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ABSTRACT. Pseudomonas aeruginosaotoxin A (ETA) and its C-terminal, enzymatically active fragment
(PEA40, 375 residues) were studied by high-performance size-exclusion chromatography, steady-state and
stopped-flow fluorescence spectroscopy, and circular dichroism spectroscopy. Both proteins have been
overexpressed and purified by high-performance liquid chromatography. The effect of various activation
conditions (pH, urea, and DTT) on enzymatic activity was studied. Upon enzymatic activation, structural
changes induced within both proteins’ structures were monitored, and these changes were correlated with
concomitant alterations in the catalytic activity of the proteins. The pH optimum of enzymatic activity
for both ETA and PE40 was between 7.0 and 8.0, decreasing to nearly zero at acidic (pH 5.0) and basic
(pH 11-12) values. Analysis of the pH titration data revealed the presence of two disKpetapues

which implicate a His residue(s) (likely His-440 and -426) and a Tyr or Lys residue (possibly Tyr-481).
The identity and possible role of an active site Lys residue is not known. Additionally, a significant
increase in the Stokes radii of both proteins was detected when the pH was lowered from 8.0 to 6.0. The
enzymatic activity of PE40 was not affected by urea or DTT, and its Stokes radius decreased monotonically
with increasing urea concentration in the presence of DTT. In contrast, the enzymatic activity of ETA
peaked when the protein was preincubated with 4.0 M urea, and this coincided with a large transition
(increase) in the protein’s Stokes radius between 3 and 5 M urea. Furthermore, loss of helical secondary
structure of both PE40 and ETA commenced at approximately 2 M urea and progressively diminished at
higher denaturant concentrations. The unfolding of both proteins in urea (and DTT) was reversible, and
the free energies of unfolding were determined by both circular dichroism and fluorescence spectroscopy
and were found to be 13F 2.9 and 9.&+ 3.4 kJ/mol, respectively, for ETA and were 1'A486.8 and

7.5+ 3.6 kd/mol, respectively, for PE40. The refolding rate of PE40 was relatively rapid) = 27

s, t1(2) = 624 s], which was in stark contrast to the refolding rate of ETiA € several hours). The
relative refolding rates of PE40 and ETA help to explain the mechanism difro enzyme activation

and assay.

Pseudomonas aeruginosaan ubiquitous Gram-negative toxin (Moss & Richardson, 1982). ETA exerts its toxic
bacterial pathogen involved in disease-inducing infections effect by binding to a specific eukaryotic cell surface
of immunocompromised patients, such as those with cystic receptor, thea,-macroglobulin receptor (Kounneet al,
fibrosis, cancer, or burns. The bacterium produces a large1992), and is subsequently internalized by receptor-mediated
number of virulence factors, including the extracellular endocytosis into an endosome (Eideisl, 1983; FitzGerald
protein, exotoxin A (ETA): ETA belongs to a class of toxin et al, 1980). Upon endosomal acidification, the toxin is
enzymes known as mono-ADP-ribosyltransferases. Othernicked by an endosomally located protease (Ogtal.,
well-characterized representatives of this protein class include1990, 1992) and then translocates its enzymatic domain
diphtheria toxin [for a review see Wilson and Collier (1992)], across the membrane into the reducing environment of the
cholera toxin (Gill, 1975), anéscherichia coliheat-labile cytoplasm (Farahbahksh & Wisnieski, 1989). Once within
the cytoplasm, the released 37 kDa C-terminal fragment acts

t Supported by the Medical Research Council of Canada (A.R.M.). to catalyze the transfer of an ADP-ribosyl moiety from
76; E%S_s%ondingaEqugc?[LPhgr;‘eE %fg 3%1(-34L}I§(L>PXSSCO/§; fax (519) NAD™* onto eukaryotic elongation factor 2 (eEF-2), modify-

® Abstract rp?uatl)lished imdu(g)nce ACS Abstractﬂ;une i5, 1996. ing & di.phthamidle residue "_’md rendering eEF-2 incapable of

1 Abbreviations: ADPRT, ADP-ribosyltransferase; CAPS, 3-(cy- catalyzing protein synthesis (Pastanal, 1992). Native
clohexylamino)-1-propanesulfonic acid; CD, circular dichroism; DMG, ETA is enzymatically inactive and can be activateditro

3,3-dimethylglutaric acid; DTT, dithiothreitol; eEF-2, eukaryotic ; ; i _
elongation factor 2; EDTA, ethylenediaminetetraacetic acid; ETA, by simultaneous treatment with reducing agents and denatur

Pseudomonas aeruginosaotoxin A; AGy, unfolding free energy; ~ ants (Lepplaet al, 1978) or by fragmentation with proteases
AGuav, average unfolding free energy; HPLC, high-performance liquid (Chung & Collier, 1977). Furthermore, activated toxin is
chromatography; HPSELC, high-performance size-exclusion liquid glso capable of catalyzing the slow rate of hydrolysis of

chromatography; IPTG, isopropgtp-galactopyranoside,,, fraction + )
of column volume accessible to protein molecule; MW, molecular NAD™ in the absence of eEF-2 (Han & Galloway’ 1995)'

weight; NAD", S-nicotinamide adenine dinucleotide (oxidized form); An earlier report (Lory & Collier, 1980) demonstrated that
PEA0,P. aeruginosaxotoxin A~40 kDa C-terminal fragment; PMSF, a3 and DTT were required for activation of whole toxin
phenylmethanesulfonyl fluoride; SB®AGE, sodium dodecyl sulfate . - . . -
polyacrylamide gel electrophoresis; Tris, tris(hydroxymethyl)ami- and that the reduction of two of the four disulfide bridges in

nomethane; UV, ultraviolet. the toxin is required for activity. Subsequent investigations

