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Immunization of rabbits with deoxyverrucarol (DOVE) conjugated to bovine serum albumin resulted in
antibodies bound with either tritiated DOVE or diacetoxyscirpenol (DAS), but not with T-2 toxin. The affinity
of antibodies with DOVE was found to be much higher than with DAS. When [3H]DOVE was used as a

marking ligand in the competitive radioimmunoassay, the concentrations causing 50% inhibition of binding
radioactivities by unlabeled DOVE, verrucarol, verrucarin A, and 4-monoacetoxyscirpenol were found to be
0.32, 1,070, 9,500, and 10,000 ng per assay, respectively. T-2 toxin, 15-monoacetoxyscirpenol, and deoxyniva-
lenol gave less than 20% inhibition at 10 ,ug per assay. However, when [3H]DAS was used as the marking
ligand, the concentrations causing 50% inhibition by DOVE, DAS, and verrucarol were found to be in the 50 to
60 ng per assay range. The antibodies are thus highly specific to DOVE rather than a common trichothecene
backbone. The possible use of this antiserum for assay of macrocyclic trichothecenes is discussed.

Recent studies in our laboratory and others have led to the
production of specific antibodies against T-2 toxin (3) and
diacetoxyscirpenol (DAS) (2), two of the most potent tri-
chothecene mycotoxins produced by a number of fusarial
species and other related fungi (1, 4, 15). With the availabil-
ity of antisera, specific and sensitive immunoassays (10, 11,
13, 14) have been developed for the analysis of these
mycotoxins in foods, feed, and biological fluids. Antiserum
against T-2 toxin has also been used as a diagnostic tool to
monitor T-2 toxicosis (12). Such developments have led to a
great demand for large quantities of antisera. However,
because of the toxicity and the immunosuppressive effect of
these mycotoxins, the antibody titers in rabbits were rela-
tively low as compared with other haptens, such as steroids.
In addition, the antibodies obtained from rabbits after being
immunized with the respective mycotoxin-protein conjugate
were very specific (2, 3, 5, 14); thus, they cannot be used to
determine other trichothecenes. To circumvent such prob-
lems, a recommendation was made by the Committee on
Protection Against Mycotoxins of the National Research
Council, urging use of deoxyverrucarol (DOVE)-protein
conjugate as an immunogen for subsequent immunization
(4). DOVE (Fig. 1) contains only the trichothecene backbone
and is also of low toxicity to test animals (P. F. Schuda, S. J.
Patlock, and R. W. Wannemacher, Jr., J. Nat. Prod., in
press). The rationale for using this compound as a hapten
was twofold: (i) as an attempt to obtain antibodies which
may have diverse reactivities with a wide range of trichothe-
cenes, and (ii) as an attempt to obtain higher titers in a
reasonably short period of time. This task was undertaken in
our laboratory. In this paper, details for the preparation of
this conjugate and subsequent production of antibody as well
as characteristics of the antisera obtained from rabbits after
immunization with DOVE-bovine serum albumin (BSA)
conjugate are presented.

MATERIALS AND METHODS
Materials. DOVE, verrucarol, and verrucarin A were

prepared in the chemistry department of the University of
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Maryland according to procedures previously described (7-
9). DAS and scirpentriol were purchased from Calbiochem-
Behring, San Diego, Calif. 4-Monoacetoxyscirpenol (4-
MAS) and 15-MAS were kindly provided by W. Roush of the
Massachusetts Institute of Technology. Deoxynivalenol was
kindly provided by R. Vesonder of the Northern Regional
Research Center of the U.S. Department of Agriculture.
Crystalline T-2 toxin was prepared in our laboratory by a
previously described procedure (17). Tritiated sodium boro-
hydride (77.9 Ci/mmol) was purchased from New England
Nuclear Corp., Boston, Mass. Tritiated DAS was prepared
in our laboratory (19.4 Ci/mmol) (2). The purity of these
mycotoxins was further analyzed by a thin-layer chromatog-
raphy (TLC) method (14) and was shown as a single spot at
concentrations of 5 to 10 ,ug per spot. N,N-Dimethylamino-
pyridine and succinic anhydride were obtained from Aldrich
Chemical Co., Milwaukee, Wis., and recrystallized twice
before using. 1-Ethyl-3,3-dimethylaminopropylcarbodiimide
was purchased from Aldrich. BSA was a product of Sigma
Chemical Co., St. Louis, Mo. (A-7511). All the other chemi-
cals and organic solvents were reagent grade or better. TLC
plates were precoated silica gel 60, F-254, with layer thick-
nesses of 0.25 and 0.5 mm (E. Merck, AG, Darmstadt,
Germany). Complete Freund adjuvant containing Mycobac-
terium tuberculosis (H37 Ra) and incomplete Freund adju-
vant were obtained from Difco Laboratories, Detroit, Mich.
Female albino rabbits (weight, 5 lb [ca. 2.3 kg]) were
purchased from Klubertanz Rabbit Farm, Edgerton, Wis.,
and tested to be negative for Pasteurella sp. before use.

