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ABSTRACT. Pertussis toxin fronBordatella pertussisatalyzes the ADP ribosylation of several G-proteins,
using NAD' as a substrate. In the absence of an acceptor protein, the toxin acts as @édhydrolase.
Pertussis toxin is one of the virulent factors for whooping cough and therefore a target for site-specific
inhibitors based on the transition state structure. A family of kinetic isotope effects was determined for
the hydrolysis reaction, using NADabeled with3H, 14C, and!®N as substrates. Primary isotope effects
were 1.021+ 0.001 for [IN-*CINADT and 1.021+ 0.004 for [-**N]JNAD*, and the double-primary

effect of [IN-19C,1n-1°NJNAD ™ was 1.049+ 0.004. Secondary kinetic isotope effects were 1.207

0.010 for the [Ix-°H]-, 1.144 4 0.005 for the [2y-3H]-, 0.989 4 0.001 for the [4-3H]-, and 1.0194

0.004 for the [5y-*H]NAD ™, respectively. Commitment to catalysis was excluded by isotope trapping
experiments, and the experimental kinetic isotope effects were independent of pH. The measured isotope
effects are therefore intrinsic. The isotope effects are remarkable because they indicate an oxocarbenium-
like ribose ring at the transition state but a stiffer than expected vibrational environment'fat @&

reaction center. On the basis of these isotope effects, a bond order vibrational analysis was performed to
locate a transition state structure consistent with the isotope effects. The kinetic isotope effects predict
a residual bond order to the nicotinamide leaving group of 0.11, corresponding to a distance of 2.14 A.
Participation of the water nucleophile is weak, consistent either withyrike transition state with no

water interaction or with the water oxygen no closer than 3.5 A from the reaction center. The positive
charge of the ribose oxocarbenium is stabilized by delocalization between thed@land C1-C2

bonds. The enzyme contacts restrict the vibrational environment of the reaction coordinate requiring
increased bonding force constants for the enzyme-stabilized transition state’ &t#elbgues with the
nicotinamide ribose replaced by an iminoribitol ring, mimicking the flattened ribose ring of the transition
state, are expected to be transition state inhibitors.

Pertussis toxin fronBordatella pertussivelongs to the prevents the normal coupling of the G-protein to its specific
group of bacterial ADP-ribosylating toxins which include receptor molecule and as a consequence interrupts the
cholera and diphtheria toxins (Domenighini et al., 1995; regulation of the related enzyme cascades. ADP ribosylation
Moss & Vaughan, 1988). These enzymes catalyze the of Gs, by cholera toxin causes uncontrolled stimulation of
transfer of ADP-ribose from NAD' ! to specific acceptor  the adenylate cyclase; ADP ribosylation of, ®y pertussis
proteins. Pertussis toxin and cholera toxin ADP-ribosylate toxin prevents the inhibition of adenylate cyclase. In the
the a-subunits of several G-proteins, and the substrate of absence of an acceptor protein, all of these toxins can act as
diphtheria toxin is the diphthamide of eukaryotic elongation NAD™ glycohydrolases (Katada et al., 1983), yielding ADP
factor EF2 (Van Ness et al., 1980). The target of ADP ribose as the product. However, NADhydrolysis by
ribosylation by pertussis toxin is a cysteine residue, four pertussis toxin is about 10 times slower than ADP ribosy-
amino acids from the C terminus of proteing G,, and G lation of the G-proteins (Locht et al., 1990), and there is no
(Katada & Ui, 1982; West et al., 1985). The cholera toxin known physiological function of this reaction.
substrate is arginine residue 201 of &4d G (Van Dop et Pertussis toxin is a hexameric protein with a molecular
al., 1984). These G-proteins are involved in the signal paq5 of 105 kDa and has, like the other bacterial ADP-
transduction between membrane-bound receptor proteins anghy oy jating toxins, an AB subunit structure (Tamura et
adenylate cyclase or other proteins regulating pathways iny "1982) “The catalytically active subunit is the 26.5 kDa
eukaryotic cells (Hepler & Gilman, 1992). ADP ribosylation protomer. The B protomer consists of five subunits and

is responsible for receptor recognition and passage of the A
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position in the NMN ribosyl portion of NAD. deaths every year, especially in undeveloped countries
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(Relman, 1995). Thus, there is a challenge to find new o
agents for the treatment of these diseases. The toxins are NHz Z NH,
possible targets for development of new site-specific inhibi- NN w9 % H hes S |

tors. Carbanicotinamide adenine dinucleotide, an analogue | N'CAG H-&O—F,’—O—Fl’—O\E,S’N NN

of NAD*, has been synthesized as an inhibitor of ADP- N ° c o 0\‘0 .
ribosyltransferases like the bacterial toxins (Slama & Sim- HQH Hyd gH HNQ'( \
mons, 1989), but tests with cholera toxin showed only weak HO  OH HO  OH Hwt

mhlpltl,on of the catalytic aCtIVItY', . Ficure 1: Structure of NAD indicating positions in the molecule
Mimics of the enzyme-stabilized transition states of which were labeled with isotopes for KIE experiments.

enzymatic reactions are efficient noncovalent inhibitors

(Wolfenden, 1972). An experimental approach to the design were varied from 5 to 156M. Pertussis toxin was incubated
of efficient transition state inhibitors of specific enzymatic for 30 min in the presence of DTT to activate the toxin. The
reactions is to establish details of the enzymatic transition reaction was started by adding the NABolution, and the
state and to use these data to synthesize transition statenixture was incubated at 37T. Samples of 2L were
analogues (Schramm et al., 1994). Transition state structuresaken at time intervals of 20 min, and the product and
for enzyme-catalyzed reactions are not available from substrate concentrations were determined by analytical HPLC
examination of stable complexes or by spectroscopic or (RP-18 column; 50 mM ammonium acetate at pH 5.0;
structural data. Only kinetic methods can be used to predictdetection at 260 nm).

