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Competitive binding radioimmunoassays were used to analyze the immuno-
. chemistry of diphtherial toxin. Rabbit antisera obtained by immunization with
formolized toxoid or fragment A were used to characterize purified toxin, toxoid,
fragment A, and related nontoxic mutant proteins. Antitoxoid serum had a high
titer of neutralizing activity. Most of the antibodies in antitoxoid bound to toxin
but not to fragment A. The anti-fragment A antibodies that were present in
antitoxoid recognized determinants of fragment A that were exposed on unnicked
toxin. Formaldehyde treatment partially destroyed antibody-binding sites asso-
ciated with the A and B domains of toxin. Anti-fragment A serum had a low titer
of neutralizing activity. The specificities of the anti-fragment A antibodies in
antitoxoid and anti-fragment A sera were different. Approximately half of the
anti-fragment A antibodies in anti-fragment A serum recognized determinants of
fragment A that were masked in toxin. Per unit of fragment A-binding activity,
anti-fragment A serum was significantly more potent than antitoxoid serum as an
inhibitor of the enzymatic activity of fragment A. By analyzing the antigenic
structure of several nontoxic mutant proteins (cross-reacting materials) that
cross-react with toxin, we distinguished three different subgroups of antigenic
determinants associated with the B domain of toxin. Furthermore, the exposed
antigenic determinants of the A domain of toxin were separated into two sub-
groups, both of which were distinct from the masked determinants of the A
domain. The radioimmunoassays described here provide rapid, sensitive, quanti-
tative, and versatile methods for immunochemical characterization of toxin or

related cross-reacting proteins encoded by corynebacteriophages.

The structure and activity of diphtherial toxin
have been extensively studied (3, 22). After
treatment with trypsin and reducing agents,
toxin (molecular weight [MW], 62,000) can be
dissociated into two polypeptides, fragment A
(MW, 21,145) and fragment B (MW, ca. 38,000)
(5, 6, 8). Fragment A, the amino-terminal region
of the toxin molecule, is an enzyme that cata-
lyzes transfer of the adenosine diphosphate ri-
bose moiety from nicotinamide adenine dinucle-
otide to eucaryotic elongation factor 2 (EF-2),
thereby inactivating EF-2 and inhibiting protein
synthesis in eucaryotic cells (4, 9, 15). Fragment
B, the carboxy-terminal portion of the toxin
molecule is essential for the binding of toxin to
specific receptors on the plasma membrane of
susceptible eucaryotic cells (16, 29).

The immunochemistry of diphtherial toxin
has also been studied in detail. Several investi-
gators, notably Pope and Stevens (24-26), Re-
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lyveld and Raynaud (27), and, more recently,
Pappenheimer et al. (23), provided evidence that
diphtherial toxin possesses multiple antigenic
determinants that are functionally distinct. Pap-
penheimer and co-workers prepared horse and
rabbit antitoxoids absorbed with the nontoxic
mutant protein CRM45 that were specific for
the 17,000-MW carboxy-terminal region of toxin
(23). The absorbed antisera lost the ability to
inhibit enzymatic activity of purified fragment
A, contained only 25 to 30% of the toxin-precip-
itable antibodies present before absorption, but
retained all of the original neutralizing activity.
These investigators concluded that antibodies
directed against the carboxy-terminal region of
fragment B were primarily responsible for neu-
tralization of toxicity. Although anti-fragment A
antibodies comprised a relatively small fraction
of the toxin-precipitable antibodies in rabbit or
horse antitoxoids, anti-fragment A represented
a larger fraction of the toxin-precipitable anti-
bodies in several rabbit antisera against the non-
toxic mutant protein CRM197 (23). Further-
more, rabbit anti-A antiserum failed to precipi-
tate toxin completely and was incapable of neu-
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tralizing the toxicity of toxin. Based on these
findings, Pappenheimer et al. concluded that
most of the antigenic determinants of fragment
A were masked in native diphtherial toxin and
become exposed only after partial degradation
or denaturation of toxin or CRM197-(23). Fur-
thermore, they proposed that the avidity of a
neutralizing antitoxin is inversely proportional
to its content of nonneutralizing anti-fragment
A antibodies (23).

Bazaral et al. used radioimmunoassays to an-
alyze serum from humans immunized with
diphtherial toxoid and demonstrated antibodies
against both the A and B domains of toxin in
such sera (2). Gill et al. also reported a radioim-
munoassay for diphtherial toxin, but used it only
for quantitative assays for toxin antigen (10).