Preparation of HS of DOVE. Hemisuccinate (HS) of
DOVE was prepared according to the method previously
described for the preparation of T-2 hemisuccinate (3).
Briefly, 5.3 mg of DOVE in 8 ml of dry tetrahydrofuran was
refluxed with 63.4 mg of succinic anhydride and 2.6 mg of
N,N-dimethylaminopyridine overnight. After reaction, the
mixture was diluted with 10 ml of distilled water and
evaporated on a rotary evaporator to remove tetrahydrofu-
ran. The aqueous solution was then acidified with 1 N HCl
and extracted with 10 ml of chloroform. The chloroform
solution was washed with 10 ml of distilled water twice,
dried over anhydrous sodium sulfate, and concentrated.
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FIG. 1. Structure ofDOVE and related trichothecenes. The side-

chain residues for different trichothecenes used in the present study
are given in Table 1.

Further purification was achieved by a preparative TLC
method, using a silica gel plate. The plate was developed in a

solvent containing 2.5% (volume) methanol in chloroform.
The Rf values for DOVE and DOVE-HS under these condi-
tions were 0.46 and 0.18, respectively. The silica gel bands
containing either DOVE-HS or DOVE were removed from
the TLC plate and extracted with 5% methanol in chloroform
to yield 4.6 mg of DOVE-HS and 2 mg of unreacted DOVE.
The isolated compound was further characterized by high-
resolution mass spectral and nuclear magnetic resonance

analyses and was shown to be DOVE-HS. Conjugation of
DOVE to BSA was carried out in the presence of water-
soluble carbodiimide, using the procedure previously de-
scribed for T-2 toxin (3). The molar ratio for DOVE-BSA
was estimated to be 16 from the free amino groups in the
BSA before and after conjugation, using the procedure of
Habeeb (6).

Preparation of tritiated DOVE. Tritiated DOVE was syn-
thesized by a two-step reaction under conditions similar to
those described for the preparation of tritiated T-2 toxin (3,
16). First, the hydroxyl group at the C-15 position of DOVE
was oxidized to an aldehyde with CrO3 2C5H5N. The
oxidized DOVE had an Rf of 0.83 in a solvent system
containing 2.5% methanol in chloroform. The Rf of DOVE
was 0.46 under the same conditions. Next, the aldehyde was

reduced with tritiated NaBH4. After reaction, the labeled
DOVE was purified by preparative TLC under the same

conditions described above. In a typical run, 9.4 mCi of
tritiated DOVE was obtained from 5.2 mg of unlabeled

TABLE 1. Side-chain residues for different trichothecenes shown
in Fig. 1

Side-chain residue"
Trichothecene

RI R2 R3 R4 R5

DAS OH OAc OAc H H
Deoxynivalenol OH H OH OH =0
DOVE H H OH H H
4-MAS OH OAc OH H H
15-MAS OH OH OAc H H
Scirpentriol OH OH OH H H
T-2 OH OAc OAc H ISV
Verrucarin A' H H H
Verrucarol H OH OH H H

a OAc and ISV represent OCOCH3 and OCOCH,CH(CH3)2, respectively.
b Verrucarin A is a macrocyclic trichothecene and has a chain of atoms

joining the C-4 and C-15 positions in which R2 and R3 become OCOCROCO
(7).

DOVE after oxidation and subsequent reduction with 166
mCi of NaBH4. The purified labeled DOVE was analyzed by
TLC and exhibited as a single radioactive spot which had an
Rf value the same as unlabeled DOVE.