the structure of enzyme-stabilized transition states. Primary ggpent Isotope EffectsSamples containing 3,8g/mL

and secondary kinetic isotope effects from specifically pertussis toxin, 100 mM potassium phosphate (pH 7.5), and
labeled substrates, followed by semiempirical calculations 56 mM DTT were lyophilized and dissolved in@ or DO,

and bond energybond order vibrational analysis (BEBO-  oqpactively. The samples were incubated to activate the
VIB; Sims et al., 1977; Horenstein & Schramm, 1993), have (,vin as described above, and&10* cpm [8-1“CINAD*
been used with some success. Structural data from they,q nlabeled NAD in H,O or D,O were added, yielding
enzyme are not required; however, the approach requires thaf, fina| concentration of 210M. Samples were taken at 30
the chemical step of catalysis be one of the rate-limiting steps yin intervals and were analyzed on 1 mL DEAE Sephadex
of the kinetic reaction or be made rate-determining by o5 columns, equilibrated with 20 mM ammonium bicar-

selecting appropriate experimental conditions. The transition pjnate at pH 8.0. NADwas eluted with 6 mL of 150 mM
state structures from othB¥ribohydrolases and transferases, ,mmonium bicarbonate (pH 8.0) and ABRbose with 4

inclluding AME nucleosidase, nucleoside hydrplase, and [ of 1.0 M ammonium bicarbonate. Fractions of 2 mL
purine nucleoside phosphorylase, and cholera toxin have been

: Lo , were collected and analyzed by scintillation counting.
determined from kinetic isotope effects using these methods _ . -
(Horenstein et al., 1991: Parkin et al., 1991; Mentch et al., __Commitment to CatalysisSamples of 1QuL containing

1987; Kline & Schramm, 1995; Rising & Schramm, 1997). 20#M activated pertussis toxin and>8 10" cpm [&-*C]-

On the basis of the experimentally determined transition state][\lAD+ and ;nlabelgd NAD yielk(]jingk:‘inal concentratignzs
structure, a series of efficient inhibitors has been synthesizedToM 30 t0 200uM in 50 mM phosphate (pH 7.5) and 20

for nucleoside hydrolase (Horenstein & Schramm, 1993; mM DT.T were incubated 'at 37C f(.)r. 15 s to form the
Boutellier et al., 1994). Michaelis complex. A solution containing 2. of 10 mM

NAD* was added, and the mixture was incubated to allow
five catalytic turnovers. The reaction was stopped by the
addition of 50uL of 1 M HCI. Controls for the rate of
formation of ADP-ribose used the same amount of enzyme
added directly to 200uL of 10 mM NAD™" solution,
containing 8x 1C° cpm [8-1“C]NAD™. The mixture was

. . . . in ted for th me tim riods. T ntitate enzymati
catalyzed by pertussis toxin A protomer provides a starting cubated for the same time periods. To quantitate enzymatic

model for the more complex reactions which include transfer activity during formation of the Michaelis complex, an
P - identical mixture was incubated and samples were retrieved

of hose data, the ransilon state sruclLre of ths engymatcl 20 S iMervals. The samples were analyzed on DEAE
’ y Sephadex columns as described above.

reaction was explored by kinetic isotope effects and normal

Chemical and enzymatic hydrolysis of NADhas been
investigated, and several distinct catalytic mechanisms of this
reaction have been proposed [for reviews, see Oppenheime
and Handlon (1992) and Oppenheimer (1994)]. In contrast
to the more complex kinetics in the case of the ADP
ribosylation reaction, this study of KIE for NADhydrolysis

mode analysis using the bond enerdpond order vibrational Measurement of Kinetic Isotope Effectslentical reaction

program BEBOVIB (Sims et al., 1977). mixtures containing labeled NADs were incubated for 20
40% NAD' hydrolysis and for 100% hydrolysis. The 100%

MATERIALS AND METHODS hydrolysis reaction used NADase fraxh crassainstead of

pertussis toxin. The commercial NADase was purified on

Materials. Pertussis toxin A protomer was purchased from Mono Q before use to eliminate phosphatase activity as
List Biological Laboratories. NADase frorieurospora previously described (Rising & Schramm, 1997). NAD
crassawas from Sigma.®H-, C-, and'*N-labeled NAD" samples containing 2@pm of each of the isotopes in the
samples were prepared by published methods (Rising & sensitive and in the remote position (see Table 1) were
Schramm, 1994). [8"“CINAD* was prepared in a one-  adjusted with unlabeled NADto give a final concentration
step procedure using nicotinamide mononucleotide and of 1004M in the reaction samples. The mixture was purified
[8-1“C]ATP (see Figure 1 for atomic numbering). on a Nucleosil RP-18 HPLC column (7:0 300 mm) with

