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AAL toxins and fumonisins, produced by Alternaria alternata f. sp. lycopersici and Fusarium
moniliforme, respectively, are sphinganine-analogue mycotoxins with important health implications.
Highly sensitive, inexpensive, and rapid immunoassays are needed to quantify these natural toxins
in food products and animal feeds. We developed novel methods for the synthesis of protein
conjugates of the AAL toxin TA. Mice were immunized with the conjugates, and the resulting
polyclonal antisera were used to devise class-selective ELISAs for AAL compounds. The most
selective assays had detection limits for the AAL toxins in the low parts per billion range with no
significant cross-reactivities for a number of structurally similar compounds, including fumonisin
B1 and sphinganine. Our selected conjugates are candidate immunogens to produce monoclonal
antibodies and further polyclonal antisera for the detection of the AAL toxins.
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INTRODUCTION

AAL phytotoxins, produced by the fungal pathogen
Alternaria alternata f. sp. lycopersici, are tricarballylic
esters of a series of long-chain aminopolyols structurally
related to sphinganine (Bottini et al., 1981; Caldas et
al., 1994, 1995; Boyle et al., 1994; Oikawa et al., 1994;
Boyle and Kishi, 1995) (Figure 1). Each of the five
major toxin fractions (TA, TB, TC, TD, and TE) consists
of a pair of regioisomer esters (Figure 1).
Fumonisins (e.g., FB1, Figure 2), mycotoxins structur-

ally related to AAL toxins, originally were isolated from
maize colonized by Fusarium moniliforme, a common
pathogen of maize and other grains (Nelson et al., 1993).
Consumption of fumonisin-contaminated maize has
been reported to induce maladies ranging from cancer
to renal, neural, and hepatic necrosis in several animal
species and may be responsible for human esophageal
cancer (Thiel et al., 1992; Riley et al., 1994; Norred and
Voss, 1994). FB1 and AAL-toxin TA induced genotype-
specific cell death in tomato lines isogenic for the Asc
gene (Gilchrist et al., 1992), and both compounds were
found to be cytotoxic to cultured mammalian cells
(Mirocha et al., 1992). Recent evidence indicates that
cell death in both plant and animal systems triggered
by both TA and FB1 toxins shows stereotypical hall-
marks of apoptosis (Wang et al., 1996a,b). While the
signal transduction pathways leading to either cell
death or cell proliferation induced by these toxins are
unknown, current studies suggest that interference with
early steps in sphingolipid biosynthesis (Riley et al.,
1994; Abbas et al., 1994; Wu et al., 1995) may play an
important role in initiating the cellular responses
observed. Both AAL toxins and fumonisins are specific
inhibitors of the sphinganine (sphingosine) N-acyltrans-

ferase (ceramide synthase) enzyme in animals (Merrill
et al., 1993; Wang et al., 1996a) and plants (Abbas et
al., 1994).
The structural and toxicological similarity of the AAL

toxins and fumonisins and the presence of both fungal
pathogens in harvested plant products have raised
concern about the contamination of human foods and
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Figure 1. Structures of AAL toxins. Each major toxin fraction
is composed of a pair of regioisomers, e.g., TA is a mixture of
TA1 and TA2.

Figure 2. Structures of fumonisins FB1-3.
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animal feeds by these mycotoxins (Caldas et al., 1994).
Concentrations of these sphinganine-analogue toxins in
plant matrices usually range between low parts per
billion and low parts per million values (Thiel et al.,
1992; Usleber et al., 1994; D. G. Gilchrist, unpublished),
which are sufficient for representing a potential hazard
to human and animal health.
Highly sensitive, selective, inexpensive, and rapid

analytical methods for both classes of mycotoxins are
required for further biological studies and routine
screening of foodstuffs and animal feeds. Quantitative
detection of Alternaria toxins currently is limited to
instrumental methods such as high-performance liquid
chromatography (HPLC) (Siler and Gilchrist, 1982) and
mass spectrometry (MS) (Caldas et al., 1995). Similar
techniques including capillary zone electrophoresis (CZE)
have been used to determine fumonisins (Pestka et al.,
1994; Ware et al., 1994; Caldas et al., 1995; Maragos,
1995). Most of these analyses share some drawbacks:
they usually require costly apparatus, extraction, cleanup,
and derivatization procedures; their sample throughput
is limited; and they are not suitable for on-site analysis.
In addition, most HPLC, TLC, and CZE detection
techniques are based on derivatization of free amino
groups which precludes detection of the acetylated TD
and TE AAL toxins. Several enzyme-linked immuno-
sorbent assays (ELISAs) are now available for measur-
ing fumonisins at ppb-ppm levels (Azcona-Olivera et
al., 1992; Fukuda et al., 1994; Usleber et al., 1994;
Shelby et al., 1994; Chu et al., 1995; Elissalde et al.,
1995). These immunoassays are class-selective for
fumonisins and adaptable for monitoring large numbers
of samples. Preliminary results for the development of
ELISAs for AAL toxins have been reported previously
(Szurdoki et al., 1996).

