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Summary

Measurements of the initial rate of ADP-ribosylation of elongation factor 2
(EF-2) catalyzed by Fragment A from diphtheria toxin support a sequential
mechanism and suggest that the reaction proceeds through a central ternary
complex involving Fragment A and the substrates, EF-2 and NAD. The
Michaelis constants for EF-2 and NAD are 0.15 and 1.4 uM, respectively. As
determined by equilibrium gel permeation, EF-2 does not bind Fragment A
significantly, alone or in the presence of adenine, ADPribose, nicotinamide or
NADH. Based on these and earlier results, we propose an ordered sequential
mechanism for the reaction; the sequence of binding of substrates is NAD, fol-
lowed by EF-2.

Introduction

The inhibitory effect of diphtheria toxin on protein synthesis has been
shown to result from the toxin’s capacity to promote the ADP-ribosylation of
elongation factor (EF-2) [1—3]:

EF-2 + NAD = ADPRib-EF-2 + nicotinamide + H"

The equilibrium of the reaction is far to the right (Equilibrium constant 6.3 -
10* M at pH 8.0 [2]). The ADP-ribosyl derivative of EF-2 is inactive in pro-
moting the translocation event on ribosomes, and thus peptide chain elongation
is blocked after modification of a high percentage of EF-2 in cells.

Studies in recent years [4—7] have shown that the toxin is synthesized and
excreted as a proenzyme, composed of a single polypeptide chain, about 60000
in molecular weight. For its enzymic activity to be expressed, the toxin must
apparently undergo two covalent alterations of structure. Exposure of the
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intact toxin to mild proteolysis with trypsin, for example, produces ‘“nicked
toxin”’, which is also enzymically inactive and which consists of two major frag-
ments, A and B, linked by a disulfide bridge. Reduction of the nicked toxin
with thiols then releases the N-terminal A fragment (M, = 21145 [8]), which
can be identified as the enzymically active entity. The C-terminal B fragment
(M, = 39000), has no apparent enzymic activity, but is required for toxicity.
There is evidence which suggests that Fragment B is responsible for recognizing
and binding the toxin to cell surface receptors [9—11].

The interaction of Fragment A with one of its substrates, NAD, has been
studied in detail [12,13]. Fragment A has a single binding site for NAD with a
dissociation constant of 8 uM. The binding of NAD is reversible and involves
interactions of both the adenine and nicotinamide moieties of NAD with Frag-
ment A. Bound NAD is labilized and hydrolyses slowly into ADPribose and
nicotinamide.

We report in this communication, studies of the kinetics of the ADP-ribo-
sylation reaction and the interaction of Fragment A with EF-2. On the basis of
results presented here and earlier, we propose that the ADP-ribosylation of
EF-2 proceeds by an ordered, sequential mechanism in which Fragment A
binds NAD before EF-2.

Materials and Methods

Diphtheria toxin. Partially purified toxin was obtained from Connaught
Laboratories, Toronto, Canada. It was purified by column chromatography suc-
cessively with DEAE-cellulose and Sephadex G-100 as described previously
[4,5].

Fragment A. Purified toxin was nicked by limited proteolysis with trypsin.
Toxin, at a concentration of 10 mg/ml in 50 mM Tris - HC], and 1 mM EDTA,
was incubated with 1 ug/ml trypsin (Worthington) at 25°C for 45 min. Proteol-
ysis was stopped by adding soybean trypsin inhibitor to a final concentration
of 1.5 ug/ml [5]. Under these conditions, close to 95% of the toxin molecules
were converted to the nicked form with Fragments A and B as the predominant
products. The nicked toxin was concentrated to 40 mg/ml by ultrafiltration in
an Amicon concentrator with a PM-10 membrane. Nicked toxin was unfolded
in 8 M urea and reduced with 0.1 M dithiothreitol and Fragments A and B were
separated by gel filtration in a Sephadex G-100 column (5 X 80 cm) equili-
brated with 50 mM Tris - HCl, pH 8.2, 1 mM EDTA, 4 M urea and 50 mM
mercaptoethylamine. Protein concentration was monitored by relative fluores-
cence (excitation 290 nm, emission 340 nm), and enzymic activity was moni-
tored by ADP-ribosylation as descrbed below. Fractions containing pure Frag-
ment A were pooled, and the single free sulfhydryl group on Fragment A was
reversibly blocked by dialysis against 0.1 M 2,2'-dihydroxyethyl disulfide. Frag-
ment A monomers were purified on a Sephadex G-100 column (2.5 X 80 c¢m)
equilibrated with 50 mM Tris - HC], pH 8.2, 1 mM EDTA.