Initial Rate Kinetics. Samples of 15QL contained 1.0  an eluant of 50 mM ammonium acetate at pH 5.0 and
ug of pertussis toxin A protomer in 100 mM potassium lyophilized. The NAD™ concentration was established by
phosphate (pH 7.5) and 20 MM DTT. NARRoncentrations  the ultraviolet absorbance spectrum.
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Table 1: Kinetic Isotope Effects of Pertussis Toxin-Catalyzed NAfydrolysis

substrates sensitive isotopic label KIE
[1'n-C]- and [4n-2HINAD * 1'-%C, primary* 1.0214 0.001 (4%
[1n-*N]- and [4n-3H]-NAD 1-15N, primary? 1.021+ 0.004 (5)
[1n-1°N,1'\-14C]- and [4n-*HINAD 1-*N, 1'-1“C, double-primar§y 1.049+ 0.004 (4)
[1'n-3H]- and [Bn-*“CINAD™ 1'-3H, a-secondary 1.21% 0.010 (3)
[1'n-H]- and [8-C]NAD* 1'-*H, a-secondary 1.19% 0.010 (1)
[2'n-2H]- and [Bn-*“CINAD™ 2'-%H, B-secondary 1.144 0.005 (4)
[4'n-3H]- and [Bn-*“CINAD™ 4'-*H, y-secondary 0.982 0.001 (3)
[4'N-2H]- and [8-**CINAD ™ 4'-*H, y-secondary 0.988-0.003 (1)
[5'n-2H]- and [Bn-*“CINAD™ 5'-3H, 0-secondary 1.019 0.004 (2)
[5'n-2H]- and [8-C]NAD+ 5'-3H, 0-secondary 1.012 0.003 (1)

aObserved isotope effects were corrected by the following formula: *IEobserved KIE)[4*H]KIE. ® The values in parentheses are the
number of replicate experiments, each with triplicate or quadruplicate analyses.

Samples for the 2040% hydrolysis reaction contained 2 Table 2: Substrate Trapping Experiments for Pertussis Toxin

ug of pertussis toxin A protomer in 50 mM potassium ADPR ADPR formed NAD*
phosphate (pH 7.5), 20 mM DTT, and 1% BSA in a 300 [8a-“CINAD* E—NAD* formed in control trapped
sample. The mixture was incubated for 30 min at room (um)? (uM)° (uM)° (um)“ (um)°
temperature to activate the toxin prior to addition of NAD 200 17.7 0.42 0.42 0
Reaction mixtures for the complete hydrolysis of NAD 120 16.3 0.25 0.23 0.02
30 9.3 0.10 0.09 0.01

contained 0.02 unit of NADase. The reactions were started

by the addition of NAD, and the samples were incubated  ®Total [8-“CINAD* present to form the pertussis toxiNAD™
for 4 h at 37°C. substrate complex. Pertussis toxin was present au/@0in all
. L experiments® Calculated from the apparent dissociation (Michaelis)
The product ADP-ribose and remaining NAD were constant of 24:M. This is the initial concentration of toxinlabeled
separated on Sephadex DEAE columns. Samples @160 NAD* complex.© Total amount of labeled ADPribose formed during
were applied to 1 mL columns. Unreacted NARas eluted tf}e 15s incu?agoln SGSZ%%T the Cate}'ﬁig;lirr_‘gVefsffO”OWéng addition
; ; ; of excess unlabele mount o ribose formed during
with 6 mL _Of 150 mM ammo’?'“m bicarbonate at pH _8'0’ the 15 s incubation period before addition of excess unlabeled NAD
and ADP-ribose was eluted with 5 mL of 0.8 M ammonium e The portion of the original ENAD*+ complex committed to catalysis.

bicarbonate. Fractions of 0.5 mL were collected.

The3H/14C_ratios of the 26:40% and _complete reactions C1'—04, CI—C2, CI'—H1', C2—H?2, and C1-O bond
were deterr_nlned by scintillation counting. The samples of orders (Rising & Schramm, 1997).
each experiment were counted for at least 10 cycles. The
resulting KIEs were calculated using methods described ResyLTS
previously (Parkin & Schramm, 1987) and incorporated into
a spreadsheet computational program. Initial Rate Kinetics. A Ky, value of 24uM and ak, of

Transition State Modeling. The experimental kinetic 0.38 m_lrf1 were obtained under the conditions of 100 mM
isotope effects were matched to a transition state structurePotassium phosphate and 20 mM DDT at pH 7.5 and@7
using the BEBOVIB program (Sims et al., 1977). Coordi- 'N€Kmis in the same range as reported earlier, butkthe
nates for the reactant state conformation of NARere taken ~ Value is smaller than that of 1.1 mihreported previously
from the crystal structure of NADbound to diphtheria toxin ~ (Antoine and Locht, 1994). The difference in buffer condi-
(Bell & Eisenberg, 1996; data from the Brookhaven National tions used here for the enzyme assays is likely to be the
Laboratory Protein Data Bank, 1TOX). The NMN portion Ccause of this difference.
of the molecule was structurally optimized by MOPAC PM3  Sobent Isotope EffectsA small inverse solvent isotope
calculations, freezing two dihedral angles in the ribose ring effect of 0.73+ 0.09 in terms of initial rates was found for
to maintain the 3endo conformation. Coordinates for an NAD™ hydrolysis in DO. Inverse solvent isotope effects
oxocarbenium ion transition state are based on the ribono-usually indicate the preequilibrium transfer of a deuteron to
lactone crystal structure (Kinoshita et al., 1981). The @ site which is involved in catalysis and which prefers
carbonyl oxygen was replaced by a hydrogen atom, and thedeuterium to protium. A similar result has been found for
structure was minimized using MOPAC including a positive NAD* hydrolysis catalyzed by cholera toxin (Rising &
charge in the molecule. The incoming water nucleophile Schramm, 1997).
was modeled as a single oxygen atom. Standard bond Commitment to Catalysisin substrate trapping experi-
lengths and stretching and angle bending force constants forments, the toxin was rapidly mixed and incubated witk-[8
the reactant molecule were taken from Cornell et al. (1995). **CINAD™ for 15 s, which resulted in a small fraction of a
Bond force constants at the transition states of enzyme-single turnover. The labeled NADnN the reaction mixture
catalyzed reactions are unknown parameters. However, thosevas then diluted 200610000-fold with unlabeled NAD
for bonds more than one bond away from the reaction centersolution, and a total of five additional turnovers was allowed.
were assigned values as above. Those in bonds adjacent téormation of labeled ADPribose following addition of
the reaction center were treated as variables since it isunlabeled NAD was no greater than in control experiments
conceivable that the crowded environment of an enzymatic with labeled NAD™ chemically quenched at the same time
catalytic site at the transition state will have a significant (Table 2). In control experiments, the rate of product
effect on stretching or angle bending force constants. Theformation extrapolates in a linear fashion from time zero
bond lengths, angles, and bond orders were adjusted to fitthrough 80 s (Figure 2). This result establishes that a
the experimental KIEs by systematic variation of €1, catalytically competent complex was formed prior to 15 s,
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Table 3: Kinetic Isotope Effects for [-3H]NAD * Hydrolysis by
Pertussis Toxin as a Function of pH

