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ABSTRACT. The catalytic mechanism for the mono-ADP-ribosyltransferase activityPsdudomonas
aeruginosaexotoxin A was investigated by steady-state and stopped-flow kinetic analyses. The rate
constants for binding of the NADsubstrate to the enzyme were found to be#4.0.4uM 1 st and 194

+ 15 s7* for kon andkosr, respectively. Thdo, andke rate constants for the eEF-2 substrate binding to

the enzyme were 32& 39 uM~1 st and 131+ 22 s, respectively. A potent, competitive inhibitor
against the enzyme, 1,8-naphthalimide, bound the enzymekyyitindkos rates of 82+ 9 uM~1s 1 and

51+ 6 s, respectively. Furthermore, the binding on and off rates for the reaction products, ADP-ribose
and nicotinamide, were too rapid for detection with the stopped-flow technique. Investigation of the pre-
steady-state kinetics for the ADP-ribose transferase activity of the toxin-enzyme showed that there is no
pre-steady-state complex formed during the catalytic cycle. Binding of NABd smaller compounds
representing the various parts of this substrate were investigated by the fluorescence quenching of the
intrinsic toxin fluorescence. The binding data revealed a significant structural change in the enzyme upon
NAD binding that could not be accounted for on the basis of the sum of the structural changes induced
by the various NAD constituents. Product inhibition studies were conducted with nicotinamide and eEF-
2-ADP-ribose, and the results indicate that the reaction involves a random-order ternary complex
mechanism. Detailed kinetic analysis revealed that the eEF-2 substrate shows sigmoidal kinetic behavior
with the enzyme, and fluorescence resonance energy transfer measurements indicated that wheat germ
eEF-2 is oligomeric in solution.

Pseudomonas aeruginog®A)! is a ubiquitous, Gram- infections. The most toxic factor secreted by PA is the 66
negative, opportunistic pathogen that is commonly found kDa protein, exotoxin A (ETA). ETA belongs to a larger
throughout the biospherg)( It is one of the most important  family of enzymes that catalyze the transfer of ADP-
opportunistic bacterial pathogens in plants, animals, andribosyl moiety from NAD" to acceptors 4, 5). More
humans 2). This ubiquitous organism has a high intrinsic specifically, ETA is a member of the family of enzymes
resistance to antibiotics; hence, it is a leading cause ofknown as mono-(ADP-ribosyl) transferasés-g) and is an
infections in AIDS, burn, cystic fibrosis, and post-operative NAD*-diphthamide ADP-ribosyl transferase (EC 2.4.2.36).
patients and in other various immune-compromised humanThe enzyme domain of ETA catalyzes the transfer of ADP-
hosts 8). PA synthesizes a number of extracellular toxic ribose from NAD" to the diphthamide residue in eukaryotic
products believed to be involved in the pathogenesis of thesetranslation factor protein, eEF-2. A catalytic mechanism
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766-1499. E-mail: rmerril@uoguelph.ca. considerable work has been conducted on the catalytic

1 Abbreviations: ADPRT, ADP-ribosyltransferase; 5-AF, 5-acet- mechanism of diphtheria toxin (DT), also a diphthamide-
amide fluorescein; 5-IAF, 5-iodoacetamide fluorescefhiTAD™, specific transferase, by Collier and co-worketrd<17), but

-methylene-thiazole-4-carboxamide adenine dinucleotide; 3-D, three- At ;
gimens)ilonal; DT, diphtheria toxine-AMP, 1N6-etheno adenosine-  1190TOUS kinetic analysis has not been conducted on the PA

5'monophosphate-ADP, 1Nf-etheno adenosinediphosphate; eEF-  €nzyme. Earlier, Schramm and co-workers modeled the
2, eukaryotic elongation factor-2; eEF-2-ADPr, eEF-2 labeled with active site of DT, and they proposed a transition state

ADP-ribose; eEF-2ADPR, eEF-2 labeled with etheno-ADP-ribose; sty cture for the hydrolysis of NADbased on kinetic isotope

eEF-2-AF, eEF-2 conjugated with 5-aminofluoresceir;, molar . . .
extinction coefficient; e-NAD*, Ne-ethenog-nicotinamide adenine  €ffects of isotopically labeled NADs (18, 19). Although this

dinucleotide; ETA, Pseudomonas aeruginosaxotoxin A; FRET, structure lacks the eEF-2 second substrate, it represents a
fluorescence resonance energy transfer; IAEDANS, 5-[[[acetyllamino]- convenient initial focal point in the understanding of the

ethyllamino]-naphthalene-1-sulfonic acid; IPTG, isoprofyb-thio- : :
galactopyranoside; MWCO, molecular weight cutoff; NADB-nico- catalytic mechanism for both DT and ETA.

tinamide adenine dinucleotide (oxidized form); NAP, 1,8-naphthalimide; Although elucidation of the three-dimensional structure

PA, Pseudomonas aerugings®E24H, Pseudomonas aeruginosa Hadi _
exotoxin A 24 kDa C-terminal fragment containing a hexaHistag; SDS (9, 10 and other approaches based on site-directed mutagen

PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; €SiS €0) and photoaffinity labeling1, 29 has provided
TRIS, tris(hydroxy-methyl) aminomethane; WT, wild-type. valuable insights into the nature of amino acid residues
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participating in the catalytic mechanism, a detailed picture was loaded to a 5-mL column containing Affi-Gel Blue resin
of the ADPRT reaction still remains obscure. Recently, we (Biorad, Mississauga, ON) equilibrated in buffer B. The
developed a fluorescence-based ADPRT assay specific forsample was reloaded and recycled to the column for a total
exotoxin A that has facilitated an in-depth characterization of three times. The column was then washed with 50 mL of
of the kinetic parameters for this toxin-enzymzs). Fur- buffer B, and then eEF-2 was eluted from the column with
thermore, we have identified a catalytic loop within this buffer C, which was identical to buffer B except that it
enzyme that modulates the transferase activity, and wecontainel 1 M KCI. The eluted eEF-2ADPr protein was
proposed that this is accomplished by stabilization of the concentrated to 0.5 mL in an Amicon Centriprep (10 000
transition state for the reactior24). Additionally, we MWCOQO) concentrator (Amicon Inc., Danvers, MA), the
characterized the interaction of the toxin-enzyme with its sample was then applied to a disposable size-exclusion 10
protein substrate, eEF-2, by fluorescence resonance energG column (Biorad, Mississauga, ON), and the column was
transfer (FRET) analysis, and we determined the binding developed with 20 mM Tris-HCI, 50 mM KCI, 1 mM EDTA,
constant Ky) for the enzyme-substrate interactiorb{-13). 5% glycerol, pH 7.9 buffer (buffer D).