MATERIALS AND METHODS

Safety Note. Fumonisins and AAL toxins are potential
carcinogens. Both groups of toxins should be handled with
care.
Reagents. Common reagents and organic solvents were

purchased from Aldrich Chemical Co. (Milwaukee, WI). Im-
munochemicals, proteins, and analytical standards of high
quality were obtained from Sigma Chemicals Co. (St. Louis,
MO) unless otherwise stated. The sodium salt of sulfosuccin-
imidyl 4-(4-(N-maleimido)phenyl)butyrate (sulfo-SMPB) was
purchased from Pierce (Rockford, IL). Succinimidyl 6-(N-
maleimido)hexanoate (MHS) was supplied by Boehringer
Mannheim Co., Biochemical Products (Indianapolis, IN). The
AAL toxins were obtained and their structure and purity
(g95%) was confirmed as reported previously (Bottini et al.,
1981; Caldas et al., 1994, 1995). Pure aminopolyol (HTA, R1

) R2 ) R5 ) H and R3 ) R4 ) OH in the structure in Figure
1) was produced by the hydrolysis of TA in 2 N KOH at 70 °C
for 2 h according to Mirocha et al. (1992). Aqueous solutions
were prepared with water (16.7 MΩ/cm) obtained from Sybron/
Barnstead Nanopure II system (Barnstead Co., Newton, MA).
Instruments. Electrospray mass spectra (ES-MS) were

recorded by a VG Quattro-BQ triple quadrupole mass spec-
trometer (VG Biotech, Altrincham, U.K.), as described by
Caldas et al. (1995). ELISA experiments were performed in
96-well microplates (NUNC, Roskilde, Denmark; Model 442404)
and using a Vmax microplate reader (Molecular Devices, Menlo
Park, CA). Softmax (Molecular Devices) software was em-
ployed for fitting the sigmoidal standard curves based on
Rodbard’s (1981) four-parameter logistic method and for
interpolation of unknown sample concentrations.
Syntheses of Protein Conjugates. In the five sets of

protein derivatives N1-N5 (Figures 3-6), TA toxin was
conjugated to native proteins through its amino group. In the
synthesis of conjugates C (Figure 7), the carboxyl group(s) of
compound TA was activated and linked to proteins. These

experiments were carried out in glass vials with Teflon lined
screw caps with magnetic stirring. Dialyses were performed
against about 4.5 L of buffer at 4 °C unless otherwise stated.
Exhaustive dialysis involved five changes of buffer.
N1 Conjugates (Glutaraldehyde Coupling without Reductive

Stabilization). Bovine serum albumin (BSA) and keyhole
limpet hemocyanin (KLH) were derivatized to produce N1-
BSA and N1-KLH conjugates, respectively (Figure 3). The
carrier protein (10 mg), dissolved in 12 mL of water with
stirring, was activated by dialyzing it against 2 L of 0.2%
glutaraldehyde in 0.01 M phosphate buffer plus 0.8% NaCl,
pH 7.5 (phosphate-buffered saline, PBS) for 20 h. Excess
reagent was removed by dialyzing the same bag three times
against PBS, after which the contents were transferred into a
glass vial. TA (5 mg, 9.6 µmol), dissolved in methanol (0.30
mL), was added dropwise to the stirred activated protein
solution at 4 °C, and stirring was continued at the same
temperature for 20 h. Aqueous L-lysine hydrochloride solution
(0.2 M, 0.1 mL) was then added dropwise to block unreacted
aldehyde groups. The reaction mixture was stirred at room

Figure 3. Synthesis of N1 and N2 conjugates.

Figure 4. Synthesis of N3 conjugates.