S0006-2960(96)00396-0 CCC: $12.00 © 1996 American Chemical Society
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have substantiated these findings that reduction and structuraktep gradient consisting of 0.4 M NacCl in buffer A. Fractions
changes are required fam vitro activation of whole toxin containing PE40 were pooled, and the effluent was dialyzed
(Gallowayet al, 1989; McGowaret al, 1991). However, overnight in buffer A. The dialyzed sample was concentrated
the details of the structural basis for this activation mecha- to 5 mL using an Amicon Centriprep concentrator (Amicon
nism are not knowsrintriguing is the role of the disulfide  Inc., MA). This sample was applied to a 1.25 cm diameter
bond reduction, which facilitates a conformational rearrange- x 3.7 cm length HPLC column packed with Q-Sepharose
ment of the protein toxin and the unmasking of the enzyme’s HP (Pharmacia-LKB, Quebec) and eluted with a linear
active site. In the present study, structural changes occurringgradient of NaCl (6-500 mM in buffer A; 1 mL/min flow
in the whole toxin molecule (ETA) and in its C-terminal rate) over 120 min. The toxin eluted between 0.20 and 0.25
enzymatically active fragment (PE40), after various activation M NaCl. Fractions containing PE40 were pooled and
procedures, were monitored by high-performance size- concentrated to 5 mL using an Amicon Centriprep concen-
exclusion liquid chromatography (HPSELC). These con- trator, and the HPLC step was repeated. The final purified
formational changes were correlated with alterations in protein was concentrated to-8 mg/mL, and the protein
enzymatic activity and also in-helical secondary structure  concentration was determined by absorbance usjf¥ of
content. Furthermore, the pH dependence for enzymatic4.17 x 10* M~* cm™?, calculated according to the method
activity was carefully measured and analyzed in order to of Gill and von Hippel (1989). The protein was dispensed
identify protein functional groups involved in the ADPRT into small volume aliquots and frozen a0 °C. Protein
mechanism of the toxin. Additionally, the free energy of purity was assessed by SBBAGE (12.5% gels stained with
unfolding (AGy) and rate constants for the unfolding Coomassie Brilliant Blue; Laemmli, 1970). Furthermore,
refolding process of PE40 were estimated by both fluores- PE40 was identified by Western blot analysis using a
cence and circular dichroism (CD) spectroscopic analyses.polyclonal antibody to whole toxin, ETA, as previously
These rates for the unfoldirgefolding process of PE40  described (Rasper & Merrill, 1994).
were compared with the much slower process estimated for (2) ADP-Ribosylation AssaysSamples were assayed for
ETA. ADP-ribosylating activity essentially as described by Kozak
and Saelinger (1988). The samples were activated for 30
MATERIALS AND METHODS ] min at 25°C in the presence of 4 M urea and 10 mM
The BL21(@DE3) cells were obtained from Novagen githiothreitol (DTT). The samples were then incubated for
(Madison, WI); isopropyB-p-thiogalactopyranoside (IPTG) 30 min at 25°C with 0.01xCi of [*H]adenylate NAD (3.5
was from USB Corp. (Cleveland, OH); Q-Sepharose Fast- Cj/mmol) and wheat germ elongation factor 2 (€EF-2),
Flow anion-exchange resin, Superose-6 resin, and low prepared as described by Carroll and Collier (1987), in 50
molecular weight gel filtration standards were obtained from mn Tris-HCl, pH 8.2, 1 mM EDTA, and 1 mM DTT (105
Pharmacia LKB, Quebecifiladenylate NAD was supplied ;|  final volume). This assay procedure involved a 21-fold
by Dupont, NEN Research Products (Boston, MA). The (ilution of the incubation mixture (including the denaturant
following chemicals were obtained from Sigma Chemical concentration) which is important in the consideration of the
Co. (St. Louis, MO): ampicillin, dimethyl glutarate (DMG),  mechanism ofn vitro activation of the toxin enzyme. To
dithiothreitol (DTT), TRIZMA base, 3-(cyclohexylamino)-  stop the reaction, 5L of each assay mixture was spotted
1-propanesulfonic acid (CAPS), high molecular weight gel onto 3 MM Whatman paper previously saturated with 10%
filtration standards, phenylmethanesulfonyl fluoride (PMSF), TCA in ether, allowed to dry, and ruled into individual 1 in.
and wheat germ. Ultra pure urea was purchased from Piercesquares_ The paper was washed twice for 30 min in 5%

(Rockford, IL). TCA to remove TCA-soluble material. The paper was then
(1) Overexpression and Purification of ETA and PE40 washed twice in methanol for 5 min and allowed to air-dry.
Whole toxin was overexpressedtn coli strain BL21¢DE3) The paper was cut into individual squares, and radioactivity

cells and purified as previously described (Rasper & Merrill, was detected in a liquid scintillation counter.
1994). The C-terminal fragment of ETA (PE40) was  (3) Size-Exclusion HPLC AnalysisAn HPLC column
overexpressed irE. coli strain BL21 (DE3) cells and (1.25 cm diametex 19.5 cm length) packed with Superose-6
purified using the following procedure. Five microliters of HPLC gel filtration medium (Pharmacia-LKB, Quebec) was
plasmid pmS8 (Kondet al, 1988) was transformed into  used to determine the hydrodynamic radius of ETA and PE40
BL21 (ADE3) cells and plated onto fourx/T medium under various activation conditions. The solvent used to
plates containing 10@g/mL ampicillin. Each plate was  develop the column was 50 mM DMG, pH 4.0 or 6.0, buffer
scraped, and the cells were placed into 50 mL of super or alternatively 50 mM TrigHCI, pH 8.2. The column was
L-broth supplemented with 0.04% Mg%@nd 0.5% glucose.  calibrated at both pH values, 6.0 and 8.2, using the
The culture was grown at 37 to a high cell density~£1 appropriate buffer and two sets of molecular weight protein
h) and 10 mL of cell-containing growth medium was gel filtration standards. One set of standards (low MW set,
transferred to each of four 1 L cultures. These cultures were Pharmacia-LKB, Quebec) included ribonucleaseR4 (6.4
grown until the cells reached an @gbetween 0.8 and 1.2.  A), chymotrypsinogen ARs, 20.9 A), ovalbumin Rs, 30.5
The cells were induced with isoprog$ip-galactopyranoside  A), and albumin Rs, 35.5 A). The second set (high MW
(IPTG, 1 mM) and grown an additional 90 min at 3C. set, Sigma Chemical Co., St. Louis, MO) included albumin
The periplasmic fraction was isolated as previously (Rs, 35.5 A), alcohol dehydrogenasRs(45.5 A), apoferritin
described (Rasper & Merrill, 1994), and the extract was (Rs, 61 A), and thyroglobulinRs, 85 A). A plot of Stokes
loaded onto a Q-Sepharose Fast-Flow anion exchangeradius againstflog (Ka)]*? gave best fit lines for the
column, previously equilibrated in 20 mM TrI8Cl, pH 7.6 standard curves with correlation values between 0.991 and
(buffer A). After the column was washed with approxi- 0.995. Various concentrations of urea were incubated with
mately 500 mM of buffer A, the column was developed with 50 ug of ETA or PE40 for 30 min at 28C. The sample
60 mL of 0.15 M NaCl in buffer A, followed by a second (200 uL) was then injected onto the column which was
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previously equilibrated with the appropriate concentration mixtures were maintained at 2% by a circulating water

of denaturant in the various buffers. The solvent was bath. For each experiment, 400 data points were collected
delivered with a Bio-Rad HRLC Model 2700 with a flow for each trace, and-510 runs were averaged prior to data
rate of 0.5 mL/min, and the protein was detected by a Bio- analysis.