Production of antibody. Immunization schedule and meth-
ods of immunization were essentially the same as those
described for T-2 toxin (3). A multiple-site intradermal
injection technique was used. Three rabbits were each
injected on the back with 2.0 ml of immunogen emulsion at
about 40 sites. The emulsion was prepared by emulsifying
500 ,ug of DOVE-HS-BSA (16 M DOVE per mol of BSA) in
0.5 ml of sterilized 0.9% NaCl with 1.5 ml of complete
adjuvant. Bleedings and booster injections were made at
appropriate times after the initial injection. For booster
injection, 300 to 500 ,ug of immunogen in 0.5 ml of saline was
emulsified with 1.5 ml of incomplete adjuvant and injected
into the thigh. The antisera collected were precipitated with
(NH4)2SO4 to a final saturation of 33.3%, reconstituted to
original volume with 0.1 M sodium phosphate buffer at pH
7.2, dialyzed against distilled water overnight, and then kept
at -80°C or lyophilized.
Radioimmunoassay. Protocols for radioimmunoassay were

essentially the same as those described for T-2 toxin in
which an ammonium sulfate precipitation method was used
to separate the free and bound toxins (3). In an initial
experiment, the efficiencies of binding of tritiated DAS,
DOVE, and T-2 toxin to the antiserum were tested. Because
the binding efficiency of antiserum with tritiated T-2 toxin
was low, only tritiated DAS and DOVE were used in the
subsequent studies. In general, 0.1 ml of radioactive DAS or
DOVE (1.5 x 104 to 2.0 x 104 dpm) was incubated with 0.1 ml
of antiserum solution which was prepared by dilution of
various amounts of antiserum (5 to 100 ,ul) in phosphate
buffer (0.1 M; pH 7.2) at room temperature for 30 min and
then in a cold room (6°C) overnight. Separation of the bound
and free ligands was achieved by an ammonia precipitation
method as described previously (3). Antibody titer was
defined as the reciprocal of the amount (milliliters) of
antisera which was required to give 50% binding of
[3H]DOVE or [3H]DAS.
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WEEKS OF IMMUNIZATION
FIG. 2. Antibody titers of two representative rabbits (R2 and R3)

after immunization with DOVE-HS-BSA. Both tritiated DAS (0, 0)
and DOVE (A, A) were used as the marker ligands in the binding
assay. An ammonia precipitation method was used to separate the
free and bound ligands. Arrows indicate the times of booster
injections.

782 CHU ET AL.



ANTIBODY AGAINST DOVE 783

Analysis of antibody specificity. Protocols for determina-
tion of antibody specificity were essentially the same as the
titer determination except that unlabeled DOVE or various
structurally related trichothecenes were present in the reac-
tion mixture. Both tritiated DOVE and DAS were used in the
test. Different derivatives were first dissolved in methanol
and then diluted with 0.1 M sodium phosphate buffer (pH
7.2). The final volume of the reaction mixture was 0.2 ml.

Determination of radioactivity. For radioactivity determi-
nation, an appropriate amount of test solution, generally less
than 1 ml, was mixed with 10 ml of Aquasol (New England
Nuclear Corp), and the radioactivity was counted in a
Beckman model LS-330 liquid scintillation spectrometer. All
the counts were corrected to disintegrations per minute by a
channel ratio method by using known standards of tritiated
toluene. The counting efficiency was generally around 35 to
50%.

RESULTS AND DISCUSSION

Because one of our initial objectives was to produce
antibodies which cross-react with most trichothecenes, the
binding of different antiseral preparations with tritiated
DAS, DOVE, and T-2 toxin was first examined. However,
we found that the binding of antiserum with T-2 toxin was
very poor. Therefore, only tritiated DAS and DOVE were
subsequently used for monitoring the antibody titers. Re-
sults for the responses of two of the three rabbits during the
first 20 weeks after immunization with DOVE-BSA are
shown in Fig. 2. It is apparent that the antibody titers for
DOVE increased rapidly after immunization (Fig. 2). The
rabbits elicited antibodies as early as 4 weeks after immuni-
zation and kept them at a relatively constant level after
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FIG. 3. Effect of different trichothecene mycotoxins on the bind-
ing of [3H]DOVE with immunoglobulin G obtained from a rabbit
after immunization with DOVE-HS-BSA (bleeding at 23 weeks). A
50-,ul amount of 1 to 70 dilution antiserum was incubated with 50 ,ul
of [3H]DOVE (13,000 dpm) and 100 ,ul of different unlabeled
trichothecene mycotoxins at different concentrations at room tem-
perature for 30 min and then at 5°C overnight. The binding of
[3H]DOVE in the absence of unlabeled compounds was 55 to 60%.
Separation of the free and bound ligands was achieved by an
ammonia precipitation method. All the results were obtained from
the average of three sets of experiments. The concentrations shown
on the x axis of the figure are in log scale. DON, Deoxynivalenol;
VCA, verrucarin A; VCL, verrucarol.
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FIG. 4. Effect of different trichothecene mycotoxins on the bind-
ing of [3H]DAS with immunoglobulin. The experimental conditions
were the same as in Fig. 3, except that [3H]DAS was used as the
marking ligand in the assay. VCL, Verrucarol.

repeated booster injections. The antibody titers for DOVE of
all the rabbits tested were substantially higher than titers for
DAS (Fig. 2).