Importantly, we convincingly demonstrated that the enzyme  Labeling eEF-2 with ADP-Ribos&he reaction conditions
will bind the eEF-2 protein substrate in the absence of the were identical with those described previously except that 5
NAD™ substrate, which immediately raised the possibility mg of wheat germ eEF-2 was labeled with pdpof PE24H

for a random-order ternary complex mechanism for this enzyme in a 1-mL reaction volume, and NADBather than
mono-ADPRT enzymel@). eNAD™ was used.

In the present work, we studied the kinetic details for the  Size-Exclusion HPLC Analysigin HPLC column (1.25
ADPRT reaction catalyzed by ETA through the use of cm diameterx 30 cm length) packed with Superose-6 HPLC
stopped-flow fluorescence spectroscopy. We have successgel filtration medium (Amersham Biosciences, Baie d'Urfe
fully measured thek,, and ks rates for both substrates, a PQ) was used to determine the hydrodynamic radius of wheat
potent competitive inhibitor of the NAD substrate, 1,8-  germ eEF-2 under enzyme reaction solution conditions. The
naphalimide (NAP), and we have also investigated the pre- solvent used to develop the column was 20 mM Tris-HCI,
steady-state kinetics for the reaction. Furthermore, we 100 mM KCI, pH 7.9 buffer. The column was calibrated
conducted product inhibition studies and characterized thewith two sets of molecular weight protein gel filtration
aggregation state of the eEF-2 substrate to propose a moretandards. One set of standards (low MW set, Amersham
detailed enzyme mechanism for the ADPRT reaction cata- Biosciences, Baie d’Uf{ePQ) included ribonuclease A §R

lyzed by this toxin-enzyme. 16.4 A), chymotrypsinogen A (&20.9 A), ovalbumin (B,
30.5 A), and albumin (35.5 A). The second set (high MW
EXPERIMENTAL PROCEDURES set, Sigma Co., St. Louis, MO) included albumins(R5.5

A), alcohol dehydrogenase {R45.5 A), apoferritin (R, 61

A), and thyroglobulin (R, 85 A). A plot of Stokes' radius

against Flog(Ka,)]Y? gave best fit lines for the standard

as previously described ) curves with correlation values between 0.991 and 0.995. The
e ) . sample (20Q«L) was then injected onto the column, which

Purification of eEF-2.Wheat germ eEF-2 was purified a5 hreviously equilibrated with buffer. The solvent was
from a natural source as previously describ2g).( _ delivered with a Biorad HRLC Model 2700 with a flow rate

Site-Directed MutagenesisSingle Cys mutant proteins  of 0.5 mL/min, and the protein was detected by a Biorad
were prepared for the PE24H protein using oligonucleotide- pjodel 1706 UV absorption monitor set at 280 nm. Elution
based mutagenesis procedures as described edB)eilhe volumes Ye) were used to calculate th&, values for each
desired mutation was verified by dideoxy DNA sequencing sample wheréKa, = (Ve — Vo/Vi — Vo). Ve is the elution
with an ABI Prism Model 377 DNA sequencer using dye gjume of the sampléV, is the column void volume, and
termination and cycle sequencing with samples run on a 4.5%js the total bed volume of the column. The data were
acrylamide gel. analyzed as described previousB5( 26).

Fluorescence Labeling of PE24fihe PE24H protein was Steady-State Fluorescence and Spectroscopic Measure-
labeled with the fluorescent reagent, IAEDANS, as detailed ments. All steady-state fluorescence measurements were
earlier 3). The labeling efficiency was calculated from the  gbtained using a PTI Alphascan spectrophotometer interfaced
adduct absorbance values using the appropriate molar extinCwith a computer using Felix Version 1.21 software (Photon
tion coefficients of the attached fluorophore and the protein Techno|ogy International, Lawrenceville, NJ) and equipped
as previously documentedl3), and the efficiency was  with a water-jacketed sample chamber set to°@5 The
determined to be near unity. PE24H-AEDANS emission spectrde{ = 337 nm) were

Fluorescence Labeling of eEF-Purified wheat germ  recorded for proteins in 50 mM NaCl, 20 mM Tris-HCI (pH
eEF-2 protein was labeled with 5-iodoacetamide fluorescein 7.9) solution. The eEF-2-AF emission spectia, (= 492
as described previousiyL§). nm) were obtained for proteins in 100 mM KCI, 20 mM

Labeling eEF-2 withcADP-Ribose.A 0.5-mL reaction Tris-HCI (pH 7.9) buffer.
mixture containing 1 mg of wheat germ eEF-2 was incubated Absorbance spectra were obtained at room temperature
with 0.1 ug of PE24H enzyme, 500M ¢NAD™ in 20 mM with a Varian Cary-300 double-beam absorption spectrometer
Tris-HCI, 200 mM KCI, 1 mM EDTA, pH 7.6 (buffer A) (Varian Inc., Mississauga, ON). PE24H-AEDANS absorb-
for 30 min with mild agitation at 253C. The reaction was  ance spectra were scanned from 260 to 400 nm in 50 mM
diluted 4-fold with 20 mM Tris-HCI, 50 mM KCI, 5%  NaCl, 20 mM Tris-HCI (pH 7.9) solution. eEF-2-AF (eEF-2
glycerol, 1 mM EDTA, pH 7.2 buffer (buffer B) and then conjugated with 5-aminofluorescein), eEFRDPr (eEF-2

