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ABSTRACT: Pertussis toxin ADP-ribosylates a specific Cys side chain in theR-subunit of several G-proteins.
Recombinant GiR1-subunits were rapidly ADP-ribosylated in the absence ofâγ-subunits, with aKm of
800µM and akcat of 40 min-1. Addition ofâγ-subunits decreasesKm to 0.3µM with little change ofkcat.
Kinetic isotope effects established the transition-state structure for ADP-ribosylation of GiR1 subunits.
The transition state is dissociative, with a 2.1 Å bond to the nicotinamide leaving group and a bond of 2.5
Å to the sulfur nucleophile. The nucleophilic participation of GiR1 at the transition state is greater than
that for water in the hydrolysis of NAD+ by pertussis toxin. Crystal structures for GiR1 show the Cys
nucleophile in a disordered segment or inaccessible for attack on NAD+. Therefore, transition-state
formation requires an altered GiR1 conformation to expose and ionize Cys. The transition state has been
docked into the crystal structure of pertussis toxin in a geometry required for transition state formation.

The biological action of the class of bacterial exotoxins
which includes pertussis and cholera toxins is to ADP-
ribosylate1 several G-proteins including Gi, GO, GS, and
transducin (1, 2). These GTP-binding proteins are trimers,
consisting ofR, â, andγ-subunits and are involved in the
signal-transduction between membrane-bound receptors and
the first enzyme in the related cascade, e.g., adenylate cyclase
or phospholipases (3, 4). The mechanism by which G-
proteins regulate signal transduction involves dissociation
of the Râγ complex from the receptor following receptor
activation, binding of a GTP-molecule to theR-subunit and
dissociation of the trimer to form theR-subunit and aâγ-
dimer. The dissociated state is the active state for the
regulatory function. Reassociation of the trimer occurs after
hydrolysis of GTP by the GTPase activity of theR-subunits,
followed by rebinding to the membrane receptor.

Pertussis toxin fromBordetella pertussisADP-ribosylates
a cysteine side chain four amino acids from the C-terminus
of theR-subunits of Gi, GO, and GT and prevents the binding
of the G-protein trimer to its receptor (5, 6). Failure of the
G-protein complex to interact at the membrane receptor site
interrupts the regulation of cell functions by the related
cascade (7, 8). Efficient ADP-ribosylation by pertussis toxin
requires the completeRâγ trimer, and at least catalytic
amounts of theâγ-subunits are necessary for significant
catalysis in vitro (9). IsolatedR-subunits are reported to be
poor substrates for ADP-ribosylation by pertussis toxin.

Pertussis toxin does not catalyze the ADP-ribosylation of
low molecular weight thiols as model acceptors, as has been
shown for cholera toxin with guanidinium compounds (10,
11). The peptideRi3C20, which corresponds to the 20
C-terminal amino acids of GiR3, is a minimal substrate
acceptor and has been used in kinetic and mechanistic studies
(12-14). However, the peptide represents only a small
portion of the biological acceptor, corresponding to 20 of
the 354 amino acids of theR-subunit. Formation of the
complex between pertussis toxin, NAD+ and GiR1 is of
interest in characterizing the ADP-ribosylation of a G-protein.
The crystal structures of both GiR1 (15) and pertussis toxin
(16) have been solved. The structures permit interpretation
of the transition state chemistry in the context of known
protein structures.
The ADP-ribosylation catalyzed by bacterial exotoxins is

a major factor in the cytotoxicity of bacterial infections since
loss of G-protein function often causes cell death. The
development of transition-state analogues as inhibitors against
the toxins has the potential to result in new agents for therapy
against these infections. Transition-state structures can be
deduced from the analysis of kinetic isotope effects of
substrates specifically labeled around the reaction center,
provided that chemical bond breaking occurs in a step which
gives intrinsic or readily interpreted isotope effects (17). This
method has been successful for several N-ribohydrolases
(18-21), including cholera (22) and diphtheria (23) toxins,
which hydrolyze NAD+ into ADP-ribose and nicotinamide
in the absence of acceptors. A family of powerful transition-
state inhibitors has been synthesized for one nucleoside
N-ribohydrolase on the basis of transition-state structural
studies (24-27).
Transition-state studies on pertussis toxin have been

performed for both NAD+ hydrolysis and for ADP-ribosy-
lation of the model acceptorRi3C20 (28, 29). ADP-
ribosylation ofRi3C20 was the most complex transition-state
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structure solved by kinetic isotope effect methods. In the
work reported here, the goal was to extend these studies to
an even more complicated system, the ADP-ribosylation of
the native GiR1 subunits expressed in the soluble form (30).
Systematic isotope effect studies have not been reported on
a system as complex as the ADP-ribosylation of GiR1

subunits. It is usually assumed that the enzymatic covalent
modification of large substrates is limited by conformational
changes which obscure kinetic isotope effects arising from
the chemical step. The results reported here are remarkable
in that nearly full expression of intrinsic isotope effects are
observed in this complex system, permitting complete
interpretation of the atomic details of transition-state struc-
ture. This study describes the steady-state kinetics, substrate
commitment factor, kinetic isotope effects, and the transition-
state structure for the ADP-ribosylation of recombinant
R-subunits of the G-protein GiR1 catalyzed by pertussis toxin.

MATERIALS AND METHODS

Materials. Pertussis toxin A protomer was from List
Biological Laboratories (Campbell, CA). The molecular
weight of the A protomer as encoded byBordetella pertussis
is 26 220 (31). 3H-, 14C-, and15N-labeled NAD+ samples
(Figure 1) were prepared by enzymatic synthesis using
published methods (32). [8A-14C]NAD+ was prepared in a
one-step procedure using nicotinamide mononucleotide
instead of nicotinate mononucleotide. TheEscherichia coli
strain BL21(DE3) harboring the His-6 tagged gene of GiR1

was a generous gift from Dr. A. Gilman, Southwestern
Medical Center, University of Texas. The molecular mass
of expressed GiR1 is 41.5 kDa. Cells were grown in a double
LB-medium as described by Lee et al. (30). The GiR1
subunits were purified on a Qiagen Ni-NTA-column (30),
and concentrated to 80 mg/mL by ultrafiltration on Amicon
YM-30 membranes or Centriprep 30 tubes. Protein con-
centration was determined with the Bio-Rad protein assay.
G-proteinâ- andγ-subunits were purified from bovine brain
by published methods (9, 33).