ADP-Ribose [uM]
T

—o— Control

Isotope Trapping

pH KIE2 Kea, (Min™1)
6.5 1.220+ 0.012 0.174 0.02
7.0 1.202+ 0.008 0.2%4+ 0.02
7.5 1.207+ 0.010 0.38+ 0.04
8.0 1.216+ 0.011 0.36+ 0.04
8.5 1.203+ 0.015 0.47+ 0.02
9.0 1.215+ 0.009 0.39+ 0.06

0.5 - 4

| 1 1

n n L 1 n n L n L
0 20 40 60 80 100
Time [s]

Ficure 2: Formation of ADP-ribose under pulse experiment
conditions [2QuM pertussis toxin and 200M [8,-1“CINAD™* (open
symbols)]. The amount of ADPribose formed in the trapping
experiment is also shown (solid symbol). A 0.1 commitment factor
would increase the labeled ADPibose formed to a value of 1.6
indicated by the location of the solid symbol labeled Isotope
Trapping.

0

when the isotopic dilution occurred in the trapping experi-
ment. The results establish that hydrolysis of thé-N1
bond from the enzymeNAD* complex is slow compared
to the dissociation of the NAD-toxin complex. A signifi-
cant forward commitment to catalysis can be excluded from
this result. The results of the pulsehase trapping experi-
ments are summarized in Table 2.

Kinetic Isotope EffectsPrimary and secondary KIEs were
measured from the NMN moiety labeled a&f1‘Cl-, [1n-
5N,5'\-HCl-, [In-1°N,1'-14C]-, [1'n-3H]-, [2'n-2H]-, [4'8-3H]-

, and [By-*H]NAD*. Remote labels were [%14C]- or [8a-
YCINAD* for the measurement ofH KIEs and [4y-
SH]NAD * for 4C KIEs. The data are summarized in Table
1. The structure of NAD indicating the labeled positions
is shown in Figure 1.

[5'\-CINAD™ was initially used as a remote label for
measuringH isotope effects. However, the'[B°H]JNAD *
shows a KIE of 1.019, similar to that reported for cases of
other N-ribohydrolases (Horenstein et al., 1991; Kline &
Schramm, 1993; Rising & Schramm, 1997). This KIE has
been interpreted as distortion of thegeometry of ribose

aKIEs were measured with a mixture of {#3*H[NAD* and [&-
HCINAD™ as indicated in Materials and Methods.

KIE of 1.0494 0.005 from [§-'°N,1'y-1*C]NAD™ is within
experimental limits of the calculated value from the product
of the primary KIEs which is 1.04% 0.009.

Secondary KIEs are 1.20% 0.010 in the case of [§-
SHINAD ™ and 1.1444+ 0.005 for [2y-*H]JNAD ™. A large
a-secondary KIE is expected if there is increased freedom
for the out-of-plane bending motion of thédroton. This
motion requires a relatively dissociated transition state and
sy hybridization at the 'tcarbon. Large-secondary isotope
effects are the result of hyperconjugation between the 1
and 2-carbons, caused by delocalization of the positive
charge in the ribose ring. This indicates that the structure
of the transition state is oxocarbenium-like.

The [4n-H]JNAD™ data show a small inverse isotope
effect (0.989+ 0.001). The [5-°H]NAD™* value is 1.019
+ 0.002. These isotope effects three and four bonds away
from the reaction center and are likely to be due to distortion
of the ring system by the enzyme. Similar KIEs in these
positions were also observed in the cases of otNer
ribohydrolases but are not observed in solution solvolysis
reactions (Horenstein et al., 1991; Kline & Schramm, 1993;
Rising & Schramm, 1997).

The [LN-*H]NAD* KIE was measured in the pH range
of 6.5-9.0 (Table 3). The results were a constant KIE of
1.21, within the error range. This result is also consistent
with the rate-limiting step beinfyl-ribosidic bond cleavage
which is independent of pH and remains rate-limiting over
this pH range.

Transition State Model. Structure of the Reactamhe
reactant structure of NADis based on the geometry of the

during enzymatic catalysis; however, a part of the effect may molecule bound to diphtheria toxin (Bell & Eisenberg, 1996).

also result from thé“C label at the 5carbon. In order to
determine the kinetic isotope effect at thg-5'C position,
[8a-1*CINAD™ was used as a remote label in separate
experiments. The results (Table 1) are the same #@hat
the & and the & positions. Therefore, a significant remote
14C KIE at the 3-carbon in the NMN moiety does not occur.
An advantage of using J8“C]NAD™ as the remote label is
the one-step synthesis from NMN and,{8CJATP com-
pared to the multistep procedure for synthesizing-[5CJ-
NADT from labeled glucose or ribose (Rising & Schramm,
1994).