Variation of the response of antibody production by
individual rabbits was also observed. For example, rabbit 2
produced a considerably higher amount of DOVE antibody.
The ratios of DOVE titers to DAS titers for rabbit 2 at
different bleedings were high and also were relatively con-
stant, with an average of 35.4 + 10.42 during the 27 weeks of
immunization. In contrast to rabbit 2, rabbit 3 produced a
slightly higher amount of DAS antibody in the earlier immu-
nization period; thus, the ratios ofDOVE titers to DAS titers
at different bleedings were low during the first 16 weeks,
with an average of 3.12 + 0.83. The DOVE antibody titers of
rabbit 2 increased considerably 16 weeks after immuniza-
tion, whereas the DAS titer decreased, thus leading to a
higher average DOVE titers/DAS titers ratio of 17.58 + 3.92.
Because of bacterial infection, rabbit 1 was killed at week 16.
The specificity of the antibody was determined by a

competitive binding assay in which either radioactive DOVE
or DAS was used as the marking ligand. Different structural-
ly related unlabeled trichothecenes at various concentrations
were used as the competitors for both assays. Results for the
inhibition of binding of tritiated DOVE with antiserum by
different trichothecenes are shown in Fig. 3. The concentra-
tions to cause 50% inhibition of binding of [3H]DOVE by
unlabeled DOVE, verrucarol, verrucarin A, and 4-MAS
were found to be 0.32, 10,670, 9,500, and 10,000 ng per
assay, respectively. At a concentration of 10,000 ng per
assay, T-2 toxin, 15-MAS, and deoxynivalenol gave less
than 20% inhibition of binding. No inhibition on the binding
of [3H]DOVE with the antibody was observed when unla-
beled DAS and scirpentriol were tested.

Results for the inhibition of binding tritiated DAS by
different unlabeled trichothecenes are shown in Fig. 4. The
concentrations to cause 50% inhibition of binding of DAS to
the antiserum by unlabeled DOVE, DAS, and verrucarol
were found to be in the range of 50 to 60 ng per assay. At a
concentration of 1,000 ng per assay, T-2 toxin gave only 24%
inhibition of binding of [3H]DAS to the antibody. Because of
the low affinity of the antiserum to DAS, a considerable
amount of antiserum was used in this study as compared
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with the last experiment in which DOVE was used as the
marking ligand.
The present study demonstrated that high antibody titers

for DOVE were obtained from rabbits after the animals were
immunized with DOVE-HS-BSA. These results supported
our hypothesis that a nontoxic trichothecene would be more

favorable for antibody production. However, because the
DOVE antibodies had high affinity to DOVE itself, they did
not cross-react with most other types of trichothecenes.
These antibodies have little use for the immunoassay of
either T-2 toxin or DAS. Nonetheless, because of its high
affinity to DOVE, the antiserum together with tritiated
DOVE might be useful to monitor the unknown fungal
metabolite which has a chemical structure similar to DOVE.
The possibility of using the antiseral preparation and

tritiated DAS as immunological reagents also has been
tested. The DAS antibody, however, shows good cross-

reactivity with DOVE and verrucarol. Although the sensitiv-
ity for detecting these three mycotoxins still cannot be
compared with other systems, it appears that at least 25 ng of
DAS, DOVE, and verrucarol can be monitored (Fig. 4).
Since no sensitive analytical method is currently available
for the macrocyclic trichothecenes, it is possible to use this
antibody to develop an immunoassay for verrucarol. The
macrocyclic trichothecenes, such as verrucarin A, can be
hydrolyzed to verrucarol for subsequent immunoassays.

Previous investigations in our laboratory and others (2, 3,
5, 14) have found that the side chains in the trichothecene
played an important role in determining the specificity of
antibody elicited. Thus, when either T-2 or DAS was conju-
gated to the protein for immunization, the antibodies ob-
tained have affinity to either of the homologous compounds.
Present results further reiterate the importance of side-chain
epitopes in the haptens on the specificity of antibody. Such
side chains may directly affect the conformation as well as

the molecular size of this group of mycotoxins. Present
results also emphasize that the selection of radioactive
ligand is equally important for the monitoring of polyclonal
antibody titers as well as for the immunoassays. Thus, when
[3H]DAS is used in the assay, the antibody may be useful in
the analysis of verrucarol.

