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Abstract: Diphtheria toxin (DTA) uses NAD as an ADP-ribose donor to catalyze the ADP-ribosylation of eukaryotic
elongation factor 2. This inhibits protein biosynthesis and ultimately leads to cell death. In the absence of its
physiological acceptor, DTA catalyzes the slow hydrolysis of NAID ADP-ribose and nicotinamide, a reaction

that can be exploited to measure kinetic isotope effects (KIEs) of isotopically labeled \NADompetitive KIEs

were measured by the radiolabel method for NAmolecules labeled at the following positions:15N = 1.030+

0.004, 1-**C = 1.034+ 0.004, (11°N,1'-1“C) = 1.0624 0.010, 1-°H = 1.2004 0.005, 2-°H = 1.1424 0.005,

4'-3H = 0.9904+ 0.002, 5-°H = 1.032+ 0.004, 4-180 = 0.9864+ 0.003. The ring oxygen,'480, KIE was also
measured by whole molecule mass spectrometry (0#991003) and found to be within experimental error of that
measured by the radiolabel technique, giving an overall average of &98803. The transition state structure of
NAD™ hydrolysis was determined using a structure interpolation method to generate trial transition state structures
and bond-energy/bond-order vibrational analysis to predict the KIEs of the trial structures. The predicted KIEs
matched the experimental ones for a concerted, highly oxocarbenium ion-like transition state. The residual bond
order to the leaving group was 0.02 (bond lengtt2.65 A), while the bond order to the approaching nucleophile
was 0.03 (2.46 A). This is an Dy mechanism, with both leaving group and nucleophilic participation in the
reaction coordinate. Fitting the transition state structure into the active site cleft of the X-ray crystallographic structure
of DTA highlighted the mechanisms of enzymatic stabilization of the transition state. Desolvation of the nicotinamide
ring, stabilization of the oxocarbenium ion by apposition of the side chain carboxylate of Glu148 with the anomeric
carbon of the ribosyl moiety, and the placement of the substrate phosphate near the positively charged side chain of
His21 are all consistent with the transition state features from KIE analysis.

Introduction demonstrate that the industrialized world is not exempt from

such diseases. Each of these bacteria exert their toxicity through
an exotoxin that uses NADas an ADP-ribose donor to ADP-
ribosylate a host protein. Diphtheria toxin ADP-ribosylates
%ukaryotic elongation factor 2 (EF#2)n vivo at diphthamide,

a posttranslationally modified histidine residue, thereby prevent-
ing protein biosynthesis and killing the céfl. Cholera and
pertussis toxins ADP-ribosylate different G-proteins at arginine
and cysteine residues, respectively. In addition to the potential
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NH, Amersham Life Sciences (Arlington Heights, IL). Except f6O-
N N labeled NAD', isotopically labeled NAD's were synthesized as in
H-C8’ - J o o Rising and Schramr#t.
NT=N 0-P-0-P-0O . — 180-NAD*'s. [5-1%0]Glucose Labeled glucose was synthesized
o o N\ ;H5 \ 0o from the ketone precursor (the generous gift of Michael Sinnott of
4 o HO HCP H o4 H2' N1 4 University of lllinois at Chicago) similarly to the method described
)k PN NH, previously32 except that the material was not recrystallized after LiAIH
H4' H1' reduction. [5¥0]glucose was purified by sequential phosphorylation
OH OH with hexokinase, anion-exchange chromatography, dephosphorylation
Figure 1. NAD* molecule with positions of isotopic label3H, *C, with glucose 6-phosphatase, and repurification under the same condi-
15N, 180) in bold type. tions. Hexokinase and glucose 6-phosphatase were dialyzed against

) o S 50 mM potassium phosphate (pH 7.5) before use to remove unlabeled
for treating bacterial disease, inhibitors of enzymes that cleave glucose. [50]Glucose (55«mol in 2 mL) was phosphorylated to
N-ribosidic bonds (e.g., diphtherta18pseudomonas exotoxif, glucose 6-phosphate Wi u ofhexokinase, 60 mM ATP, and 60 mM
ricin,2° and gelonid! ) have the potential to be used with MgCl, in 50 mM potassium phosphate (pH 7.5) 2 h at room
immunotoxins in the treatment of cancer, to rescue normal cells temperature. The reaction mixture was reduced to approximately half-
from nonspecific killing by the immunotoxirié:23 Enzymes  Vvolume under vacuum, applied to a 10 mL column of DEAE-Sephadex
catalyzing other ADP-ribosylation reactions of great biological #-25 Which had been equilibrated with;8, then washed with 16
interest have recently been described, such as poly(ADP-ribose): Mk of H:0.  [5-0]Glucose 6-phosphate was eluted with 201

nthase. involved in DNA repad# and cvclic-ADP-ribose mIT of1M NH4QAc. The fractions containing product were |dent_|f|ed
sy 5 L P ! . y using the reducing sugar ass&yooled, frozen, and lyophilized twice.
synthasé involved in intracellular signaling, plus other mono- ¢ [5150]glucose 6-phosphate was dephosphorlyated with 0.1 u of
ADP-ribosy! transferase®. Determination of the transition state  gjycose 6-phosphatase in 50 mM potassium phosphate (pH 7.5) for 2
structures for diphtheria toxin-catalyzed reactions will be h at room temperature. Anion exchange chromatography was per-
applicable to other biologically important systems. formed as above, with [$O]glucose eluting in the D fractions.

In the absence of its physiological target, diphtheria toxin,  80-NAD®*. [4'-B0]JNAD* and [4n-180,8,-24CINAD* 34 were syn-
like cholera and pertussis toxins, catalyzes a slow hydrolysis thesized as described previoudywith several modifications. The
of NAD™ to ADP-ribose and nicotinamid€. Although the synthesis of nicotinic acid adenine dinucleotide (NaARas done in
reaction has no physiological significance, it can be exploited tWo steps to allow incorporation of tHéC-label from [834CJATP. In
to measure the kinetic isotope effects (KIES) of labeled NAD ~ the first step, nicotinic acid mononucleotide (NaMNwas synthe-
substrates (Figure 1). From KIEs determined at many labeled 526" €xcept that hexokinase, glucose 6-phosphate dehydrogenase,
positions in the NAD molecule, it is possible to determine the 6-phosphogluconate dehydrogenase, and phosphoriboisomerase were

Iy . . combined and dialyzed against 50 mM potassium phosphate (pH 7.5)
transition state structure of the reaction using bond-energy/bond-; 1 inimize addition of unlabeled intermediates from the enzyme

order vibrational analysis. Knowing the transition state structure preparations. The Ntheeded for the glutamate dehydrogenase reaction
will permit further characterization of the mechanisms by which s normally supplied from the above enzyme preparations, which are

the enzyme stabilizes the enzymatic transition state complex to(NH.,),SQ, suspensions; in this reaction, MHCO; was added to 1.5
promote catalysis. The structure of the enzyme-stabilized mM. After 9 h, the reaction was heated at 1D for 2 min to stop
transition state provides a target structure for the design of the enzyme reactions. Fructose (2 mM), 0.2 u of hexokinase, and 4 u
transition state analogues as inhibitors. Transition state analyse®f myokinase were added to convert ATP to AMP. NaMWas

of NAD* hydrolysis catalyzed by choléfand pertuss toxins isolated by Gs reverse phase HPLC chromatography on a>.800
have been reported. In the accompanying arfftdlee transition mm column in 50 mM NHOAC (pH 5.0) then lyophilized. NaAD
state structure of solvolytic hydrolysis of NADS reported and was synthesized in two parallel reactions. To the lyophilized NaMN

. : o was added 1 mL of 4 mM ATP, 4 mM Mggl50 mM KCI, 50 mM
a new, structure interpolation method of transition state structure potassium phosphate (pH 7.5), and 0.25 u of NADrophosphorylase,

determination is described. plus 10xCi of [8-C]ATP in one reaction mixture. The reactions were
. followed by HPLC for 15 h. The product NaADwas purified, and

Materials and Methods NAD™ was synthesized as described previodélytarting with water
Materials. Hexokinase, myokinase, and glucose 6-phosphatase wereWith an*O content of 60% to make labeled glucose, tHe“{@]NAD*

from Sigma Chemical Co. (St. Louis, MO); [B€]ATP was from contained 37.1%%0-label, as determined by mass spectrometry (see

below). 4-80 KIEs measured by the radiolabel technique were
(17)Li, B. Y. R. S.J. Biol. Chem1994 269, 2652-2658. corrected for the extent ¢fO-labeling.