ADP-Ribosylation Assay.Reaction mixtures of 100µL
contained 0.2µg of pertussis toxin and variable concentra-
tions of GiR1 subunits in 100 mM Tris/HCl, pH 8.0, 20 mM
DTT, and 1 mM EDTA. The mixture was incubated for 30
min to activate the toxin. The reaction was started by adding
NAD+ to 200µM (or as indicated in the figures) and 25 000
cpm of [8A-14C]NAD+, followed by incubation at 30°C.
Samples of 20µL were taken at time) 0 and at appropriate
time intervals, usually 20 min. The samples were added to
40 µL of a solution containing 1 mM unlabeled NAD+ and
0.5% SDS and precipitated by adding of 60µL 30% TCA

solution. The precipitate was washed with 0.5 mL 5% TCA-
solution followed by 0.5 mL diethyl ether and dissolved in
0.5 mL of 10% SDS in 200 mM Tris/HCl, pH 8.0. The
samples were mixed with 9 mL of scintillation fluid and
analyzed by scintillation-counting to quantitate the ADP-
ribose coprecipitating with protein. Control samples indi-
cated no ADP-ribosylation without pertussis toxin and that
>99.5% of unreacted NAD+ was removed by the washing
procedures. Concentrations of unreacted NAD+ were de-
termined from the combined TCA supernatants. Product
formation was determined from the radioactivity of the
dissolved precipitate.
Commitment to Catalysis.Reaction mixtures of 10µL

containing 20µM activated pertussis toxin and 200µM
NAD+ including 70 000 cpm [8A-14C]NAD+ were incubated
for 15 s at the indicated temperatures. A solution containing
100 µL of 10 mM unlabeled NAD+ and variable amounts
of GiR1 subunits was added, and the mixture was incubated
to allow approximately 10 catalytic turnovers. In control
experiments, samples of 110µL containing the identical
amounts of pertussis toxin, labeled and unlabeled NAD+,
and G-protein were incubated for the same time. The
reactions were stopped by addition of 100µL 30% TCA
solution and treated as described above.
SolVent Kinetic Isotope Effects.Reaction mixtures for the

pertussis toxin initial rate assay were prepared with variable
substrate concentrations and D2O content. Samples of GiR1
were concentrated in Amicon Microcon-30 tubes and dis-
solved in buffer with variable H2O/D2O. This was repeated
three times. All other reagents were lyophilized and dis-
solved in variable ratios of H2O/D2O. Initial reaction rates
were determined by the ADP-ribosylation assay as described
above. NAD+ was held constant at 200µM and the
concentrations of the GiR1 subunits were varied from 100 to
900µM.
Kinetic Isotope Effects.NAD+ samples containing ap-

proximately 100 000 cpm of each of the isotopes in the
sensitive and in the remote positions were adjusted with
unlabeled NAD+ to give a final concentration of 100µM in
the sample. The mixtures were purified on Nucleosil RP18
HPLC columns (7.9× 300 mm) with an eluent of 50 mM
ammonium acetate, pH 5.0, and lyophilized. Identical
reaction mixtures were converted to products to the extent
of 20-40% of total NAD+ for one sample and to 100%
conversion of NAD+ with the companion sample. Reaction
mixtures of 400µL contained 2µg/mL of pertussis toxin
A-protomer for the 20-40% reaction and 3.7µg/mL for the
100% reaction. Both contained 0.6 mM of purified GiR1

subunits in 100 mM Tris/HCl, pH 8.0. The assay mixtures
were incubated for 30 min to activate the toxin. The reaction
was started by adding NAD+ to the sample. The reaction
for 20-40% product formation was incubated for 45 min at
30 °C, and that for 100% conversion for 3 h at 4°C. The
reaction at 4°C was necessary for quantitative conversion
of NAD+ to the ADP-ribosylated G-protein during the
extended incubation to ensure complete conversion to
products. Aliquots of 100µL were added to 200µL of stop
solution containing 1 mM unlabeled NAD+ and 0.5% SDS
and precipitated by adding 300µL 30% TCA. The samples
were treated as described for the ADP-ribosylation assay.
The3H/14C ratios of the partial reaction (approximately 30%
conversion to product) and the complete reaction were

FIGURE 1: Structure of NAD+ indicating positions in the molecule
which were labeled with3H, 14C, or 15N, for kinetic isotope effect
measurements.
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determined by scintillation counting. A standard14C-sample
was prepared by precipitating 2 mg of GiR1 subunits in a
reaction mixture treated in the same way as those samples
used to determine the kinetic isotope effects. In these
controls, the radioactivity standard was provided by14C-
glucose. Addition of the protein was necessary to adjust
for small quenching effects in the scintillation vial caused
by the protein. The samples of each experiment were
counted for at least 10 cycles of 10 min/sample and the
resulting KIE’s were calculated (34).
Transition-State Model.The transition-state structure was

determined using the structure interpolation approach to bond
order vibrational analysis (35). Trial transition-state struc-
tures are generated systematically by interpolation between
reference structures for the reactant and the fully dissociated
(ribo-oxocarbenium ion plus nicotinamide) structure. The
reactant and trial transition state cutoff structures were
defined, along with force constants for bond stretches, bond
angle bends, and bond torsions. The program BEBOVIB
(36) calculates the KIE at each isotopically labeled position
using the isotopic partition function of Bigeleisen and
Wolfsberg (37). The point in reaction coordinate space
where the calculated KIEs most closely matched the mea-
sured ones located the transition-state structure (see ref35).
Docking the Transition-State Structure and GiR1 with