Rad Model 1706 UV absorption monitor set at 280 nm.  (8) Data Analysis Unfolding and refolding data for
Elution volumes Y.) were used to calculate th€,, values plotting and analysis were generated as described previously

for each sample where (Steer & Merrill, 1995). Briefly, the fluorescence data were
prepared by quantifying the ratio of the fluorescence at two
K — Ve— Vo wavelengths Ay and1p). These wavelengths were chosen

&V, -V, on the basis of the fluorescengg,"® values of the native

(An) and the denaturedif) proteins, respectively. The
andV, is the elution volume of the sample, is the column fluorescence K) at these wavelengths was then used to
void volume, andv, is the total bed volume of the column. determine the ratioFuaxnyFwmaxo)) for each urea concentra-
The data were analyzed as described previously (Metill  tion. These ratios were then plotted against denaturant
al., 1990; Andrews, 1970). Urea solutions were freshly concentration to generate the unfoldingfolding profiles.
prepared each day to minimize cyanate formation and Unfolding transitions were fit by using nonlinear least
carbamoylation of the proteins (Steer & Merrill, 1994). squares analysis (MicroCal Origin, MicroCal Software, Inc.,

(4) Absorption MeasurementsAbsorption spectra were  Northhampton, MA) and a folding-reaction-specific algo-
recorded by means of a Perkin-ElIm&s6 double-beam, rithm as described previously (Steer & Merrill, 1995).
scanning absorption spectrometer (Perkin-Elmer, Norwalk, Transition midpoints@,, values) were calculated by divid-
CT) that was interfaced with an IBM computer. Both the ing AGy values by—m (slope of theAGs versus denaturant
sample and reference cells were maintained at@5 relationship). Stopped-flow kinetic data were analyzed using

(5) Fluorescence Spectroscopy¥luorescence measure- SpectraKinetic software (Applied Photophysics Ltd.) which
ments were conducted by using a computer-controlled PTI employs the standard Levenbetilarquardt algorithm.
Alphascan-2 spectrofluorometer (Photon Technology Inc., (9) Circular Dichroism MeasurementsCD spectra of the
South Brunswick, NJ) with the cell holder thermostated at proteins under various conditions were recorded at room
25°C. All spectra were recorded with 4 nm excitation and temperature on a computer-interfaced Jasco J-600 spectrom-
emission bandpasses. For all fluorescence measurements, eter using a 0.1 cm path-length cuvette as previously
wedge depolarizer was placed on the exit side of the described (Steer & Merrill, 1995). Spectra were obtained
excitation monochromator, and emission was detected at rightwith a sensitivity setting of 0.05full scale and a time
angles. Wavelength-dependent bias of the optical andconstant of 1 s, and spectra were recorded from 190 to 250
detection systems was corrected, and appropriate blanks wer@m (native proteins, no denaturant) in 0.2 nm increments.
subtracted. For Trp fluorescence, the excitation was 295 nm,Each spectrum was an average of 10 individual spectra and
and the emission was scanned from 305 to 450 nm with 0.5was corrected for any solvent effects by subtracting the
nm steps and an integration time of 0.5 s. appropriate blank. For CD measurements of samples

(6) Protein Unfolding-Refolding Measurementg$rotein containing urea, the static ellipticity was measured at 222
solutions were prepared for fluorescence measurementsim.
which contained 10 mM DTT and 50 mM Trl4Cl, pH 8.2,
and the appropriate amount of 10 M stock urea solution RESULTS AND DISCUSSION
(freshly prepared) to provide solutions from 0to 8.5 Murea  The amino acid sequence of whole toxin (ETA) and its
and 50ug/mL protein, final concentration. For unfolding C-terminal fragment (PE40), along with the positions of the
experiments by CD spectroscopy, the final protein concentra-disulfide bonds within their sequences, is shown in Figure
tions were 0.5 mg/mL and the protein was in 100 mM NaF, 1A. PE40 is a C-terminal 40 kDa fragment (375 residues;
10 mM DTT, and 10 mM sodium phosphate buffer, pH 8.2. 40 237, calculated MW) of exotoxin A that lacks the
Alkylation of the proteins was conducted as previously receptor-binding domain (domain la) and therefore is non-
described using iodoacetamide as the alkylating agentcytotoxic (Kondoet al, 1988). It is important to consider
(Carroll & Collier, 1987). Protein concentrations were that domain la (receptor-binding domain; Jiretaal., 1989)
calculated usingy values (280 nm) of 8.5% 10* and 4.17 contains two cystines whereas domains Ib and Il possess only
x 10* M~1cm! for ETA and PE40, respectively. Solutions one cystine each. This illustrates that PE40, in addition to
were incubated at 2%C for 30 min prior to spectroscopic its deletion of domain la, is structurally constrained by only
analysis, which was determined to be sufficient for the two disulfide bonds, as compared with four disulfide bonds
unfolding reactions for both proteins to reach equilibrium. within ETA. Furthermore, the positions of tifestrands and
Refolding of the proteins was examined by diluting the o-helices are indicated as based on the partially refined
protein—denaturant solutions with buffer in small increments  structure of whole toxin (coordinates kindly provided by Dr.
with a 30 min and 3 h incubation time between dilutions for David McKay).

PE40 and ETA, respectively. Figure 1B is a schematical representation (ribbon diagram)
(7) Stopped-Flow Fluorescence Measuremer8topped- of ETA (whole molecule) and PE40 (domains Ib, II, and
flow kinetic measurements for the protein unfolding  Ill) (Insight Il, BIOSYM Technologies Inc., Parsippany, NJ).

refolding experiments were conducted by using an Applied Domain la is remotely located from the catalytic domain
Photophysics DX17.MV stopped-flow instrument equipped (Domain Ill, Figure 1B) and likely affects the overall enzyme
with variable sized syringes (Hamiliton Accudil, Reno, NV). structure upon activation rather than physically blocking the
Tryptophan fluorescence was excited at 295 nm, and theactive site in the native molecule. This argument is
emission was selected by a monochromator according to thesupported by the apparent orientation of the enzyme’s active
appropriate fluorescendg." of the protein. The reaction  site, viewed here for the 2.7 A partially refined structure
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Ficure 1: (A, left) Amino acid sequence of ETA. The primary sequence of whole mature toxin (ETA) is shown. PE40 possesses an extra
N-terminal extension (MLQGTKLMAEE). The first residue for each of the domains is labeled as domain la, domain Il, domain Ib, and
domain Ill. The positions of the disulfide bonds within the proteins are indicated by brackets. The locatiofi-stitueds (open rectangles)

and a-helices (shaded rectangles) is also indicated. The alphanumeric nomenclaturefetritveds andr-helices is the following: the