2698) Murphy, J. R.; vanderSpek, J. §em. Cancer Bioll995 6, 259~ Recombinant Diphtheri_a Toxin A—C.hain (DTA). R’_ecombinant .
(19) Kreitman, R. J.; Pastan, §em. Cancer Biol1995 6, 297—306. DNA Procedures. An entirely synthetic gene encoding the catalytic
(20) Roy, D. C.; Ouellet, S.; Le Houillier, C.; Ariniello, P. D.; Perreault, domain of diphtheria toxin was used for expression of protein (S.R.B.

C.; Lambert, J. MJ. Nat. Cancer Inst1996 88, 1136-1145. and R. J. Collier, unpublished results). The synthetic gene was designed
(21) French, R. R.; Penney, C. A,; Browning, A. C.; Stirpe, F.; George, py altering the codon usage of the corynephgeggene to reflect the

A.J. Glennie, M. JBr. J. Cancer1995 71, 986-994. bias exhibited by highly expressed proteinsHscherichia coli The

(22) Gould, B. J.; Borowitz, M. J.; Groves, E. S.; Carter, P. W.; Anthony,

D.: Weiner, L. M.. Frankel, A. EJ. Nat. Cancer InstL989 81, 775-781 gene was divided into smaller, evenly spaced fragments by engineering

(23) Pai, L. H.; Pastan, I. IBiologic Therapy of Cance@nd ed.; DeVita, unique restriction sites throughout the open reading frame. The DTA
V. T., Jr., Hellman, S., Rosenberg, S. A., Eds.; Lippincott: Philadelphia, synthetic gene was cloned into pET-15b (Novagen, Inc.), replacing the
PA, 1995; pp 52+533. ) Ncd-BanH| fragment, and transformed into th& coli strain BL21

(24) Sugimura, T.; Miwa, MMol. Cell. Biochem1994 138 5—-12. (DE3a) for expression of the proteins under transcriptional control of

(25) Lee, H. C.; Galione, A.; Walseth, T. Kitam. Horm.1994 48, the T-7 promoter
199-257. )

(26) See: ADP-ribosylation reactionsPoirier, G. G., Moreau, P., Eds.; Fermentation and Harvest of E. coli. A 50 mL culture of L-broth
Springer-Verlag: New York, 1992. (100 ug/mL ampicillin) was inoculated with a single colony from an

(27) Kandel, J.; Collier, R. J.; Chung, D. W. Biol. Chem1974 249,

2088-2097. (31) Rising, K. A.; Schramm, V. LJ. Am. Chem. S04994 116, 6531

(28) Rising, K. A.; Schramm, V. LJ. Am. Chem. S0d997 119 27— 6536.

37. (32) Bennet, A. J.; Sinnott, M. L1. Am. Chem. S0d.986 108 7287

(29) Scheuring, J.; Schramm, V. Biochemistryl997, 36, 4526-4534. 7294.
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12078. Schramm, V. LJ. Biol. Chem.1991, 266, 20658-20665.



Transition State of DTA-Catalyzed NAMydrolysis

LB-amp plate freshly streaked with BL21(DE3a) transformed with pET-
15b-DTA. This inoculum was grown to an @§d= 0.5 and then placed
at 4 °C overnight. On the second dag L baffled flasks, each
containing 500 mL of L-broth (10@g/mL ampicillin) prewarmed to
37°C, were inoculated with 5 mL of the 50 mL overnight culture. The
flasks were agitated on a rotary shaker at°’87 The cultures were
induced at an ORo = 1.0 with 1-2 mM isopropyl-b-thiogalacto-
pyranoside (IPTG). The cells were harvested afte? h, immediately
chilled to 4°C, and centrifuged at 30@0for 10 min at 4°C. The
pellets were resuspended in 5 mL of ice cold sonication buffer (50
mM NaHPQ, (pH 8.0), 100 mM KCI, 0.1% Tween-20, 1.0 mM
(phenylmethyl)sulfonyl fluoride, and 20 m{gkmercaptoethanol). The
resuspended pellets were either frozen-af0 °C or sonicated
immediately.

Purification of Mutant Toxins. The combined pellets were
sonicated three times on ice for-385 s, using a Sonifier Cell Disruptor
350 (Branson Sonic Power Co.) with the power control at 5 and the
duty cycle at 40%. The extracts were chilled on ice for at least 1 min
between each sonication cycle.
centrifuging at 5009 for 30 min at 4°C. The supernatants were
collected and chilled while the pellets were resuspended-ih06mL
of sonication buffer and sonicated again as described above.

The synthetic gene encoding DTA was designed with a polyhistidine
N-terminal fusion peptide, facilitating purification by nickel chelate
affinity chromatography. The crude extracts were clarified immediately
before chromatography by centrifuging at 2090@r 15 min The
extracts were loaded directly onto a3 mL nickel chelate affinity

J. Am. Chem. Soc., Vol. 119, No. 50, 1997081

Commitment to Catalysis. The isotope trapping method was used
to detect any commitment to catalysis. DTA (/@ final concentration
in 10 uL) was mixed with NAD" (36—1000uM) containing 2.4x
10 cpm [43H]NAD™ in 50 mM potassium phosphate (pH 6.0) for 5
s, then an excess of unlabeled NAQLOO L of 10 mM) was added
and the reaction allowed to proceed at 3Z for HKear [4-°H]-
Nicotinamide released in the reaction was measured as des&tied],
the commitment factor calculated by plotting IMAD *]apped[DTA-
Jwota} versus 1/[NADJo. The y-intercept represents the fraction of
NAD™ that would be trapped at infinite substrate concentration.

Radiolabel Technique. KIEs were measured by the competitive
method with radiolabeled substrates by the same method as described
previously?® including the complete reaction with NADglycohydro-
lase and purification and liquid scintillation counting of the product
ADP-ribose. Hydrolysis of labeled NADs by DTA was performed
as above with 3M DTA for 3 h. The competitive radiolabel method
entails measuring the relative rates of hydrolysis of an NAD
isotopically labeled witlfH or 14C at the position of interest and one

Cellular debris was pelleted by labeled at a remote site with the other radionuclide, which acts as a

reporter for the natural isotope at the position of interest. The KIE is
determined from the ratios fC/H (for a3H KIE) in the partial and
complete reactions, witHC acting as a reporter ditl at the position

of interest. Observed KIEs calculated this way are corrected to 0%
reaction to allow for depletion of the faster reacting isot&fpelhe
remote label for determination of the-¥#C, 4-180, and 115N KIEs

was 4-°H. Since the measured-2H KIE = 0.990 &+ 0.002 was
significantly different from unity, the heavy atom KIEs were corrected

column (Qiagen) that had been preequilibrated with 10 bed volumes by multiplying by the measured’'4H KIE. All the *H KIEs were

of sonication buffer. The column was washed with 5 bed volumes of
sonication buffer plus 20 mM imidazole, followed by 2 bed volumes
of 25 mM TrisHCI (pH 8.0) plus 20 mM imidazole. The purified
proteins were eluted with 5 bed volumes of 25 mM TH€EI (pH 8.0)
plus 50 mM imidazole. The column fractions were analyzed by -SDS
PAGE, and the purified protein was pooled.