Primary isotope effects were 1.0210.001 for [Iy-14C]-
NAD™ and 1.021+ 0.004 for [3-**N]JNAD *. Both values
are relatively small. The KIE from [£*>N]NAD * indicates

The NMN portion of the molecule was then optimized by
MOPAC calculations. The starting point for the transition
state structure used an oxocarbenium-like structure of the
ribose, based on the structure of ribonolactone (Kinoshita et
al., 1981), to obtain a geometry for ribose witt Bgbridiza-

tion at the anomeric'dcarbon. A truncated structure of the
nicotinamide leaving group, representing atoms C2, H2, C3,
C5, C6, and H6, was analyzed at & @hgle to the plane of
the O4—C1—C2 bond. Using a truncated structure reduces
the number of parameters in the BEBOVIB calculations and
does not influence the bonds at the reaction center, provided
that all atoms two bonds from the reaction center are included
(Sims & Lewis, 1984). The incoming water nucleophile was
included as a single O atom, at a°%ngle to the plane of

that there is substantial bond order remaining to the leaving the reaction center.

group in the transition state. A maximuftN KIE of 1.04

Bond Order Approach to the Transition State Structure

could be expected in the case of total dissociation of the The transition state structure corresponding to the experi-

nicotinamide leaving group with loss of a full bond order to
the nitrogen. The'§-1C KIE of 1.021 shows that there is

little or no interaction between the incoming water nucleo-
phile and the tcarbon. The experimental double-primary

mental kinetic isotope effects was first approximated by
altering the bond order to the incoming nucleophile (Figure
3). The total bond order at Ciwas held constant by
delocalizing the remaining bond order between thé-C1
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Ficure 3: Calculated §-'°N (top), In-14C (middle), and &-3H
(bottom) kinetic isotope effects for NADhydrolysis as a function

of bond order between Cand N1 of the nicotinamide ring at the
transition state. The KIEs were calculated for different constant
bond orders (CtO) to the incoming water nucleophile in a

0.5

Scheuring and Schramm

Table 4: Bond Order and Bond Length for NAOReactant State
and Transition State Structures for NADBlydrolysis by Pertussis
Toxin A Protomer

reactant state 22 Sy1b

bond bondorder A bondorder A bondorder A
CI'—N1 0.84 1.53 0.11 2.14 0.11 2.14
C1-04 1.01 1.41 1.62 1.25 1.59 1.27
Cclr-Ccz 0.86 1.57 0.92 1.55 0.92 1.55
C1—H1 0.90 1.12 0.94 1.11 0.94 1.11
C2—-H2 0.92 1.11 0.86 1.13 0.86 1.14
C1'—Nu 0 0 0.001 3.50 0 0

aThe S2 transition state involves partial bonding to the attacking
water nucleophile (the CxNu bond of Figure 4) in addition to partial
bonding to the leaving group (GN1, Figure 4).° The Si1 transition
state assumes no bonding to the water nucleophile at the transition state
(CT'—Nu bond order= 0).

water nucleophile had a weak bond order of 0.001 with a
distance of 3.5 A. The best match of transition state structure
to the kinetic isotope effects gave a total bond order at the
1'-carbon of 3.62 in the substrate and 3.87 in the transition
state when the same bonding force constants were used in
the reactant NMN and for the transition state. However,
an equally good match was obtained between the experi-
mental kinetic isotope effects and the transition state when
the total bond order at Cbf the reaction center was equal
to that of the reactant and either the stretching or angle
bending force constants for G104 and C1-C2 were
increased by 1815% from that of the reactant. The ribose
ring has substantial oxocarbenium-like character despite the
residual 0.11 bond order to the departing nicotinamide.
About 7% of the additional bond order in the ribose ring is
delocalized in the C+C2 bond, to account for the HKIE.

The positive charge is delocalized over the orbitals of, 04
C1, and C2, resulting in nearly a full double bond between
Cl and 04, and substantial hyperconjugation to 'C2
Structures of the truncated substrate and transition state NMN
molecules are shown in Figure 4. Transition state structures
with a higher bond order to the incipient water nucleophile
required large increases of total bond order at theatbon,
resulting in chemically unreasonable structures. Thus, the

concerted mechanism. The solid circle on each graph is the Kinetic isotope effects can best be explained by the oxocar-

experimental KIE with the associated error of the measurement.

The best fit of all three kinetic isotope effects to the transition state
structure occurs at CxN1 and C1-0O bond orders of 0.11 and
0.001, respectively.

04 and C1-C2 bonds. The increased CiC2 bond order
was adjusted by a simultaneous decrease in the-@2

bond order. To match they®°N KIE, the total bond order
at CI was delocalized into the surrounding bonds. the

and 5-secondary isotope effects were matched to the ap-
propriate bond orders by adjusting the fraction of the excess

bond orders in the C+C2 and C1-04 bonds and by
adjusting the bond order of the GIH1' bond. The new

parameter set of Cornell et al. (1995) for standard bond
lengths and stretching and angle bending force constants wa
used in the modeling. These values give more detailed
information for the specific bonds than the average values

used by Sims and Lewis (1984).
These calculations provided a framework for the relation-

benium ion transition state with a 0.11 residual bond order
to the leaving group and some increase in the bonding force
constants at the transition state.