first letter is either B §-strand) or H ¢-helix), the second character (number) designates the domain (1, 2, or 3), and finally the third
character (letter) designates the alphabetical sequence of gitlieEands om-helices (a, b, c, etc.) within each domain. (B, right) Ribbon
topology diafram oP. aeruginosaxotoxin A and PE40. The ribbon diagram was generated using BIOSYM Insight Il from the partially
refined 2.7 A X-ray data set (kindly provided by David O. McKay). The protein backbone is nearly identical with that reported earlier
(Allured et al.,1986) except for the identification of an additional small (single-turn) helix within domain Il (L-26273). The cystines

are shown in a ball-and-stick format with S, C, and H atoms shown in yellow, brown, and white, respectively. The active site residue
Glu-553 (domain 1ll) is also shown in the ball-and-stick format (purple). PE40 is represented by domains Ib (yellow), Il (green), and 1lI
(blue). Domain la is shown in red.
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FiIGURe 2: (A) pH activity profile of PE40 @) and ETA ). ADPRT activity, after toxin activation with 4 M urea and 10 mM DTT, was
assayed as described previously (Rasper & Merrill, 1994). The pH was varied in the enzymatic reactions by using a series of buffers: pH
3—6, 50 mM DMG; pH 79, TrissHCI; pH 10-12, CAPS. The reaction temperature was’25 and 10 ng of both proteins were used in

the assay. The denaturant was diluted 21-fold in the final assay mixture. The maximal specific activity values for PE40 and ETA were 6.6
and 4.6 pmol NAD h~! (pmol of protein)?, respectively. (B, C) Sigmoidal fit of (B) PE40 and (C) ETA pH activity profilgbe data

in (A) were replotted as semilog plots, and the data were fitted by a sigmoidal function, based on the Hertdassetbalch equation,

using Microcal Origin (Microcal Software Inc., Northhampton, MA) in order to calculate khezplues. Mean values and standard deviations

were calculated from four separate experiments.

where the active site cleft appears to face in the oppositethat occludes/interferes with eEF-2 docking on the enzyme’s
direction, away from the N-terminal portion of the protein. surface.

Activation, which requires both DTT and denaturant-induced The pH optima for both ETA and PE40 are shown in
perturbation of the protein, can be accounted for on a Figure 2A. Both proteins exhibited optimal ADPRT activity
structural basis by alterations in domaidomain packing near pH 8.0, suggesting that the C-terminal fragment is
effects or by the rearrangement of a portion of domain la functionally analogous to the whole toxin with respect to
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enzyme activity. Also, the folded structure of the toxin and
its C-terminal fragment is largely maintained throughout this
pH range with a conformational change evident at acidic pH
values (Farahbakhs#t al., 1987; data not shown). Notably,
both substrates NADand eEF-2 are stable over the wide
pH range studied (Wilsoret al, 1990). A plot of log
(percent ADPRT activity) against pH (Figure 2B,C) revealed
that two K, values could describe the pH profiles for both
PE40 and ETA. ETA exhibited a slightly narrower titration
profile than PE40 with K, values of 6.1 and 10.2 (Figure
2C) whereas PE40 showed a wider titration peak with two
pKa,values (5.4 and 10.5, Figure 2B). The acidi,palue-

(s) (5.4-6.1) is (are) indicative of a His residue(s) required
for enzymatic activity whereas the basic value suggests the
presence of an active site Tyr (or Lys) residue. This
postulation is in accord with earlier reports that His residues
426 (Wozniaket al,, 1988; Kessler & Galloway, 1992) and
440 (Han & Galloway, 1995) are important for activity and
are likely located on the surface of the protein near the active
site cleft where they may interact with eEF-2. Likewise,
the presence of the secon&pvalue(s) (10.210.5) cor-
roborates a previous report by Lukac and Collier (1988), who
prepared a Y481F mutant that exhibited a 10-fold reduction

Beattie and Merrill
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in ADPRT activity but remained unchanged in its glycohy-
drolase activity (no effect on th&y for the NAD' substrate).
Previously, Wilsoret al. (1990) found the catalytic param-

Ficure 3: Effect of urea on the activation of ADPRT activity for
(A) PE40 @) and (B) ETA (©). ADPRT activity was assayed as
in Figure 2 but in 50 mM TriHCI, pH 8.2. Various concentrations

; ; i ; ihi of urea and 10 mM DTT were preincubated with 10 ng of toxin
eters of diphtheria toxin for the ADPRT reaction exhibited for 30 min at 25°C. The denaturant was diluted 21-fold in the

aK,0f6.2-6.3 and in light of Ir.1depe'ndent eV!de”‘%e (PaP'”' final enzyme assay mixture. Mean values and standard deviations
et al, 1989) Suggested that His-21 is an active site residue were calculated from three separate experiments.
which was later substantiated by Blanéeal. (1994).

The difference in the acidicky, value between ETA and
PE40 may reflect an environment-sensitive effeit,(ghift)
caused by the presence of domain la in the whole toxin. The

Table 1: Effect of pH and Various Activation Conditions on the
Stokes Radius of PE40 and ETA

Stokes radius (&)

presence of domain la in ETA could have an indirect effect

ADPRT activity by shifting th f an ionizabl conditions ETA PE40
on Al activity by shifting the i, of an ionizable group oHa5 307203 2965 0.2
required for the interaction of eEF-2 on the surface of domain 4’51 pr7 325102 595+ 0.1
IIl, or the effect could be more direct where a pH change DH 6.0 3204 0.1 3334 0.1
could induce a structural change in domain la, possibly by 6.0 alkylated 29.7 0.2 3074 0.2
d|srupthg some critical salt bridges, V\(hlch_leads to the DH 8.2 4525 0.1 40.24+ 0.3
unmasking or rearrangement of the active site cleft of the g2+ pTT/4 M urea 50.6L 0.3 450+ 09
enzyme (Wicket al, 1990). Regardless of the mechanism, pH 8.2 alkylated 52.8:0.3

the K, shift observed for PE40 probably reflects the absence ~ a1he stokes radii were calculated froradata obtained by HPSELC

of domain la in the C-terminal fragment since this protein measurements (see Materials and Methods for details). The samples
is constitutively active in the absence of denaturants and (200 uL) were injected onto a Superose-6 HPLC column (1.25 cm
reducing agents (Figure 3; data not shown). Importantly, diameterx 19.5 cm length) previously equilibrated in the buffer of

L . . the appropriate pH. The solvent was delivered at a flow rate of 0.5
however, PE40 showed a similar overall pH optimum with mL/min, and the protein peaks were detected by an UV absorbance