Proteolytic Removal of the Polyhistidine Fusion Peptide. The
synthetic gene was designed with a modified thrombin recognition
sequence (Leu-Val-Pro-Arg-Gly-Ala) linking the C-terminus of the
polyhistidine fusion peptide to the N-terminus of DTA. This design
ensured that cleavage of the ArGly peptide bond with thrombin
results in production of DTA with an authentic amino-terminal sequence
(Gly-Ala). Typically, 1 mg of DTA was incubated with-25 u of
human thrombin (Novagen) for-15 days at 20°C in 20 mM Tris-

HCI (pH 8.4), 150 mM NacCl, 2.5 mM Cagland 2 mM DTT. The
intact DTA was purified using a single anion-exchange FPLC chro-
matography fractionation step (FPLC: Mono-Q, Pharmacia).

Alternatively, the polyhistidine fusion peptide was removed by
limited trypsin digestion, also yielding an authentic amino terminus.
Generally, 1.5 mg of protein in 20 mM TridCI (pH 7.4) and 10 mM
[-mercaptoethanol was incubated with #d>of bovine trypsin (Sigma)
for 60 min on ice. The entire incubation mixture was loaded on a 1.0
mL nickel chelation affinity column to bind uncut DTA as well as the
cleaved polyhistidine peptide. The flow-through fractions were col-
lected and combined with two 1.0 mL washes of 20 mM “HiSI
(pH 7.4) and 10 mMgB-mercaptoethanol. This protein was further
purified using anion exchange chromatography (FPLC Mono Q from

measured using'8“C as the remote label, which was shown to have
no measurable KIE for cholera toxin or solvolytic hydrolysis of NAD
The 4-%0 and 1!*N KIEs were measured with doubly labeled NAB,
[4'-180\,8-14Ca] and [145N,5'-%4C], with the remote radionuclide acting
as a reporter for the stable heavy isotope.

Mass Spectrometry The 4-%0 KIE was also measured by the
competitive method using whole-molecule positive-ion electrospray
mass spectrometry on residual NARfter reaction to approximately
50% completion. Anderson and co-workers have shown that KIEs can
be determined by whole-molecule mass spectrometry with precision
similar to the radiolabel method38 [4'-180]NAD™ (200 uM total
concentration, 37.1%'480) with 6 uM DTA in 100 uL of 50 mM
potassium phosphate (pH 6.0) was reacted &tG3%r approximately
3 h, until the reaction was 50% complete. The extent of the reaction
was determined by HPLC on a£reverse-phase column, ¥ 300
mm, in 50 mM ammonium acetate (pH 5.0). The relative peak areas
(Az60) of equimolar ADP-ribose and NADunder these conditions are
0.76& 0.03):1. The remaining NADwas purified from the reaction
mixture under the same HPLC conditions anfl9% of the peak was
collected and lyophilized overnight. The sample was redissolved in 2
mL of water and lyophilized again to remove volatile salts. The sample
was dissolved in 100L of 0.1% aqueous trifluoroacetic acid for mass
spectrometry. The substrate NAD% reaction) sample was prepared
in the same way, except without DTA. Mass spectrometry 6f§a]-
NAD* without repurification gave identical results (not shown),
demonstrating that the HPLC purification did not cause fractionation
of the labeled NAD.

Pharmacia). Side fractions were pooled, desalted, and repurified using Electrospray mass spectra of NAQvere collected in single ion

anion exchange chromatography.

KIE Measurement and Enzyme Kinetics. Kinetic Constants and
Steady State Conditions Hydrolysis of labeled NAD's by DTA was
performed with 10Q«M total NAD" in 50 mM potassium phosphate
(pH 6.0).
described previous82 Because the enzyme concentration was a
significant fraction of the substrate concentration, Selwyn’stesis

monitoring mode atn/z = 664.1 and 666.1, with a dwell time of 50
ms at eachm/z. The former peak corresponds to unlabeled NAD
the latter to [4'80]NAD™ plus molecules doubly substituted with
natural abundanc#H, 3C, N, and natural abundanég0. Samples

The kinetic constants of hydrolysis were measured as were infused at ZL/min for =10 min per run, with three runs per

KIE measurement.
Unlike KIEs measured by liquid scintillation counting, the molar

used to ensure that steady state conditions still obtain. If steady stateamount of labeled material is not negligible compared with unlabeled

conditions hold, reactions performed at constant [NABNnd varied
[DTA] will give constant [product] for a given [DTA]x time; this
was true up to the highest [DTA] tested, A8 (data not shown).

(34) In this substrate (only), one of the labels occurs in the adenosyl
portion of the NAD" molecule, 81C of the adenine ring. This is indicated
by the subscripted “A” in the label, to distinguish it from thel80 label
in the nicotinamidyl portion, “N”.

(35) Selwyn, M. JBiochim. Biophys. Actd965 105 193-195.

material, so different equations are used to calculate the KIE. Also, it
is necessary to account for the natural abundance isotopes in the peak

(36) Parkin, D. W. InEnzyme mechanism from isotope effeCtok, P.
F., Ed.; CRC Press Inc.: Boca Raton, FL, 1991; pp-2890.

(37) Gawlita, E.; Paneth, P.; Anderson, V. Biochemistry1995 34,
6050-6058.

(38) Bahnson, B. J.; Anderson, V. Biochemistry1991 30, 5894
5906.
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Figure 2. Reaction coordinate diagram. Positions in reaction coordinate Change in angle (6 - 106.3 °)
space are illustrated by plotting the leaving group bond ondey) n Figure 3. Distortional KIEs as modeled with EtOH. The bond angle,
the ordinate and nucleophile bond order on the absciseg (Thus, 0 = 0C2—C1-01, is analogous to the bond andl&C4 —C5—05

the reaction proceeds from the substrates in the lower left corner to of NAD* and the 13H KIE analogous to the'SH KIE.

products in the upper right. A classicalyD+ Ay (Sv1) reaction

mechanism involves formation of an oxocarbenium ion intermediate,  5'-*H KIE. Two sources for the large-8H KIE were considered:
with complete loss of the leaving group, before the nucleophile bond distortion of thellIC4—C5—05 bond angle and protonation of the

order starts to increase. A concerted, synchronowdnA (Sn2) o-phosphate. The distortional KIE was examined using ethanol as a
mechanism follows the dotted diagonal line, where increasw.jrat model compound (Figure 3). The reactant model was ethanol optimized
each point matches exactly the lossnpé. using an hybrid density functional theory minimization using Becke’s

exchange function&and Perdew and Wang's correlation functidfal
atm/z= 666.1, which is 0.060 times the abundance of the isotopically with the 3-2H-G** basis set using the program Gaussian*94The
unsubstituted peak aiVz = 664.1. The equation of Bigeleisen and  effects of changes in the C2—C1—-01 bond angle were analyzed by