Rittenburg et al. prepared mouse antisera
against diphtherial toxin and against formolized
toxoid. The properties of these antisera were
compared by immunodiffusion, passive hemag-
glutination, neutralization, and fragment A en-
zyme inhibition tests (28). Antitoxin but not
antitoxoid revealed an antigenic difference be-
tween toxin and toxoid in immunodiffusion tests.
Rittenburg et al. concluded that treatment of
toxin with formaldehyde to produce toxoid had
destroyed one or more of the antigenic deter-
minants of toxin. Furthermore, only antitoxin
inhibited the enzymatic activity of purified frag-
ment A and reacted strongly with fragment A in
immunodiffusion tests, although both antitoxin
and antitoxoid contained anti-fragment A anti-
bodies that were detectable by passive hemag-
glutination. These data demonstrated that anti-
fragment A antibodies could be separated into
at least two functionally distinct subgroups that
did or did not inhibit the enzymatic activity of
fragment A.

Many questions concerning the immunochem-
istry of diphtherial toxin have not been resolved.
The mapping of antigenic determinants associ-
ated with various regions of the toxin molecule
has been initiated, but is not yet highly refined.
The number of antigenic determinants associ-
ated with fragment A is unknown, and it is
unclear how they are distributed between ex-
posed and masked regions of diphtherial toxin.
Furthermore, the relative roles of stabilization
and destruction of antigenic determinants of
toxin by treatment with formaldehyde require
further clarification.

In the present study, we used competitive-
binding radioimmunoassays to investigate the
antigenic structure of diphtherial toxin, diph-
therial toxoid, fragment A, and a series of non-
toxic mutant proteins (cross-reacting mate-
rials, CRMs) that are structurally related to
diphtherial toxin. The goals of this study were
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to examine further the distribution of antigenic
determinants on the toxin molecule, to analyze
the effects of formaldehyde treatment on im-
munogenicity and antibody-binding capacity of
toxin, and to develop rapid methods for immu-
nochemical characterization of nontoxic mutant
proteins encoded by tox mutants of corynebac-
teriophages.

MATERIALS AND METHODS

Bacteria and bacteriophages. The nontoxino-
genic strain Corynebacterium diphtheriae C7, cory-
nebacteriophage 8**, and the lysogenic toxinogenic
strain C. diphtheriae C7(8**) have been designated
as wild-type strains in previous studies (1, 13). The
following lysogenic strains of C. diphtheriae harboring
tox mutants of phage 8 are maintained in our labora-
tory and have been previously reported (12):
C7(8°*"), C1(B**?), C1(B"%), CI(B°**), C1(B~),
C7(8"%), C71(8"*"), C7(8**), and C7(8°**). C. diph-
theriae C7(8~'*") was provided by T. Uchida (29).
The Cowan I strain of Staphylococcus aureus was
obtained from E. D. Rosenblum.

Media and growth conditions. PGT medium was
the casein hydrolysate medium of Mueller and Miller
(21) as modified by Barksdale and Pappenheimer (1).
For production of diphtherial toxin and related non-
toxic mutant proteins, the deferrated, maltose-supple-
mented PGT medium was adjusted to 0.075 pg of
added Fe®* per ml, and cultures were grown and har-
vested as described previously (12). Filter-sterilized
culture supernatants were stored at 4°C and were
tested within 24 h.

Diphtherial toxin, fragment A, and toxoid. Pu-
rification of an unnicked sample of diphtherial toxin
(designated Jnl41) was reported previously (14). A
preparation of partially nicked diphtherial toxin was
purchased from Connaught Laboratories (Toronto,
Canada), purified according to published methods (4),
and designated Dc202. Fragment A was isolated from
trypsin-treated Dc202 toxin by gel filtration on Seph-
adex G-100 in the presence of 4 M urea and 50 mM 2-
mercaptoethylamine (17). Purified toxin and fragment
A were stored in aliquots at —70°C. Samples of purified
diphtherial toxin Jn141 (3.4 mg/ml) and Dc202 (1.0
mg/ml) were converted to toxoids by treatment with
0.2 and 0.5% Formalin, respectively, in the presence of
0.025 M lysine at 22°C for 1 month (19).

Antisera. Rabbits were immunized by repeated
intramuscular injections of Jn141 toxoid (100 ug/dose)
or of purified fragment A (10 pg/dose) in complete
Freund adjuvant. The R21 antitoxoid and B55 anti-
fragment A sera, obtained from the terminal bleedings
of rabbits R21 and B55, were used in radioimmunoas-
says for diphtherial toxin and for fragment A.

Radioiodination of diphtherial toxin and frag-
ment A. Radioiodination of proteins was performed
by a modification of published methods (11). To 50
pg of toxin or fragment A in 1 ml of pH 7.2 phosphate-
buffered saline solution at 22°C, 1 mCi of carrier-free
Na'*I (Amersham/Searle Corp., Arlington Heights,
IlL.), 1 ug of lactoperoxidase (Sigma Chemical Co., St.
Louis, Mo.), and 25 pl of 0.03% H:0, were added. After
5 min, 25 pl of 0.03% H.0. was again added. Beginning
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5 min later the reaction mixture was dialyzed for 18 h
against phosphate-buffered saline containing 5 mM
Nal. Monomeric '*I-labeled toxin or '*I-labeled frag-
ment A was obtained by gel filtration on Sephadex G-
100 columns in PBS containing 1 mg of bovine serum
albumin per ml and 5 mM Nal. Freshly prepared
radioiodinated toxin and fragment A typically had
specific activities between 1 and 10 uCi/pg of protein
and were more than 90% immunoprecipitable.