Figure 5. Synthesis of N4 conjugates.
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temperature for an additional 4 h. One-third of the reaction
product was purified by exhaustive dialysis in PBS to yield
N1 protein conjugate. The remaining two-thirds of the reac-
tion mixture was used directly in the preparation of the
corresponding N2 conjugate.
N2 Conjugates (Products Obtained by Reductive Treatment

of the Glutaraldehyde Conjugates). N1-BSA and N1-KLH
conjugates were used to furnish the N2-BSA and N2-KLH
conjugates, respectively (Figure 3). Sodium cyanoborohydride
(95%, 16.5 mg, 0.25 mmol) was added to the two-thirds part
of the N1-reaction mixture with stirring that was continued
at ambient temperature for 20 h. The resulting conjugate was
purified by exhaustive dialysis in PBS.
N3 Conjugates (Attachment of TA Toxin to Proteins by Cross-

Linker 1). 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC) (98%, 4.3 mg, 22 µmol) was added to 4-(4-
aminophenyl)butyric acid (1, Figures 4 and 8; Freedman and
Doak, 1949; 3.6 mg, 20 µmol), N-hydroxysuccinimide (NHS)
(97%, 2.9 mg, 24 µmol), and dry tetrahydrofuran (THF; 1.5
mL) with stirring under nitrogen at 4 °C. The reaction
mixture was stirred rapidly under nitrogen at the same
temperature for 2 h and then at room temperature overnight.
A small aliquot of the reaction mixture was added to excess
ice-cooled 1-butylamine (25 mM solution in 0.13 M bicarbonate
buffer, pH 8), stirred at room temperature overnight, extracted

with ether, dried over sodium sulfate, and evaporated in vacuo.
The residue was taken up in acetonitrile, and analyzed by ES-
MS in positive mode (ES+-MS). The sample was applied by
direct inlet using acetonitrile as solvent. ES+-MS (m/e): 235
(M + H+, 100%), 396 (M + C10H11NO + H+, 5%). The parent
peak at 235 mass unit (C14H22N2O + H+) indicated that the
expected 1-butylamide (4) of compound 1 was the main
component of the sample. The peak at 235 mass unit
(C24H33N3O2 + H+) corresponds to the 1-butylamide (5) of the
dimer of compound 1, which was a minor impurity.
Meanwhile, a solution of TA (8.4 mg, 16 µmol) in methanol

(0.5 mL) and then the bulk of the above reaction mixture
containing the NHS ester of acid 1 (2, Figure 8) in THF was
added dropwise to a rapidly stirred 0.13 M sodium bicarbonate
solution (8 mL) at 4 °C. The reaction mixture was stirred at
the same temperature for 1 h and then at room temperature
overnight. A temperature of 4 °C was maintained unless
otherwise stated during the following operations. The reaction
mixture was first neutralized by adding 5 N hydrochloric acid
dropwise with stirring, the mixture was stored overnight, and
then the solution was adjusted to pH 1 with 0.5 M sulfuric
acid. Sodium nitrite (2.1 mg, 30 µmol) was added to the
reaction mixture. After stirring for 30 min, urea (3.6 mg, 60
µmol) was added, then after 5 min the reaction mixture was
divided into two equal portions. These aliquots were added
immediately to the cooled and rapidly stirred protein solutions
(12.5 mg each of BSA and KLH in 20 mL of 0.15 M
Na2B4O7‚10H2O [borax] solution). The mixtures were stirred
at 4 °C overnight and then at room temperature for 2 h before
exhaustive dialysis in PBS to yield the yellow N3-BSA and
N3-KLH conjugates.
N4 Conjugates (Attachment of TA Toxin to Proteins by Cross-

Linker MHS). In this synthesis, the amino group of TA was
acylated by a cross-coupling reagent, succinimidyl 6-(N-male-
imido)hexanoate (MHS). The resulting TA-MHS derivative
was then linked to thiolated proteins.
The solution of S-acetylmercaptosuccinic anhydride (SAM-

SA, 96%, 45.4 mg, 0.25 mmol) in dimethylformamide (DMF, 1
mL) was added dropwise to the rapidly stirred solution of
carrier protein (150 mg) in 0.2 M phosphate buffer, pH 8 (30
mL) at 4 °C. The reaction mixture was stirred at room
temperature for 1 h; the acetylmercaptosuccinylated protein
conjugate was then exhaustively dialyzed in PBS.
MHS (10 mg, 32.5 µmol) in methanol (5 mL) and 0.1 M

phosphate buffer, pH 8, (5 mL) were added to a solution of TA
(14.3 mg, 27.4 µmol) in methanol (0.85 mL) at 4 °C with
stirring. The reaction mixture was stirred at 4 °C overnight,
diluted with water (5 mL), stirred for 2 h at 4 °C, and then
washed with 2 × 5 mL of 2:1 hexane/ethyl acetate mixture to
remove excess MHS. The aqueous reaction mixture, contain-
ing TA derivatized by MHS, was divided into three equal parts;
then nitrogen was bubbled through the aliquots for 15 min.
The acetylmercaptosuccinylated protein conjugate solution