Overexpression and Purification of PE24Hhe 24-kDa
recombinant fragment of ETA with a C-terminal His-tag
(PE24H) was overexpressedtscherichia coliend purified
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labeled W_ith ethenp-ADP-ribose), and eEF-2-ADPr (eEF-2 Table 1. Steady-State Kinetic Parameters for NAdhd eEF-2
labeled with ADP-ribose) absorbance spectra were recordedsypstrates
from 250 to 600 nm in buffer D.

parameter NAD eEF-2
Rapid Kinetic Data CollectionAll rapid kinetic data were k(s ) Ntz 121
obtained at 25°C with an Applied Photophysics model K (uM) 2754+ 5@ 200+ 1.3
SX.17MV stopped-flow fluorescence spectrometer equipped  Kea/Ku (uM~*s7%)° 0.0414 0.005 0.60+ 0.04

with an excitation monochromator and using filter-based = steady-state kinetic data were taken from Armstrong and Merrill
fluorescence emission detection (Applied Photophysics, (23). b Steady-state kinetic data calculated from the data shown in Figure
Leatherhead, UK). Excitation slit widths were 4 nm, and a 7A using v, = VmafS]"(Kw + [S]") according to the Hill equation
variety of interference and emission cutoff filters were used Wheren = 2.0.° Data were calculated from data shown above.
depending upon the nature of the fluorescence reporter in
the sample. The kinetic traces shown are an average of six FRET Studies of eEF-2 Oligomers preparation of eEF-2
to eight individual traces or shots. Intrinsic protein fluores- was divided into two parts; one was labeled with 5-IAF, and
cence was monitored by 280 nm excitation, and emissionthe other part was labeled with IAEDANS as previously
was detected at right angles with a 320 nm emission cutoff described13—27). A solution of eEF-2-AEDANS in 20 mM
filter. The pre-steady-state kinetics of the base-catalyzed Tris-HCI, 50 mM KCI, pH 7.9 was titrated with eEF-2-AF
hydrolysis ofeNAD" and toxin-catalyzed ADPRT reaction by the sequential additions of a stock solution of the latter.
was measured with excitation at 305 nm (4 nm band-pass),Upon each addition of the donor to the sample, the entire
and emission was measured through a monochromator sefluorescence spectrum was collected with excitation at 337
at 405 nm (8 nm band-pass). Thg andk. rates for eEF- nm, and the emission was scanned from 350 to 650 nm (2
2-AF binding to PE24-AEDANS were measured by excita- nm band-passes for both excitation and emission). The data
tion at 337 nm and emission with a 580 nm interference filter were corrected for the dilution factor and then were plotted
(20 nm band-pass). All experiments were conducted underasQr/Qp against eEF-2-AF acceptor mole fraction. The data
pseudo-first-order conditions. Rate constants and amplitudescurves were then fitted according to the model described by
were obtained by fitting the data to equations describing a Veatch and Stryer2@) where the degree of association of
single- or double-exponential growth/decay using the Applied eEF-2 monomers upon titration was assessed by measuring
Photophysics software, Version 4.25. FRET from a donor population (eEF-2-AEDANS) to an
Fluorescence-Based ADPRT Asstlye NAD -dependent ~ acceptor population (eEF-2-AF). The derivation of the model
ADPRT activity for the various cysteine PE24H proteins and for the association of channel peptides (eq 1) has been
their corresponding protein adducts was determined asPresented previously2g).
described by Armstrong and Merri28). Product inhibition
studies were conducted with either nicotinamide or eEF-2- gp 14 E—E(1—a™t 1
ADPr as inhibitor while varying each of the substrates, Qo_ ( a) 1)
NAD™ and eEF-2, in separate experiments to determine the

nature (type) of inhibition exhibited by the respective o the relative quantum yield of the donor species, is a

products in the reaction mixture. ratio of the quantum yield of the donor species in the
Quenching of Intrinsic Protein Fluorescencghe NAD"- presence(OF) and absenceqo) of the acceptor SpecieE

dependent quenching of the intrinsic tryptophan fluorescencerepresents the efficiency of the FRET procesis, the mole

in PE24H was used to determine the binding constafys (  fraction of the acceptor species, amis the number of eEF-2
for NAD™, NAP inhibitor, nicotinamide, AMP, ADP, or  monomers that comprise the oligomeric complex.
ADP-ribose as described elsewhetd,(12).

Fluorescence-Based eEF-2 Binding Assahe FRET- RESULTS
based assay was conducted as previously descii3edihe
dissociation constant for eEF-2 binding with PE24H was  Steady-State Kinetic Parametefhe steady-state kinetic
determined using the following equation as part of the non- parameters for both substrates of the PE24H enzyme are
linear fitting routine within Origin 6.1 software (OriginLab, summarized in Table 1. The toxin-enzyme shows conven-
Northampton, MA): AF/AFqnax = ([eEF-2Bmax/(Kp + tional Michaelis-Menten kinetic behavior against the NAD
[eEF-2]), whereAF; is the change in fluorescence intensity substrate with &, and specificity constank{/Km) of 275
for each ligand (eEF-2) concentration upon macromolecular uM and 0.041uM ! s™1, respectively. However, the enzyme
associationAFnax is the maximum change in fluorescence exhibits sigmoidal kinetics against the protein substrate, eEF-
intensity at saturation of the ligand-binding site within 2, with a lowerK,, and hence a higher specificity constant
PE24H,Kq is the dissociation constant for the binding of (20.0 uM and 0.60uM~! s71, respectively) than for the
eEF-2 with PE24H, anB,.is the total PE24H concentration  dinucleotide substrate. The sigmoidal behavior for the eEF-2
(number of binding sites if there is only one site per protein). substrate is believed to originate from the oligomeric state

S585C-AEDANS was chosen as the control protdi8) ( of this protein in solution, but other explanations are possible
to determine theKy for eEF-2-AF binding and for the  (see Results and Figure 7).
determination of the rate constants for binding and release. NAD' Binding and Rate ConstantBigure 1A shows the
S585C and its adduct behave similarly to the wild-type saturable binding curve for the titration of the PE24H enzyme
enzyme in terms of its catalytic activity and NAEinding with the NAD' substrate in the absence of the eEF-2 protein
and also this protein labeled with IAEDANS at near unity substrate. The binding was quantified from the signal
efficiency. obtained for the quenching of the intrinsic fluorescence of
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12 T T T T inset to Figure 1B. The latter dataset for the time-dependent
1 fluorescence change upon NADinding could be fit to a