Preparation of S. aureus. Staphylococci were
used as a particulate absorbant for immune complexes
containing immunoglobulin G. A 10% suspension of
the formaldehyde-treated Cowan I strain of S. aureus
was prepared as described by Kessler (18) and was
stored at —70°C. The bacterial suspension was thawed
and washed according to published procedures (18).

Competitive-binding radioimmunoassays for
diphtherial toxin and fragment A. Radioimmu-
noassays were carried out in 0.5-ml reaction mixtures
at 22°C in polystyrene test tubes (12 by 75 mm). All
reagents were diluted in assay buffer containing 150
mM NaCl, 50 mM tris(hydroxymethyl)aminomethane
(pH 7.4), 5 mM ethylenediaminetetraacetic acid, 0.02%
NaNj, 0.05% Nonidet P-40 (Accurate Chemical and
Scientific Co., Hicksville, N.Y.), 1 mg of bovine serum
albumin ml, and 5 mM Nal (18). Reagents were added
to the reaction mixtures in the following order: (i)
assay buffer; (ii) radioiodinated antigen (ca. 10,000
cpm of '*I-labeled diphtherial toxin or '*I-fragment
A); (iii) nonradioactive antigen (toxin, toxoid, frag-
ment A, or sterile culture supernatant from an appro-
priate strain of C. diphtheriae); and (iv) a sufficient
quantity of antiserum (R21 antitoxoid or B55 anti-
fragment A) to bind ca. 50% of the radiolabeled antigen
in the absence of nonradioactive competing antigen.
Typical volumes of antiserum required were 0.005 pul
of R21 antitoxoid or 0.20 ul of B55 anti-fragment A
per assay for '*I-toxin and 0.01 ul of R21 antitoxoid or
0.20 ul of B55 anti-fragment A per assay for '*I-frag-
ment A. Actual volumes varied slightly with different
samples of '*I-toxin or '*I-fragment A, depending on
specific activity, time since iodination, or other factors.
The reaction mixtures were incubated for 15 min at
22°C with occasional gentle mixing. Next, a 100-ul
sample of the staphylococcal suspension in assay
buffer was added to each tube, and incubation was
continued for 10 min. The staphylococci from each
reaction mixture were collected by centrifugation at
4°C and washed three times with 1.0-ml samples of
assay buffer at 4°C, and radioactivity in the absorbed
immune complexes was counted in a Searle 1185
gamma counter.

All assays were performed in duplicate, and mean
values were calculated. Background counts from con-
trols lacking antiserum were subtracted. Radioactivity
bound was expressed as a fraction of total radioactivity
and was designated B. The data were plotted as 1/B
versus the concentration of nonradioactive competing
antigen, since this representation generated approxi-
mately linear standard curves (7).

Inhibition of nicotinamide adenine dinucleo-
tide:EF-2 adenosine diphosphate ribosyltrans-
ferase activity by antisera. Samples of purified
fragment A were assayed for enzyme activity by the
procedure of Collier and Kandel (4). Partially purified
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wheat germ EF-2 was prepared by a method provided
by R. J. Collier (personal communication) and was
substituted for rabbit reticulocyte EF-2. The reactions
were stopped after 15 min by adding equal volumes of
cold 10% trichloroacetic acid, and the precipitates were
collected on membrane filters (Millipore Corp., Bed-
ford, Mass.). After washing and drying the filters, they
were counted in toluene with Liquifluor (New England
Nuclear, Boston, Mass.) in a liquid scintillation
counter (LSC 9000; Beckman Instruments, Inc., Ful-
lerton, Calif.).

Inhibition of enzyme activity by antitoxoid or anti-
fragment A serum was measured after preincubating
25-ng samples of fragment A with dilutions of antise-
rum for 15 min at 25°C. The remaining components
for the enzyme assays were then added, and the reac-
tion mixtures were incubated and processed as de-
scribed above. Enzymatic activities in the presence of
R21 antitoxoid or B55 anti-fragment A serum were
expressed as the percentages of activities in control
assays with the same concentrations of normal rabbit
serum.

Neutralization tests. Assays for neutralizing an-
tibody were performed by intracutaneous tests in rab-
bits (30). Samples containing 50 ng of Dc202 toxin per
ml and appropriate dilutions of antiserum were prein-
cubated for 30 min at 22°C, and 0.2-ml portions were
injected intracutaneously. Reactions were observed
after 96 h to determine the volumes of antiserum
required to neutralize the 10-ng test dose of toxin.
Titers were calculated by comparison with assays of
the United States Standard Antitoxin (lot A32, 6 AU/
ml) performed at the same time.

