ks
10'M-1st and stopped-flow methéd
ko 165+ 45s? Kea(€X.) = koka/(kz + ks)©
Ki(slope) EscGDPR E*GDPR
ks 392+ 755t rapid quench measuremehts
Ka 6.71+ 2.7 x calculated from b
10°M~1s? (ks + ks + ke)/ks®

ks (cyclization) 85.5+8st
ks (hydrolysis) 32.5+3.5s?

ks 20+ 15s?

transient phase rate of decay
hydrolysis/cyclization ratit
transient phase rate of decay
hydrolysis/cyclization rati®
steady-state rafte

a All values are for CD38 activity using NGDas a substrate at 37
°C in 50 mM potassium phosphate pH 7°%rror reported is standard
deviation from multiple determination$Error in calculation is based

upon the total percent error of the experimentally determined param-

eters.? Single determination, based upkgtks = 0.38, counting error

was used to determine error.

Scheme 3

k
E + NGD* sm==————- E«NGD"

ks

Eel + nicotinamide
ks

E + cGDPR + GDPR

rate constank; for the release of products. Separate steps
ks and ks are introduced for the chemical reaction of the
ribosyl intermediate ank; for the product dissociation steps

(Scheme 4).

Stopped-flow experiments and rapid-quench studies indi-
cate slow dissociation of product relative to product forma-
tion. With the assumption th&t + ks > k; (necessary for
burst kinetics), then it is possible to approximéte= Keat
equivalent to a first-order rate constdat= 20 s for the

product dissociation ratet8, 49.

The Burst of Nicotinamide and cGDPR and GDPR
Formed in Presteady State: Values @f ks, and k. The

ks burst component can be fit to the equat®dr- Bt + C exp-
(-kobd) = P(t), wherekq,s corresponds to the experimental
rate constant of the observable burst phd$e 49. At near

i saturating NGD the burst rate constant was found to be
Values of parameters were calculated algebraically and arezgs 4 75 1 while the predicted value was expected to be

summarized in Table 2 using the Cleland method of net- 576 <1 if the binding of NGD' is rate limiting. The rates
rate constantsd7). TheKy, values for the exchange reaction suggest that the burst phase is limited by the on-enzyme
are at saturating conditions of the dinucleotide substrate cleavage of the nicotinamide bond. This interpretation is
NGD™. reasonable with the expected value obtained for nicotinamide
Characterization of CD38 as a Functional DimeBurst bond-breakage rate of 240scalculated from the value of
kinetics were used to establish that CD38 behaves as a dimeg0 s ! observed from pulse-chase studies atC9
in solution where each individual molecule contains a single  petermination of the sum of the rate constakgst ke
active site per two subunits. Theintercept for number of  om stopped-flow measurements at 37 gave a value of
turnovers of the steady-state curve (Figure 5B) yields number7o <1 The value incorporates both hydrolysis and cycliza-
of turnovers per monomer of enzyme. The value of the tion, and is 52 s! based upon cyclization alone. A more

E +cGDPR + GDPR

intezrcept is determined by the equatiph = Eoko%(k + direct and more accurate determinatiorkof- ks was made
kea)” Where k; is the burst rate and is ﬂ;e MONOMEr by monitoring the ratio of hydrolysis to cyclization in the
concentration. Using a value & of 392 s* and 20 s burst phase of rapid-quench experiments. Chemical quench-

for kea the inherent error is found to be no more than 10%. jng of the reaction decomposed all intermediates formed by
The intercept value obtained was 0.5 turnover per monomer. nicotinamide bond cleavage and gave a high ratio of
The CD38 homologud\plysia ADP-ribosyl cyclase has  hydrolysis to cyclization. The decrease in this ratio to the
been crystallized and its structure solved to 2.4 A resolution. steady-state value of 0.38(ks) provided a measurement
The structure reveals that two monomers are joined in aof the decay of the intermediate to products. The rate
dimeric interaction to form a deep tunnel created by facing constant for this process was found to be 118and was
clefts of the subunits28). The tunnel has been suggested assigned to beks + ks. Using 118 s! as the best
to be the active site of the enzyme with each subunit determination of this sum permits determination of bigh
organized along a 2-fold axis to create the complete catalytic= 85 st andks = 33 s'%.
site 28). High homology of ADP-ribosyl cyclases with A caveat on the determination of bdthandks + ks rests
CD38 suggests that CD38 exists as a dimer as well. Modeljn the assumption that nicotinamide dissociation from the
studies appear to confirm the reasonableness of this viewenzyme is fast, i.e., much faster than 118.s This
(28). The data reported here support this view of the assumption is supported by the observed rate for the
structure of the CD38 enzyme and by extension support theexchange process of 117'sand the equalitk..{exchange)
view that the activity of ADP-ribosyl cyclases is situated at — koks/(ks + ko). Pulse-chase analysis indicates tkats
a single active site composed from a dimer of subunits. |, based upon a high measured commitment to catalysis of
Derivation of Microscopic Rate Constants for the Mech- bound substrate. The determined exchange rate demands
anism of CD38: Ealuation of k-Off-Rate of ProductsThe thatk, be at least 1173 and thatks be substantially greater
steady-state and pre-steady-state rates permit numericathan 117 s'. This result indicates that nicotinamide product
determinations of the individual rate constants including the dissociation must be substantially faster than 1Z&scause
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Scheme 5 not perturb the spatial behavior of guanine in the active site.
k= 16%107 M sec’ ko= 392 sec! Althoughk; is large compared to the measured magnitude
N e N oD o e L+ nicoinamide of kobs forward commitment lessens the effect of dissociation
? on the measurement of the bimolecular association rate. In
s = 85.5 sec) kg=32.5 sec’! summary, there is good agreement of the experimental value
of k; with the value of 1.4x 10" M~* s™! determined by
ErcGDPR - E-GDPR calculation using the other rate constants.
\@0 e Reaction Profile The reaction coordinate profile for the
reaction of CD38 with NGD has been resolved, and rate
E+ cGDER + GDPR constants have been determined to create a complete set of