] ] single-exponential function with a rate constant of 468 s

0.8 - - and in fact, all of the datasets could be fit with a single-

exponential function up to 98M. Unfortunately, thekops

rate constants were too high to be accurately determined by

the stopped-flow technique at NADconcentrations above

] ; 90 uM. The association and dissociation rate constagts,

0.2 . andke, were determined from plots &,s versus [NAD']

0.0 A. ] according tokops = Kor[L] + kott. The values for the

1 association and dissociation rate constants for the NAD

L O S U, substrate with the enzyme are summarized in Table 2.
—— T ——— Importantly, the dissociation constatiyj determined from

] equilibrium binding experiments was in good agreement with

Fractional Saturation
(AFIAF )
(=]
F'S
1
1

g0, the value k/kon) calculated from the kinetic experiment
S (Table 2, 45 and 4LuM, respectively), adding credence to
‘% 500 the kinetically derived,, andk. rates. Under pseudo-first-
x order conditions similar to those used for the determination

400 of keatfor the ADPRT reaction (Table 1; 5QM ¢NAD™ at

200 25 °C), the association rate for NADwith the enzyme is

4.7uM™1st x 500uM = 2350 s, which is approximately
200-fold greater than thie, value for the ADPRT activity
2000 T 2 20 0 5 & T 0 % of the toxin (Table 1).
Pre-Steady-State Kineticét is known that in solution
[NAD] uM NAD™ exists as a folded structure (sandwich) with the two

FiGURe 1: NAD* binding to PE24H (A) The binding isotherm ~ @romatic bases of the compound stacked against each other
for NAD* with toxin as determined from the quenching of the (30) and that when an enzyme binds this cofactor, separation
intrinsic protein fluorescence. The raw fluorescence quenching dataof the adenine and nicotinamide ring systems ensues.
were converted to fractional saturation valuésF(AFma, S€€  Fyrthermore, when dehydrogenases bind to the fluorescent

Experimental Procedures) and are plotted against the NAD + ) ) T :
concentration. The excitation was 295 nm, and the emission WasNAD analogue, etheno-NAD(e-NAD™), and it assumes

340 nm with excitation and emission band-passes at 4 nm in 20 the open conformation, it then has a much higher fluores-
mM Tris-HCI, 50 mM NaCl, pH 7.9 at 25°C. The final cence quantum yield3Q, 32). The PE24H enzyme binds
concentration of PE24H was 1.28M, and NAD" was varied NAD™ in a twisted horseshoe configuratiod3j, and it is
between 0 and 100@M. (B) The dependence OKos on the  aynected that the fluorescence quantum yield-fAD*

concentration of NAD (10—80 uM). The inset shows the time- . o . .
dependent fluorescence change associated with the binding of 50/V0uld increase due to this interaction. Figure 2A shows that

uM NAD™ to 1.0uM PE24H. upon addition of enzyme (5 nM) to various solutions of
e-NAD* (50—800 uM) the rate ofe-NAD™ fluorescence
Table 2: Kinetic and Thermodynamic Parameters for ADPRT change increased in a linear fashion and was likely due to
Substrates and NAP Inhibitor of ETA the breaking of the glycosidic bond between the C1 of ribose
parameter NAD eEF-2 NAPR and the pyridinium N1 of nicotinamide and/or the transfer
ko (eM 53 17104 320+ 39 8249 of eADP-ribose to eEF-2. To ascertain the source of the
Kott® (5°1) 194+ 15 131+ 22 51+ 6 e-NAD™ fluorescence increase during steady-state kinetic
Kott/Kor® (M) 41+3 0.4140.10 0.62+ 0.07 experiments, the PE24H enzyme was added to a solution of
Ke (uM) 45+5 0.71+£0.21 0-252‘:i 8-206 e-NAD* (Figure 2B) during fluorescence data acquisition.

The binding ofe-NAD* to the toxin-enzyme did not cause
aThe inhibitor of the ADPRT reaction, 1,8-naphthalimid8).( any change in the fluorescence intensity of thBIAD™*

Determined by stopped-flow rapid binding measuremetitie substrate (once the dilution factor was taken into account)
dissociation constant as calculated from the ratio of the forward and

reverse binding rate constants that were determined by stopped-flowUniess this change occurred during the mixing time of the
measurements.Determined from the equilibrium binding data shown —experiment (5 s) and featured a signal increase followed by
in Figures 1A, 3A, 4A, and 5A. a concomitant decrease in the fluorescence signal. At the
end of the experiment, 50 mM NaOH was added (since it
the enzyme by the dinucleotide, NAD as previously causes a large increase in the base-catalyzed hydrolysis of
characterized1(1, 12). The dissociation constant (4h 5 NAD™) to verify that thee-NAD* substrate was still largely
uM) value is shown in Table 2 for this equilibrium binding intact (Figure 2B). To investigate the pre-steady-state kinetics
experiment. The quenching of the Trp fluorescence observedon a more rapid time scale, the kinetic assay was conducted
at saturating NAD concentration is significant and results  with a stopped-flow fluorescence spectrometer (Figure 2C,D).
in 16—20% of the original fluorescence signal (&2, data There was no evidence for the formation of a pre-steady
not shown). The apparent (observed) binding rate constantintermediate upon base (Oktatalyzed) hydrolysis a-NAD™

for NAD"™ with PE24H was measured by stopped-flow (Figure 2C) on atime scale from 0.1 to 50 s, and furthermore,
fluorescence spectroscopy, and the data are plotted in Figureno intermediate was detected from 1.5 to 100 ms (Figure
1B. The plot of fluorescence emission intensity at:8q 2C, inset). Likewise, for the enzyme-catalyzed transfer of
NAD™ concentration as a function of time is shown in the ¢ADP-ribose frome-NAD™ to the diphthamide residue on
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Ficure 2: Steady-state and pre-steady-state kinetics of PERAHA set of progress curves for the ADPRT activity of PE24H as a
function ofe-NAD* concentrations. The reactions were conducted as previously desdrifeaind the reaction was linear (aM ¢-NAD™)