Immunodiffusion tests. Ouchterlony-type immu-
nodiffusion tests were performed as described previ-
ously (14).

Polyacrylamide gel electrophoresis. Proteins
were boiled for 2 min in buffered sample treatment
mixture containing 6 M urea, 1% sodium dodecyl sul-
fate, and 0.2% 2-mercaptoethanol. Electrophoresis was
carried out in 13% polyacrylamide slab gels containing
0.1% sodium dodecyl sulfate in the discontinuous
buffer system described by Maizel (20). After electro-
phoresis, gels were stained with Coomassie brilliant
blue.

RESULTS

Our initial experiments were performed to
characterize the reagents used in this study.
Analysis of purified fragment A of diphtherial
toxin, purified unnicked toxin Jnl41, and puri-
fied nicked toxin Dc202 by polyacrylamide gel
electrophoresis in the presence of sodium dode-
cyl sulfate and 2-mercaptoethanol revealed no
contaminating polypeptides (Fig. 1A). Rabbits
were immunized with formolized toxoid pre-
pared from unnicked toxin Jnl41 (serum R21)
or with purified fragment A (serum B55). Ouch-
terlony-type immunodiffusion tests were per-
formed to test the reactions of these sera with
diphtherial toxin and with fragment A (Fig. 1B).
Toxin and fragment A reacted with the R21
antitoxoid to form a line of partial identity with
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Fic. 1. (A) Comparison of fragment A, unnicked
toxin Jnl141, and nicked toxin Dc202 by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis.
Samples were as follows: (1) 5 pg of fragment A; (2) 5
ug of Jn141 toxin; and (3) 5 pg of Dc202 toxin. Arrows
indicate stained bands corresponding to intact
diphtherial toxin (DT), fragment B (B), and fragment
A (A). (B) Comparison of antitoxoid and anti-frag-
ment A sera by gel immunodiffusion. Wells contained
R21 antitoxoid serum (anti-DT, diluted 1:5), B55 anti-
fragment A serum (anti-A, undiluted), diphtherial
toxin Dc202 (DT, 50 pg/ml), and fragment A (A, 25
ug/ml). Toxin and fragment A reacted with anti-DT
to form a line of partial identity with a distinct spur
extending toward the well containing fragment A. In
contrast, anti-A reacted with toxin and fragment A
to form a line of apparent identity. In some experi-
ments with anti-A, a small indistinct spur was ob-
served extending toward the well containing frag-
ment A and was most apparent when the concentra-
tions of DT and A were increased to 100 and 50 pg/
ml, respectively (data not shown).

a distinct spur extending toward the well con-
taining fragment A. In contrast, toxin and frag-
ment A reacted with the B55 anti-fragment A
serum in this experiment to form a line of iden-
tity. In neutralization tests the titer of the R21
antitoxoid was 600 U/ml, and the titer of the
B55 anti-fragment A serum was 15 U/ml.

Samples of *I-labeled toxin and '*I-labeled
fragment A were prepared, and sera R21 and
B55 were tested to determine their ability to
bind to these radiolabeled antigens (Fig. 2). Both
sera formed immune complexes with '*I-toxin
and with '®I-fragment A. We defined arbitrary
units of toxin-binding and fragment A-binding
activities as the amounts of serum necessary to
bind 50% of the '*I-toxin or '*I-fragment A
under the conditions of the experiment depicted
in Fig. 2. The R21 antitoxoid contained 230
toxin-binding units per ml and 67 fragment A-
binding units per ml (Fig. 2A), whereas the B55
anti-fragment A serum contained 4.2 toxin-bind-
ing units per ml and 5.0 fragment A-binding
units per ml (Fig. 2B).
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Next, we used these antisera and radiolabeled
antigens to develop several competitive binding
radioimmunoassays. Each reaction mixture con-
tained approximately 10,000 cpm of radiolabeled
antigen ("*I-toxin or '*I-fragment A), sufficient
antibody (serum R21 or serum B55) to bind ca.
50% of the labeled antigen in the absence of
competing antigen, plus various amounts of non-
radioactive competing antigen (purified toxin,
purified fragment A, or toxoid). These assays for
toxin and for fragment A detected nanogram
quantities of the homologous antigens (Fig. 3
and 4). We used these assay systems to compare
the specificities of the R21 antitoxoid and the
B55 anti-fragment A sera.

With R21 antitoxoid and '*I-toxin (Fig. 3A),
nonradioactive toxin competed extensively and
generated a linear standard curve, whereas frag-
ment A competed poorly. We calculated that ca.
75% of the antibodies in R21 antitoxoid recog-
nized antigenic determinants of toxin that were
not present on fragment A.