Participation of the Water NucleophileThe KIEs were
also analyzed for a unimolecular reaction mechanism, in
which patrticipation of the nucleophile was omitted (Figure
4). The reaction coordinate of the BEBOVIB file used in
these calculations contained only the weak angle bend
interaction force constants for the angles of the N1 atom to
the ribose ring, with complete loss of the stretching modes.
Fitting of the isotope effects to this reaction coordinate
resulted in nearly the same transition state structure as
determined for the expanded transition state structure (Figures
4 and 5). The incoming water molecule was located at 3.48

A for the concerned mechanism, indicating a weak or no

bonding interaction to bD at the transition state.

2The model was also calculated using the force constants and
standard bond lengths from Sims and Lewis (1984). The resulting

ships between bond orders and kinetic isotope effects. Thetransition state structure had a somewhat higher bond order of 0.21

experimental kinetic isotope effects were matched to
transition state with a bond order to the leaving group of
0.11, corresponding to 2.14 A (Table %4)The incoming

a (1.96 A). Parameters obtained for the ribose ring were nearly the same.

However, a difference of 0.2 A in the distance to the leaving group is
beyond the experimental error in kinetic isotope effects. Thus, the more
complete parameter set of Cornell et al. (1995) was used.
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Ficure 4: Reactant and transition state structures for pertussis toxin
NAD™ hydrolysis. Reactant structure of the NMN portion of NAD
used in BEBOVIB calculations (upper). Only atoms used in the
BEBOVIB file are shown. The structure is based on the NAD
conformation bound to diphtheria toxin (Bell & Eisenberg, 1996).
Bond orders and bond lengths are indicated in Table 4. Transition
state structure of any@-like mechanism of NAD hydrolysis by
pertussis toxin (middle). The incoming water nucleophile (Nu) was
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FiGURE 5. Calculated §-1°N (top) and 1y-14C (bottom) kinetic
isotope effects for a unimolecular mechanism. The analysis was as
described in the legend to Figure 3.
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The bond order to the leaving group in the unimolecular
mechanism is 0.11, the same as in the concerted mechanism.
Bond orders in the ribose ring were also similar (Table 4).
The total bond order at the-tarbon increased from 3.62
for reactant NAD to 3.82 in the transition state with fixed
force constants for reactant and transition states. As indicated
above, small increases of #05% in the force constants
adjacent to the reaction center conserved bond order to the
reaction center at the transition state. These values are close
to those determined in the presence of the water nucleophile.

To determine the transition state structure which gives
agreement with the kinetic isotope effects at the¥ and
5'v-°H positions, the 04-C4 —C5 angle was increased to
128. Calculated and experimental kinetic isotope effects
were in agreement using this distortion of the bond geometry.

DISCUSSION

The transition state structure derived from kinetic isotope
effects of NAD" hydrolysis catalyzed by pertussis toxin has

calculated as a single oxygen atom. The reaction center in the ribosepxocarbenium ion character in the ribose with significant

ring is nearly planar, indicating oxocarbenium ion character. The
ribose pucker is '3exo. Transition state structure of aplSlike
mechanism (lower). The extent of CIN1 dissociation and
structure of the ribose ring at the transition state are nearly the
same as that found for the concerned mechanism (Figure 5).