Carboxymethylation of Fragment A. Purified Fragment A (1 mM) was
reduced under nitrogen for 2 h at room temperature with 2 mM dithiothreitol
in 0.1 M Tris - HCl, pH 8.6, 10 mM EDTA and 4 M urea. Iodo[*H]acetate
(Amersham, specific activity, 38 Ci/mol) was added to a final concentration of



250

5 mM and allowed to react in the dark for 15 min at room temperature.
Further reaction was stopped by adding mercaptoethanol to 30 mM. Carboxy-
[*H]methyl Fragment A, recovered after desalting on a Sephadex G-25 column,
had a measured specific activity of 30 Ci/mol.

Preparation of Fragment A-Sepharose. Sepharose 2B was suspended in an
equal volume of water and was activated with CNBr at pH 11 according to
Parikh et al. [14]. The activated gel was rapidly washed with citrate buffer
(0.2 M sodium citrate, pH 6.3, containing 0.5 M NaCl) and incubated with
Fragment A (5 mg/mlin 0.2 M sodium citrate, pH 6.3). The coupled Sepharose
was washed batchwise in Tris/EDTA with 4 M urea. A portion of the gel was
packed into a column (0.6 X 5 cm) and washed with initial buffer containing 50
mM Tris - HCl, pH 8.0, 1 mM EDTA, 0.25 mg/ml bovine serum albumin and
5 mM dithiothreitol, until the effluent contained no free Fragment A detect-
able by ADP-ribosylation. The extent of coupling was determined by assaying a
portion of the washed gel for enzymic activity.

Purification of EF-2. EF-2 was purified from rabbit reticulocytes. Circulating
reticulocytes were collected, washed and lysed as previously described [15,16].
The ribosome-free lysate was adjusted to pH 6.0 with acetic acid and fraction-
ated with ammonium sulfate. Material which precipitated from 40 to 70%
(NH,),S0, saturation at 4°C contained approx. 70% of the total EF-2 content.
This fraction was redissolved and dialysed against buffer A (50 mM Tris - HCI,
pH 7.2, 1 mM EDTA, 10 mM mercaptoethanol, 5% glycerol and 0.5 uM
phenylmethylsulfonyl fluoride [PMSF]). The crude EF-2 was applied to a
column of DEAE-cellulose (Bio-Rad, Cellex-D, 2.5 X 30 cm) equilibrated at
4°C with buffer A, and EF-2 was eluted by a linear gradient of NaCl, 0—0.6 M
in buffer A. EF-2 was assayed by ADP-ribosylation as described below. Frac-
tions containing EF-2 were concentrated by ultrafiltration over an Amicon XM-
50 membrane and dialyzed against buffer B (10 mM sodium phosphate, pH 7.0,
1 mM EDTA, 10 mM mercaptoethanol, and 0.5 uM PMSF). The partially puri-
fied EF-2 was subsequently chromatographed on a phosphocellulose column
(Whatman, P-11, 1.1 X 20 c¢m) equilibrated with buffer B. EF-2 was eluted with
a linear sodium phosphate gradient, 10 mM to 0.5 M in buffer B. Pooled EF-2
was re-chromatographed on a similar phosphocellulose column. The EF-2
obtained was pure as judged by the appearance of a single protein band in
sodium dodecyl sulfate (SDS)-polyacrylamide gels.