In contrast, with R21 antitoxoid and '*I-frag-
ment A (Fig. 4A), both nonradioactive toxin and
nonradioactive fragment A competed exten-
sively and yielded linear competition curves,
suggesting that all major antigenic determinants
of fragment A that were recognized by R21
antitoxoid were also exposed on diphtherial
toxin. This interpretation was supported by two
additional observations. First, in Fig. 4A, the
ratio of the slopes of the standard curves ob-
tained with fragment A and with toxin was ca.
3 to 1. This is close to the ratio of the molecular
weights of toxin and fragment A (2.9 to 1). Thus,
on a molar basis, toxin and fragment A were
comparable in competing with *I-fragment A
for binding to antibodies in the R21 antitoxoid.
Second, the partially nicked toxin Dc202 and the
unnicked toxin Jn141 were tested for their abil-
ity to compete in this radioimmunoassay for
fragment A and were found to be indistinguish-
able (Fig. 5). These findings made it very un-
likely that the observed competition of diph-
therial toxin with '*I-fragment A was dependent
to any significant degree on the presence of free
fragment A as a contaminant in these prepara-
tions of purified diphtherial toxin.

When toxoid prepared from Dc202 toxin was
tested in assays with R21 antitoxoid, nonlinear
competition curves were observed both with '*I-
toxin (Fig. 3B) and with '*I-fragment A (Fig.
4B). In addition, the initial slopes of these com-
petition curves were much lower than the slopes
of the standard curves obtained with toxin (note
the different scales on the abscissa in Fig. 3A,
3B, 4A, and 4B). The lower slopes indicated that
formolized toxoid had fewer antibody-binding
sites than equimolar amounts of diphtherial
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Fic. 2. Binding and immunoprecipitation of "**I-labeled diphtherial toxin and ‘*I-labeled fragment A by
R21 antitoxoid and B55 anti-fragment A sera. Reaction mixtures contained either '*I-diphtherial toxin (10
ng; 9.1 uCi/ug) or ‘®I-fragment A (20 ng; 2.3 uCi/ug) and the volumes of serum R21 or B55 indicated. The
samples were processed as described in the text, and the percentage of the total radioactivity bound was
plotted versus the log of the volume of the antiserum. In this experiment 96% of the *I-diphtherial toxin and
87% of the 'I-fragment A were immunoprecipitable.

o, ) ( ¢
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Fic. 3. Competitive binding radioimmunoassays with ‘*I-labeled diphtherial toxin. Standardized reaction
mixtures contained '*I.diphtherial toxin, non-radioactive competing antigens, and antiserum (R21 antitoxoid
or B55 anti-fragment A serum). The samples were processed as described in the text. The reciprocal of the
fraction of *I-diphtherial toxin bound (1/B) was plotted as a function of the concentration of the non-
radioactive competing antigen.

toxin. The nonlinear nature of the competition susceptible than others to destruction by form-
curves obtained with toxoid indicated that some aldehyde during preparation of toxoid.
of the antibody-binding sites of toxin were more Next we attempted to determine whether pu-
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F1G. 4. Competitive binding radioimmunoassays with '“I-labeled fragment A. Standardized reaction
mixtures contained '*I.fragment A, non-radioactive competing antigens, and antiserum (R21 antitoxoid or
B55 anti-fragment A serum). The samples were processed, and the data were plotted as described in the

legend to Fig. 3.
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Fi16. 5. Comparison of Jnil4l toxin and Dc202
toxin in competitive binding radioimmunoassays
with "*I-labeled fragment A and R21 antitoxoid se-
rum. The samples were proc d and the data were
plotted as described in Fig. 3. Each point represents
the average of three independent determinations.

rified fragroent A had major immunogenic de-
terminants that were absent or masked in for-
molized toxoid. With B55 anti-fragment A and

%]_fragment A (Fig. 4C), nonradioactive frag-
ment A competed extensively and generated a
linear competition curve, whereas competition
by purified toxin was incomplete. From these
data we estimated that approximately half of
the anti-fragment A antibodies in serum B55
recognized antigenic determinants of fragment
A that were not exposed on diphtherial toxin.
Thus, the specificities of the anti-fragment A
antibodies in the B55 anti-fragment A serum
and in the R21 anti-toxoid were strikingly differ-
ent.

Previous investigators reported that anti-frag-
ment A sera had little (28) or no (23) neutralizing
activity. As noted above, our B55 anti-fragment
A serum had weak neutralizing activity. We
demonstrated that serum B55 contained some
antibodies that bound to '*’I-toxin and against
which nonradioactive fragment A could not com-
pete (Fig. 3C). We calculated that the ratios of
toxin-neutralizing activity to '*’I-toxin-binding
activity were similar for B55 anti-fragment A
and for R21 antitoxoid. From these observations,
we concluded that our purified fragment A was
probably contaminated with trace quantities of
detoxified toxin or fragment B that were unde-
tected by toxicity tests and electrophoretic anal-
ysis but elicited a weak antibody response spe-
cific for determinants associated with the B do-
main of toxin.