Wolfsberd? is fixing it at 20° greater or less than the fully optimized structure at 106.3
and reoptimizing the rest of the ethanol molecule. Structures at values
= {In(1 — [*PY*SI}AIn(L — [**PV[°S)} of 0C2-C1-01 between the extremes were calculated by varying
the internal coordinates (bond lengths, bond angles, and torsional angles)
where [8P] is the concentration 6®O-labeled product andi8s], is between the optimal structure and the constrained structures with the
the initial concentration 0fO-labeled substrate. This can be rearranged Program CTBi. 13H KIEs were calculated for each structure using
to BEBOVIB, with bond stretching and bond angle bending force
constants taken from the AMBER force field of Kollman's gréup
18, _ _ - - _ after conversion to appropriate units. The torsional force constants
k=In[(1 1+r, A+ )YIn[A —HA+r)/(X+r;
[( = D@+ 1o /41 VN[ =D+ 1oL+ )] were 0.01 mdyrd/rac? for the C-O bond and 0.02 mdyA/rac? for
C_C.46

wheref (= [P]/[S]o) is the fractional extent of reaction as determined

by the HPLC assay, andandro are the ratio of peak intensitiefd, The effects of phosphate protonation were examined by optimizing

less.) at imest = i and 0, corrected for the natural abundancent ethyl phosphate in the neutral and monoanion forms at the same level

= : of theory as ethanol. 3H KIEs were calculated from the fractionation
= 666.1, which was calculated from the natural abundances of elemental . ER L
13C. 15N 2H, and0: factors derived by the program QUIVERfrom the optimized

structures.

Iy = U[(l64.{1666.0 — 0.060] Results
Since the majority of atoms of NADare in isotopically insensitive Kinetic Constants. Hydrolysis of NAD" by DTA was
positions, it was assumed that this ratio did not vary in the course of conducted in 50 mM potassium phosphate buffer (pH 6.0) at
thlf3 reactilc;n. In ?gfiVilneg t?ois equation, we do not assume ta}/[ 37°C. Atthis pH, the nonenzymatic, base-catalyzed hydrolysis
([*S] + [**S]) ~ [**S}[*S): o which occurs above pH 7 was minimized. Under these

Transition State Structure Determination. Bond-Energy/Bond- conditions, DTA hydrolyzes NAD with kinetic constants of
Order _V|brat|onal AnaIyS|s._ The transition state structure was Keat= 3.0 (& 0.3) x 102 5, keafKy = 10.94 0.4 M- 151,
determined by the structure interpolation method as described in the dKu = 2.7 (+ 03 104 M (Fi ) Ky cl |
accompanying report. Briefly, trial transition state structures are andim = 2. ( o ) % . (Figure 4). Ky closely
generated automatically by the program C¥PBir selected values of ~ @PProximatesky, since there is no external commitment to
NLe.rs andnyy s as a function of the “oxocarbenium ion character” of ~ catalysis (see below). The obserw&d is greater than reported
the ribosyl moiety, and their KIEs are predicted using the program 42) Becke. A. D Phys. Re. A 1988 38 3098-3100
BEBOVIB.*! Reaction coordinates for concerted (with leaving group 243g Perdew, J. P.: \)/lvéng,'\P.hys. %&e. B 1992 45, 13244,
departure) and unimolecular attack of the nucleophile were investigated.  (44) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Unimolecular departure of the leaving group is not a reasonable Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
mechanism given the crystal structure but was investigated anyway. A-; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

; . ; V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
The predicted transition state structure was selected by plotting, for Nanayakkara, A.: Challacombe, M.. Peng, C. Y. Ayala, P. Y.: Chen, W

each isotopic label, the areas on a Mef&Ferrall-type reaction Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.: Martin, R. L.;
coordinate diagram (Figure 2) where the measured and predicted KIESFox, D. J.; Binkley, J. S.: Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

matched. The point where all the KIEs matched identifies the transition Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion C.2 Gaussian,

state structure. Inc.: Pittsburgh, PA, 1995.
(45) Cornell, W. D.; Cieplak, P.; Bayly, C. |.; Gould, I. R.; Merz, K.
(39) Bigeleisen, J.; Wolfsberg, MAdv. Chem. Phys1958 1, 15-76. M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
(40) Melander, L.; Saunders, W. H., JReaction rates of isotopic Kollman, P. A.J. Am. Chem. S0d.995 117, 5179-5197.
moleculesJohn Wiley & Sons: New York, 1980; p 98. (46) Eyster, J. M.; Prohofsky, E. VBpectrochim. Actd974 30A 2041

(41) Sims, L. B.; Burton, G. W.; Lewis, D. BEBOVIB-1V, QCPE No. 2046.
337 Quantum Chemistry Program Exchange, Department of Chemistry,  (47) Saunders, M.; Laidig, K. E.; Wolfsberg, Nl. Am. Chem. S02989
University of Indiana: Bloomington, IN, 1977. 111, 8989-8994.
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Figure 4. Hanes plot of kinetic constants for DTA-catalyzed NAD
hydrolysis in 50 mM potassium phosphate (pH 6.0) atG7
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Figure 5. Commitment to catalysis. The ordinate intercept, 358, is
the reciprocal of the fraction of NADthat would react with DTA,
without dissociation, at infinite concentration of NADThis corre-

sponds to a commitment factor of 0.0028.

previously at pH 8.0, 2.04 0.5) x 1075 M,*8 thoughkca/Kwu
= 12,5 M 1571 is similar.

Commitment to Catalysis. KIEs in keafKym report on the
rate-limiting step (or steps if more than one is significantly rate-
limiting) up to the first irreversible step of the reaction.

Substrate molecules that bind to the enzyme and form products

without dissociating from the Michaelis complex cause com-

mitment to catalysis and decrease the experimentally measure

KIEs. For full commitment, only binding isotope effects on
formation of the Michaelis complex would be observed. The
KIEs of the chemical step would be kinetically unobservable.

The extent of commitment to catalysis was quantitated using

an isotope trapping experimefit. The results show that, at

infinite substrate concentration, less than 0.3% of substrate
would proceed forward to the chemical step without dissociation
(Figure 5). Thus, the extent of forward commitment to catalysis

is negligible.
In principle, product release could be rate-limiting and

therefore reflected in the experimental KIEs. If it were, a burst
of product formation would be observed under pre-steady-state
conditions. In fact, the rate of product appearance is constant
for reaction times as short as one-fifth of a turnover (not shown),
demonstrating that product release is not rate-limiting. Further
evidence comes from the kinetic constants for the ADP-