Preparation of radioactive NAD. ["*C]NAD labelled uniformly in the ade-
nine moiety was synthesized from [**C]ATP and nicotinamide mononucleotide
(NMN) and purified on a DEAE-cellulose column as previously described [17].
The specific activity of the final product was 407 Ci/mol. The preparation was
isotopically pure as analyzed by thin-layer chromatography on polyethylene-
imine cellulose (PEI-cellulose) developed ascendingly with 0.3 M LiCl [18].
Exposure to X-ray film (Cronex 5, Dupont) revealed a single spot corre-
ponding to NAD.

ADP-ribosylation assays. (a) ADP-ribosylation was used to monitor the puri-
fication of EF-2 and for total EF-2 determinations. The reaction was per-
formed at 25°C for 15 min in a total volume of 0.1 ml, containing 50 mM
Tris - HCI, pH 8.2, 1 mM EDTA and 1 mg/ml bovine serum albumin (Pentex).
Fragment A (5 ug/ml) and [*C]NAD (5 uM) were added and incubated with
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unknown quantities of EF-2. The reaction was stopped by adding an equal
volume of cold 10% trichloroacetic acid. The precipitate was collected on glass
fiber filters (Whatman, GF/C) and the amount of radioactivity determined in
a gas flow counter. (b) For initial rate measurements, limiting concentrations
of Fragment A were used (5 ng/ml). The concentrations of EF-2 and NAD were
varied as required in the respective experiments. Under these conditions, the
amount of Fragment A was limiting and less than 7% of the substrates were
reacted to ensure accurate estimation of initial rates.

Results

Kinetics of the ADP-ribosylation of EF-2

Goor and Maxwell [19] have reported studies on the kinetics of the ADP-
ribosylation reaction, but these were performed before discovery of the cova-
lent modifications in structure required for expression of enzymic activity by
diphtheria toxin. Also the EF-2 used in these studies was relatively impure, We
therefore undertook to define the kinetics more precisely using a system con-
taining only purified components; that is, Fragment A, NAD, and pure EF-2
from rabbit reticulocytes.

We first measured the effects on the initial rate of ADP-ribosylation of vary-
ing the concentrations of the two substrates independently. Double reciprocal
plots, as shown in Figs. 1A and 1B, gave families of convergent lines inter-
secting above the abscissa. The vertical coordinates of the points of intersection
in Figs. 1A and 1B are identical within experimental error. Secondary plots of
the data from Fig. 1 gave Michaelis constants of 1.4 and 0.15 uM for NAD and
EF-2, respectively, and a turnover number of about 200 mol of ADPRib-EF-2
per mol of enzyme per min.

The fact that the families of lines in Figs. 1A and 1B are convergent rather
than parallel, implies that the ADP-ribosylation reaction involves a sequential
mechanism. This conclusion is also supported by the apparent absence of a
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Fig. 1. (A) Relationship between initial velocity and EF-2 concentration, at selected constant NAD con-
centrations. The initial velocity is in pmol of ADPRib-EF-2 formed per 15 min at 25°C. (B) Relationship
between initial velocity and NAD concentration, at selected constant EF-2 concentrations.
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stable, covalent ADPRib-Fragment A intermediate, which has been sought by
various methods; and by the fact that the NAD-glycohydrolase reaction catal-
yzed by Fragment A is much slower than the ADP-ribosylation reaction [12].
The latter result implies that the NAD-glycohydrolase reaction could not pro-
vide a required intermediate. Furthermore, it has been reported that significant
rates of exchange between nicotinamide and NAD occur only in the presence
of EF-2 [19,20]. It therefore seems certain that the ADP-ribosylation of EF-2
proceeds via a ternary, non-covalent intermediate containing Fragment A,
NAD, and EF-2.
This ternary intermediate might be formed by either of two pathways:

NAD + Fragment A = [Fragment A-NAD]

[Fragment A-NAD] + EF-2 = [EF-2-Fragment A-NAD] IO
or

EF-2 + Fragment A = [Fragment A-EF-2]

[Fragment A-EF-2] + NAD = [EF-2-Fragment A-NAD] an

Since it has been shown unequivocally that NAD can bind to Fragment A,
it is reasonable to assume that the first pathway (I) is at least possible. Evidence
was lacking, however, for the second pathway (II). Kinetic evidence to distin-
guish between the two pathways is theoretically obtainable, but in practice,
there are formidable obstacles. For example, preliminary experiments (results
not shown) indicate that ADPRib-EF-2 has a high inhibition constant, thus
ruling out product inhibition measurements because of the prohibitively large
amounts of ADPRib-EF-2 required. Isotope exchange experiments are also
unsuitable for the same reason and because of the highly unfavorable equilib-
rium. Thus we undertook experiments to determine directly if Fragment A was
capable of binding EF-2 in the absence of NAD.,

Chromatography of EF-2 on Fragment A-Sepharose affinity column

Fragment A was coupled to CNBr-activated Sepharose 2B, and after exten-
sive washing, the concentration of covalently bound Fragment A was deter-
mined by assay of ADP-ribosylation activity. A column (0.6 X 5 cm) was
packed with the Fragment A-Sepharose containing about 0.7 nmol active Frag-
ment A per ml packed gel, and equilibrated with buffer as described under
Materials and Methods. A sample, 0.5 ml, of partially purified EF-2 (about
1 uM), was applied to the column, followed by two bed volumes of initial buf-
fer. Essentially none of the EF-2 was retained by the column, and virturally all
was recovered in active form at the void volume. Subsequent stepwise elution
with Fragment A at 1 and 10 mM, or NaCl at 0.5 M, failed to elute significant
amounts of bound EF-2, Similar results were obtained when adenine (0.5 mM)
was included in all buffers. Inasmuch as the chromatography was performed
under conditions close to those optimal for the ADP-ribosylation reaction, and
the Fragment A covalently bound to the Sepharose was known to be active,
this experiment suggested that Fragment A does not bind EF-2 strongly in the
absence of NAD.
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Equilibrium gel permeation chromatography of EF-2 with Fragment A

A more critical test of the interaction of EF-2 with Fragment A was con-
ducted by means of equilibrium gel permeation chromatography, a technique
originally described to study the binding of low molecular weight ligands to
proteins [21]. To facilitate sensitive detection and accurate quantification of
Fragment A, the latter was radioactively labelled by carboxymethylation of its
single sulfhydryl group with iodo[*H]acetate, a reaction which did not affect
the enzymic activity [4]. A Sephadex G-100 superfine column (0.8 X 33 cm)
was equilibrated with buffer containing 0.2 uM carboxy[*H]methyl Fragment
A. Pure EF-2 (0.1 uM) was incubated at 25°C for 15 min with excess carboxy-
[*H]methyl Fragment A, and the mixture was chromatographed on the pre-
equilibrated column. Effluent fractions were assayed for Fragment A and EF-2,
the former by scintillation counting of the tritium label, and the latter by
adding radioactive NAD and allowing ADP-ribosylation to proceed to comple-
tion.

Due to the difference in molecular weights, EF-2 (M, = about 100000)
migrated faster than Fragment A, and since the column was pre-equilibrated
with a constant level of free Fragment A, EF-2 migrated through the column in
equilibrium with that concentration of free Fragment A. association of Frag-
ment A with EF-2 would have been detected by the presence of a peak of Frag-
ment A above the background level in the equilibrating buffer. However, as
shown in Fig. 2, the elution profile showed no detectable binding.