Pertussis Toxin. The transition-state structure used for
docking included all the atoms of NMN+ and the sulfur
nucleophile. It was docked into the catalytic site of pertussis
toxin as described below. Pertussis toxin is not catalytically
active until the Cys41-Cys201 disulfide bond is reduced
(38). In the X-ray crystallographic model of pertussis toxin
holoenzyme, this disulfide is intact (16) and residues 190-
206 occupy the proposed active-site cleft. Deletion of the
55 C-terminal residues of the catalytic domain decreaseskcat/
KM for the ADP-ribosylation reaction, but not for NAD+

hydrolysis, implying that the C-terminal peptide is important
for binding of GiR1, but not for the chemical steps (39). To
create an open active-site cleft, the C-terminus residues 189-
235 were deleted, and the remaining structure was super-
imposed on the X-ray crystallographic structure of diphtheria
toxin with substrate NAD+ bound in the active site (40). The
Câ atoms of the catalytic Glu129 in pertussis and Glu148
in diphtheria and the backbone atoms of homologous residues
(41) in the â-strands were superimposed. Following this
procedure, the bound NAD+ from the diphtheria toxin crystal
structure fit with good complementarity and without steric
clashes into the active site cleft of pertussis toxin.
The transition-state structure was docked in the active site

by adjusting its position to optimize interactions between
the oxocarbenium ion and Glu129 and to place the nicoti-
namide ring in the presumed binding pocket. The orienta-
tions of the ribosyl and nicotinamide rings relative to each
other were allowed to vary. With the weak N-ribosidic bond
at the transition state, changes in the angle between the
nicotinamide ring and the ribosyl moiety would have a
negligible effect on the energetics of the transition-state
structure. Once the position of the transition-state structure
was fixed, torsional angles about C4′-C5′, C5′-O5′, and
O5′-P were altered to allow optimum interactions between
the ADP-portion of NAD+ and diphtheria toxin. The ADP-
moiety was moved less than 1 Å to optimize interactions in
the transition-state model for pertussis toxin.

Structural changes to the pertussis toxin structure during
docking were minimal. The side chain of Glu129 was
rotated to make it more similar to the position of Glu148 in
diphtheria toxin and to optimize its interactions with the
transition-state structure. The side chains of residues Tyr126
and Leu123 were rotated to improve interactions with the
GiR1 (see below). The side chain of Gln127 was rotated to
improve the visibility of the nicotinamide bound in the active
site, but there was no structural requirement for this
movement.
The 10 C-terminal amino acids of GiR1 were modeled as

a fully extended polypeptide. The nucleophilic Cys351
residue was placed in the correct orientation relative to the
NAD+ transition state, and backbone or side chain orienta-
tions were adjusted to form favorable interactions with
pertussis toxin and/or the NAD+ transition state.

RESULTS

Kinetic Studies. Isolated GiR1 subunits and relatedR-sub-
units are reported to be weak substrates for ADP-ribosylation
by pertussis toxin, and require catalytic amounts of theâγ-
subunit complex (9). Experiments were designed to char-
acterize the effect ofâγ-subunits on the ADP-ribosylation
of GiR1 subunits. In the absence ofâγ-subunits and at
concentrations of recombinantR-subunits above 25µM, slow
but significant ADP-ribosylation of GiR1 subunits was
observed at temperatures between 4 and 37°C (Figure 2A).
Addition of substoichiometric amounts ofâγ-subunits from
bovine brain to the GiR1 subunits resulted in an increase of
activity as expected at GiR1 subunit concentrations below 100
µM (Figure 2B). Increasing theR-subunit to a concentration
above 100µM resulted in aâγ-independent ADP-ribosyla-
tion of GiR1 subunits. The use ofR-subunits at concentrations
of 500 µM gave rapid ADP-ribosylation which permitted
formation of sufficient product for kinetic isotope effect
studies. Quantitative conversion of labeled NAD+ into ADP-
ribosylated GiR1 subunits is required as a control for the
kinetic isotope effect procedure and was readily accom-
plished at 4°C.
Initial rate studies with pertusis toxin indicatedkcat ) 40

( 9 min-1 andKm ) 800( 300µM for ADP-ribosylation
of GiR1 subunits at pH 8.0 in 100 mM Tris/HCl at 30°C.
TheKm for NAD+ was 23( 3 µM under these conditions.
Thekcat is similar to that reported for the ADP-ribosylation
of theRâγ-trimer of GT by pertussis toxin (39). The large
difference in theKm values for GiR1 in the presence and
absence ofâγ indicates the low affinity of the monomeric
R-subunit relative to the trimeric complex (Table 1). The
catalytic behavior of theâγ subunits in promoting ADP-
ribosylation establishes that the addition to GiR1 and release
of âγ following ADP-ribosylation of GiR1 in the trimeric
complex are both rapid relative to catalysis. TheKm for
NAD+ with pertussis toxin is similar for ADP-ribosylation
of the trimer (39), ADP-ribosylation of GiR1, ADP-ribosy-
lation of the peptideRi3C20, and for NAD+ hydrolysis (29).
The results suggest that NAD+ interaction with pertussis
toxin is independent of the G-protein substrate structure.
Kinetic parameters for the reactions catalyzed by pertussis
toxin are summarized in Table 1.
Kinetic parameters for ADP-ribosylation of GiR1 protein

by pertussis toxin were determined as a function of pH in
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the range 6.0-9.0. TheKm for NAD+ was nearly constant,
near 20µM. A decrease inkcat values was found at pH>8.0.
Bothkcat andkcat/Km were maximal between pH 7.0 and 8.0.
Kinetic parameters were also determined in the presence of
the GTP analogue GTPγS, or with GDP. Crystal structures
of GiR1 subunits in the presence of these compounds have
demonstrated some differences in the C-terminal region
where ADP-ribosylation occurs (15, 42). An increase of the
Km value for GiR1 subunits from 800 to 1600µM was
observed in the presence of GTPγS. TheKm found in the
presence of GDP was 900µM, which is not a significant
increase. Thekcat values were found to be independent of
the presence of guanine nucleotides.

Commitment to Catalysis.The probability that NAD+

bound in the NAD+‚toxin‚GiR1 Michaelis complex will be
converted to product relative to release as unchanged NAD+

is defined as the commitment to catalysis (19, 43). Under
conditions where 7000 cpm of NAD+ were bound to
pertussis toxin in the binary complex, dilution into excess
unlabeled NAD+ and variable GiR1 followed by several
catalytic turnovers resulted in<150 cpm converted to ADP-
ribosylated GiR1 at saturating GiR1 concentration. Similar
results were obtained in isotope trapping experiments at both
4 and 30°C. The small amount of the ADP-ribosyl product

formed in substrate trapping experiments established a
commitment factor below 0.02. Substrate committed to
catalysis decreases the experimentally observed isotope
effects. The small commitment factor for NAD+ is well
below that which could have a significant influence on the
measured kinetic isotope effects.
SolVent Isotope Effects.An inverse solvent deuterium