microscopic rate constant set for CD38 reactions. This
(Scheme 3). profile can be visualizeq as a reac_tion coordinatg diagram
Determination of k and k. The value ofk, could be (Scheme 6). The reaction mechanlsm and reaction coordi-
calculated by the relationshk, = Ki = (ks + ks + Ke)/ks. nate are supported by results using nong:ychzable subst.rates
Values forks andks + ks determined in the prior section NMN™* and 7-(_:ieaza-l_\lHD. The me_chanlsm of hy,dmly,s's
permit the calculation ok, Using the average value &, doe§ not require cycl_|zed |ntermed|a}tes. A s_tab|I|zed inter-
= K, = 7.6+ 0.6 mM obtained from inhibition studies and mediate consistent with the intermediate previously proposed

the exchange reaction, the valuekptould be calculated to (O Partition between cyclization and hydrolysE2¢-39) is
be 6.71x 10* M~ s'L. This value represents the rate responsible for all the observed chemistry. This intermediate

constant for recombination of nicotinamide to the enzyme (Eel", Scheme 6) is, a kinetically stabilized high'e,”ergy form
and reformation of substrate as shown in Schemidvas ~ ©f GDPR responsible for base-exchange, cyclization, and
determined from the exchange study fréga = koka/(ko + hydrolyyp reaction pat.hways. ngause these path\_/vays are
ko). kis determined to be 168% k, can also be estimated competitive, pertu_rbatlon of conditions ;uch as the increase
from the slope behavior of the inhibition to be 165.sThe ~ ©f the concentration of one nucleophile over others can
value ofk, predicts a forward commitment of bound substrate change the reactivity distribution of the intermediate to
of 70% of bound NGD. This value is within the experi-  Products.

mental error of the value determined by a pulse-chase The reaction coordinate includes two sequential chemical

ks includes nicotinamide dissociation from the enzyme

experiment. steps. The first stegkq) is a rapid low-barrier breakage of
Evaluation of k: The Substrate On-RateThe value of the N-riboside bond to form an enzyme-stabilized ribosyl
ki can be calculated directly from the value lgfs for the intermediate (B17), likely an oxocarbenium ion and nico-

decrease in emission in the stopped flow and from the ratetinamide. Nicotinamide dissociates fast prior to subsequent
of NGD" burst kinetics in rapid-quench experiments. Both chemistry. In the presence of high concentrations of base
experiments produce similar values for the magnitudi of ~ such as“C nicotinamide, the enzyme rebinds the base, and
at 1.6 x 10’ M~ s™%, which predicts &, of 1.3 uM in fair the reaction reverses to substrate (base-exchange reaction).
agreement with the experimental determinatiorkgf= 2 In the absence of a competing base, the reaction continues
+ 0.5uM. The value ofk; measured experimentally also forward to produce either cyclized or hydrolyzed product in
depends on the contribution kf andks to its determination. aratio of 1.0:0.38. Introduction of methanol gives 1-methoxy
The contribution ok in the stopped flow will be minimal  ribosides, confirming that the reactivity of the ribosyl

if the progress of the reaction forward does not alter electrophile is nonspecific. Some selectivity is observed
fluorescence behavior of the bound chromophore. This between water and methanol to suggest that the transition
assumption might be reasonable if the source of on-enzymestate for the reaction of the nucleophile has significant bond
quenching is due to the guanine chromophore next to aorder to the nucleophile, consistent with the reactivity of a
tryptophan residue where nicotinamide bond breakage needstabilized cation in the active site. The formation of enzyme-

Scheme 6
hydro
kcal/mol ,-r"'“'
o L 16x 107 '
T ML sec!
4 =4+
0

E + NGD*
-4 4

sL =, o\

E + GDPR

E*GDPR +
E+*cGDPR
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bound product K5 + k) is fast compared with product

dissociation ;). The steady-state rate of CD38 appears to
be limited by the nonchemical dissociation step of final

product.

The coordinate presented in Scheme 6 suggests that
forward commitment to catalysis would obscure isotope 19.

effects obtained from NGDtoward the cyclization reaction
because of the slow off-rat&f of bound NGD' relative to
the first chemical stepk§). Preliminary studies of NGD
cyclization studied by competition reaction of FHINGD™*

and [3-*C]NGD" confirm the absence of steady-state kinetic o1

isotope effects for formation of cyclized proddct.

The reaction mechanism presented offers an interpretation 22.

for the major chemical and kinetic steps of CD38. Efforts

to further characterize the active site intermediate and to
obtain KIEs for the chemical steps are in progress. Inhibitors
of this enzyme based on the chemistry presented here should™

provide further insight into the in vivo significance of the
enzyme function.
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