(24 mg in 6 mL of PBS) and a solution of 0.33 M hydroxylamine
hydrochloride plus 20 mM ethylenediaminetetraacetic acid
(EDTA) in 0.2 M phosphate buffer, pH 7.5 (3 mL), were purged
with nitrogen for 15 min. The two solutions were then
combined and stirred under nitrogen at room temperature for
30 min to liberate thiol groups. An aliquot of the solution of
TA-MHS derivative prepared above was added dropwise to
this solution containing the thiolated protein without delay.
The reaction mixture was stirred under nitrogen in a sealed
vial overnight and then dialyzed exhaustively in PBS. BSA,
KLH, and ovalbumin (OVA) were derivatized in this way; the
products were designated as N4-BSA, N4-KLH, and N4-
OVA, respectively.
N5 Conjugates (Attachment of TA Toxin to Proteins by Cross-

Linker sulfo-SMPB). In this conjugation reaction, TA was
incubated with the thiolated protein and the cross-linker, sulfo-
SMPB (Kamps-Holtzapple et al., 1993, 1994). Nitrogen was
bubbled through the solution of the carrier protein (15 mg) in
PBS plus 0.1 M EDTA, pH 8 (PBS-EDTA) (4 mL) for 15 min.
2-Iminothiolane hydrochloride (2-IMT, Traut’s reagent) (99%,
4.2 mg, 30 µmol) was added to this solution and the reaction
mixture stirred under nitrogen in a sealed vial at room
temperature for 1 day. Aqueous glycine solution (1 M, 0.4 mL)

Figure 6. Synthesis of N5 conjugates.

Figure 7. Synthesis of C conjugates.

Figure 8. Model reaction forming 1-butylamide (4) of 4-(4-
aminophenyl)butyric acid (1).
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was added to destroy excess reagent with stirring. The
reaction mixture was dialyzed against PBS-EDTA. The
resulting solution of the thiolated protein was combined with
the TA solution (3.0 mg, 5.8 µmol) in methanol (0.3 mL);
nitrogen was bubbled through the solution briefly followed by
the addition of the sodium salt of sulfo-SMPB (3.0 mg, 6.5
µmol). The reaction mixture was stirred under nitrogen in a
sealed vial at room temperature overnight and then dialyzed
exhaustively in PBS. BSA, KLH, and OVA were conjugated
using this method; the products were designated as N5-BSA,
N5-KLH, and N5-OVA, respectively.
C Conjugates (Attachment of TA Toxin to Proteins by

N-Hydroxysulfosuccinimide plus EDC). Water (2 mL) and the
monosodium salt of (()-1-hydroxy-2,5-dioxo-3-pyrrolidine-
sulfonic acid (N-hydroxysulfosuccinimide or sulfo-NHS) (97%,
4.2 mg, 18.8 µmol) was added to the ice-cooled, rapidly stirred
solution of TA (3.9 mg, 7.5 µmol) in 0.2 mL of methanol and
adjusted to pH 4 with diluted aqueous hydrochloric acid at 4
°C. EDC (98%, 3.7 mg, 18.9 µmol) was added to this solution
and the reaction mixture was stirred at 4 °C for 20 min, while
pH 4 was maintained by addition of diluted hydrochloric acid
or sodium hydroxide solutions. The mixture was then im-
mediately added dropwise to a stirred solution of 10 mg of
carrier protein in 10 mL of 0.13 M sodium bicarbonate solution
at 4 °C. The reaction mixture was stirred at the same
temperature for 2 h and at ambient temperature overnight
followed by exhaustive dialysis in PBS. BSA and KLH were
treated by this method; the conjugates were designated as
C-BSA and C-KLH, respectively.
Production of Mouse Polyclonal Anti-TA Antibodies.

Male Swiss Webster mice (18-20 g) were purchased from
Simonsen Laboratories (Gilroy, CA). After 1 week of acclima-
tion, a preimmune-bleed sample (0.1 mL) was taken and then
three mice were injected intraperitoneally with each immu-
nogen protein conjugate. The immunogen, dissolved in PBS,
was emulsified with Freund’s complete adjuvant (1:1 volume
ratio). Each mouse was injected with 50 µg of protein
conjugate in 0.1 mL volume. After 30 days, the mice were
boosted with an additional 50 µg of immunogen in PBS mixed
with Freund’s incomplete adjuvant (1:1 volume ratio). Ten
days following the first boost, a test bleed (0.1 mL) was taken
followed by a second boost by the same method as the first
boost. Ten days later another test bleed was taken. This
schedule was followed until titers appeared to reach a maxi-
mum. The blood samples were centrifuged at 800g in an
Eppendorf microcentrifuge and the antisera removed and kept
frozen at -20 °C until used.
ELISA Experiments. Enzyme immunoassay studies were