isotope effect of 0.65( 0.07 forkcatwas found for the ADP-
ribosylation of the GiR1 subunit. The solvent isotope effect
for kcat/Km was smaller, but at 0.9( 0.1 may also be slightly
inverse. An increase of theKm value for theR-subunit from
800 to 1200µM was measured in the presence of D2O. The
binding of the large G-protein to the toxin provides numerous
contacts between the proteins which could result in normal
isotope effects of binding. TheKm value in 90% D2O is
about 30% higher than in H2O, resulting in a small, inverse
kcat/Km solvent isotope effect. Pre-transition-state deproto-
nation of the nucleophilic thiol group is consistent with the
inverse solvent isotope effect onkcat. Inverse solvent isotope
effects are usually caused by preequilibrium steps in which
the active species, in this case the thiolate anion, is favored
in the presence of D2O (44).
Kinetic Isotope Effects.Kinetic isotope effects were

measured as a function of temperature and pH. KIEs
measured at 4°C showed smaller values than expected from
the analogous reaction of the ADP-ribosylation of peptide
Ri3C20 at this temperature (29). The kinetic isotope effect
from [1′N-3H]NAD+ was used to examine the influence of
temperature and pH on the experimental expression of
isotope effects. The KIE at this position is the largest of
those measured and is therefore the most sensitive to changes
by variation of the reaction conditions. Kinetic isotope
effects were determined at temperatures between 4 and 37
°C, and indicate an increase of the KIE from 1.12 to 1.19
between 4 and 20°C (Figure 3A). Between 20 and 37°C,
only a slight increase to 1.20 was observed. This behavior
cannot be explained by an increased commitment to catalysis
at low temperature, since this is known to be negligible at
both 4 and 30°C (see above).
The [1′N-3H] KIE was also measured between pH 6.0 and

9.0, (Figure 3B). The observed KIE is 1.16 below pH 7.0
and increases to approximately 1.20 above pH 7.5. The
dependence of KIE on pH and temperature for ADP-
ribosylation of GiR1 subunits is in contrast to the behavior
of pertussis toxin for NAD+ hydrolysis and the ADP-
ribosylation of the peptideRi3C20. In these reactions the
[1′N-3H] was constant over the same pH range, demonstrat-
ing that the effect is specific for GiR1 subunits.
The family of KIEs used to determine the transition-state

structure was measured at 30°C and pH 8.0, where the
maximum 1′N-3H isotope effect was observed. The refer-
ence experiments in which 100% of the labeled NAD+ was
converted to ADP-ribose-GiR1 were performed at 4°C. This
prevented significant NAD+ hydrolysis by pertussis toxin
which occurs in parallel to ADP-ribosylation at higher
temperatures (14). At 30 °C, the rate of GiR1 peptide ADP-
ribosylation is>50-fold greater than the rate of NAD+

hydrolysis, and causes a negligible effect on the experimen-
tally measured kinetic isotope effects. The catalytic rate for
ADP-ribosylation is>100-fold faster than the rate of NAD+
hydrolysis reaction at 4°C and at high concentrations of
GiR1.

FIGURE 2: (Top) ADP-ribosylation of recombinant GiR1 subunits
catalyzed by pertussis toxin in the absence ofâγ-subunits and as
a function of GiR1 concentration. Samples contained 2.5µg/mL (0.1
µM) pertussis toxin, the indicated concentration of GiR1 and 11µM
NAD+ including [8A-14C]NAD+ in 100 mM Tris/HCl, pH 8.0, 20
mM DTT, and 1 mM EDTA. The assays were performed at 4°C.
In the presence of both 110 and 220µMGiR1, the ADP-ribosylation
is complete at 300 min. (Bottom) ADP-ribosylation of GiR1 subunits
by pertussis toxin in the absence (open circles) and presence (open
squares) of catalytic amounts ofâγ-subunits. Samples contained 2
µg/mL (0.08µM) pertussis toxin, variable concentrations of GiR1
subunits, and 30µM NAD+ including [8A-14C]NAD+ in 100 mM
Tris/HCl, pH 8.0, 20 mM DTT, and 1 mM EDTA. Assays which
includedâγ-subunits (open squares) contained approximately 0.2
µg/mL âγ-subunits isolated from bovine brain.
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The primary [1′N-14C] KIE ) 1.049 ( 0.003 for the
transfer reaction was larger than that for NAD+ hydrolysis
catalyzed by pertussis toxin, 1.021( 0.001, while the [1N-
15N] KIE ) 1.022 ( 0.004 was similar to that for the
hydrolytic reaction, 1.021( 0.004. This difference indicates
that the transition state for the ADP-ribosylation of GiR1

exhibits greater bond order to the nucleophile and less
oxocarbenium ion character at the transition state than does
the hydrolytic reaction.
The experimental double primary KIE) 1.069( 0.003

was within experimental error of the product of the single
primary KIEs (1.072( 0.007). This is a necessary conse-
quence (though not diagnostic) of a mechanism where both
isotope effects arise from a single step. The equality of those
values also demonstrates the accuracy of the KIE measure-
ments.
The R-secondary [1′N-3H] KIE was 1.199( 0.009, and

the â-secondary [2′N-3H] KIE was 1.105( 0.004. Both
values indicate an oxocarbenium-ion-like character of the

ribose ring at the transition state. This structure allows
increased freedom for the out-of-plane bending mode of the
C1′-H1′ bond and hyperconjugation of the C2′-H2′ bond
with the developing p-orbital of C1′.
The isotope effects of 0.991( 0.002 and 1.020( 0.004

for the remote [4′N-3H] and [5′N-3H] positions are typical of
N-ribohydrolase reactions. Because the isotope effects at
these positions are small for chemical solvolysis (Table 2),
these isotope effects must arise from interactions of the
enzyme with NAD+ remote from the C1′-N1 bond (22, 35).
Transition-State Model.The transition-state structure was

determined using the structure interpolation approach to bond
energy/bond order vibrational analysis (35). The transition
state was defined by the point in reaction coordinate space
where the KIEs for trial transition-state structures most
closely matched the experimental KIEs (Figure 4). This
occurred when the residual bond order to the leaving group
nicotinamide, nLG, was 0.11 (bond length) 2.12 Å), and
the bond order to the approaching nucleophile, nNu, was 0.085
(2.55 Å).