ETA and comparable specific enzymatic activities. This monitor set at 280 nm. The column was calibrated at each pH by using
reinforces the approach to use PE40 and other C-terminalvarious protein standards (see Materials and Methods) in order to

fragments as models to study the enzymic function and construct two separate st_gndard curves. The first set included protein
mechanism of the toxin enzyme. samples with Stokes ra_ldu between 16 and 36 A, whereas the second
. . . set included samples with Stokes radii between 36 and 85 A (Potschka,
Table 1 shows the effect of various activation conditions ;qg7)
on the size of both ETA and PE40 as measured by HPSELC.
After the solution pH was changed from 4.5 to 8.2, both Interestingly, at pH 6.0, alkylation of both proteins caused a
proteins showed an increase in their Stokes radii; ETA small decrease in their hydrodynamic radii (8% for both)
increased from 30.7 to 45.2 A (47% increase) whereas PE40which likely may be attributed to a small shape change in
increased from 29.6 to 40.2 A (36% increase). In the absencethe proteins.
of urea and at low pH (pH 4.5), reduction of the disulfide = The effect of various concentrations of urea, in the
bonds in the proteins (two and four bonds in PE40 and ETA, presence of reducing agent, on the activation of ADPRT
respectively) did not alter their structures significantly (Table function of both proteins is shown in Figure 3. Activation
1). At pH 8.2, treatment of either protein with DTT and 4 of enzymatic activity for ETA was sensitive to preincubation
M urea resulted in a significant increase in their hydrody- with urea and was partially activated with 3 M urea and
namic radii (12% increase for both). Alkylation of the achieved maximal activation at 4 M urea. Higher concentra-
cysteine residues in ETA at pH 8.2 caused a further small tions of denaturant resulted in a diminishing of ADPRT
but significant size increase (1.4 A increase, Table 1). activity which stabilized at approximately 3 mol of NAD
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T T T T T T T T ETA data in Figure 4 was observed between 4 and 5 M urea,
but this large unfolding of the enzyme actually resulted in a
significant decrease in ADPRT activity [4:6 0.7 to 3.2+
0.4 mol NAD" h~* (mol of protein)*; Figure 3B) and hence
cannot be attributed to a structural requirement for activation
of enzymic function but simply irreversible protein dena-
turation. This correlation between HPSELC analysis of ETA
and itsin vitro enzymatic activation is possible because the
refolding of ETA is extremely slow and must be conducted
in a series of dilution steps. Notably, upon a single large-
step dilution, as occurs in the enyzme assay, the whole toxin
molecule only partially refolds within the time course of the
kinetic measurements of catalytic activity and was not
completely refolded even after 4.5 h at 26 (data not
shown). However, ADPRT activity could be detected within
15 s after dilution (21-fold) into the assay medium, indicating
. that the C-terminal domain had refolded but not the large
. B-barrel of domain |.
e —— - The activation of ETA by the well-characterized protein

0 1 2 3 4 5 6 denaturant, urea, correlated with a structural change in the

Urea (M) molecule as detected by HPSELC. This requirement for

FiGURE 4: Effect of urea on the Stokes radius of PE4) @nd activation of the enzyme function was not found in PE40,
ETA (O) at pH 8.2. Various concentrations of urea and 10 mM indicating that the activation involves structural rearrange-
DTT were incubated with 5@g of toxin for 30 min at 25C. The ment of domain la which likely unmasks the enzyme’s active
sample (200uL) was injected onto a Superose-6 (Pharmacia) sjte (Lepplaet al, 1978) or results in conformational

column (1.25 cm diametex 29.5 cm length) that was previously e S0 :
equilibrated with the appropriate concentration of denaturant in 50 rearrangement that facilitates substrate(s) binding. DTT is

mM Tris-HCI, pH 8.2. The solvent was delivered with a Bio-Rad @ISO required for this activation and may possibly be
HRLC Model 2700, and the flow rate was 0.5 mL/min. The protein attributed to the presence of two disulfide bonds (four Cys
was detected by a Bio-Rad Model 1706 UV absorption monitor residues) within domain la which may require reduction as

set at 280 nm. The column was calibrated using two sets of protein 5 prerequisite to the movement/rearrangement of domain la
gel filtration standards to construct two separate standard curves nd subsequent activation of enzymatic function.

(see Materials and Methods for details). Mean values and standard® 1 2 . .
deviations were calculated from two separate experiments. _The stability of the toxin’s C-terminal fragment (PE40) is
similar to that of the whole toxin as demonstrated by the

h=1 (mol of proteiny!. In contrast, PE40 showed no effect of urea on the Stokes radii of the proteins (Figure 4).
dependence on urea for activation with mean enzymatic Changes in the Stokes radius of PE40 were progressive with

80 -

70 -

60 -

Stokes' Radius (A)

specific activities ranging from 4 to 7 mol of NADh™! no discernible transitions until the Stokes radius reached a
(mol of protein)®. Furthermore, the activity of ETA upon plateau value at 5 M urea. Conversely, ETA exhibited a
pretreatment with 4 M urea [4.& 0.7 mol of NADt h™! lag phase in its urea titration profile as measured by changes

(mol of proteiny®; maximal activation] was similar to the in its Stokes radius. Notably, the Stokes radii of both
range of values observed for PE40 when treated with variousproteins did not change significantly at urea concentrations
concentrations of urea (Figure 3). of 5 M or higher (Figure 4).

The hydrodynamic radii, as determined by HPSELC, were  The effect of urea on the conformational stability of both
used to assess the degree of structural change associated withiTA and PE40 was also assessed by fluorescence spectros-
urea activation of ETA and were compared with PE40. In copy. Intrinsic Trp fluorescence for both proteins was
accord with previous reports (Leppla, 1976; Lepptaal,, measured upon titration of the protein solutions with urea,
1978; Lory & Collier, 1980; Gallowagt al., 1989; McGow- and the concentration-independent fluorescence t&tig(y
anet al, 1991), ETA required both reducing agent (DTT) Fuaxp)) Was plotted against denaturant concentration (Figure
and denaturant (urea) fam vitro activation of its ADPRT 5). The unfolding-refolding transitions of both ETA and
activity. In contrast, PE40 (Kondet al, 1988) did not PE40 were completely reversible, given the much longer time
require activation for full enzymatic activity (Figure 3A), course requirements by ETA (panels A and B of Figure 5,
which concurs with a previous report for an even shorter respectively), allowing for the estimation of the free energy
C-terminal 26 kDa fragment of ETA (Chung & Collier, of unfolding AGy = 17.8+ 6.8 and 13.A 2.9 kJ/mol for
1977). Specifically, it was determined that DTT had no PE40 and ETA, respectively; Table 2). ETA, however,
effect on PE40 ADPRT activity, clearly showing that demonstrated a slightly more cooperative (steeper) unfolding
reduction of one or both disulfide bonds within PE40 was profile but with no significant difference in th&Gy estimate
not necessary for activation of the enzymic function of this (Figure 5B). TheDy,, values, determined by fluorescence
C-terminal fragment (data not shown). As the urea concen- measurements, for PE40 and ETA were 2.9 and 3.2 M urea,
tration was increased from 0 to 3 M, the Stokes radius of respectively. These values indicate that PE40 started its
ETA showed only a slight increase from 45£20.12 to 49.2 unfolding transition at slightly lower denaturant concentra-
+ 0.6 A (9% increase). However, a sharp break in the slope tions, also implying a different folding pathway for the
of the Stokes radius against urea concentration plot wasC-terminal fragment as compared with the whole toxin
observed from 3 to 4 M denaturant (Figure 4), which molecule. This probably reflects the presence of the large
corresponded with a significant activation of the ADPRT S-barrel structure of domain la in ETA, which likely follows
activity of ETA (Figure 3B). An even greater slope for the its own separate and unique folding pathway.
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Ficure 5: Fluorescence unfolding®) and refolding ©) profiles
in urea for (A) PE40 and (B) ETA. The dotted lines represent the
nonlinear least-squares curve fit to the titration data. The protein
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Ficure 6: Rate of the refolding process for PE40. The dotted line
represents the calculated fit for the stopped-flow kinetic data (lower
figure) obtained by diluting PE40 (0.25 mg/mL, previously
incubated for 3 h with 8 M urea) with 50 mM TRIS buffer pH 8.2
and 10 mM DTT to 0.025 mg/mL. The temperature was@:nd