bond order remaining to the nicotinamide ring. There is at
most a weak interaction to the incoming water nucleophile.
Interpretation of the kinetic isotope effects with and without
the incipient water resulted in transition state structures with
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only minor differences. Thus, the results indicate a relatively tively large [2n-3H]NAD * kinetic isotope effect (indicating
early transition state on a dissociative reaction coordinate. a loose oxocarbenium-like vibrational environment fou-1
Enzymatic influence on the structure of the transition state *H) indicates that enzymatic contacts with the transition state
is evident from the magnitude of the isotope effects at the stabilize or “stiffen” the bonds to Civhile permitting free
reaction center and in remote positions. 1'N-3H vibrations. This situation is expressed in normal mode
Intrinsic Nature of the Kinetic Isotope Effectinetic analysis either by increasing total bond order td &tlithe
isotope effects determined for NAThydrolysis by pertussis  transition state or by increasing the stretching and/or angle
toxin are intrinsic. This was demonstrated by the lack of bending force constants to this atom at the transition state.
forward commitment to catalysis in the NADisotope Vacuum ab initio calculations for the Ctegion of this
trapping experiment. The reaction rate wittkg of only transition state predict a slightly decreased total bond order
0.38 mint is slow compared to either the formation or to CI at the transition state. The results therefore suggest
dissociation of the NAD—toxin complex. The large- and that contacts with the catalytic site increase the force
B-secondary isotope effects of 1.211 and 1.144 are near thoseonstants by 1815% in the transition state relative to the
expected for intrinsic KIEs ilN-ribosyl bond hydrolysis by ~ reactant. Force constant parameters are unavailable for
an oxocarbenium ion transition state. These kinetic isotope transition states, but calculating ab initio force constants for
effects are similar to those found for the nonenzymatic an s C=0 bond results in a higher force constant than
hydrolysis of NAD" (Rising & Schramm, 1997). The predicted by the linear extrapolation as a function of bond
double-primary kinetic isotope effect is within the experi- order which is applied for partial bonds formed at the
mental error of the product of the single-primary KIEs. transition state in BEBOVIB calculations (Sims & Lewis,
Finally, the independence of the kinetic isotope effect as pH 1984). For these reasons, the total bond order toviak
is varied to change the catalytic rate by 2.3-fold indicates maintained near 3.6 in the transition state (equal to that for
that catalysis remains the highest barrier on the reactionreactant) and the match between KIE and transition state
coordinate at all of the pH values. structure was obtained by increasing thé-624' and C1—
Sobent D,O Kinetic Isotope Effect There is a small  CZ2 force constants from 4.4 and 4.3 in the reactant to 5.1
inverse solvent deuterium isotope effect of 0.73. Inverse and 5.0 in the transition state, respectively (Table 4).
solvent isotope effects often indicate a preequilibrium  Participation of HO at the Transition State Including
protonation of a group involved in catalysis which prefers weak participation of the attacking water nucleophile in the
deuterium to hydrogen. It has been proposed that His 35 istransition state structure resulted in only minor differences
the enzymatic base involved in activating the nucleophile in the bond orders in the ribose ring (Table 4). Bond orders
molecule (Antoine & Locht, 1994). Deprotonation of the of greater than 0.005 to the oxygen atom efHaused an
water molecule prior to formation of the transition state could increase in the predicted\t*“C and a decrease in théd
give rise to the observed solvent deuterium isotope effect *H isotope effects in the normal mode analysis beyond the
because of the proton fractionation factor for the hydroxide error limits of the experimental measurements (Table 1). The
ion (Quinn & Sutton, 1991). However, formation of a nearest agreement of isotope effects with transition state
hydroxide ion prior to transition state formation would likely structure was obtained at a-0.002 bond order to water.
increase nucleophilic substitution beyond that observed. A The water nucleophile is therefore insignificant in contribut-
proton transfer as the rate-limiting step would result in a ing bond order to the transition state.
large, normal solvent kinetic isotope effect and can be ruled Oxocarbenium lon Character of the Transition Stafthe
out. These considerations indicate that only the cleavagea- and -secondary KIEs of 1.21 and 1.14, respectively,
of the C1—N1 bond is rate-limiting in catalysis, but the establish the oxocarbenium ion-like character of the ribose
source of the small inverse solvent isotope effect remainsring. Expression of am-secondaryH KIE of more than
uncertain. 20% requires a dissociated transition state and a high degree
Bond Order to the Nicotinamide Lemg Group The of sp? hybridization at the anomeric’carbon atom.
primary N kinetic isotope effect has a relatively small value Formation of nearly a full double bond between the &@id
of 1.021. A maximum KIE approaching 1.04 can be the O4 and additional hyperconjugation to G2abilizes the
expected for [4-**N]NAD™ in the case of a totally dissoci- positive charge on the ribose ring by delocalization. About
ated leaving group. Then2*®N KIE is a function of the 7% of the additional bond order from the loss of the IC
bond order in the N3C1 bond and the bond distribution  bond is delocalized into the C1C2 bond; the remaining
in the neutral nicotinamide leaving group (Figure 3). Itis 93% resides in the C+04 bond. The relatively large H2
not sensitive to the delocalization of bond order in the ribose kinetic isotope effect requires this conjugation structure. The
ring. increase of bond order in the CAC2 bond causes a decrease
Bond Order at C1, the Reaction Coordinate Centefrhe of bond order in the C2-H2' bond, which is one source of
transition state structure for NADwith a CI—N1 bond the 2y-°H KIE. The conformation of the ribose ring also
order of 0.110 corresponds to a 2.14 A bond to the leaving plays a role in the expression of this isotope effect. The
group. This represents an early transition state for NAD 3'-exo conformation of the ribose ring at the transition state
hydrolysis, since pH-independent solvolysis gives a signifi- results in a H2-C2 —C1' —NL1 dihedral angle nearpwhich
cantly more developed oxocarbenium transition state aspermits orbital overlap, hyperconjugation, and the large KIE
indicated by a [ly-*H]NAD * KIE of 1.24 and a bond order at H2. The dihedral angle in the optimized transition state
of less than 0.05 for this bond (Rising & Schramm, 1997). is 3°, near the optimal eclipsed position. Hyperconjugation
The Ix-*“C KIE is influenced by the bond order to the to the developing empty p orbital on thé-darbon atom
nucleophile and to the leaving group and is sensitive to the occurs with this geometry. It is possible that inductive effects
delocalization of the bond order in the ribose ring. The by interaction with the toxin could stabilize the developing
relatively small [1y-1*C]NAD* KIE of 1.021 (indicating a oxocarbenium ion and influence the bond order of the-C2