The predicted KIEs for the 1′N-14C, 1N-15N and 2′N-3H
labels were within( 0.001 of the experimental KIEs (Table
2). The predicted 1′N-3H KIE ) 1.055 differed from the
measured KIE of 1.199( 0.009. On the basis of previous
experimental evidence (45-49) and quantum mechanical
calculations (50-52), the 1′N-3H KIE (1.199( 0.009) for
the more concerted pertussus toxin reaction would have been
expected to be lower than for the hydrolytic reactions of
NAD+, which proceeds through more dissociative transition
states (22, 23, 28, 35; e.g. 1′N-3H KIE ) 1.207( 0.010 for
NAD+ hydrolysis by pertussis toxin). The cause of this
discrepancy is not known; however, it does not change the
overall transition-state structure. The predicted 1′N-3H KIE
could be increased to match the experimental KIE by
decreasing the bond bending (N1-C1′-H1′ and S-C1′-
H1′) and the H1′ out-of-plane bending force constants. This
changed the other predicted KIEs by less than 0.002.
Because it is possible to match the experimental KIE through
different combinations of altered force constants in the
transition state, and because the reason for requiring the
decreased bending force constants is not yet clear, we have
simply reported the originally predicted 1′N-3H KIE )1.055.
Continuing studies to improve the prediction of 1′N-3H
KIE’s by ab initio methods are underway.

DISCUSSION

This study describes kinetic isotope effect studies on the
ADP-ribosylation of GiR1 by pertussis toxin, leading to a full
transition-state structure. The structure is docked into the
crystal structure of the toxin to provide a working model

Table 1: Kinetic Constants for Reactions Catalyzed by Pertussis Toxin

reaction
KmNAD+

(µM)
Km acceptor

(µM)
kcat

(min-1)
kcat/KmNAD+

(M-1 s-1)
kcat/Kmacceptor

(M-1 s-1)

hydrolysisa 24( 5 0.4( 0.1 2.8× 102

peptideRi3C20b 27( 9 69( 16 3.0( 0.3 1.9× 103 7.2× 102

GiR1 monomerc 23( 3 800( 300 40( 9 2.9× 104 8.3× 102

GT trimerd 20( 2 0.3( 0.04 10( 0.4 8.3× 103 5.6× 105

aConditions: 50 mM phosphate and 20 mM DTT, pH 7.5, 37°C. bConditions: 50 mM phosphate and 20 mM DTT, pH 7.5, 4°C. cConditions:
50 mM Tris/HCl and 20 mM DTT, pH 7.5, 30°C. dData from Cortina et al. (1991).

FIGURE 3: Kinetic isotope effects for ADP-ribosylation of GiR1
subunits by pertussis toxin as function of temperature (top) and
pH (bottom). For comparison, the corresponding [1′N-3H]NAD+

KIEs from NAD+ hydrolysis (28) and ADP-ribosylation of the
synthetic peptideRi3C20 catalyzed by pertussis toxin (29) are
included for the pH dependence. The ordinate scales are percent
KIE where (KIE-1.00)× 100) % KIE. The expected temperature-
dependence of kinetic isotope effects in this range is given by
KIE310K ) exp[(277/310)ln(KIE277K)], or a change from 1.199 to
1.176, much smaller than observed.
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for the mechanism of G-protein modification. The discussion
addresses three unique contributions from this work: (1) the
ability of pertussis toxin to ADP-ribosylate isolated, recom-
binant R-subunits in the absence ofâγ-subunits, (2) the
measurement of intrinsic kinetic isotope effects using high
molecular weight complexes in protein covalent modifica-
tions, and (3) the mechanism and transition-state structure
for the ADP-ribosylation of GiR1 protein by pertussis toxin.
Kinetic Properties for the ADP-Ribosylation of GiR1 by

Pertussis Toxin. IsolatedR-subunits have been reported to
be poor substrates for the ADP-ribosylation catalyzed by
pertussis toxin (9). Previous studies were performed in the
physiological range of nanomolar to micromolarR-subunit
concentrations. The reaction with GiR1 follows Michaelis-
Menten kinetics withKm ) 800 ( 300 µM, about 2000-
fold greater than that of 0.3µM for theRâγ trimer (39). In
contrast,kcat is nearly the same, thus the chemical step is
unaffected by theâγ-subunits. The synthetic peptideRi3-
C20, has been used as an ADP-ribose acceptor and exhibits
aKm value an order of magnitude smaller than theR-subunit
(29). Contacts between theR-subunit and pertussis toxin
are therefore likely to occur primarily in the C-terminal
amino acids. Theâγ-subunits can act by promoting favor-
able contacts of theR-subunit with pertussis toxin or by
relieving unfavorable contacts between GiR1 and the toxin.
Additional contacts which increase the affinity between
pertussis toxin and the complete trimer are therefore provided

by theâ- and/orγ-subunits.
The presence of GDP and GTPγS can stabilize different

conformations of the GiR1 subunits, as shown by X-ray
crystallography. However guanine nucleotides have only
minor effects on the ADP-ribosylation of GiR1 by the toxin
in the absence ofâγ-subunits. Addition of GTPγS, which
favorsRâγ dissociation to monomericR-subunits, resulted
only in a minor decrease in catalytic efficiency as indicated
by thekcat/Km value. Binding of GDP favors formation of
the Râγ trimer in the regulatory cycle of G-proteins, but
also yielded only an insignificant change in activity. The
reported increased activity of ADP-ribosylation in the
presence of GDP with catalytic amounts ofâγ-subunits (9)
therefore results from the formation and stabilization of the
Râγ complex as a result of GDP-binding. The increased
affinity of the Râγ complex for pertussis toxin relative to
GiR1 results in the observed activity increase.
Transition-state analysis of the ADP-ribosylation reaction

with pertussis toxin GiR1 requires the formation of a ternary

Table 2: Kinetic Isotope Effects for the ADP-Ribosylation of the GiR1 Subunits by Pertussis Toxin

substrates sensitive isotopic label toxin KIE solvolysis KIEc

[1′N-14C]- and [4′N-3H]NAD+ 14C, primarya 1.049( 0.003 (3)b 1.016(0.002
[1N-15N]- and [4′N-3H]NAD+ 15N, primarya 1.023( 0.004 (4) 1.020( 0.007
[1N-15N, 1′N-14C]- and [4′N-3H]NAD+ 15N and14C double-primarya 1.069( 0.003 (2) 1.034( 0.002
[1′N-3H]- and [5′N-14C]NAD+ 3H, R-secondary 1.199( 0.009 (4) 1.194( 0.005
[2′N-3H]- and [5′N-14C]NAD+ 3H, â-secondary 1.105( 0.004 (4) 1.114( 0.004
[4′N-3H]- and [5′N-14C]NAD+ 3H, γ-secondary 0.991( 0.002 (4) 0.997( 0.001
[5′N-3H]- and [5′N-14C]NAD+ 3H, δ-secondary 1.020( 0.004 (3) 1.000( 0.003

aObserved isotope effects were corrected by the formula (obs. KIE× [4′-3H]KIE). b The numbers in parentheses is the number of independent
experiments, each of which analyzed quadruplicate samples of KIE reaction mixtures.cHydrolysis of NAD+ was at 100°C in 50 mM sodium
acetate buffer pH 4.0. The data are taken from ref 35. The data are not corrected for the temperature effect on kinetic isotope effects.