the excitation and emission wavelengths were 295 and 332 nm,
respectively. Both excitation and emission bandpasses were 4 nm.

concentration was 0.1 mg/mL, and the samples were excited at 295The residuals for the fit are plotted in the top figure (observed minus

nm with the fluorescence emission spectra recorded from 305 to

calculated). The data represent the average of 10 runs and were fit

450 nm. The excitation and emission bandpasses were 4 nm. Theas described in the Materials and Methods. The rate constants

unfolding—refolding conditions included 50 mM TridCl, pH 8.2,
and 10 mM DTT, and the titrations were performed at’@5 The
Fuaxqyy and theFyaxp) for both proteins were 332 and 350 nm,
respectively. The filled circles represent the unfolding profiles, and
the unfilled circles represent the refolding profiles. Mean values

calculated from the fitted data (Levenberg-Marquardt routine) were
2590+ 2.29 (x 103 s Y and 1.11+ 0.03 (x 103 sY), for ky
andk,, respectively. The correspondifig values were 27 and 624

s for k; andk,, respectively.

and standard deviations were calculated from three to four separateADPRT enzyme assay, data not shown). This may help to

experiments.

Table 2: Gibbs Free Energy ValueAGy) and Unfolding
Transition Midpoints D) Determined from Denaturant Titration
Profiles

protein AGU (F)b AGU (CD)C D1/2 (F)d D1/2 (CD)e AGUan
PE40 17.8-48 7.5+26 2.9 34 12 £ 5.2
ETA 13.7£29 9.8+34 3.2 3.0 11824

a2 AGy values are in kJ/mol and represent an estimate of the free
energy difference between the native and the unfolded state. Nonlinear

least-squares analysis was used to fit the titration data shown in Figures

5 and 7, and thAGy were calculated from the fitted dataAGy values
calculated from fluorescence titration data (Figure®#Gy values
calculated from circular dichroism titration data (Figure %Jhe
midpoint values in M for the native= unfolded transition as obtained
by dividing the AGy for the transition by—mg (the slope describing
the dependence of the free energy values on denaturant concentration
determined from the fluorescence titration data (Figure®®he
midpoint values in M as determined from the circular dichroism titration
data as described above (Figure 7AGy® values are the mean for
the AGy values from CD and fluorescence data. The values represent
means and standard deviations from three to four separate experiment:

The absence of a requirement for activation of catalytic
activity and general indifference of PE40 to denaturant
concentrations may be explained on the basis of the refolding
rate of this protein. The kinetics of refolding for PE40 are
shown in Figure 6. The refolding curve was fit to two
exponentials, and the kinetic parameters are listed in the
legend to this figure. The fitted data showed a rapid
component for the PE40 refolding process with a first-order
rate constant near 0.03%sand aty,; value near 27 s. The
second component was slower with a rate constanttand
value near 0.0014 and 620 s, respectively. It seems likely
that the first component in the refolding process is important
for activity and that the slower phase may involve a
conformational rearrangement that is not required for enzyme
function since catalytic activity can be measured within 15

S,

explain the lack of an ADPRT activation requirement for
the toxin fragment and its indifference to high concentrations
of urea (and DTT) used fan vitro enzymatic activation of
ETA. This observation is in stark contrast to the ETA
refolding rate which required stepwise dilution with a total
time course of several hours. A proposed explanation is the
following. The catalytic domain (domain IIl) within ETA
refolds as an independent folding domain and does so
relatively rapidly upon dilution (cf. domain la) of the
preincubation mixture (urea and DTT). This helps to explain
why PE40 is active in thén vitro enzyme assay (which
involves a 21-fold dilution step) regardless of the urea
concentration in which it is preincubated since this domain
refolds on a more rapid time scale than that used for
5neasuring catalytic activity. In contrast, ETA possesses
domain la, a larges-barrel structure with three-helices
positioned near the periphery of the domain. It seems
probable from these kinetic data (Figure 6) that upon a single-
step dilution domain la also functions as an independent
folding domain and refolds much more slowly than the rest
of the protein. Since domain 1l refolds relatively rapidly,
this allows for the almost instantaneous detection of enzyme
activity (as determined bin zitro enzymatic assay). Since
the refolding rate of domain la is slow on the time scale of
the ADPRT assay, this prevents it from refolding to a state
which may occlude or block the active site and explains why
activation by urea and DTT works for ETA.
Denaturant-induced conformational changes were also
assessed by far-UV CD spectroscopy for both ETA and PE40
(Figure 7). ETA showed no significant change in secondary
structure until 1.5 M urea with very little secondary structure
present in the whole toxin protein at 8.5 M denaturant. In
contrast, PE40 did not exhibit a detectable and significant
loss of helical content until 2 M urea with most of this
protein’s helical content absent in 8.5 M denaturant. The
CD unfolding profiles of both proteins were nearly super-

s (an estimate based on observations during the regulaimposable with similar calculateNGy values for the folding
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for ETA whereas Sanyadt al. (1993) found a mutant PE40
(PE4®cys) to contain 2328% helical structure. The data
reported by Sanyadt al. (1993) for PE40cys are slightly
higher than the value calculated from the data in Figure 7
for wild-type PE40. The difference may possibly be
attributed to the effect of mutation on PE40 protein structure
since PE40cys has all four Cys residues replaced with Ala;
unfortunately, Sanyadt al. (1993) did not report a value for
the wild-type PE40. Also, Sanyal used different methods
to analyze the CD spectra and to calculate the helical content
than those reported in the present work.