restricted vibrational environment) combined with the rela- H2' bond (Johnson et al., 1988); however, this interaction is
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not required to explain the experimental KIE or the deduced catalyzes the ADP ribosylation of a synthetic peptide by
transition state structure. inversion of configuration at the'-tarbon (Scheuring &
Remote Kinetic Isotope EffectsThe secondary kinetic ~ Schramm, 1995), in agreement with a concerted mechanism.
isotope effects in the remotéd®H and By-3H positions are The substrate kinetic isotope effects demonstrate that the
not a direct consequence of cleaving theCbond. The interaction to the incoming nucleophile in the case of NAD
bond perturbation for kinetic isotope effect measurements hydrolysis is negligible, at least 3.5 A between the ribose
rarely extends more than two bonds beyond the site of bond1'-carbon and the water molecule. However, at the transition
breaking (Sims & Lewis, 1984). However, remote isotope state, bond order of approximately 0.11 remains to the
effects are characteristic of sevekatibohydrolases but are  leaving group. The transition state structure is characteristic
not observed in the nonenzymatic hydrolysis reactions of an S1 reaction coordinate for NADhydrolysis, where
(Horenstein & Schramm, 1993; Rising & Schramm, 1997). the transition state is achieved early, with partial bond order
Explanation for this behavior is the enzyme-induced distor- remaining to the leaving group, before significant nucleo-
tion of the ribose during transition state formation on the philic attack occurs.
enzyme. Implications for the ADP Ribosylation Reaction of Per-
Relation of the Pertussis Transition State to Other NA- tussis Toxin NAD™ hydrolysis by pertussis toxin is only
Dases and Proposed Mechanism3he transition state  observed in vitro. Water molecules are likely to be present
structure for the hydrolysis of NADby pertussis toxin is  in the unoccupied binding site for the acceptor G-protein.
similar to that obtained for cholera toxin (Rising & Schramm, In the presence of an acceptor for ADP ribosylation, this
1997). However, the bond order to the leaving group site is occupied with the specific cysteine residue located
nicotinamide is lower in the case of the cholera tokifthus, near the ribose of NAD. Pertussis toxin does not catalyze
both toxins stabilize oxocarbenium ion character at the the ADP ribosylation of small thiol molecules like dithio-
transition state, but pertussis toxin reaches the transition statehreitol or free cysteine (McDonald et al., 1992). There is
earlier in the reaction coordinate. also no evidence for methanolysis catalyzed by the toxin.
Previous investigations of the enzymatic and solution Only peptides of at least 10 amino acids, corresponding to
hydrolysis of NAD" have been recently summarized (Op- the C terminus of one of the G-proteins, are suitable
penheimer, 1994). A pH-independent mechanism occurssubstrates (Graf et al., 1992). This implies that the interac-
below pH 7 and the pH-dependent mechanism above pH 7tions which bind the ADPribose acceptor to the toxin
led to the proposal for a diol anion, stabilized transition state involve residues in addition to the cysteine. Successful ADP
for alkaline hydrolysis (Johnson et al., 1988). Several ribosylation occurs only if the acceptor is poised at the correct
different mechanisms have been reported for enzyme- position when the active center generates the ADBosyl
catalyzed NAD hydrolysis. A covalent enzymeADP— oxocarbenium ion from NAD. Direct access of bulk solvent
ribosyl intermediate has been demonstrated in the case ofmolecules to the reaction center can be excluded on the lack
calf spleen NAD glycohydrolase (Tarnus et al., 1989). The of reactivity with methanol. Compared to ADP ribosylation,
stereochemistry of this enzyme exhibits retention of config- hydrolysis is a relatively slow reaction withl@,: between
uration at the %carbon atom and solvolytic addition from 0.38 min? (this study) and 1.1 mirt (Antoine & Locht,
nucleophilic solvents. The ADP-ribosylating bacterial toxins, 1994). Ak Vvalue of 10 min? for ADP ribosylation of the
including pertussis toxin (Scheuring & Schramm, 1995), G-protein transducin (g has been reported (Cortina et al.,
catalyze inversion of configuration, implying different mech- 1991). In the hydrolysis reaction, a water molecule bound
anisms. However, in all of these cases, oxocarbenium-like in the acceptor binding site and activated, possibly by His
transition states which lead either to products or to covalent 35, attacks the oxocarbenium ion developed at the transition
intermediates have been proposed. state in the catalytic site. Methanol is apparently inefficient
Recently, Locht and Antoine (1995) proposed a mecha- at binding to this site.
nism for NAD" hydrolysis and ADP ribosylation catalyzed The transition state of NAD hydrolysis catalyzed by
by pertussis toxin. On the basis of site-specific mutations pertussis toxin is similar to those of other enzymatic
and X-ray structural data, they proposed a2 S echanism N-ribohydrolase reactions. An oxocarbenium-like transition
for both reactions. Glutamate 129 is conserved in all known state is characteristic of all of these enzymes, but with
ADP-ribosylating toxins and is proposed to play a key role different degrees of €N bond order and water participation
in the catalysis by the toxin (Antoine et al., 1993). The at the transition state. Compounds like phenyliminoribitol
crystal structure of NAD bound to diphtheria toxin (Bell  and phenylriboamidrazone and derivatives have been syn-
& Eisenberg, 1996) showed that the equivalent residue, Gluthesized as transition state analogues for these reactions, on
123, is in proximity to the reaction center with possible the basis of their similarity in geometry and electrostatic
contacts to the'3-OH, the 1y-carbon, and the nicotinamide potential surface, and were found to be potent inhibitors, with
ring, all of which are at a distance of about 4 A. The K; values as low as 2 nM (Horenstein & Schramm, 1993;
mechanism proposes glutamate deprotonating theO® Boutellier et al., 1994; Parkin & Schramm, 1995). Using
group followed by formation of a diol anion and attack of some features of these compounds may be a productive
the water nucleophile. His 35 has been proposed to play astarting point for development of inhibitors against pertussis
role in the activation of the water or cysteine nucleophile. toxin. However, preliminary studies of these nucleoside
The kinetic isotope effects reported here are inconsistentanalogues with pertussis toxin showed no inhibition. The
with an $2 mechanism or '20H ionization for pertussis  crystal structure of NAD bound to diphtheria toxin (Bell
toxin. Alkaline solvolysis of NAD is thought to involve & Eisenberg, 1996) shows multiple interactions between the
ribose hydroxyl ionization and gives a solvent isotope effect toxin and the AMP moiety of the molecule. Assuming a
of 2.7 (Johnson et al., 1988; Oppenheimer, 1994). The similar binding mode to pertussis toxin, a pyrophosphate
inverse value of 0.73 with pertussis toxin argues against diester link to an AMP moiety from these inhibitors may be
proton transfers at the transition state. Pertussis toxina successful way to develop potent inhibitors.
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