for 2 min. The progress curves are shown for 50, 275, 450, and:BD8-NAD™. (B) Kinetic trace for the ADPRT activity of PE24H at
200uM e-NAD* and 5 nM PE24H in 20 mM Tris-HCI, pH 7.9 at 2&. The appropriate additions were made as indicated by the arrows

to the enzyme-catalyzed reaction being continuously monitored in a fluorescence spectrometer. (C) Kinetic trace showing the fluorescence

increase (volts) as a function of time (s) as measured in a stopped-flow spectrometer for basedfalized hydrolysis of-NAD* at 25
°C (200uM NAD* and 1 mM NaOH). The inset shows the time course for the reaction from 0 to 100 ms. (D) Stopped-flow kinetic trace
for toxin-catalyzed ADPRT reaction at 2& and conditions as specified in panel B. The inset also shows the time course for the ADPRT
reaction from O to 100 ms.

eEF-2, there was no evidence for the formation of a pre- to facilitate the detection of a pre-steady-state intermediate
steady-state Michaelis complex between PE24HeaNAD * in the form of a Michaelis complex (PE24H concentration
as monitored by a change in the fluorescence intensity of = 0.5 uM), but again, no intermediate was detected (data
the etheno moiety (Figure 2D, 0-50 s; Figure 2D inset,  not shown).

1.5-100 ms). In addition, a similar experiment was con- eEF-2 Binding and Rate Constanihe saturable binding
ducted where the enzyme concentration was increased toof the eEF-2 substrate to the PE24H enzyme is shown in
approach more closely theNAD™ substrate concentration  Figure 3A where the binding is measured by the FRET signal
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o FiGUrRe 4: NAP binding to PE24H(A) The binding isotherm for
FIGURE 3: eEF-2-AF binding to S585C-AEDANS PE24(A) The NAP inhibitor with toxin as determined from the quenching of the
binding isotherm for eEF-2 with toxin as determined from the jntrinsic protein fluorescence. The raw fluorescence quenching data
quenching of the AEDANS (donor chromophore on PE24H) \yere converted to fractional saturation valueS-{AFma see
fluorescence due to FRET to the AF (acceptor) on eEF-2. The raw gxperimental Procedures) and are plotted against the NAP con-
fluorescence quenching data were converted to fractional saturationcentration. The final concentration of PE24H was 128, and
values AF/AFna, see Experimental Procedures) and are plotted NAP was varied between 0 and 581. (B) The dependence of
against the eEF-2-AF concentration. The final concentration of  on the concentration of NAP (0-14.0 «M). The inset shows
S585C-AEDANS PE24H was 1.0M, and NAD" was varied  the time-dependent fluorescence change associated with the binding
between 0 and &M. (B) The dependence okys on the of 1.0 uM NAP to 0.1uM PE24H.

concentration of eEF-2-AF (0.25L.0 uM). The inset shows the

time-dependent fluorescence change associated with the bindingbinding experiments was somewhat larger than the védge (

of 0.8 uM eEF-2-AF to 0.1uM PE24H. kon) calculated from the kinetic experiments (Table 2; 0.71
and 0.41uM, respectively), which generally reflects the
between the donor (AEDANS) attached to PE24H and the difficulty in working with the protein substrate as compared
acceptor (fluorescein) attached to eEF-2 as previously with the dinucleotide, small-molecule substrate, NAD
characterized(3). The dissociation constant for this protein ~ Nonetheless, the two dissociation binding constants are in
protein interaction is shown in Table 2 (0.210.21 uM) reasonably good agreement indicating the relative accuracy
and is in good agreement with our previous repd8)(The of the kinetically derived,, andkys rate constants for eEF-2
FRET between donor and acceptor results in a 4-fold interaction with PE24H (Table 2). Under pseudo-first-order
decrease in AEDANS donor fluorescence upon saturation conditions similar to those used for the determinatiok.gf
of the binding of eEF-2 with PE24HLB) (data not shown).  for the ADPRT reaction (Table 1; bBM eEF-2 at 25°C),
The apparent (observed) binding rate constant for the eEF-2the association rate for the eEF-2 protein with the enzyme
substrate with PE24H was measured by stopped-flow is 320uM~ts x 5uM = 1600 s*, which is approximately
fluorescence spectroscopy, the data is shown in Figure 3B,130-fold greater than thiey value for the ADPRT activity
and the plot of fluorescence emission intensity as a function of the toxin (Table 1).
of time at 0.5uM eEF-2 concentration is shown in the inset. NAP Binding and Rate ConstanfBhe binding curve for
The latter dataset for the time-dependent fluorescence changéhe association of the competitive inhibitor (against the
in eEF-2-AF fluorescence could be fit to a single-exponential NAD* substrate), NAPS), is shown in Figure 4A and was
function with a rate constant of 286% and in fact, all of measured from the quenching of the intrinsic Trp fluores-
the datasets could be fit with a single-exponential function cence of the enzyme caused by inhibitor docking within the
up to 1.0uM. Unfortunately, thekq,s rate constants were active site near Trps 466 and 558B—(11). The inhibitor
too high to be accurately determined at eEF-2 concentrationshinding data fit a two-site binding model with a high affinity
above 1uM. The association and dissociation rate constants, site (K4, 0.054uM) and a lower affinity binding siteKg,
kon @andkos, were determined from plots éfps versus [eEF- 1.2uM) (Table 2). However, it was not possible to measure
2] as explained for NAD binding to the enzyme (see the ko, andke binding rate constants for the high affinity
previous section). The values for the association and dis-hbinding site because the binding of NAP at concentrations
sociation rate constants for the protein substrate with the below 0.1uM did not cause a sufficiently large decrease in
enzyme are also summarized in Table 2. Notably, the enzyme intrinsic fluorescence to allow accurate detection by
dissociation constantK() determined from equilibrium  stopped-flow spectroscopy. A typical stopped-flow trace for
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Ficure 5: Product binding to PE24Hrhe binding isotherms for (A) nicotinamide, (B) AMP, (C) ADP, and (D) ADP-ribose to PE24H.
The raw fluorescence quenching data were converted to fractional saturation vaRi&s=(., see Experimental Procedures) and are
plotted against the ligand concentration. The final concentration of PE24H wag¥.28nd nicotinamide, AMP, ADP, and ADP-ribose
were varied between 0 andiM, 0 and 3uM, 0 and 2uM, and 0 and 2«M, respectively. The calculated binding constants are shown in
Table 3.