To obtain additional information concerning
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the differing specificities of the anti-fragment A
antibodies in sera R21 and B55, we tested the
abilities of these sera to inhibit the nicotinamide
adenine dinucleotide:EF-2 adenosine diphos-
phate ribosyltransferase activity of purified frag-
ment A of diphtherial toxin (Fig. 6). Both anti-
sera inhibited this enzymatic activity, and the
slopes of the inhibition curves were similar for
the two sera. We defined an arbitrary unit of
antienzyme activity as the amount of immune
serum necessary to inhibit the activity of puri-
fied fragment A by 50% under the conditions
used in the experiment depicted in Fig. 6. By
this criterion the R21 antitoxoid serum con-
tained 91 U of antienzyme activity per ml and
the B55 anti-fragment A serum contained 28 U
of anti-enzyme activity per ml. Per unit of frag-
ment A binding activity (Fig. 2) B55 anti-frag-

100 B

R21
Anti-Toxoid

Anti-Fragment A

INHIBITION OF ENZYME ACTIVITY (%)
-
-

N
(]

o 1 1 J
0.001 0.01 0.1 1.0
VOLUME OF ANTISERUM (pV/assay)

F16. 6. Inhibition of the adenosine diphosphate
ribosyltransferase activity of fragment A by R21 an-
titoxoid and B55 anti-fragment A sera. Samples of
fragment A (25 ng/assay) were preincubated with
various concentrations of antiserum or normal rabbit
serum and were then assayed for enzymatic activity
as described in the text. The percent inhibition of
enzymatic activity at each concentration of antiserum
was calculated by comparison with the appropriate
normal rabbit serum control.
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ment A serum contained 5.6 U of anti-enzyme
activity and was a much more potent inhibitor
than R21 antitoxoid which contained only 1.4 U
of antienzyme activity. :

In previous studies, several mutant proteins
(CRMs) encoded by the structural gene for
diphtherial toxin were purified, and their im-
munochemical properties were analyzed by im-
munodiffusion and quantitative precipitin tests
(23, 29). We have used the radioimmunoassay
methods described above to characterize a larger
series of CRMs that were studied previously by
other methods (12).

Supernatants from cultures of wild-type and
mutant C. diphtheriae strains were tested for
toxin or related antigens. The results obtained
in the assay with '*I-diphtherial toxin and R21
antitoxoid are shown in Fig. 7. Linear competi-
tion curves were obtained with C7(8***) and
C7(8*""), strains that produce antigenically
indistinguishable, 62,000-MW tox gene products
(29). Control experiments with the nontoxino-
genic strain C. diphtheriae C7 revealed no bac-
terial products that competed with diphtherial
toxin (data not shown). C7(8*®) and C7(8'~*)
are strains harboring mutant 8 phages that code
for nontoxic CRM proteins of 30,000 MW and
45,000 MW, respectively, corresponding to
amino-terminal fragments of diphtherial toxin
(29). With strains C7(8*®) and C7(8**), par-
tial competition was demonstrated by the hy-
perbolic curves that approached specific plateau
values in Fig. 7. These plateau values reflected
quantitatively the extent of the incomplete
cross-reactions of CRM45 and CRM30 with
diphtherial toxin. Slight competition similar to
C7(8“**) was observed with C7(8*?), a strain
that produces a CRM protein of ca. 34,000 MW
(12) (data not shown). Very little competition
was detected with strain C7(8*%), a mutant
that produces a nontoxic CRM protein of ca.
26,000 MW. In previous studies, the multiple
antigenic determinants associated with the B
fragment of toxin were separated into two sub-
groups, those present in toxin but not in CRM45
and those present in CRM45 but not in fragment
A (23). In the present study, the quantitative
differences between the CRMs encoded by
phages g°*2, B**%, and g*'¥ in Fig. 7 enabled
us to distinguish a minimum of three subgroups
of antigenic determinants associated with the B
subunit of diphtherial toxin.

The antigenic determinants of fragment A
were also analyzed in more detail by testing
culture supernatants for their ability to compete
in radicimmunoassays with '*I-fragment A and
R21 antitoxoid (Fig. 8 and 9). Strains C7(8°**),
C7(8=™), C7(8**?), and C7(8°*"), all of which
produce CRM proteins with an intact fragment
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F1G. 7. Analysis of culture supernatants from wild-type and mutant strains of C. diphtheriae in competitive
binding radioimmunoassays with '*I.labeled diphtherial toxin and R21 antitoxoid serum. Processing of
samples and plotting of data were as described in the legend to Fig. 3. By comparison with a toxin standard
curve determined simultaneously, we calculated that culture supernatants of strains C7(8"**) and C7(8"*""")
contained 7.7 and 4.1 pg of toxin antigen per ml, respectively. Strains C7(8"*), C7(8"*™), and C7(8"*?)
produced CRM proteins that showed partial cross-reactions with toxin and differed quantitatively in the

extent of their cross-reactions.