Table 3: Bond Order and Bond Length for NAD+ Reactant and
Transition-State Structures of the ADP-Ribosylation of the GIR1
Subunits by Pertussis Toxin A Protomer

reactant state transition state

bonda bond order Åb bond order Åb

C1′-N1 0.77 1.55 0.11 2.13
C1′-O4′ 0.95 1.42 1.39 1.31
C1′-C2′ 0.87 1.57 1.03 1.52
C1′-H1′ 1.03 1.08 1.06 1.07
C2′-H2′ 1.008 1.088 0.986 1.094
C1′-nucl. 0.085 2.55
a All bonds refer to those in the NMN+ portion of the NAD+

molecule (Figure 1).b Bond lengths for the reactant NAD+ are taken
from X-ray crystal structures and are summarized in ref 35. Bond
lengths and bond orders in the transition state are less certain than in
the reactant, and depend on the accuracy of the KIE measurements
and the computational algorithms which match the transition state bonds
to the KIE. A comprehensive discussion of these factors is provided
by Huskey (56). Uncertainty limits of 0.1, 0.03, 0.01, 0.002, 0.001,
and 0.1 Å can be estimated for the C1′-N1, C1′-04′, C1′-C2′, C1′-
H1′, C2′-H2′, and C1′-nucleophile bonds based on the sensitivity of
the calculated KIE to bond order and the errors of the KIE measure-
ments (Table 2).

FIGURE 4: Match of predicted versus experimental KIEs. For each
isotopic label, the colored area represents the match of the predicted
with the experimental KIEs as a function of the bond order to the
leaving group (nLG) and the bond order to the attacking nucleophile
(nNu) in reaction coordinate space. The light shading represents the
95% confidence interval of each measured KIE, with dark shading
representing the measured KIE (approximately( 0.001): blue)
1N-15N, red ) 1′N-14C, gray) 1′N-3H, green) 2′N-3H. The
predicted transition-state structure is indicated by an asterisk (* ).
Reactant NAD+ is in the lower left corner of reaction coordinate
space and product ADP-ribosylatedR-subunit is in the upper right,
labeled “ADP-ribose-GiR1”.
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enzyme‚NAD+‚acceptor protein complex, since the inversion
of configuration at C1′ of NAD+ establishes a displacement
mechanism and eliminates the possibility of an enzyme-
ADP-ribose covalent intermediate (14). The GiR1 subunit,
has a molecular mass of 42 kDa and that of pertussis toxin
A-chain is 26 kDa. Protein-protein interactions can be slow,
and thus obscure chemical steps in protein covalent modi-
fications. It was essential to quantitate relative rates of
protein binding and release in comparison to catalysis.
Isotope trapping experiments showed no significant forward
commitment at 30°C. The experimental isotope effects are
in agreement with those for the ADP-ribosylation of theRi3-
C20 by pertussis toxin, a simpler reaction which has no
catalytic commitment, and exhibits intrinsic kinetic isotope
effects (29). These experiments demonstrate that the kinetic
isotope effects for the ADP ribosylation of GiR1 subunit at
pH 8.0 and 30°C are intrinsic. Intrinsic isotope effects can
be used to interpret transition-state structure. This is the first
indication that transition-state structures can be determined
for the covalent modifications of regulatory proteins.
Reaction Energetics for ADP Ribosylation of GiR1 by

Pertussis Toxin. The experimental 1′N-3H KIE for GiR1-
ADP ribosylation by pertussis toxin was both temperature
and pH dependent. KIEs of 1.20 were observed at temper-
atures>20 °C and pHg7.5 (Figure 3B), descreasing to
below 1.15 with decreasing temperature or pH. The tem-
perature dependence was not due to forward commitment
to catalysis since this was negligible at both 4 and 30°C
(see Results). This behavior of the 1′N-3H KIE is consistent
with a step in the reaction after the chemical step becoming
kinetically significant. For example, a protein conforma-
tional change required for product release could become slow
enough at low pH and low temperature to allow the enzyme-
bound products, GiR1-ADP-ribose and nicotinamide, to
undergo the reverse reaction to reform substrates GiR1 and
NAD+. This situation would cause a reverse commitment
to catalysis, leading to decreased experimental KIEs, and is
illustrated in Figure 5. The effects of commitments to
catalysis are predicted by the expression of Northrup (17):

where 3V/K is the measured kinetic isotope effect from
[1′N-3H]NAD+, 3k is the intrinsic isotope effect on the
isotopically sensitive step,Cr andCf are reverse and forward
commitments, respectively, and3Keq is the equilibrium
isotope effect. There is no significant forward commitment
with pertussis toxin. The C1′ of both NAD+ and GiR1-ADP-
ribose are sp3-hybridized, therefore, the equilibrium isotope
effect is near unity. This simplifies the expression to

When the energetic barrier heights are equal for the catalytic
step and the reverse commitment (Cr) is unity, half of the
intrinsic isotope effect will be lost. A reaction energetics
diagram demonstrates this effect (Figure 5). If the decreased
isotope effects are due to reverse commitment, limits can
be imposed from the pH and temperature dependence and

eq 2. The decreased kinetic isotope effect at 4°C and at
values below pH 7 indicates that enzyme-bound GiR1-ADP-
ribose and nicotinamide have a2/3 probability of release as
products and a1/3 probability of reequilibrating with sub-
strate. Slow product release can be caused either by tight
binding of product or a protein conformational change
associated with product release. The temperature and pH
dependence of the 1′-3H isotope effect establishes that one
of these factors causes reverse commitment at temperatures
<20 °C and pH<7.5. Since the product ADP-ribosyl-Ri3-
C20 binds poorly, a protein conformational change is
implicated (14).
The Transition-State Structure.The ADP-ribosylation of

GiR1 by pertussis toxin proceeds with inversion of configu-
ration, indicating a direct nucleophilic displacement of
nicotinamide by Cys351. However, the approach of the
nucleophile (bond order) 0.085, 2.5 Å) lags behind the loss
of the leaving group (bond order 0.11, 2.1 Å), resulting in a
transition state with oxocarbenium ion character due to
accumulation of positive charge on the ribosyl ring of NAD+