done following standard procedures for indirect ELISAs in the
coating antigen format. Homologous and heterologous assay
systems were screened in direct binding studies. The concen-
tration of selective antibody (titer) was considered high if the
absorbance values exceeded 2 under conditions similar to those
used in the procedure below except that the inhibitor was
omitted. Assays with absorbance values of less than 0.3 were
not used for further work. Selected antiserum-coating antigen
combinations with adequate titers were optimized by two-
dimensional titrations and studied in competition experiments
as follows.
Each well of a 96-well microplate was coated with 100 µL

of the appropriate coating antigen concentration (usually 1 µg/
mL) in 0.1 M carbonate-bicarbonate buffer (pH 9.6) and
incubated overnight at 4 °C. The coated plate was washed
with PBSTA (phosphate-buffered saline plus 0.05% Tween 20
plus 0.02% sodium azide, pH 7.5). Different concentrations
of inhibitors, obtained by serial dilutions of an appropriate
stock solution with PBS, 50 µL of each, were dispensed to the
wells. An appropriate dilution (usually 1/1500) of the anti-
AAL antiserum in PBSTA was prepared, and 50 µL of this
solution was also added to each well. The plate was incubated
at room temperature for 2 h and then washed thoroughly. Goat
antimouse IgG conjugated to alkaline phosphatase (Sigma),
diluted in PBSTA buffer (1/2500), was added (100 µL/well),
and the plate was incubated at room temperature for 2 h. After
washing the plate, 100 µL/well of p-nitrophenyl phosphate
(Sigma, 1 mg/mL) in substrate buffer (10% diethanolamine

plus 0.1 mg/mL MgCl2‚6H2O, pH 9.8) was added. The plate
was incubated for 30 min at room temperature; then the
absorbance at 405 nm minus absorbance at 650 nm was
determined. The dose-response curves were analyzed to
calculate IC50 values, i.e., analyte concentrations (ppb) required
for 50% inhibition.

RESULTS AND DISCUSSION

In preliminary experiments, we attempted to adapt
a fumonisin-conjugation method from the literature
(Azcona-Olivera et al., 1992) for the development of
ELISAs for AAL compounds, but only antibodies of poor
affinity were obtained (data not shown). Thus, the AAL
toxins appeared to be difficult targets and a multicon-
jugate-multiantibody approach seemed advisable in
order to develop useful immunoassays for AAL toxins.
Polyclonal mouse antisera were raised and utilized in
preliminary ELISAs to rank the performance of the
immunogens obtained by various chemistries. We
choose mice instead of rabbits as host animals to
minimize both the time and expense of screening a large
number of immunogens.
Immunogen Synthesis. In theory, the best immu-

nogens should be obtained by attaching the linker group
at the carbon backbone of the AAL toxin molecules, far
from characteristic groups (Szurdoki et al., 1995). This
approach would, however, require involved synthetic
chemistry. Thus, we followed two basic strategies with
simpler derivatizations. In the first case, the toxin
molecule was linked to the nitrogen, opposite to the
tricarballylic ester group (N1-N5 conjugates, Figures
3-6). In this way, recognition of the tricarballylic
moiety, the common major epitope in the toxin struc-
tures, would be emphasized. This approach seemed to
be promising for devising class-selective assays as
suggested by the results of the published fumonisin
assays. However, it was not likely to be the optimal
strategy for fumonisins due to the proposed cagelike
conformation of these mycotoxins (Elissalde et al., 1995).
The N-terminal part of TA exists in an unusual, rigid
conformation even in aqueous solution (Oikawa et al.,
1994). Our second approach, conjugation via a carboxyl
group or groups (C conjugates, Figure 7), was designed
to emphasize the antibody recognition of the N-terminal
area of the TA molecule. For the syntheses of all
immunogens, we used compound TA (Figure 1).
Derivatizations at the Amino Group. This approach