Several variations of this experiment were performed, by including partial
structural analogues of NAD, (adenine, ADPribose, NMN, or nicotinamide) in
the equilibrating buffer, each at a concentration 10-fold its respective K; (see
Table I). Also the concentration of free Fragment A was varied from 0.2 to
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—
*H-FRAGMENT A
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Fig. 2. Equilibrium gel permeation of EF-2 in Sephadex G-100 equilibrated with Fragment A, A Sephadex
G-100 superfine column (0.8 X 33 cm) was equilibrated with 50 mM Tris - HC], pH 8.2, 1 mM EDTA,
5 mM marcaptoethanol, 1 mg/ml bovine serum albumin and 0.2 uM ca.rboxy[3H]methyl Fragment A.
EF-2 (0.1 uM) was incubated with excess labelled Fragment A (1 uM) at 25°C for 15 min, and a 0.1 ml
sample was chromatographed on the column, Fractios of 0.12 ml were collected, 50-ul samples of which
were counted by liquid scintillation for Fragment A quantification. EF-2 was measured by adding radio-
active NAD to 50-ul samples of each fraction and allowing ADP-ribosylation to proceed to completion.
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TABLE I

COMPARISON OF INHIBITION AND DISSOCIATION CONSTANTS OF ADENINE- AND NICOTINA-
MIDE-CONTAINING COMPOUNDS

Compound K7 by inhijbition Ki by inhibition Kp dissociation
of initial rate of of initial rate of constant for
ADP-ribosylation NAD-glycohydrolase * Fragment A *
wM) uM) (LM)

Adenine 30 30 30

Adenosine 300 370 270

ADP ribose 3500 6000 4800

Nicotanamide 200 250 220

NADH 40 — 140

* Data from ref, 12,

1 uM. Under all these conditions, EF-2 was quantitatively recovered from the
column, but no detectable binding was observed. Although the concentrations
of Fragment A used in these experiments could only detect binding constants
of the order of 0.1—1.0 uM, we felt that this was the reasonable range, because,
as calculated from the initial rate data, the K, for EF-2 was about 0.15 uM.

From these experiments, we conclude that if Fragment A is capable of
binding EF-2 in the absence of NAD, the binding constant must be outside the
range of these experiments, that is, greater than about 107® M. Such constants
would probably not be of significance in the catalytic mechanism. It is there-
fore probable the formation of the Fragment A, NAD, EF-2 ternary complex
does not proceed by pathway (II) at a significant rate. Thus the complex is pre-
sumably formed preferentially by Fragment A first binding NAD, followed by
EF-2.

Competitive inhibition of ADP-ribosylation

Initial rates of ADP-ribosylation were measured in the presence of fixed
levels of a number of partial structural analogtes of NAD, and the data were
analyzed by double reciprocal plots. For example, as shown in Figs. 3A and 3B,
adenine was competitive with respect to NAD and non-competitive with EF-2.
Secondary intercept and slope replots show that the inhibition is linear, with a
K; of 30 uM. Similar analyses were performed with adenosine, ADPribose,
NADH and nicotinamide which is one of the products of the reaction. Results
showed that they were all competitive with NAD and non-competitive with
EF-2. Except for NADH, inhibition is linear, which is consistent with the inter-
pretation that competitive binding of these analogues to the single NAD site on
Fragment A is the cause of the competitive inhibition. The effectiveness of
these analogues in inhibiting the reaction, as shown by their K; values, should
depend, therefore, on their respective binding constants, Ky values, to Frag-
ment A. As shown in Table I, the correlation is apparent. The non-linearity of
inhibition by NADH could be due to the presence of trace amounts of NAD
which have not been vigorously excluded prior to the experiment. Similar ano-
malous biphasic inhibition curves with NADH have been previously reported
[12].