A region, yielded linear competition curves in-
distinguishable from the curve obtained with
purified fragment A except for antigen concen-
tration (Fig. 8). In contrast, supernatant from
C7(8"*"), which synthesizes a CRM protein of
ca. 20,000 daltons, lacking a short fragment of
the carboxy-terminal portion of the fragment A
region (12), yielded a nonlinear curve that ap-
peared to approach a plateau, indicating incom-
plete competition with fragment A. C. diphthe-
riae C7 lysogens harboring mutant B8 phages
previously characterized as non-toxinogenic and
CRM™ (12) were also tested. Strains C7(8"**),
C7(8*®), C7(8*~®), and C7(8°~7) displayed no
detectable competition with '*I-diphtherial
toxin (data not shown). In the radioimmunoas-
say with '*I-fragment A (Fig. 9), the supernatant
from strain C7(8*%) showed partial competi-
tion, indicating that C7(8°*°) produced CRM
smaller than fragment A that was undetected in
our previous studies (12). As shown above (Fig.
4A and 5), the radioimmunoassay with '*I-frag-
ment A and R21 antitoxoid was specific for
antigenic determinants of fragment A that were
also exposed on intact diphtherial toxin. The

partial competition observed in Fig. 8 and 9 with
C7(8*") and C7(B8"*°) demonstrated that these
exposed determinants of fragment A on intact
toxin could be separated into at least two sub-
groups. The additional antigenic determinants
of fragment A that were masked on intact toxin
and were demonstrated by using serum B55 (Fig.
4C) thus represented a third subgroup of specific
antigenic determinants associated with fragment
A.

We extended these studies by testing the cul-
ture supernatants from C. diphtheriae strains
C7(Blox-l)’ C7(Blox-4)’ C7(Btox-5), C7(Blox46), and
C7(8*~") by radioimmunoassays with '*I-frag-
ment A and with B55 anti-fragment A serum
(data not shown). We demonstrated that
C7(8~') and C7(8*°) produced CRMs that
competed poorly with fragment A, but these
experiments did not define additional subgroups
of antigenic determinants associated with frag-
ment A.

DISCUSSION

In the present study we investigated the im-
munochemistry of diphtherial toxin by compar-
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F16. 8. Analysis of culture supernatants from strains of C. diphtheriae C7 harboring tox™ CRM* mutants
of corynebacteriophage B by competitive binding radioimmunoassays with ‘*I-labeled fragment A and R21
antitoxoid serum. Processing of samples and plotting of data were as described in the legend to Fig. 3. By
comparison with a standard curve for fragment A determined simultaneously, we calculated that the culture
supernatants contained the following concentrations of antigen expressed as fragment A equivalents:
C7(B"**%), 2.6 pg/ml; C7(B"™), 1.3 pg/ml; C7(B*?), 2.2 pg/mi; and C7(B"*), 1.9 ug/ml.
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F1G6. 9. Analysis of culture supernatants from strains of C. diphtheriae C7 harboring mutants of coryne-
bacteriophage B previously classified as tox™ CRM~ by competitive binding radioimmunoassays with '*I-
labeled fragment A and R21 antitoxoid serum. Processing of samples and plotting of data were as described
in the legend to Fig. 3. By this procedure we established that C7(8"**") produced a CRM that partially cross-
reacted with fragment A and that was not detected in our previous studies (12).
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ing the extent to which toxin, fragment A, toxoid,
and various CRM proteins competed in radioim-
munoassays for diphtherial toxin and for frag-
ment A. We also determined the titers of our
R21 antitoxoid and B55 anti-fragment A sera for
toxin neutralization, for inhibition of enzymatic
activity of purified fragment A, and for binding
to radiolabeled toxin and fragment A. We have
confirmed and extended previous studies of the
relationships between structure, function, and
antigenicity of specific domains of the toxin mol-
ecule. We have also demonstrated the versatility
of radioimmunoassays for characterizing CRMs
encoded by tox mutants of corynebacteriophage

CRYZ, WELKOS, AND HOLMES

Our R21 antitoxoid was a rabbit antiserum
obtained by immunization with toxoid prepared
from a sample of the unnicked diphtherial toxin
Jdnl41. In contrast, the antitoxoids used in stud-
ies reported previously were obtained by im-
munization with toxoids prepared from partially
or completely nicked toxins or from incom-
pletely characterized toxins. Dc202 toxoid was
used as the competing toxoid antigen for our
radioimmunoassays because Jnl4l toxoid was
no longer available when these studies were
performed. Both toxoids were potent immuno-
gens and had been used successfully to produce
hyperimmune neutralizing antisera of high titer
in rabbits, goats, or both. Our data demonstrated
that prolonged treatment of diphtherial toxin
Dc202 with Formalin plus lysine resulted in par-
tial destruction of antibody-binding sites on both
the A and B domains. This was shown in Fig.
3B and 4B both by the lower slopes of the toxoid
competition curves and by the deviations of
these curves from the linear responses obtained
with Dc202 toxin. Since very high concentra-
tions of toxoid competed successfully for binding
of essentially all of the *I-labeled diphtherial
toxin or '*I-labeled fragment A to antibodies in
antitoxoid, it is apparent that none of the major
antibody-binding sites of toxin was quantita-
tively destroyed by treatment with Formalin.
From these observations, we conclude that par-
tial destruction of antibody-binding sites and
stabilization of immunogenic determinants in-
volved in eliciting neutralizing antibody re-
sponses were both consequences of treatment of
toxin with formaldehyde. In contrast to our find-
ings, Bazaral et al. did not detect any significant
differences between toxin and formolized toxoid
as competing antigens in a competitive binding
radioimmunoassay for toxin using human serum
(2). It is noteworthy, however, that the toxoid
used in their experiments was treated with form-
aldehyde for a relatively short time (40 h).