the binding of NAP (0.4«M) to enzyme is shown in the
Figure 4B inset. Thé&y,scalculated from fits of the stopped-

Table 3: Binding Constants and Fluorescence Quenching by NAD
Substrate and the Products of the ADPRT Reaction

flow kinetic traces were plotted against NAP concentration parameter NAD nicotinamide ~ AMP ADP  ADP-ribose
(Figure 4B), and thé,, andk. rate constants are shpwn N Kyaf (M) 47+£5 270+ 49 9+ 2 9+1 58+11
Table 2. TheKy value as determined from equilibrium  Kq P (uM) 1330+ 350 438+ 97

binding experiments (Figure 4A) was nearly 2-fold larger % FQ 83+12 32+6 29+4  15+2 1642

than the valuelGr/kon) calculated from the kinetic experi-
ments, which may reflect the difficulty in dissecting the

a Determined from the nonlinear fit of fluorescence quenching data
to a single-site binding model as described in Experimental Procedures.

binding rates for the high and lower affinity binding sites b Determined from the nonlinear fit of fluorescence quenching data to
a two-site binding model as described in Experimental Procedures.

because of the inherent lack of sensitivity assougted with ¢ Percent fluorescence quenching (% FQ) as determined from the extent
stopped-flow measurements (caused by reduced signal averof quenching of the intrinsic PE24H protein fluorescence at saturating
aging due to small time constants). Interestingly, it appears concentration of ligand (note: % residual fluorescenct00— %FQ).

that the higher affinity binding of the NAP inhibitor for the
NAD* subsite within the enzyme is due to a fastey
association rate (82M~* s~ as compared with aGM~ts™!
for NAP and NAD', respectively) and a slowés; dissocia-
tion rate (51 s' as compared with 194°% for NAP and

second product for the toxin-catalyzed reaction is eEF-2-
ADP-ribose, and so the binding of AMP, ADP, and ADP-
ribose to toxin was also measured; the binding isotherms
’ are shown in Figure 5BD,and the equilibrium binding
NAD, respectively) than for the NADsubstrate (Table 2).  constants are shown in Table 3. Importantly, the binding of
Nicotinamide, AMP, ADP, and ADP-Ribose Bindi@me the ADP-ribose portion of the NAD substrate does not
of the products of the ADPRT reaction catalyzed by PE24H quench the intrinsic fluorescence of the catalytic domain of
is nicotinamide, and the binding isotherm of this product to the toxin to nearly the extent that nicotinamide binding does.
the enzyme is shown in Figure 5A. Nicotinamide binds with Furthermore, the combined fluorescence quenching caused
relatively high affinity Kq = 270 uM, Table 2), but the by the two components of the NADsubstrate, nicotinamide
binding rate constants could not be measured by stopped-and ADP-ribose, does not account for the magnitude of the
flow spectroscopy either because the rates were too fast orfluorescence quenching caused by the intact NADbstrate
because of a lack of sensitivity due to the small change in [83% and (32+ 16 = 48%) for NAD" and nicotinamidet
fluorescence observed when this reaction product/vitamin ADP-ribose, respectively; Table 3]. This observation indi-
binds to the active site of the enzyme (data not shown). The cates that when NADbinds to the enzyme, it must invoke
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Ficure 6: Product inhibition plots of ADPRT activity of PE24HProduct inhibition studies were conducted with (A) nicotinamide with
variableeNAD™ substrate, (B) nicotinamide with variable eEF-2 substrate, (C) eEF-2-ADPr with vaeidBble ™ substrate, and (D) eEF-
2-ADPr with variable eEF-2 substrate. Nicotinamide was introduced as the product inhibitor in panels A and B at 0, 25, 50 z&hd 100
eEF-2-ADPr was used as the inhibitor in panels C and D at 0, 5, 6, auid.7

a specific structural change within the active site of the  Sigmoidal Kinetics of eEF-2 Substraféhe eEF-2 sub-
enzyme that is largely responsible for the 6-fold decrease of strate shows sigmoidal kinetic behavior with the PE24H
the intrinsic Trp fluorescence (rdf2; Table 3). enzyme (Figure 7A), which is usually indicative of a
Product Inhibition StudiesThe mechanism for the toxin- ~ Multimeric enzyme that is capable of cooperative behavior
catalyzed ADPRT reaction has proved elusive and has beer(37)- In contrast, the NAD substrate shows conventional
a source of controversyl{—13, 33, 34). More recently, Michaelis—Menten kinetic behavior with the toxin-enzyme
however, studies have intimated that the ADPRT reaction (17). Intriguingly, PE24H is a single subunit enzyn$; {0)
may be a random order ternary-complex type mechanismand possesses a single active site per mole&itd Z, 34)
(12, 13, 36). However, to provide more conclusive evidence and hence should not be capable of sigmoidal kinetic
for the specific reaction mechanism, we used inhibitors that behavior. The kinetic data shown in Figure 7A were plotted
would be expected to compete with one of the substratesaccording to the EadieHofstee linear transformation of the
for a site on the enzyme. The two major products for the Michaelis—-Menten equation:vo = VmadS]"/Km + [S]" for
reaction catalyzed by PE24H are nicotinamide and eEF-2-n = 1 (Figure 7B inset) and = 2 (Figure 7B). It is clear
ADP-ribose (a H is also a product of the reaction but was that the data do not fit the standard Michaelidenten
not considered since its concentration is controlled by the equation and model but rather fit the model for two substrate-
buffer in the reaction solution). Nicotinamide, when present binding sites with positive cooperativit@{). To investigate
as an inhibitor for the ADPRT reaction, showed competitive the possibility that the eEF-2 protein substrate was the source
inhibition when theeNAD™" substrate was varied (Figure 6A) of the cooperative kinetic behavior, a sample of purified
and mixed-type inhibition when the eEF-2 was the variable wheat germ eEF-2 was divided into two parts; one part was
substrate (Figure 6B). Furthermore, when eEF-2-ADP-ribose labeled with IAEDANS (9), and the other was labeled with
was the inhibitor, competitive inhibition was observed for 5-IAF (13) to ascertain the oligomeric state of eEF-2 by
both conditions where eEF-2 eNAD™ were the variable =~ FRET analysis. Fluorescence emission spectra were collected
substrates (Figure 6C,D). According to the Cleland rules, for the eEF-2-AEDANS protein in solution in the absence
this indicates that the ADPRT reaction catalyzed by the and presence of the eEF-2-AF protein (Figure 7C). Itis clear
Pseudomonadoxin is, indeed, a random-order ternary from the data in Figure 7C that FRET is occurring between
complex mechanism (see Discussion). the AEDANS (donor) moiety and the AF (acceptor) moiety
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Ficure 7: Oligomeric behavior of eEF-2ZA) Sigmoidal kinetics of eEF-2 as substrate for ADPRT activity of PE24H. The ADPRT activity