includes modified glutaraldehyde couplings (N1, N2,
Figure 3) and selective N-acylations (N3, N4, and N5,
Figures 4-6). The classical, one-step glutaraldehyde
(CHO(CH2)3CHO) conjugation of amino compounds to
carrier proteins has been used widely (Reichlin, 1980)
as well as for the preparation of most immunogenic FB1-
protein conjugates. In several syntheses, the method
was combined with reductive stabilization by sodium
borohydride (Azcona-Olivera et al., 1992; Fukuda et al.,
1994). This chemistry preserves the basic character of
the derivatized amino group, and the experimental
protocol is straightforward. The conventional glutar-
aldehyde coupling has, however, a number of short-
comings, including precipitation of protein conjugates,
loss of haptens due to oligomerization, poor control of
the degree of substitution, and formation of highly
complex mixtures (Zegers et al., 1990). Thus, improved,
two-step versions of the glutaraldehyde method permit-
ting controlled coupling have been developed (Tijssen,
1985; Zegers et al., 1990; Laman et al., 1991; Kamps-
Holtzapple et al., 1994; Gabor et al., 1994). From these
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methods, we selected the mild and simple dialysis
procedure (Zegers et al., 1990; Laman et al., 1991). The
carrier proteins (BSA and KLH) were first activated by
glutaraldehyde, excess reagent was removed, and com-
pound TA was bound to the activated proteins by
forming N1 conjugates (Figure 3). The N1 Schiff base
is not the sole product of the condensation reaction;
protein conjugates obtained by glutaraldehyde are often
directly used as immunogens because some of the
conjugates are hydrolytically stable (Reichlin, 1980;
Zegers et al., 1990; Walt and Agayn, 1994). Therefore,
N1 conjugates were employed for immunization. How-
ever, aliquots of these conjugates were further stabilized
by sodium cyanoborohydride (NaBH3CN), furnishing the
saturated N2 derivatives (Figure 3). Sodium cyanoboro-
hydride selectively reduces the CdN bond of Schiff bases
in neutral solution (Geoghegan et al., 1981); thus, this
reagent is compatible with the base-sensitive moieties
(e.g., ester) of the derivatized compounds. (Posttreat-
ment with sodium borohydride, often used for the same
purpose, would have made the reaction mixture alka-
line.)N2 conjugates were also used as immunogens. The
conjugates obtained by the two-step glutaraldehyde
method without or with stabilization by sodium cy-
anoborohydride (N1 and N2, respectively) resulted in
markedly higher affinity antisera than those prepared
by the one-pot glutaraldehyde/sodium borohydride pro-
cedure (Azcona-Olivera et al., 1992). There was no
apparent improvement in the resulting ELISAs using
N2 immunogen as compared to N1 (Table 1), implying
that chemical stability of conjugate N1 was not a
problem. It is worth noting that the GAmethod without
a further reduction step was employed for the synthesis
of the immunogen in the development of the most
sensitive fumonisin ELISA reported (Usleber et al.,
1994).
For the synthesis of N3 conjugates, TA toxin was

conjugated with a new heterobifunctional cross-linker
(1) to carrier proteins (BSA, KLH, Figure 4). The NHS
ester of 4-(4-aminophenyl)butyric acid (2, Figure 8) was
first prepared and used to acylate the aliphatic amine
TA toxin. The aromatic amino group of the linker was
then bound to proteins via diazotation and azo coupling
(Fujiwara et al., 1990). The selective acylation of the
TA molecule without extensive oligomerization of the
aromatic amine cross-linker was feasible because the
aromatic amino groups are poor nucleophiles and only
weakly reactive toward NHS esters (Denny and Blobel,
1984; Fujiwara et al., 1990; Battaglini et al., 1994).
Model experiments with 1-butylamine (3) mimicking TA
(Figure 8) were in agreement with these literature
reports. The 1-butylamide (4) of acid 1 was the main
product, and the corresponding amide (5) of the dimer

of the starting material (1) was detected as a minor
contamination by MS (Figure 8).
In the next two syntheses, carrier proteins were

thiolated by routine procedures. Heterobifunctional
cross-linkers with the thiol-specific maleimido group
were then applied to secure N4 and N5 conjugates
(Figures 5 and 6). Proteins were thiolated by successive
treatments with SAMSA and hydroxylamine (Tijssen,
1985; Fujiwara et al., 1981); TA toxin was then coupled
to the thiol-containing protein derivatives by MHS to
produce N4 conjugates (Figure 5). In a recent compara-
tive study with several heterobifunctional cross-linking
agents, MHS was the reagent of choice for the prepara-
tion of immunogens due to the chemical stability of the
protein conjugates and the resulting low linker-specific
antibody levels (Peeters et al., 1989). A reaction se-
quence similar to one used in a fumonisin-ELISA
development (Kamps-Holtzapple et al., 1993; Elissalde
et al., 1995) resulted in N5 conjugates (Figure 6).
Derivatization at the Carboxyl Group(s). A second