(Figure 6). This transition-state structure is more synchro-
nous than for hydrolysis of NAD+ by pertussis toxin. Using
comparable analyses, weak bonds to nicotinamide (0.05) and
to the attacking water nucleophile (0.001) are found for the
hydrolysis reaction. The energy associated with the binding
of GiR1 to the pertussis toxin‚NAD+ binary complex causes
a 100-fold increase inkcat/Km and a change in transition-
state structure. The biggest change is the 100-fold increase
in the bond order to the attacking Cys351 for the ADP-
ribosylation versus hydrolysis, as compared with a 2-fold
increase in the bond order to nicotinamide. Presumably, the
increase in rate and the change in transition-state structure
is the result of having the highly nucleophilic thiolate anion
of Cys351 from GiR1 poised for nucleophilic attack on NAD+

as the C1′-N1 bond lengthens.
Docked Model of the Binary Pertussis Toxin‚NAD+

Transition-State Complex. Although the transfer reaction is

FIGURE 5: Reaction coordinate diagram for ADP-ribosylation of
GiR1 subunits by pertussis toxin. The first two steps of NAD+ and
GiR1 subunit binding and release (k1 andk2) are combined into a
single low-energy step, established by lack of NAD+ commitment.
The irreversible step is bond breaking and making (k3 andk4) based
on the intrinsic kinetic isotope effects at pH 8.0 and 30°C. The
decrease in kinetic isotope effect at unfavorable temperatures and
pH values is ascribed to reverse commitment (slow product release)
since forward commitment does not occur. Based on the weak
binding of products to pertussis toxin, it is proposed thatk5 is a
slow protein conformational change which permits release of
products.

3V/K )
3k+ Cf + Cr

3Keq

1+ Cf + Cr
(1)

3V/K )
3k+ Cr

1+ Cr
(2)
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more concerted than hydrolysis, it still has substantial
oxocarbenium ion character at the transition state. The sum
of the bond orders to nicotinamide and Cys351 at the
transition state is only 0.20, much less than the C1′-N1
ribosidic bond order of 0.77 in NAD+. The positive charge
from the nicotinamide of reactant NAD+ is redistributed into
the ribosyl ring of the transition state. This charge redis-
tribution may be exploited by the enzyme to stabilize the
transition state and thus promote catalysis. The Glu129 side
chain is essential for catalysis by pertussis toxin and is
invariant for bacterial ADP-ribosylating toxins (31, 53). The
homologous glutamates have been shown to be essential to
the catalytic activities of diphtheria, cholera andE. coli
exotoxins. In the structure of the transition state docked with
the crystal structure of pertussis toxin (Figure 7), the
negatively charged carboxyl is positioned to interact with
the positive charge on the ribosyl ring at the transition state.

Unlike the well-organized catalytic site of diphtheria toxin
(40), the binding site for the nicotinamide ring is more open
and less well-defined on pertussis toxin. The nicotinamide
ring makes contact with residues Ser52, Thr53, Ser5, Gln127,
Glu129, and Tyr130. Changes in side chain torsional angles
of Tyr59 and Tyr63 could also allow these residues to make
contact with the nicotinamide ring. In the X-ray crystal
structure, the active-site cleft is part of the interior of the
protein, and was exposed by deleting 46 amino acid residues.

It would be expected that many side-chain adjustments could
occur in solution before NAD+ binding.
Other residues are also important for ADP-ribosylation

including Arg9, His35, and Trp26. In the docked model,
Arg9 and His35 are in contact with the pyrophosphate moiety
of NAD+. At high pH, deprotonation of His35 would mean
loss of the favorable electrostatic interaction. The expected
decrease in rate is observed in pH studies (54). The
fluorescence from Trp26 is quenched upon NAD+ binding.
In the docked model, it makes contact with the adenylyl
ribose ring of NAD+. Rotation by 180° aboutø2 (the Câ-
Cγ bond of Trp26) would bring it into contact with the
adenyl ring, consistent with the observed fluorescence
quenching.
Docked Model of the Ternary Pertussis Toxin‚NAD+‚GiR1

Transition-State Complex. With a model of the binary
complex of the transition-state structure docked with pertussis
toxin, it became possible to examine features of the binding
of the ADP-ribose acceptor, GiR1. The ADP-ribose acceptor
is Sγ of Cys351, four residues from the C-terminal Phe354.
Two X-ray crystallographic structures of GiR1 have been
reported. In the structure complexed with a nonhydrolyzable
GTP analogue, GTPγS (guanosine 5′-O-3-thiotriphosphate)
(42), the C-terminal 11 residues were disordered, with no
interpretable electron density. In the structure complexed
with GDP (15) those residues had interpretable electron
density, but the side chain of Cys 351 faces the core of the

FIGURE 6: Structures of reactant NAD+ and the transition state without and with a methyl thiolate nucleophile. The upper row is three
ball-and-stick figures with atoms included in the BEBOVIB calculations (cutoff models) colored by element; all others are colored gray.
Changes in bond order between the reactant and the transition states are indicated. A single covalent bond has bond order) 1.00. All atoms
within two bonds of the isotopically labeled positions were included in KIE calculations, yielding proper cutoff models (57). The bottom
row illustrates three electrostatic potential surfaces projected onto the van der Waals surfaces of the full molecules in the same orientation
as the stick figures, with red representing positive electrostatic potential and blue for negative potential. The net charge of-1 for methyl
thiolate makes the whole assembly more negative, as indicated by the blue color. However, the relative charge distribution shows that the
most positive part of the molecule (green) remains the oxocarbenium ion-like ribose ring. Calculations were done with Gaussian 94 at the
RHF/6-31G** level. Molecular surfaces are at an electron density of 0.002 e/bohr3, near the van der Waals surface, and the electrostatic
potential spectrum is from-0.1 (blue) to 0.1 hartree/e (red).
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protein, away from the solvent. It is in a conformation in
which it could not react with NAD+.
ADP-ribosylation of GiR1 occurs at the same rate in the

presence of GTPγS or GDP with only a 2-fold difference in
Km. The solution structure of the C-terminal region which
contains the susceptible Cys therefore remains accessible to
pertussis toxin in the presence of GDP. The C-terminal
peptide from the crystal structure could not be docked into
the active-site cleft of the pertussis toxin‚NAD+ binary
complex of the transition state without significant steric

clashes. Therefore, the peptide was docked in a fully
extended conformation. The shape of the active-site cleft
of pertussis toxin suggests that the GiR1 peptide binds roughly
parallel to NAD+. In this geometry, the position of Cys351
Sγ was in the correct position for nucleophilic attack on the
transition-state structure, and the rest of the peptide was
positioned to avoid steric clashes. It was necessary to alter
backboneφ andψ angles at residues 351 and 352. Docking
the peptide in an orientation antiparallel to that shown in
Figure 7 offered fewer favorable interactions, and resulted