(48) Blanke, S. R.; Huang, K.; Collier, R. Biochemistry1994 33,
15494-15500.
(49) Rose, |. WMethods Enzymoll98Q 64, 47—59.
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Table 1. Measured and Predicted KIEs of DTA Catalyzed NAD
Hydrolysis

measd KIE predicted
(& 95% KIE at
confidence transition
label of interest KIE type interval) n?  statd
1-15N¢ primary, leaving 1.030+ 0.004 4 1.029
group
1'-14cd primary 1.034:0.004 4 1.034
1-15N,1'-14Ce double primary  1.0620.010 2
1'-3Hf o-secondary 1.208:0.005 4 1.186
2'-3Hf pB-secondary 1.1420.005 3 1.141
4-3Hf y-secondary 0.998:0.002 3 -9
5'-3Hf o-secondary 1.0320.004 4 -—
4'-180, mass a-secondary 0.99%£0.003 3 -
spectrometry
4'-180, 0.986+0.003 3 —
radiolabeled
4'-180, combined 0.9880.003 6 0.985

aNumber of independent, quadruplicate determinations (triplicate
for mass spectrometry).n.g s = 0.02 andny, s = 0.03.¢ Labeled
substrate: [E°N,5-“CJNAD*. Remotely labeled substrate: '{4
SH]NAD*. 4 Remotely labeled substrate:'#H]NAD *. ¢ Labeled sub-
strate: [11°N,1'-*“C]NAD™. Remotely labeled substrate:' H]NAD .
fRemotely labeled substrate: '{BCJNAD*. 94'-3H KIE was not
modeled quantitatively! 5'-*H KIE could be matched by distorting the
[0C4—C5—05 bond angle or protonating the phosphate’. Measured
by positive-ion whole-molecule mass spectrometry. Labeled substrate:
[4'-180]NAD™. | Labeled substrate: [¢-'80,8,-1“CINAD*. Remotely
labeled substrate: [4H]NAD*.

ribosylation of EF-2. The lower limit on the rate of product
release is set b, = 20 st for the ADP-ribosylation of EF-
248 Even if product release is fully rate-limiting in that reaction
(for which there is no evidence for or against), that would be 7
x 103-fold faster thark.;; = 3.0 x 1072 s71 for the hydrolysis
reaction, further evidence that the chemical step is rate-limiting.

Measured KIEs. The KIEs measured in this study were
determined as described previo#8lyising the competitive
method with radiolabeled substrates (Table 1). THE@ KIE
was also determined by mass spectrometry. The KIEs measured
by each technique were within experimental error of each other
(Table 1, and see the Discussion).

Transition State Structure. The transition state structure
that matched the experimental KIEs had high oxocarbenium ion
character, withn g ts = 0.02 andny,ts = 0.03. This is a
concerted ADN® (Sy2) reaction, with both the leaving group
and nucleophile participating in the reaction coordinate. No
combination ofn g andny, was found for I + Ay (Sy1) or

KEN*AN (unimolecular attack of the nucleophile on the oxocar-

enium ion) mechanisms that matched the experimental KIEs.
The predicted transition state structure was identified from a
contour plot of the area in reaction coordinate space in which
the predicted KIEs for each label matched the measured one
(Figure 6). The point where the contours converge indicates
the transition state structure, atg = 0.02 andny, = 0.03.
The predicted KIEs for '4°H and 3-3H were small throughout
reaction coordinate space and are therefore not shown. This is
consistent with the results from the solvolytic hydrolysis of
NAD™, which shows that for a similar transition state structure
(nLg, s = 0.02,ny, 1s = 0.005) the experimental and predicted
KIEs at H4 and H3 are negligible for the intrinsic chemical
step. Thus the observed remote KIEs for the DTA reaction arise
from the enzymatic stabilization of the transition state (see the
Discussion).

4'-3H KIE . The enzymatic 4H KIE, 0.990+ 0.002, was

significantly more inverse than for the solvolytic hydrolysis
(0.997 £ 0.001). Together with the'SH KIE, these effects

(50) Guthrie, R. D.; Jencks, W. Rcc. Chem. Red.989 22, 343-349.
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0.00 The radiolabel technique is an inherently indirect measure,
using liquid scintillation counting of radionuclides as reporters
on 180 and!%0, whereas mass spectrometry directly measures
the isotopically puré®O- and®O-containing NAD™ molecules
(after compensating for the natural abundancevat= 666.1).

With the radiolabel technique, isotope ratios were measured in
the products of the reaction after isolation on ion exchange
columns, while the mass spectrometry KIEs were measured from
residual substrate after isolation by reverse phase HPLC. Given
these differences in the measurement techniques, the identity
of the measured KIEs within experimental error demonstrates
the reliability of the measurement methods.

Description of KIEs. The predicted KIEs for the proposed
transition state structure match all measured KIEs within the

0.04

50.08|
|
£ 012}

0.16 |

0.20 X . . . 95% confidence interval and are all within 0.002 of the exact
) measurement, with the sole exception of théHL KIE. Given
0.00 0.04 0.08 0.12 0.16 0.20 the similar 1-3H KIEs measured for NAD solvolysis (1.194F

nNLI and hydrolysis by cholera (1.186)and pertussis (1.20%)
toxins, and the similarity to othé-riboglycoside hydrolyse¥,
Figure 6. Match of predicted versus experimental KIEs. For each the measured KIE is also likely to be correct. Computational
isotopic label, the colored area represents the match of the pred'Ctedprediction of the 13H KIE is difficult since the range of the

with the experimental KIEs as a function mis andn in this More— predicted KIEs within reaction coordinate space varies from 0.60
O'Ferrall-type reaction coordinate diagram. The light shading represents IR
the 95% confidence interval of each measured KIE, with dark shading t0 1.36 and was larger than for any other label. Within this
representing the exact measured KIE (approximatey.001): blue, range, the difference between the predicted (1.186) and mea-

1-5N; red, 1-14C; gray, 1-°H; green, 23H; orange, 410. The sured (1.200) KIEs at the transition state is small. The transition
predicted transition state structure is indicated by *. Only the top left State structure derived with the structure interpolation method
(dissociative) corner of reaction coordinate space is shown. is consistent with a qualitative evaluation of the measured KIEs,
with previously reported kinetic and structural studies of
demonstrate that the enzyme is using binding energy remoteDTA (see below), and with other enzymatid-riboside
from the catalytic site to promote catalysis. No attempt was hydrolyses829.53-58
made to quantitatively model the enzymatic®dl KIE. A [1-15N,1'-1C] KIE. The double primary, [£5N,1'-4C] KIE
modest change in any of the bond angles betweérad O4, =1.062+ 0.010 6 = 2), was measured and found to be, within
C3, or C3 could cause a KIE of this relatively small magnitude. experimental error, equal to the product of the individual KIEs,
5-3H KIE. The experimental '5*H KIE of 1.032+ 0.004 1.065. This relationship was also observed for the solvolytic
matched the predicted KIEs the ethanol modell&2—C1— hydrolysis of NAD", where the measured [#N,1'-14C] KIE
01 angles-14° and+15° from the equilibrium value of 10% = 1.034+ 0.002 o = 6) was equal to the product of the
thatis, at 92 and 12Z, respectively (Figure 3). The calculated individual KIEs, 1.036. That the measured double KIE equals
secondary $H KIE for the protonation of ethyl phosphate was  the product of the individual ones is a necessary consequence
1.049, also of sufficient magnitude to account for the experi- (though not diagnostic) of a mechanism where a single step is

mental result. rate-limiting. The equality of those values demonstrates the
_ _ accuracy and reliability of the KIE measurements.
Discussion Other KIEs. The combination of the relatively largel3N

Meaning of KIEs. KIEs reflect differences in the energy of K”f |nd|cat|ng .Iarg.e loss of CEN1 bond order, and sma}ll
each isotope between two states. The competitive methodl~"C KIE, indicating low bond order to the approaching
measures KIEs okea/Ky (or V/K),5t where the relevant species nucleophile, is diagnostic of a dissociative transition state. This
are the reactant (free enzyme and free substrate in solution) andS SUPPOrted by the secondary KIEs. The largéH = 1.200
the enzymatic transition state complex. This is true both for = 0-005 is consistent with a dissociative transition state.
radiolabeled substrates where the molar concentrations of theRehybridization of Cltoward sg plus a decrease in the steric

radiolabels are small fractions of the total NABoncentration ~ crowding around Hlled to a decrease in the out-of-plane
and for the stable, nontra¢éO-labeled NAD'. bending forces, which results in a large, normal RfEThe

large 2-3H KIE = 1.142 is diagnostic of hyperconjugation,
which is evidence for the ribose ring conformation in the
transition state being&xa Hyperconjugation, as distinct from
inductive effects, is highly sensitive to the angle between the

Mass Spectrometric Measurement of KIE. Because of the
indirect nature of KIE measurements by the dual-radiolabel
technique and the difficulty in checking the results by other
means, as well as the susceptibility to interference and the small
size of the effects bglng measured, the accuracy and precision (52) Schramm, V. L. IfEnzyme mechanism from isotope ofeCok,
of measured KIEs is always a source of concern. Thesep. ., Ed.: CRC Press Inc.: Boca Raton, FL, 1991; pp-3888.
concerns are compounded when dual remote labels must be used (53) Kline, P. C.; Schramm, V. LBiochemistry1995 34, 1153-1162.

i 1 (54) Kline, P. C.; Schramm, V. LBiochemistry1993 32, 13212-13219.