We demonstrated directly that antibodies in
our antitoxoid bound to '*I-toxin and '*I-frag-

INFECT. IMMUN.

ment A (Fig. 2). We showed that samples of
nicked toxin Dc202 and unnicked toxin Jn141
competed in an identical manner with '*I-frag-
ment A for binding to anti-fragment A-specific
antibodies in our antitoxoid (Fig. 5). Finally, we
confirmed that our preparation of toxin Jnl41
remained unnicked and contained no detectable
free fragment A at the time these studies were
performed (Fig. 1A). We concluded that the
anti-fragment A-specific antibodies in our anti-
toxoid were directed against exposed antigenic
determinants on intact diphtherial toxin. We
confirmed the existence of fragment A-specific
immunogenic determinants that are masked in
diphtherial toxoid but present in purified frag-
ment A (Fig. 4C). Both antitoxoid and anti-frag-
ment A rabbit sera inhibited the enzymatic ac-
tivity of fragment A (Fig. 6), although the inhib-
itory activity per unit of fragment A-binding
activity was significantly greater with the anti-
fragment A serum. Previous studies have dem-
onstrated that unnicked diphtherial toxin must
be activated by limited proteolysis and reduction
to generate the enzymatically active fragment A
(4, 9). All of the data currently available are
consistent with the notion that the catalytic site
of fragment A is not exposed in intact toxin and
may correspond to a masked antigenic determi-
nant of toxin.

Fragment A and each different CRM protein
that corresponds to an amino-terminal fragment
of toxin lacks a unique polypeptide representing
a complementary carboxy-terminal fragment of
toxin. Fragment A and these amino-terminal
CRM fragments could not compete for binding
to antibodies specific for the missing carboxy-
terminal regions of toxin. This incomplete cross-
reactivity was reflected by the plateaus in the
competition curves with fragment A and the
CRM fragments (Fig. 3A and 7). Incomplete
cross-reactivity with *I-fragment A was also
observed with CRM fragments shorter than
fragment A in supernatants of strains C7(8°*")
and C7(8**°) (Fig. 8 and 9). A minimum esti-
mate of the number of subgroups of antigenic
determinants exposed on diphtherial toxin could
be inferred from the quantitatively different
cross-reactions observed with the different
amino-terminal CRM fragments in our radioim-
munoassays. In this manner we distinguished
three subgroups of exposed antigenic determi-
nants on toxin that were associated with the B
domain (Fig. 7) and two subgroups of exposed
antigenic determinants that were associated
with the A domain (Fig. 8 and 9). The antigenic
determinants of fragment A that were masked
in toxoid constitute a third subgroup of fragment
A-specific determinants (Fig. 4C).

The radioimmunoassays reported here have
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several advantages for analyzing the immuno-
chemistry of diphtherial toxin and related mu-
tant proteins. The assays are quantitative and
very sensitive. The specificity of the assays is
determined by the purified radiolabeled antigens
and the antisera. It is not necessary to purify
each CRM protein before it can be tested; the
amounts of antigen and antibody required are
much less than for quantitative precipitin tests;
and the assays directly demonstrate binding of
antigen to antibody rather than a secondary
phenomenon such as precipitation or agglutina-
tion. By these methods it is relatively easy to
compare the CRMs from C. diphtheriae strains
harboring many different tox mutants of cory-
nebacteriophage 8. Our results from toxin, tox-
oid, and the well-studied mutant proteins
CRM197 and CRM45 confirmed the work of
other investigators (2, 23, 28) and demonstrated
the essential agreement between our conclusions
and theirs. The additional data we obtained with
the mutant phages Blox-l’ Btox-Z’ Btox-s’ ﬂtoxd’ Blox-5’
B°=5, B°=" and B*** extended previous char-
acterizations of these phages and enabled us to
discriminate with greater precision the sub-
groups of exposed antigenic determinants of the
B and A domains and the masked antigenic
determinants of the A domain of diphtherial
toxin. Finally, for investigators involved in the
isolation and characterization of additional zox
mutants of corynebacteriophages, the assays de-
scribed here provide a rapid, convenient, sensi-
tive, and quantitative system for immunochem-
ical characterization of the mutant fox gene
products.
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