Since it has been demonstrated that the side-chain groups
in the trichothecene molecule affect greatly the spectrum of
the biological activity of different trichothecenes (1, 4),
different highly specific antibodies may be used as biological
probes for toxicity studies. With different antibodies having
defined specificities available, studies on the interaction of
trichothecenes with these antibodies may shed some light on
the mode of action of trichothecenes.

ACKNOWLEDGMENTS

This work was supported by grant NC-129 from the College of
Agricultural and Life Sciences, the University of Wisconsin at

Madison, and by contract DAMD-82-C-2021 from the U.S. Army
Medical Research and Development Command of the Department of
Defense.

LITERATURE CITED

1. Bamburg, J. R., and F. M. Strong. 1971. 12,13-Epoxytrichothe-
cenes, p. 207-292. In S. Kadis, A. Ciegler, and S. Ajl (ed.),
Microbial toxins, vol. 7. Academic Press, Inc., New York.

2. Chu, F. S., M. Y. C. Liang, and G. S. Zhang. 1984. Production
and characterization of antibody against diacetoxyscirpenol.
Appl. Environ. Microbiol. 48:777-780.

3. Chu, F. S., S. Grossman, R. D. Wei, and C. J. Mirocha. 1979.
Production of antibody against T-2 toxin. Appl. Environ. Micro-
biol. 37:104-108.

4. Committee on Protection Against Mycotoxins. 1983. Protection
against trichothecenes. National Academy Press, Washington,
D.C.

5. Fontelo, P. A., J. Beheler, D. L. Bunner, and F. S. Chu. 1983.
Detection of T-2 toxin by an improved radioimmunoassay.
Appl. Environ. Microbiol. 45:640-643.

6. Habeeb, A. F. S. A. 1966. Determination of free amino groups in
proteins by trinitrobenzenesulfonic acid. Anal. Biochem.
14:326-336.

7. Jarvis, B. B., R. M. Eppley, and E. P. Mazzola. 1983. Chemistry
and bioproduction of macrocyclic trichothecenes, p. 20-38. In
Y. Ueno (ed.), Trichothecenes-chemical, biological, and toxi-
cological aspects. Elsevier/North-Holland Publishing Co., New
York.

8. Jarvis, B. B., J. 0. Midiwu, T. DeSilva, C. E. Holmiund, and
E. P. Mazzola. 1982. Isolation and characterization of the triclo-
verruids and new roridins and verrucarins. J. Org. Chem.
47:1117-1124.

9. Jarvis, B. B., C. S. Yatawara, S. L. Greene, and V. M.
Vrudhula. 1984. Production of verrucarol. Appl. Environ. Mi-
crobiol. 48:673-674.

10. Lee, S., and F. S. Chu. 1981. Radioimmunoassay of T-2 toxin in
corn and wheat. J. Assoc. Off. Anal. Chem. 64:156-161

11. Lee, S., and F. S. Chu. 1981. Radioimmunoassay of T-2 toxin in
biological fluids. J. Assoc. Off. Anal. Chem. 64:684-688.

12. Lee, S. C., J. T. Beery, and F. S. Chu. 1984. Immunoperoxidase
localization of T-2 toxin. Toxicol. Appl. Pharmacol. 72:228-235.

13. Pestka, J. J., S. C. Lee, H. P. Lau, and F. S. Chu. 1981. Enzyme-
linked immunosorbent assay for T-2 toxin. J. Am. Oil Chem.
Soc. 58:940A-944A.

14. Peters, H., M. P. Dierich, and K. D. Dose. 1982. ELISA for
detection of T-2 toxin. Hoppe-Seyler's Z. Physiol. Chem.
363:1437-1441.

15. Ueno, Y. (ed.). 1983. Trichothecenes-chemical, biological, and
toxicological aspects. Elsevier/North-Holland Publishing Co.,
New York.

16. Wallace, E. M., S. V. Pathre, C. J. Mirocha, T. S. Robison, and
S. W. F. Fenton. 1977. Synthesis of radiolabeled T-2 toxin. J.
Agric. Food Chem. 25:836-838.

17. Wei, R.-D., F. M. Strong, E. B. Smalley, and H. K. Schnoes.
1971. Chemical interconversion of T-2 and HT-2 toxin and
related compounds. Biochem. Biophys. Res. Commun. 45:396-
401.

784 CHU ET AL.