FO measure Kl.lES.Of St?blﬁ ISOtOFl)eS SUCH?\“; ar;d 80h An (55) Horenstein, B. A.; Parkin, D. W.; Estupinan, B.; Schramm, V. L.
important validation of the dual remote label method was gjgchemistry1991, 30, 10788-10795.
obtained when the'480 KIE measured by mass spectrometry (56) Mentch, F.; Parkin, D. W.; Schramm, V. Biochemistry1987, 26,
was within experimental error of the one measured with dual 92%;%38- \in . W.: Sch V. LBiochemisiryl987 26, 915-920

. . . . arkin, D. ., OChramm, V. lochemistr A ) .
remote radiolabels: 0.98%& 0.003 using the radiolabel tech- (58) Parkin, D. W.: Leung, H. B.. Schramm, V. L. Biol. Chem1984
nique versus 0.99% 0.003 by mass spectrometry (Table 1). 259 9411-9417.

(59) Poirier, R. A.; Wang, Y.; Westaway, K. @. Am. Chem. So&994
(51) Northrop, D. B.AAnnu. Re. Biochem.1981, 50, 103—-131. 116 2526-2533.




Transition State of DTA-Catalyzed NAMydrolysis J. Am. Chem. Soc., Vol. 119, No. 50, 1997085

C2—-H2 bond and the scissile CiIN1 bond%8° being
maximal when the bonds are eclipsedamti and zero when
the dihedral angle is 90 The planarity of the splike O4 and
C1 atoms forces ring atoms G404 —C1'—C2 to be coplanar.
The only conformational flexibility within the ribose ring is at
C3, which can be either'3&xo or 3-enda In the 3-exo
conformation, the C2-H2' and C1—N1 bonds are in nearly
perfect eclipse, with a dihedral angle of 0.1In the 3-endo
conformation, the angle is 59.8not shown). The magnitude
of the measured'2H KIE is near the limit expected for a
glycosidic ring systefft and similar to previously measurett 2
3H KIEs for ribosyl N-glycosided®2%52:55 The inverse 410

environment of thex-phosphate, or some combination of these
two effects. Protonation of ethyl phosphate gave % KIE
(1.049) larger than the experimentaPBl KIE. This KIE arises
from inductive electron withdrawal toward the phosphate leading
to weaker G-H bonds. This result demonstrates that a change
in the electrostatic environment of tlephosphate of NAD

at the transition state, such as protonation or ion-pair formation
by interaction with His21 of DTA, could account for the
experimental KIE. Either increasing or decreasing fH@2—
C1-01 angle in ethanol results in normal KIEs, with the
predicted KIEs matching the experimentaPBl KIE at angles

of 92° and 122. The calculated KIEs arise from a decrease in
KIE occurs because loss of GIN1 bond order is compensated the C-C—H, O—C—H, and H-C—H bending force constants
for in the transition state by an increase in theé-624' bond caused by the distortion of C1 of the model ethafolt is not
order. This increased bond order to the ring oxygen atom yet possible to distinguish between these two possibilities as
restricts its vibrational environment, resulting in an inverse KIE. the source of the experimentat3H KIE.

The transition state structures Wfriboside hydrolyses for Transition State Structure. The following structural changes
other enzymes derived in this R¥3°5%58 have consistently  can be proposed as the NADproceeds from the reactant
indicated highly oxocarbenium ion-like transition state struc- (NL react= 0.77) to the transition stateyG rs = 0.02,Nyy s =
tures, including NAD hydrolysis catalyzed by cholera and (.03): The loss of bond order to the leaving group localizes

pertussis toxins. Indeed, all evidence indicates that glycoside the positive charge from the ground state onto the ribose ring.
hydrolyses in general, enzymatic and nonenzymatic, proceedThe |oss of leaving group bond ordeAn.s = —0.75, is

through oxocarbenium ion-like transition state structGfe®
4'-3H and 5'-*H KIEs. In the solvolytic hydrolysis of NAD,

compensated for by increases in bond orders within the ribose
ring, Ancj_'_o4' = +O.63,An(;1'_cz = +0.22, andAncr_le =

the measured KIEs at the remote sites are unmeasurably smally0.04, plus the appearance of the nucleophiey, = +0.03.

(5'-°H KIE = 1.0004 0.003) or negligible (4°H KIE = 0.997

The sum of bond orders to GB ncy, is greaterin the transition

+ 0.001). Thus, the significant experimental measured KIEs state (3.78) than in the reactant molecule (3.62). As discussed

for the enzymatic reaction (1.032 0.004 and 0.99& 0.002,

in the accompanying report, this change is likely due to the

respectively) are not intrinsic to the chemical features of the jncreased ability of C1to form z-bonding interactions with

transition state. They reflect the influence of the enzymatic 04 and C2when rehybridized toward 3p This has also been
binding energy at sites remote from the catalytic site to promote ghserved in the transition state structures of chéteead

catalysis that results in structural changes at &t C5. A
small, inverse 43H and significant, normal '8H KIE are
becoming ubiquitous features of enzymableriboglycoside
hydrolysis?829.5456 The remote®H KIEs were analyzed in a

pertussi®’ toxin reactions. Another change that occurs is the
flattening of the ribose ring. With the 3gharacter of C1
C2, and O4increasing at the transition state, the atom$-C4
04 —C2—C1 become coplanar. C& the only ring atom that

separate step from the KIEs adjacent to the breaking bonds,ig ot part of the plane; it projects below the plane in&®&

since these effects are not inherent to the intrinsic chemical stepsgnformation.

of the reaction.

Ab initio calculations using small molecule models showed

that the experimental’ 5H KIE could arise from distortion of

the[JC4'—C5—05 bond angle, by a change in the electrostatic

(60) Sunko, D. E.; Szele, I.; Hehre, W.J.Am. Chem. Sod.977, 99,
5000-5004.
(61) Ashwell, M.; Guo, X.; Sinnott, M. LJ. Am. Chem. S0d992 114,
10158-10166.
(62) Sinnott, M. L.Chem. Re. 199Q 90, 1171-1202.
(63) Padmaperuma, B.; Sinnott, M. Carbohydr. Res1993 250, 79—
86.
(64) Tull, D.; Withers, S. GBiochemistry1994 33, 6363-6370.
(65) Tanaka, Y.; Tao, W.; Blanchard, J. S.; Hehre, El. Biol. Chem.
1994 269, 32306-32312.