of PE24H was measured as described in Experimental Procedures andlin (B Eadie-Hofstee plot of kinetic data from a (A) fit
according to the standard Michaelislenten equation (inset) and according to the modified equation (wheré for [ST") vo = Vimal S/

(Km + [S]? (large graph). (C) Evidence for FRET between eEF-2-AEDANS and eEF-2-AF. Fluorescence emission spechiedre
2-AEDANS in buffer (dotted line), @M eEF-2-AF in buffer (thin line), 6:M eEF-2-AEDANS, and &M eEF-2-AF in buffer. Measurements

were conducted in 20 mM Tris-HCI, 50 mM KCI, pH 7.9 buffer at Z5. (D) Relative fluorescence quantum yield of eEF-2-AEDANS,

the energy donor, as a function of the mole fraction of eEF-2-AF (acceptor). The data were fit to a third-order polynomial (tetramer model)
as described in Experimental Procedures and described by Veatch and Z3yy&e) Analytical gel filtration of wheat germ eEF-2. A 200

uL sample of purified wheat germ eEF-2 in 20 mM Tris-HCI, 100 mM NacCl, pH 7.9 buffer was injected onto a Superose-6 column (1.2
cm diameterx 30 cm length, equilibrated in the same buffer) with a flow rate of 0.5 mL/min (see Experimental Procedures for details).

from adjacent eEF-2 protein molecules as witnessed by theassociation is an obvious conclusion. The eEF-2-AEDANS
decrease in AEDANS donor fluorescence concomitant with protein was titrated with the eEF-2-AF protein, and the
an increase in AF acceptor fluorescence (Figure 7C, bold AEDANS donor fluorescence was plotted against the mole
line). TheR, values for this donetacceptor pair range from  fraction of the AF acceptor species (Figure 7D). The data in
46 to 56 A @88), and given the dimensions of this protein Figure 7C,D suggest that wheat germ eEF-2 is oligomeric
(75 x 130 A; ref39) and the dilute solution concentrations in solution, and the data were fit to a third-order polynomial
used in the FRET experiment (Figure 7B), intermolecular (28), which implies a tetrameric state for this ribosome
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translocase in solution. This result was substantiated by constant measurements is high since the dissociation con-

analytical gel filtration experiments where wheat germ eEF-2
was shown to exist in solution as an equilibrium between
monomeric and tetrameric species (Figure 7E).

DISCUSSION
Pre-Steady-State Kinetic3he data shown in Figure 2

stants Kq4) compare favorably in value as determined from
equilibrium binding experiments and the ratio of the dis-
sociation and association rate constants (Table 2). Overall,
these kinetic data indicate that the eEF-2 binding step is not
the rate-determining step for the reaction, that the rate-
limiting step must involve some aspect of the ADP-ribose

indicate that there is no pre-steady-state intermediate thatransfer portion of the reaction to the nucleophilic diphtha-

forms during either the OHcatalyzed hydrolysis of NAD
or the diphthamide-catalyzed scission of the-XC bond

mide residue within the eEF-2 substrate, and that this event
may occur deep within the heart of the enzyme during

between the nicotinamide N1 and C1 of the adjacent ribose catalysis.

moiety. This indicates that the rate measured in the standard

fluorescence-based kinetic ADPRT assay reflects a ratherBi
slow event occurring during the transferase reaction catalyzed
by the enzyme. It appears from detailed steady-state kinetic
analysis as well as stopped-flow kinetic measurements that
the fluorescence increase observed during the steady stat

reaction is likely due to the breaking of the glycosidic bond
within e-NAD™ and is not a result of a separation of the two
bases within NAD associated with substrate binding to the
enzyme active site3(). Furthermore, there is no evidence
for a covalent enzyme intermediate in the catalytic cycle nor
is the release of the products, nicotinamide and eEF-2-ADPr
rate-limiting for the reaction (Figure 2; data not shown).