The fact that adenine is a more potent inhibitor than adenosine, which is in
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Fig. 3. (A) Effect of adenine on initial velocity at varying NAD concentrations, with EF-2 concentration
held constant at 0.15 uM. (B) Effect of adenine on initial velocity at varying EF-2 concentrations, with
NAD concentration held constant at 0.2 uM. The initial velocity is in units of pmol of ADPRib-EF-2 per
15 min at 25°C.

turn more potent than ADPribose, has also been reported by others [19]. Stu-
dies of binding of NAD to Fragment A indicate that interactions of the adenine
and nicotinamide moieties are responsible for most or all of the binding energy.
Presumably entropy factors are responsible for the decreased affinity of adeno-
sine or ADPribose, compared with adenine.

Discussion

Our studies, performed with pure Fragment A and EF-2, present a consistent
picture of the formal mechanism involved in the ADP-ribosylation of EF-2.
Initial rate measurements and other evidence provide convincing evidence that
the reaction proceeds through a ternary complex. Such a complex might be
formed either by ordered or random binding of the two substrates to Fragment
A. Results from direct binding measurements by equilibrium gel permeation on
Sephadex strongly suggest that there is a preferential order, and that addition
of NAD occurs before EF-2. This is consistent with the evidence available
showing that Fragment A binds one molecule of NAD non-covalently in the
absence of EF-2. Further evidence to support the proposed order of substrate
addition is theoretically obtainable by product inhibition and isotope exchange
measurements, but the highly unfavorable equilibrium and large amount of
pure EF-2 required, present practical difficulties.

The proposed ordered, sequential mechanism is also supported by calcula-
tions from the data in Fig. 1. In such a mechanism, the vertical coordinate of
the point of convergence in a Lineweaver-Burk plot is equal to 1/V (1 — K,/
K;,), where K, and K, are the Michaelis and dissociation constants of the
leading substrate, respectively. In both Figs. 1A and 1B, the points of con-
vergence have vertical coordinate values of 0.018 (pmol ADPRIib-EF-2 per 15
min)~!. From this value, the V (40 pmol of ADPRib-EF-2 per 15 min), and the
Michaelis constant of NAD, one can calculate a dissociation constant of 5 uM
for NAD. The fact that this value is close to the value of about 8 uM measured
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directly by dynamic dialysis, fluorescence quenching [12], and equilibrium
dialysis [22], is consistent with our proposal of NAD being the leading sub-
strate in an ordered sequential mechanism. Similar calculations for EF-2, from
its Michaelis constant of 0.15 uM, yield a value of about 0.5 uM for the puta-
tive dissociation constant of EF-2 with Fragment A. It is very likely that our
experiments on direct binding would have detected association if the actual
dissociation constant were in that range.

The apparent lack of binding of EF-2 to Fragment A probably reflects a
specific requirement for prior NAD binding to produce a high affinity site on
Fragment A. Such a requirement may be analogous to the effect of the obliga-
tory initial binding of NAD to dehydrogenases. In the case of several dehydro-
genases [23—25], there is clear evidence for the occurrence of induced con-
formational changes accompanying the initial binding of NAD. These confor-
mational alterations are necessary for catalysis upon binding of the second sub-
strate. Although upon binding NAD, Fragment A shows no gross conforma-
tional changes detectable by velocity sedimentation or rotational relaxation
measurements, it has been observed that Fragment A becomes resistant to tryp-
sin and chymotrypsin in the presence of saturating levels of NAD [12]. This
increase in resistance may reflect structural shifts necessary for EF-2 binding.

The proposed ordered sequential mechanism also provides a plausible expla-
nation for the NAD-glycohydrolase activity observed with Fragment A. Since
Fragment A has a single site for NAD, the active site involved in the highly effi-
cient ADPribose transfer to EF-2 is also responsible for the inefficient transfer
to water, leading to NAD hydrolysis. The slow rate of the latter reaction may
be due to unproductive substitution of EF-2 by water in forming the ternary
complex. Manifestations of substrate specificity in reaction rates have been
observed [26,27].
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