(66) Wang, Q. P.; Graham, R. W.; Trimbur, D.; Warren, R. A. J.; Withers,

S. G.J. Am. Chem. S0d.994 116, 11594-11595.
(67) Braun, C.; Brayer, G. D.; Withers, S. G.Biol. Chem1995 270,
26778-26781.

(68) Mcintosh, L. P.; Hand, G.; Johnson, P. E.; Joshi, M. D.; Korner,
M.; Plesniak, L. A.; Ziser, L.; Wakarchuk, W. W.; Withers, S. G.

Biochemistry1996 35, 9958-9966.

(69) Sinnott, M. L.; Jencks, W. B. Am. Chem. S0d.98Q 102, 2026-
2032.

(70) Kneir, B. L.; Jencks, W. Rl. Am. Chem. S0d.98Q 102 6789-
6798.

(71) Amyes, T. L.; Jencks, W. B. Am. Chem. Sod989 111, 7888~
7900.

(72) Banait, N. S.; Jencks, W. B. Am. Chem. S0d.991, 113 7951-
7958.

(73) Banait, N. S.; Jencks, W. B. Am. Chem. S0d.991, 113 7958-
7963.

(74) Cherian, X. M.; Van Arman, S. A.; Czarnick, A. W. Am. Chem.
Soc.1990 112 4490-4498.

(75) Huang, X.; Surry, C.; Hiebert, T.; Bennet, A.JJ.Am. Chem. Soc.
1995 117, 10614-10621.

Flattening of the ribose ring and the? sp
rehybridization of C1 cause the nicotinamide ring and the
phosphate to move closer together, above the plane of the ribose
ring.

The charge distribution of NAD changes substantially
between the reactant and transition states (Figure 7). In the
reactant, the nitrogen of the nicotinamide ring bears a formal
positive charge of +. At the electrostatic potential surface,
the positive charge (red) is delocalized throughout the nicoti-
namide ring and into Cland HZ of ribose. In the transition
state, the nicotinamide ring becomes neutral and the positive
charge transfers to the ribosyl ring. The electrostatic surface
of the transition state is similar to that for a ribosyl oxocarbe-
nium ion and nicotinamide which are not interacting with each
other.

Comparison with Other Transition State Structures. The
transition state structures for NAThydrolysis by cholera toxin
(nLe1s = 0.09,nny s = 0.005¥8 and pertussis toxim(g 1s =
0.1,nyy,ts= 0.001¥° catalyzed hydrolysis of NAD have been
reported. The reported leaving group bond orders were
somewhat higher and the nucleophile bond orders somewhat
lower than reported here for DTA. In those studies, the increase
in C—N bond orders within the nicotinamide ring in the
transition state was not included in the model, resulting in
increased residual leaving group bond order in the transition
state. The increase in predicteds’'s leads, in turn, to low
predictedny,'s to match the ribosyl KIEs. Using the structure
interpolation method, the predicted transition state bond orders
for these reactions becomeg ts = 0.02 andny, s = 0.02 for
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Nicotinamide,
Reactant Transition state oxocarbenium ion,

Figure 7. Structures of reactant, transition state, and the hypothetical oxocarbenium ion, with independent, noninteracting nicotinamide and water
molecules(a) Atoms present in the cutoff models used in BEBOVIB calculations are colored by element; all others are colored gray. Changes in
bond order between the reactant and the transition state are indicated. All atoms within two bonds of the isotopically labeled positions were included
in KIE calculations, yielding “highly proper” cutoff mode®8 (b) Electrostatic potentials projected onto the molecular surfaces of the full molecules

in the same orientation as in part a, withd representingositive electrostatic potential anllue representingiegatve potential. Calculations were

done at the RHF/6-31G** level. Molecular surfaces are at an electron density of @#2, and the electrostatic potential spectrum is fref1

(blue) to 0.1 hartree/(red).

the cholera toxin reaction aml g ts = 0.05, Ny, 1s = 0.001 exponential functions of bond order; therefore, this difference
for the pertussis toxin reaction. These values are similar to the of 0.54 A in bond length to the water nucleophile represents a
n.e s = 0.02 andnyny s = 0.03 for the DTA reaction. These  real difference in the transition state structures. At the predicted
are small changes in the predicted transition state structures thatransition state for the DTA reaction, the predicted KIEs are
reflect refinement in the modeling procedure. In all cases, the within the 95% confidence interval of all measured KIEs except
transition state structures for toxin-catalyzed hydrolysis of the 1-°H. The small difference of 1.200 and 1.186 between
NAD™ are highly oxocarbenium ion-like. experimental and predicted KIEs at this position are easily
The DTA transition state structure is also similar to the explained by the well-documented difficulty in predicting
transition state for the pH-independent solvolytic hydrolysis of @-secondary KIEs at this positiéit.®
NAD™*, wheren,g s = 0.02 andhy, rs= 0.005. The difference Catalytic Mechanism and the Structure of DTA. In
in Ny, 0.025, between the enzymatic and solvolytic transition considering the catalytic mechanism of DTA, it is worth noting
states represents a 6-fold difference in bond order. KIEs are (76) Westaway, K. CTetrahedron Lett1975 48, 4229-4232.
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that the toxin catalyzes NADhydrolysis much more weakly
than the ADP-ribosylation reaction. Wit = 3.0 (£ 0.3) x
1073 s71, compared wittk =5 x 1077 s~ for the uncatalyzed
reaction at 37C,”” the rate enhancement is only*f@ld. The
biologically relevant ADP-ribosylation of EF-2 exhibitskay
= 20 s}, a 4 x 10’-fold rate enhancemeft. Much of the
catalytic power brought to bear during the ADP-ribosylation
reaction is evidently not operative in the hydrolytic reaction.
NAD™ Binding. The X-ray crystallographic structures of
diphtheria toxin include ones with an endogenous inhibitor,
ApUp, bound in the active sit€ with substrate NAD 7 and
with the active site unoccupié. The nicotinamide ring of

J. Am. Chem. Soc., Vol. 119, No. 50, 1992087

The presence of these “anticatalytic” features in the DTA/
NADT crystal structure implies (a) that these favorable interac-
tions must be broken, at some energetic cost, to attain the
transition state and/or (b) that, although the general mode and
orientation of binding of NAD are the same as in the productive
Michaelis complex, some of the details are different.

Binding of the Transition State. Docking the transition state
structure with the nicotinamide ring superimposed on that of
the crystallographically determined NADN the active site cleft
results in the ribosyl ring projecting into solution, with no
contacts to DTA. While the sides of the nicotinamide binding
pocket are well defined by the side chains of Tyr54 and Tyr65,

substrate NAD binds in a deep hydrophobic pocket on the the top of the pocket is less well defined, with contacts
enzyme, becoming desolvated. The low dielectric environment ontriputed by Tyr20, Gly22, Ser55, Thr56, Ala62, and Phe140.
lowers the energy difference between the reactant and transition0n|y minor changes in protein conformation are necessary to
states by increasing the energy of the positively charged gccommodate binding the nicotinamide ring deeper in the
nicotinamide ring in the reactant relative to the neutral form at ,cket. In this way, the positively charged ribosyl ring at the

the transition state, a case of ground state destabilization. Thisyansition state is in contact with the stabilizing negative charge
deep pocket would make release of the product nicotinamide ¢ 5),148.

difficult before the ADP-ribosylation reaction was complete,

consistent with the observed inversion of configuration of the

anomeric carbon in the reaction with EP2.The side chain
of Glu148, which has been shown by photoaffinity labetthg
and mutagenesito be crucial for catalysis, is located where
it can stabilize the formation of the oxocarbenium ion-like

transition state (see below). His21 is located near one of the

phosphate groups of NAD where it could assist electrostati-
cally in NAD* binding. There are, however, some features o
the X-ray crystallographic structure with bound NARhat
appear unfavorable for catalysis.