objective was to develop a simple method for preparing
conjugates with a significant fraction of coupling through
the carboxyl group(s) of the toxin molecule (C, Figure
7). Water-soluble carbodiimides, like EDC, are em-
ployed often for the conjugation of ligands with carboxyl
and/or amino functional groups (e.g., peptides, toxins)
to proteins and other carrier macromolecules through
the formation of amide bonds (Briand et al., 1985; Smith
and Kitts, 1995). This approach involves a simple
coupling procedure; however, it has several disadvan-
tages including extensive intramolecular cross-linking
of the carrier protein, formation of polymers containing
protein and ligand monomers, and loss of reagents due
to precipitation of side products with high molecular
weight. In addition, the use of immunogens synthesized
by this method frequently results in strong antibody
responses against unwanted new antigenic determi-
nants on the conjugated proteins (Briand et al., 1985;
Szurdoki et al., 1995). The yields of the attachment of
ligands to carrier macromolecules are occasionally low
and variable (Sehgal and Vijay, 1994). Addition of NHS
(Sehgal and Vijay, 1994) or sulfo-NHS (Staros et al.,
1986) to the aqueous reaction mixtures of the carbodi-
imide-mediated conjugations resulted in significantly
improved yields.
Simultaneous incubation of TA toxin (TA) and the

carrier protein under these improved cross-linking
conditions still might result in polymerization of the
hapten molecule and the protein and no preference for
the derivatization of TA through its carboxyl group(s).
A literature search revealed that two-step procedures
carried out in aqueous solutions were recently devised
to minimize side reactions in similar conjugations
(Klibanov et al., 1989; Grabarek and Gergely, 1990;
Varadarajan and Hawthorne, 1991; Bedel-Cloutour et
al., 1991; Lewis et al., 1994). Following these leads, TA
was first treated with EDC and sulfo-NHS under mildly
acidic conditions with brief incubation at low temper-
ature (Moffett et al., 1993; Sehgal and Vijay, 1994) to
minimize oligomerization. Coupling with proteins was
then carried out in alkaline bicarbonate buffer (Figure
7). Phosphate was not used to buffer this aqueous
reaction mixture because phosphates were recently
shown to react with carbodiimides rendering them
useless for condensation (Moffett et al., 1993). Conjuga-
tion of the carboxyl group(s) of the hapten (TA) to
proteins also may have resulted in acylation of the
amino group and formation of oligomers of TA as the

Table 1. Sensitivities of Selected Competitive ELISAs
Using Various Anti-TA Antibodies and TA-Derived
Coating Antigensa

antiserum IC50 (ppb)

immunogen mouse no. coating antigen TA TB TD TE

N1-KLH 4 N3-BSA 114 60 130 34
N2-KLH 10 N3-BSA 266 149 184 97
N3-KLH 18 C-BSA 67 25 20 10
N4-OVA 57 C-BSA 32 30 28 13
N5-OVA 67 C-BSA 137 132 18 28
C-BSA 20 N2-KLH 87 136 242 30
a No significant cross-reactivity was observed for a number of

structurally related compounds including FB1 and HTA (IC50s >
250 ppm). There was no significant inhibition with tricarballylic,
citric, and cis-aconitic acids at 10 ppm and with DL-sphinganine
at 20 ppm levels.
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cross-reactivity pattern of the antiserum raised against
the C-BSA conjugate appears to indicate (see below;
Table 1). Nevertheless, C-BSA conjugate (Figure 7)
was one of the best immunogens and plate coating
antigens (Table 1). Further investigation with this type
of coupling reaction is in progress.
The TA structure does not have chromophores with

strong absorbance in the suitable regions of the UV-
visible spectrum. Therefore, no attempts were made to
verify the conjugation reactions. Most conjugates used
as coating antigens, however, were recognized by het-
erologous antisera.
ELISA Development. Some immunogens elicited

high-titer antisera in mice after the first boost, and
titers remained high throughout the immunization
period. Preliminary competitive ELISAs in the coating
antigen format, developed for screening antisera with
adequate titers, provided information about the immu-
nogenicity of the synthetic antigens and the perfor-
mance of ELISAs in the early stages of the immuniza-
tion protocol. The interim data obtained on the first
few immunogens prompted us to synthesize further
conjugates. In most cases, blood samples taken after
the second boost served for the development of the
assays used to characterize the antisera and evaluate
the immunogens. In general, ELISAs with appropriate
sensitivities and selectivities were obtained in this
preliminary study (Table 1).
Our selected ELISA results, summarized in Table 1,