The helical content as calculated from the partially refined
structure (2.7 A) of ETA is 28% and 43% for ETA and PE40,
respectively (L. Prasad, personal communication). This is

considerably higher than the solution value as measured by
CD spectroscopy. At least two reasons may help to explain
the discrepancy. First, the database of proteins used to

(®) and (B) ETA ). Circular dichroism spectra were obtained calculate the secondary structure may not contain a structur-

from a Jasco J-600 spectropolarimeter at@5The proteins, ETA  ally similar protein and hence the calculated value from CD
and PE40, were diluted to 0.5 mg/mL in 100 mM NaF, 10 mM analysis is inaccurate. Second, it has been observed that, in

DTT, and 10 mM sodium phosphate, pH 8.2, containing various some cases, probably due to protein fluctuations in solution
gg?gf£;;gﬂ°g; r ggo:g;z tﬂte glyl)i%iic-il;;]%t gga;me”l'ﬁgecg ;V;S(A) and/or transitions in aromatic amino acid side chains, the
and (B), spectra were acquired using a 0.1 cm path-length CuvetteCD-measured helical content of proteins can be considerably
and a sensitivity setting of 0.08ull scale with a 1 s ime constant. lower than the amount calculated from the X-ray structure
Each spectrum, acquired from 190 to 250 nm in 0.2 nm increments, (Hirst & Brooks, 1994). Third, it is possible that the solution
was an average of 10 individual spectra and was corrected for anystructures of both ETA and PE40 are sufficiently different
solvent effects by subtracting the appropriate blank. from the crystal structure obtained for ETA (used also for
process of 9.8t 3.4 and 7.5+ 3.6 kJ/mol for ETA and the calculation of the helical content for PE40; in fact, the
PE40, respectively. ThesAGy values, determined by X-ray structure of PE40 is not known), which may also
fluorescence and CD spectroscopy, were not significantly account for this divergence between the X-ray and CD
different for whole toxin; however, th\Gy (CD) was results. Regardless of the reason for the discrepancy, CD
somewhat lower than that determined by fluorescence for data suggest that the solution structures of both ETA and
PE40. Moreover, despite the significant difference between PE40 contain low amounts ak-helix and thatin vitro
the CD and fluorescencAGy mean values for PE40, the enzymatic activation results in a decrease in the helical
difference was not considered meaningful. This conclusion content of the toxin enzyme given the relatively slow time
was based on the following arguments. FirsGy values course for its refolding process. In contrast, PE40 seems
measured by fluorescence techniques are generally higheunaffected by activation conditions, which complies with the
than those measured by CD spectroscopy (Steer & Merrill, observation of the relatively more rapid time course for its
1995), which may be explained by the ability of the refolding process when compared with that for whole toxin.
fluorescence technique to report on hydrophobic clusters
within proteins that are relatively devoid of secondary CONCLUSIONS
structure and that have been demonstrated to exist at These results suggest that the C-terminal fragment of
relatively high denaturant concentration (Steer & Merrill, whole toxin (PE40) is a suitable model for the vitro
1995). This difference affects the fit since the baseline for ADPRT activity of the protein. This is substantiated by the
the denatured state is shifted to higher values for plotted observation that the pH dependence for activity of PE40 was
fluorescence titration data and this affects the parametersquite similar to that for ETA. Additionally, the employment
obtained by the fitting routine. Second, there was no of PE40 to study toxin ADPRT function has the important
significant difference between theG, values for ETA and advantage that no activation conditions/reagents are required
PE40 as determined by CD spectroscopy or by fluorescencewhich could be expected to simplify the results from kinetic
spectroscopy (Table 2, Figures 5 and 7) which indicated thatexperiments designed to study the catalytic function of the
there really is no difference between methods given the toxin. Furthermore, the absence of a requiremenitfoitro
difficulty usually associated with assigning precisely &®y activation of ADPRT function in PE40 provides additional
values for proteins (Pace, 1986, 1990; Seckler & Jacknicke, insight into the possible mechanismiofuitro (and perhaps
1992). in vivo) activation. Unlike diphtheria toxin, which requires
Changes in the Stokes radii of both ETA and PE40 as a proteolysis to form a nicked toxin, resulting in two disulfide-
function of urea concentration both correlated with a loss of bonded chains, A and B, ETA requires only DTT and urea
helical content as determined by CD spectroscopy. The for in vitro enzymatic activation (Wilson & Collier, 1992).
helical content of both whole toxin (Collins & Collier, 1985; The elimination of the activation requirement fior vitro
Farahbakhslet al, 1987) and PE40 (Sanyat al, 1993) enzymatic function as witnessed for PE40 and other C-
have been reported previously, and the data shown in Figureterminal fragments of ETA implies a role for domain la in
7 are consistent with the earlier reports. The calculated maintaining the enzyme in an inactive state. Previously,
a-helical content was 19% and 16% for ETA and PE40, Lory and Collier (1980) found that only two disulfide bridges
respectively, based on the method of Chetral. (1974). were involved in thén vitro activation process. Domain la
Farahbakhstet al. (1987) reported a value of 19%-helix possesses two of the four cystines in ETA. The data in the

Ficure 7: CD unfolding profiles in urea solutions for (A) PE40



9050 Biochemistry, Vol. 35, No. 28, 1996 Beattie and Merrill

present paper indicate that the two cystines importaninfor  provide a global measure of the folding for this protein (Steer
vitro enzymic function are Cys-HCys-15 and Cys-197 & Merrill, 1995). In contrast, the determination of the free
Cys-214, both located within domain la. However, reduction energies by CD spectroscopy involves measurement of a
alone is necessary but not sufficient fior vitro ADPRT signal from numerous peptide bonds (approximately 20%
activation since a relatively high concentration of the protein of each protein isa-helical) in proteins and would be
denaturant, urea, is also required. This implies that structuralexpected to serve as a better global estimate of the folding
rearrangement of domain la must result before the active process. Therefore, the latter estimate might be expected to
site cleft is accessible to substrate. That such a perturbatiorbe more representative of the traé&y for these proteins.

of the protein’s structure is required is supported by the However, if the unfolding process involves a two-state
Stokes radius data for ETA. The plot of the Stokes radius mechanism, then both methods for determiningAlig, for

for ETA against urea concentration showed a break betweena protein should compare favorably. Given the uncertainty
3 and 4 M urea. This corresponded to an overall increaseassociated with these data (Table 2), it was concluded that
of 23% in the apparent molecular size of ETA from 0 to 4 this was, in fact, the case.

M urea (45.2+ 0.1 and 55.7 0.7 A, respectively). This It is interesting to consider that both proteins exhibit
correlation between the Stokes radius of ETA anéhitgtro unfolding—refolding transitions that were reversible under
enzyme activation is valid since the refolding rate of ETA reducing conditions, which indicate that the disulfide bonds
is extremely slow. Deletion of domain la (PE40) obliterated within these proteins contribute little to their folding mech-
the need for the structural activation by urea and DTT. This anisms and folded stabilities. This observation is in harmony
implies that domain la may shield the active site or that its with conventional ideas on the role of disulfide bonds in the
perturbation (or removal) induces a structural change within folding and structural stability of extracellular (secreted)
domain Il leading to the enzyme’s activated state. proteins such as ETA (Creighton, 1993).