“Anticatalytic” Structural Features . Several (apparently)
favorable interactions between DTA and bound NAD the

crystal structure appear to be “anticatalytic”; that is, they appea

The transition state structure could be fitted into the active
site of DTA, without modifying the protein structure, by
changing the angle between the nicotinamide ring and the ribose
ring and by varying the torsional angles about thé-€25 and
C5—-05 bonds. Torsional rotations have low energy and have
negligible effects on KIEs. Similarly, because of the low bond
order to the leaving groum, ¢ s = 0.02, a change in the angle

N between the nicotinamide ring and the ribosyl moiety also would

have a negligible effect on the KIEs. The nicotinamide ring
was positioned as deeply as possible in the binding pocket. The
ribosyl portion was positioned withey—n1 = 2.65 A, with C1

near the Glul48 carboxylate and with the position of the

r phosphate group adjusted to avoid steric clashes while remaining

near the His21 side chain.

to stabilize the reactant in preference to the transition state. The
carboxamide nitrogen of the nicotinamide ring and one of the ~ This docking experiment is a crude model of the enzyme/
a-phosphate nonbridging oxygens are positioned to form an transition state interactions since no attempt was made to account
intramolecular hydrogen bond. This bond would need to be for the unknown changes in protein structure that occur to form
broken during Ct-N1 bond cleavage, making it an anticatalytic the transition state with the physiological second substrate, EF-
interaction. It would not be possible for the—---O=P 2. However, with the transition state structure fitted in the active
hydrogen bond to be a “fulcrum” about which the nicotinamide site and the electrostatic potential of the enzyme projected onto
ring rotates as the CxN1 bond breaks because of the presence its solvent accessible surface, the electrostatic stabilization of
of an additional hydrogen bond from the carboxamide nitrogen the transition state becomes clear (Figure 8). The negative (blue
to Gly22 G=0, which would need to be broken instead. dots) electrostatic potential of Glu148 is juxtaposed directly with

The closest contact the carboxylate of Glu148 makes with the positive (solid red) electrostatic potential of the transition
NAD™ is through the C5 atom of the nicotinamide ring (3.04 state at C1 The positive electrostatic potential of His21 (red
A) and 02 of the ribose ring (3.39 A). The nicotinamide ring dots) complements the negative potential of the transition state’s
is positively charged in the reactant (Figure 7b) but becomes phosphate group (solid blue). With this orientation of the ribose
electroneutral in the transition state. Interaction of the reactant ring, a perpendicular approach of the nucleophilic water brings
with a negatively charged carboxylate stabilizes the reactantit into close contact with Glu148. In this geometry, Glul148
relative to the transition state. Thus, a favorable interaction can act as a general base catalyst or can electrostatically polarize
between Glu148 and the nicotinamide ring would be anticata- the H-O bond of water to promote nucleophilic attack. Also,
lytic. In the crystal structure, the distance to’Cthe site of with this orientation, it becomes possible to form &lg:--O
accumulation of positive charge at the transition state, is 3.96 hydrogen bond between Haf NAD* and a carboxylate oxygen
A, and the interaction is at an oblique angle, not ideally suited of Glu148. G-H---O hydrogen bonds are weak, but biologically
to forming a strong interaction (see below). significant, interactiong*8>

These features of the catalytic site suggest strategies for
designing transition state inhibitors of diphtheria toxin. The
transition state structure of the ribosyl group is similar to that
for the hydrolysis of inosine catalyzed by nucleoside hydrolase
from Crithidia fasiculata®® with a highly dissociative, oxocar-
benium ion-like transition state. For that enzyme, the electro-
static and geometric characters of the transition state were
exploited to design and synthesize transition state analogue
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Figure 8. Stereodiagram of the transition state structure fitted into active site of DTA. Projection of the electrostatic potentials onto the molecular
surface shows the complementarity of the contact site for the transition state. The ball-and-stick figure of the transition state on the lower right
shows the orientation of the transition state in the active site. The ring oxygénisQdbeled on the molecular surface. The region of positive
potential (solid red) associated with 'Gif the TS is apposed with the negative potential (blue dots) of the carboxylate of Glu148. The negative
electrostatic potential of the phosphate oxygens (solid blue) is near the positive potential (red dots) of His21 (not visible behind the phosphate). The
proximity of the nucleophile water to the carboxylate of Glul148 raises the possibility that it promotes catalysis as a general base catalyst or by
polarizing the H-O bond to enhance the nucleophilicity of the oxygen. The electrostatic potentials were calculated using the Delphi module of the
program Insight Il (Biosym Technologies, San Diego, CA). Charges were-of/ére assigned to Lys, Arg, and His21 of DTA, &.50 other His

residues, and-1 to Glu and Asp. Point charges on the atoms of the transition state structure were assigned from the natural populati&h analysis
charges calculated from the wave function as in Figure 7. The molecular surfaces were calculated as the Connoll§* fwffaviéis the atomic

radii reduced by a factor of 0.8 so that the surface approximates a smoothed van der Waals surface. The contact site of DTA includes all residues
that contribute to the molecular surface surrounding the transition state: Tyr20, His21, Tyr54, Ser55, Thr56, Tyr65, Phel40, Glu148. Secondary
structural elements of DTA, as calculated by the Kabsch and Sander cHtaria,shown, witho-helices in purple ang-strands in blue. The
transition state structure from Figure 7 was fitted into the active site cleft by allowing the bond angles between the nicotinamide and ribosyl
moieties to vary, as well as the torsional angles about-C& and C5—05.

inhibitors with Ki's to 2 nM8-88 Preliminary studies show and nucleophile participating in the reaction coordinate. The
that phenyliminoribitol angb-nitrophenyl amidrazone are modest  4'-H and 3-*H KIEs indicate the use of binding energy remote
inhibitors of DTA, with Ki's near 100uM (data not shown). from the scissile bond to promote catalysis, possibly through a
Given the extremely high specificity of DTA for the nicotina- change in the electrostatic environment of ¢hphosphate and/
mide ring and adenosyl portion of the molecule, work is or distortion of the(lJC4—C5—05 bond angle. KIEs were
underway to incorporate these features into inhibitor structures. measured by the competitive radiolabel technique, with the [4
Work is also underway to characterize the transition state 180] KIE also measured by whole-molecule positive ion mass
structure for the physiological reaction catalyzed by diphtheria spectrometry.

toxin, the ADP-ribosylation of EF-2. The transition state structure docked into the crystal structure
of DTA suggests features of the catalytic mechanism. Desol-
Conclusion vation of the nicotinamide ring in a hydrophobic pocket,

electrostatic stabilization of the positive charge on the oxocar-
benium ion-like transition state by the carboxylate group of

Glu148, electrostatic stabilization of the pyrophosphoryl group
by His21, and activation of the attacking water nucleophile can
be proposed from the complex of DTA with the experimentally

determined transition state structure.

The transition state structure of DTA-catalyzed hydrolysis
of NAD" was determined by using the structure interpolation
method of bond-energy/bond-order vibrational analysis of
multiple KIEs. The transition state is oxocarbenium ion-like,
with low residual bond order to the leaving grougy-n1 =
0.02, and low bond order to the approaching nucleophilic water,
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