FIGURE 7: Binary complex of pertussis toxin and the NAD+ transition state. (Top panel) Projection of the electrostatic potentials onto the
molecular surface shows the complementarity of the active site for the transition state, with positive potential in red, and negative in blue.
The transition state is shown with electroneutral regions in green. Pertussis toxin has the neutral regions in beige (Trp, Tyr, Phe), white (Ile,
Leu, Met, Val), or gray (all others). The region of positive potential (red) associated with C1′ of the transition state is apposed with the
negative potential (blue) of the carboxylate of Glu129 (E129). Other residues important to catalysis are also labeled: His35 (H35), Arg9
(R9), and Trp26 (W26). (Bottom panel) Ternary complex of pertussis toxin, the transition-state structure of NAD+ with the GiR1 peptide.
The yellow ribbon traces the peptide backbone of GiR1. The ADP-ribose acceptor, Cys351 is shown. The positions of other side chains are
shown schematically with spheres at the position of Câ. Side chains shown are Lys345, Leu348, Lys349, Asp350, Cys351, Leu353, and
Phe354. The protein electrostatic potentials were calculated using the Delphi module of the program Insight II (Biosym Technologies, San
Diego, CA). Charges were of+1 were assigned to Lys and Arg residues,+0.5 to His, and-1 to Glu and Asp. Point charges on the atoms
of the transition-state structure were assigned from the natural population analysis charges calculated from the structures in Figure 6. The
molecular surfaces were calculated as the Connolly surface, but with the atomic radii reduced by a factor of 0.8 so that the surface approximates
a smoothed van der Waals surface.
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in the hydrophobic resides Leu353 and Phe354 being in a
highly polar part of the active-site cleft near the pyrophos-
phate of NAD+.
With the C-terminal peptide docked with the binary

pertussis toxin‚transition-state complex, Sγ of Cys351 is
located directly above the cationic ribose ring of the
transition-state structure. The solvent deuterium isotope
effect indicates that the nucleophile at the transition state is
the thiolate anion of Cys351. There is no obvious candidate
in the docked model for a general base catalyst that could
abstract the proton from Cys351 Sγ-H. However, it is
probable that no general base catalyst is necessary. Given
the∼5 × 109-fold higher nucleophilicity of thiolate anion
over a thiol (55) and that the reactions were conducted at
pH 8.0, where a significant fraction of thiols would be
deprotonated, the reaction would be expected to involve a
thiolate anion even in the absence of a general base catalyst.
The side chain of Phe354, which is essential for ADP-

ribosylation, is located near residues Try59 and Tyr126 of
pertussis toxin, where it could form aromatic-aromatic
interactions. Leu353 could form hydrophobic interactions
with Leu123. Lys349 is located near the pyrophosphate
moiety of NAD+, where it could form favorable ion pair
interactions. Leu348 could form hydrophobic interactions
with Tyr63 and/or Tyr10. N-terminal to residue 348, the
active-site cleft of pertussis toxin becomes wider, and a large
number of favorable interactions with GiR1 are possible.
Accuracy of the Docked Models.This docking experiment

represents a working model of the pertussis toxin‚NAD+•GiR1

ternary transition-state complex. Reduction of the Cys41-
Cys201 disulfide bond and movement of the C-terminal
peptide out of the active-site cleft would be expected to result
in adjustments to the active-site amino acids. The overall
orientation of the NAD+ transition state in the active site
was guided by using the crystal structure of substrate NAD+

bound to diphtheria toxin, on which the pertussis toxin
molecule was superimposed. The high complementarity of
NAD+ from the superimposed structure of diphtheria toxin
with the active site of pertussis toxin indicates similar binding
contacts. The docked transition-state structure (a) was close
in space to the nicotinamide portion of docked NAD+, (b)
formed favorable interactions with active site residues, and
(c) was readily merged with the adenosyl portion of NAD+.
The number of favorable interactions formed in the docked
binary complex and the agreement between the docked model
and the results of mutagenesis experiments suggest that the
proposed binary complex is reasonable.
Neither of the X-ray crystallographic structures of GiR1

provided a usable model of the C-terminal peptide, so only
general conclusions about its binding may be drawn from
the model of the ternary complex. The position of Cys351
is dictated by its orientation relative to the anomeric carbon
of the NAD+ transition state. Potential favorable interactions
with the binary complex in the current model suggest that
this represents the general binding mode of the GiR1 peptide.
Significance of the Pertussis Transition State. The results

demonstrate the feasibility of obtaining transition-state
structures based on kinetic isotope effect studies for covalent
modification of proteins. The ADP-ribose transfer to a
variety of acceptor proteins is important for bacterial toxins,
DNA repair, and to cellular regulatory functions. The
conditions used here represent a simplified system of

biological ADP-ribosylation, by the use of high concentra-
tions of isolatedR-subunits. Kinetic data withRâγ trimer
give evidence that the differences are mainly due to the
affinity of the complete trimer and the isolatedR-subunit to
the toxin. The catalytic rates obtained at saturating concen-
trations ofR-subunits are in the same range as those obtained
in the presence ofâγ-subunits.
The development of transition-state inhibitors for pertussis

toxin may be possible based on the transition state of ADP-
ribosylation of GiR1. Incorporation of an analogue of the
C-terminal portion ofR-subunits may result in an additional
increase of affinity. However, experiments with phenylimi-
noribitol nucleoside analogues, which have been shown to
be potent inhibitors for other ribohydrolases, showed no
significant inhibition for the ADP ribosylation of GiR1 subunit
by pertussis toxin. Introduction of the ADP-moiety to
provide a transition state analogous to the oxocarbenium ion
of NAD+ may provide the necessary contacts to the binding
site of pertussis toxin. Exploration of these chemistries is
now underway for the development of transition-state inhibi-
tors for ADP-ribosylation reactions.
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