These conclusions agree with the studies conducted by Bert

et al. (L8), who showed that the transition state structure of
the hydrolysis reaction of NADcatalyzed by DT involves

an oxocarbenium ion with low residual bond order to the
leaving group and low bond order to the approaching
nucleophile, water. It was determined that the reaction

Structural Changes within PE24H doked by NAD
nding. Previous work in our laboratory indicated that
NAD™ induces a significant structural change within the
catalytic domain of ETA upon binding to the enzynie)

This was further substantiated upon the comparison of the
%inding of various parts of the NADmolecule to the PE24H
enzyme with the binding of intact NAD substrate as
monitored by changes in the intrinsic fluorescence of the
enzyme (Table 3). These data also suggest that upon scission
of the glycosidic bond within NAD that there is a significant
structural change (relaxation) that occurs within the catalytic
"domain that may be associated with product rele@sg (t

imust be noted that product release is very fast and could
not be detected within the dead-time of the stopped flow
instrument used in these experimertts< 1.5 ms). These
data indicate that the toxin-enzyme is using its structural
flexibility as a catalytic aid to facilitate the ribosyltransferase
reaction.

mechanism is concerted and highly asynchronous with both  Product Inhibition StudiesThe use of reaction products

the leaving group and the nucleophile participating in the
reaction coordinate. However, there are significant differ-
ences between the nonphysiologically relevant hydrolysis

that may function as inhibitors that compete with one of the
substrates for a site on an enzyme can give useful information
as to the mechanism of that reactiet®), A product of the

reaction and the diphthamide-specific transferase reactionreaction, if present in the initial catalytic mixture, may be

catalyzed by DT and ETA in both reaction mechanism details expected to compete with one of the substrates for a binding

and rates18, 19). A high-resolution structure of the complex  site on an enzyme, and this would be observed as a decrease

between these enzymes and their protein substrate, eEF-2in the rate of the forward reaction. Cleland has formulated

is needed to facilitate further kinetic analyses in the quest to a set of rules that enable the inhibition patterns for a particular

understand the details of the ADP-ribosyltransferase reaction.mechanism to be predictedX). The pattern of inhibition
Substrate Binding and Rate Constarithe data shown that was observed for the toxin-catalyzed ADPRT reaction

in Figures 1 and 3 represent the first report of the kinetics was competitive for nicotinamide inhibition with a variable

for the binding of the NAD as well as the eEF-2 substrate ¢NAD™* substrate and also for eEF-2-ADPr inhibition with

for ETA. Under pseudo-first-order conditions where both a variable eEF-2 substrate. The pattern was mixed and

substrates are at saturating concentrations, the N#ub-

competitive for the nicotinamide inhibition with a variable

strate binds to the enzyme with a slightly faster association eEF-2 substrate and for eEF-2-ADPr inhibition with a

rate constantig,) than the eEF-2 substrate (4% s x
500uM = 2350 st and 32QuM1s? x 5uM = 1600 s,
respectively; Table 2). Importantly, the accuracy of the rate

variable eNAD™ substrate, respectively. This inhibition
pattern is indicative of a random-order ternary complex
mechanism for the PE24H enzyme (see Scheme 1), which
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confirms recent proposals for the ADPRT reactit13,
23, 35).

more, experiments are being conducted to more fully
characterize the individual kinetic steps for the ADPRT

In this study, we have determined the following rate
constants and values (refer to Scheme K)(4.1 s%), k—;
(194 sY), k» (320 sY), andk-, (131 s%). We were unable
to determine the rate constants for nicotinamideadk-o)
and eEF-2-ADPrkg andk_g) interaction with enzyme due
to the rapid nature of these events. We have not yet bee
able to design suitable experiments to measure the rates o
eEF-2 binding to the E-NAD complex ks and k_3) and
NAD™ binding to the E-eEF-2 complek{andk_,) due to
interference of the fluorescence signal being monitored.
Furthermore, the rate constanks,and k_s, represent the 5
intrinsic rate for the nucleophilic substitution reaction, which

may be the rate-limiting step for the enzyme (Figure-2A 3.

D); however, it cannot be proven without first measuring
all of the rate constants for each of the reaction steps.
We have also not yet attempted to measure the product

release rates from the ternary complex for either nicotin- 5.

amide ks and k-g) or for eEF-2-ADPr k; and k7).
Clearly, further kinetic studies await completion before the
detailed mechanism for the ADPRT activity of ETA canbe 7
known.

Sigmoidal Kinetics of the eEF-2 Substrateitially, the 8.

sigmoidal behavior observed for the toxin-enzyme when the
eEF-2 protein substrate was varied in the ADPRT reaction
was surprising since the catalytic domain of the toxin,
PE24H, is a single subunit, monomeric enzyme with a single
substrate-binding site for NAD(9—10). However, there are
previous examples where alternative kinetic explanations
were invoked to describe the sigmoidal responses of simple
enzyme systems3{). Jensen and Trentin#®) interpreted

the kinetics of 3-deoxyp-arabino-heptulosonate-7-phosphate
synthetase ofRhodomicrobiumypannielii in terms of a
preferred (but not exclusive) kinetic pathway to a ternary
complex. Furthermore, Segel gives an excellent treatise on
this subject 87). The possibility exists that for the toxin-
catalyzed ADPRT reaction the preferred pathway is for the
eEF-2 protein substrate to initially bind followed by the
NAD™ substrate. If the reverse order of substrate binding
occurs, which might be expected at high NABoncentration
and low eEF-2 concentration, then the reaction still occurs
but is not as kinetically favorable as the former mechanism.
This mechanism could account for the sigmoidal shape of
the Michaelis plot for the eEF-2 substrate (Figure 7A).
However, the finding that eEF-2 is oligomeric in solution
(Figure 7D) presents another possible explanation for the
sigmoidal kinetic behavior for this substrate. Initial experi-
ments indicated that the FRET efficiency occurring within
eEF-2 oligomers is markedly reduced upon dilution of the
protein to a concentration below @M in solution. This
suggests the possibility of a monomaligomer equilibrium
that may have & that corresponds with the sigmoidal shift
in the Michaelis plot for ADPRT activity (Figure 7A). These
data suggest that the aggregation state of eEF-2 may be that
of a tetramer in solution (Figure 7D). Furthermore, analytical

gel filtration experiments showed that the predominant 2g.

oligomeric form of wheat germ eEF-2 in solution is a 29
tetramer (Figure 7E). Exactly what, if any, the ramifications
of the oligomeric nature of the ribosome translocase may
have on its in vivo function within the eukaryotic cell and

at the ribosome must await further characterization. Further-
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12.

13.

14.

15.

16.

17.
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19.

20.
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23.

24.

25.

26.

27.

31.

reaction catalyzed by the toxin-enzyme.
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