demonstrate that AAL toxins are detected at parts per
billion levels with assay systems based on immunogens
representing all conjugation methods. The most sensi-
tive ELISAs have detection limits in the low-ppb range
(Figure 9). The dose-response curves obtained with the
AAL compounds TA, TB, TD, and TE confirmed the
detection of the Alternaria toxins as a class. The high
sensitivity for TE, a toxin with an acetylated amino
group (Figure 1), is likely due to the recognition of the
linker groups in the immunogens attached to the
nitrogen of TA. It also is possible that the conformation
of TA in conjugates with the linker attached at the
nitrogen of this toxin more closely resembles the con-
formation of TE than that of the parent TA. No
significant cross-reactivities were displayed by hydro-
lyzed TA (HTA, R1 ) R2 ) R5 ) H, R3 ) R4 ) OH, Figure

1), FB1, DL-sphinganine, and tricarballylic, citric, and
cis-aconitic acids (Table 1, Figure 2).
Although our assay systems are not fully optimized,

it appears thatN3,N4, andC are novel chemistries that
deserve attention (Table 1). The C-BSA conjugate
synthesized by the activation of the carboxyl group(s)
showed good performance as immunogen and when it
was used for plate coating. As expected, antiserum
raised by this conjugate had the strongest preference
for TA versus TB and TD due to enhanced recognition
of the N-terminal area of the target molecule. The high
cross-reactivity for TE seems to indicate that C-BSA
probably contains not only conjugates with linkage
through the carboxyl group(s) but also ones with the
amino group derivatized and with oligomers of TA.
Use of the N4-OVA conjugate (Figure 5), a 6-(N-

maleimido)hexanoate derivative, as immunogen re-
sulted in the most sensitive assay for TA (Table 1,
Figure 9). Interestingly, although the N3-KLH, N4-
OVA, and N5-OVA conjugates (Figures 4-6) have
similar linker groups, theN4-OVA immunogen showed
the best performance. While the structure of N4
conjugates is characterized by a 12-atom long linker,
the spacer group inN5 protein derivatives is somewhat
larger (16 atoms long) and contains an additional ben-
zene ring. The linker group of N3 conjugates (10 atoms
long) shares the aralkyl moiety, attached directly to the
toxin molecule, with theN5 structure. The ideal linker
group in the immunogen conjugate of a small molecule
usually is a medium-sized straight chain (length: about
4-6 carbon atoms) (Szurdoki et al., 1995). It has been
suggested that inclusion of a highly immunogenic group
like an aromatic ring may cause elevated linker-specific
antibody levels which would diminish the performance
of the resulting ELISA (Peeters et al., 1989; Szurdoki
et al., 1995). However, recently it has been observed
that application of longer bridging groups (Kamps-
Holtzapple et al., 1994; Elissalde et al., 1995) in the
immunogen structure, like that of conjugate N5, pro-
vided fair to high sensitivity immunoassays for mol-
ecules with dimensions and complexity similar to those
of TA. The fact that our most sensitive ELISA was
obtained with the MHS linker (conjugate N4) supports
results by Peeters et al. (1989) and also follows expecta-
tion based on the structures of the bridging groups when
compared to performances of immunogens N3 and N5
with linkers including benzene rings. It is not clear,
however, why immunogen N4 worked better than the
glutaraldehyde-derived conjugates (N1 and N2; Figure
3), although a similar observation has been reported
(Kamps-Holtzapple et al., 1994). Different densities and
steric orientations of haptens on the carrier protein
surfaces as well as variation in immune response among
individual animals also could be responsible for unex-
pected results. It is usually rewarding to investigate
several conjugation methods and/or haptens during
immunoassay development for difficult targets, and it
is often hard to predict the rank-order of the immuno-
gens (Briand et al., 1985; Kamps-Holtzapple et al., 1994;
Szurdoki et al., 1995). The conjugates that elicited the
best antisera are candidate immunogens to produce
further polyclonal antisera and monoclonal antibodies.
Our synthesis principles have been applied to prepare
immunogens from other AAL toxins and fumonisins.
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Figure 9. Standard curves for selected AAL toxins (TA, TB,
TD, TE). Data were obtained by the ELISA system involving
mouse antiserum no. 57 (bleed no. 3), raised against conjugate
N4-OVA, and coating antigen C-BSA (cf. Table 1). The
average and maximum relative standard deviations of four
independent well replicates for each data point were 6.5 and
13%, respectively. Absorbance values at zero concentration
were in the range of 0.55-0.7.
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