It is interesting to note the relatively high degree of  The pH titration data for enzymatic activity suggest that
random-type secondary structure within domain Ill (Figure at least two classes of residues are involved in the active
1B). CD data indicated that the helical contentirofvitro site of ETA, a His (K4 5.4—6.2) and possibly a Tyr ¢
activated ETA was remarkably small (probably less than 10.2-10.5). The lower K, value suggests an active site
10%; Collins & Collier, 1985; Figure 7 data, 4 M urea). This His residue(s), which is in accord with earlier reports that
is substantiated further by the lower relative helical content His-426 is involved in the ADPRT reaction possibly at the
of PE40 compared with ETA as measured by CD. The level of docking and/or orientation of the protein substrate,
relative helical content of PE40 would be expected to be eEF-2 (Wozniaket al, 1988; Kessler & Galloway, 1992),
higher than for whole toxin since domain la is largely and that His-440 amino acid substitutions displayed severely
composed of aB-barrel motif that is absent in PE40. reduced ADP-ribosylation activity >1000-fold; Han &
Remarkably, the decrease in helical content of PE40 suggest$salloway, 1995). His-440 is a conserved His residue in ETA
that the removal of domain la promotes a significant and corresponds to His-21 in diphtheria toxin; the latter is
conformational rearrangement of the remaining structure believed to lie in the active site pocket (Papétial, 1989;
(domains Ib, Il, and Il1). Interestingly, the crystal structure Choeet al, 1992) although its role in the catalytic mecha-
of domain Il (residues 400613) complexed with nicoti-  nism is not without controversy (Johnson & Nicholls, 1994).
namide and AMP has recently been solveddtal., 1995). Notably, molecular modeling results on domain Il recently
The a-helical content of this protein (domain Il only) is conducted in this author’s laboratory, in agreement with Li
nearly identical with that calculated from the partially refined et al. (1995), indicate that His-440 may form a critical
structure (2729%). Furthermore, this new and higher H-bond with the 30OH of the first ribose (adenine attached)
resolution structure of domain 11l with the products of NAD  of NAD™.
hydrolysis (minus ribose phosphate) bound to the active site However, the candidate for the higheKgvalue (Ka
should provide considerable additional insight into the toxin 10.2-10.5) is less clear. In ETA, the phenolic hydroxyl
enzyme’s structure and catalytic mechanism. groups of two active site tyrosine residues, Tyr-470 and Tyr-

The unfolding-refolding profiles of ETA and its C- 481, have been tested for their potential interactions with
terminal fragment are generally quite similar but do exhibit, both substrates, NADand eEF-2, by replacing each residue
however, some differences. The unfolding of ETA, as with Phe (Lukac & Collier, 1988). Mutation of Tyr-470 to
measured by fluorescence spectroscopy, is slightly morePhe caused no significant effect on either ADP-ribosyltrans-
cooperative than for its C-terminal fragment. In contrast, ferase or NAD-glycohydrolase activity, implying that Tyr-
CD profiles for the disappearance afhelical secondary 470 is not directly involved in enzymatic catalysis. However,
structure are nearly identical for the two proteins. @, Tyr-470 may still play a role in hydrophobic stacking
values for ETA and PE40, as determined by fluorescence interactions with the aromatic rings (adenine and/or pyridine)
spectroscopy, were not significantly different. However, the of NAD*. Furthermore, replacement of Tyr-481 with Phe
AGy value, determined by the fluorescence method, was resulted in negligible change in the extent of toxin interaction
higher for PE40 than its corresponding value measured bywith NAD* or in NAD* glycohydrolysis activity. However,
CD spectroscopy. One notable limitation to the linear this substitution did cause a 10-fold decrease in ADPRT
extrapolation method of Pace (1986) is that the accuracy isactivity, suggesting that the phenolic hydroxyl of Tyr-481
not considered to be high although reasonable estimates havenay have an effect on eEF-2 binding, active site conforma-
been obtained (Pace, 1990; Seckler & Jaenicke, 1992).tion, or another aspect of catalysis. Careful inspection of
However, in spite of this caveat, relative comparison&Gf, the new domain Il structure revealed the presence of
values should be possible. In fact, th&,av values for aromatic ring stacking between the phenolic side chain of
ETA and PE40 were virtually identical (ca. 12 kJ/mol for Tyr-481 and the pyridine ring of NAD (G. Prentice,
each). Notably, the Trp fluorescence of PE40 originates from unpublished data). Interestingly, on the basis of the higher
five Trp residues which may not be a sufficient number to pKj, value, the role of an active site Lys residue cannot be
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excluded although no candidate residue has been suggestedritzGerald, D., Morris, R. E., & Saelinger, C. B. (1980l 21,
Presently, experiments are in progress to determine the 867-873.

identity and role of potential active site Trp residues within

Galloway, D. R., Hedstrom, R. C., McGowan, J. L., Kessler, S. P.,
& Wozniak, D. J. (1989)). Biol. Chem. 26414869-14873.

domain Ill of ETA. The approach is based on a combination gjj, p. M. (1975) Proc. Natl. Acad. Sci. U.S.A. 72064-2068.
of site-directed mutagenesis and chemical modification Gill, S. C., & von Hippel, P. H. (1989Anal. Biochem. 182319

procedures. An earlier report for diphtheria toxin indicated

that Trp-50 and Trp-153 are involved in the ADP-ribosyl-
transferase and NADglycohydrolase activities (Wilson &

326.
Han, X. Y., & Galloway, D. R. (1995). Biol. Chem. 270679~

Hirst, J D., & Brooks, C. L. (1994). Mol. Biol. 242 173—-178.

Collier, 1992) and that Trp-50 is a major determinant of jinng, v.. Ogata, M., Chaudhary, V. K., Willingham, S. A.,

NADT affinity (Wilson et al.,1994). Furthermore, analysis

of data obtained upon investigation of the toxin’s active site
and catalytic mechanism should be aided immeasurably by

FitzGerald, D., & Pastan, I. (1989) Biol. Chem. 26415953~
15959.

Johnson, V. G., & Nichalls, P. J. (1994) Biol. Chem. 2694349~
4354,

the recent X-ray crystal structures of ETA complexed with Kessler, S. P., & Galloway, D. R. (1992 Biol. Chem. 267

the hydrolysis products of NAD (Li et al, 1995) and
diphtheria toxin complexed with intact NADsubstrate (Bell
& Eisenberg, 1996).
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