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Aims: To test phage-displayed random peptide libraries as sources of peptides that mimic the
binding of aflatoxin Bl to monoclonal antibodies raised against the toxin.

Methods and Results: For two of the three MAbs tested, clones were obtained by panning,
producing phage that bound specifically to MAb 13D1-1D9 (MAb 24; specific for aflatoxins B1
and G1) and MAb 6E12-1E9 (MAb 13; specific for aflatoxins B1, G1 and B2) in ELISA. The
amino acid sequences of the binding peptides varied. Those binding to MAb 24 contained the
sequence of ‘...YMD...’, and those that bound to MADb 13 contained the dipeptide ‘PW’.
Mimotope phage was used in a competition ELISA format for assaying aflatoxin concentra-
tions.

Conclusions: The results show that mimotope preparations are etfective substitutes for pure
toxin in these ELISA procedures.

Significance and Impact of the Study: These results should contribute significantly to

enhancing the safety and diminishing the costs of aflatoxin assays.

INTRODUCTION

Aflatoxins are potent carcinogenic, mutagenic, teratogenic
and immuno-suppressive agents. They are produced as
secondary metabolites by the fungi Aspergillus flavus and
A. parasiticus (Busby and Wogan 1979) and can contaminate
a variety of agricultural commodities (Butler 1974). A
positive correlation has been shown between exposure to
aflatoxin and the incidence of liver cancer in humans (Anon.
1962; Bosch and Peers 1991; IARC 1993). To reduce this
risk, governments in many countries have set limits for
permissible levels of aflatoxins in foods and feeds.

A variety of analytical methods for aflatoxin detection has
been devised to ensure compliance with these standards
(Chu er al. 1987). ELISA is by far the most widely used
serological test for the detection of mycotoxins because of its
simplicity, adaptability and sensitivity (Pestka 1988). The
immunogens used to raise antibodies to aflatoxins are
conjugates made to a carrier protein. This conjugation
involves structural modifications to aflatoxin molecules, as
well as blocking stages, either of which may lead to
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substantial bridge group interference and unwanted cross-
reactions (Xiao et al. 1995). As the toxin antigen is
essentially monovalent, assay procedures are based on
competition and necessarily involve the use in the tests of
pure toxin. This is hazardous and therefore, an alternative,
less toxic form of aflatoxin would reduce the risks while
carrying out the assays and thereby make immunoassays
more widely and safely applicable.

In a search for this alternative, an attempt was made to
obtain peptides that mimic aflatoxin by selection from
phage-displayed random peptide libraries. Random peptide
libraries displayed on phage have been shown to be
powerful tools for identifying the peptide and non-peptide
epitopes recognized by monoclonal antibodies (MAbs)
(Smith 1991). In phage display, a peptide or a protein is
fused to a coat protein of M13 or fd bacteriophage (e.g.
pIII or a second recombinant copy of pVIIIL; Felici et al.
1991; Smith 1991), such that phage carrying the peptide
also carry the encoding DNA. Determination of the
recombinant pVIII gene sequences reveals the sequence
of the binding peptide (Scott and Smith 1990). Phage-
borne peptides that mimic antigens in binding to anti-
bodies are termed mimotopes (Geysen et al. 1987). There
are few reports of the selection of mimotopes for antibodies
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to non-proteinaceous chemicals, other than biotin (Weber
et al. 1992) and carbohydrates (Hoess et al. 1993).
Recently, Yuan er al. (1999) showed that it was possible
to obtain mimotopes to MADs raised against the mycotoxin
deoxynivelenol. The mimotopes obtained were essentially
of a single amino acid sequence.

Aflatoxins differ slightly in their chemical formulae; Bl is
the principal hazard from fungal contamination of peanuts.
MAbs raised to an aflatoxin Bl-bovine serum albumin
conjugate (Thirumala Devi ef al. 1999) cross-reacted with
the other main aflatoxin types (B2, G1 and G2) to different
extents. In this paper, the selection of mimotopes for
aflatoxins, using two of these MAbs that differed in
specificity, and the application of these mimotopes in
ELISA for quantitative estimation of aflatoxins, is reported
for the first time.

MATERIALS AND METHODS
Reagents

Aflatoxin Bl (AFBI1), goat anti-rabbit IgG-alkaline phos-
phatase (ALP) conjugate, goat anti-mouse IgG-ALP conju-
gate, p-nitrophenyl phosphate, bovine serum albumin
(BSA), aflatoxin BI-BSA conjugate, tetracycline and poly-
ethylene glycol (PEG), were all purchased from the Sigma
Chemical Co. Microtitre plates (Maxi-sorp F96) and
immuno-tubes (Maxi-sorp) were obtained from Nalge Nunc
International, Denmark. Peptone, yeast extract and agar
were obtained from life technologies Gibco BRI.. All other
chemicals were reagent grade or chemically pure.

Monoclonal antibodies for aflatoxin B1

Anti-aflatoxin Bl  monoclonal antibodies were those
described by Thirumala Devi e al. (1999). MAb
13D1-1D9 (here coded MAb 24) cross-reacted with
aflatoxin G1, but not B2, 6E12-1E5 (here named MAb
13) cross-reacted with aflatoxins B2, G1 and G2, and MAb
10D5-1A11 did not cross-react appreciably with any of the
other aflatoxins (Thirumala Devi ef a/. 1999). Immuno-
globulins were concentrated from tissue culture supernatant
or ascitic fluld by ammonium sulphate precipitation
(Harlow and Lane 1988).

Peptide libraries

The random phage displayed peptide libraries, Cys-4 and
Cys-6, used in this study were provided by G. Smith
(University of Missouri, Columbia, USA). Each library
consists of fd phage carrying a second copy of gene VIII
that has at its N-terminus a randomized sequence in
which cysteine codons are four or six codons apart. The

cysteines are designed to constrain by cross-linking the
conformations that the peptides may adopt (Ziegler et al.
1998).

Affinity selection of phage by panning

Panning was as described by Ziegler et al. (1998), using
immuno-tubes coated with MAbs at 10 ug ml™'. After
blocking, phage were bound and eluted, and then used to
infect Escherichia coli TG-1 cells. After amplification, phage
were subjected to two further rounds of panning to enrich
the population with binding phage.

Immunological assay for affinity-purified phage

Following the third round of panning, single tetracycline-
resistant colonies were transferred to 5 ml LB-TET and
grown at 37°C for 18 h. Cells were removed by centrifu-
gation at 17 000 g for 5 min, and the culture media were
tested by ELISA using microtitre plates. At each step, the
plates were incubated for 1 h at 37°C. Initially, plates were
coated with IgG at 10 ug ml™ in 0-2 mol I"! sodium
carbonate, pH 9-6. In the second step, plates were blocked
with 200 ul well™! of 3% MPBS. Phage particles in 80 ul
were mixed with 20 ul of MPBS. A mixture of rabbit anti-
M13 antibody (1 : 500) and anti-rabbit IgG conjugated to
alkaline phosphatase (1 : 100 000 dilution) was used to
detect the phage. Substrate (p-nitrophenyl phosphate at
1 mg mi™") was added and absorbance at 405 nm was read
in an ELISA plate reader (Titertek) after 1 h at room
temperature. Selected individual clones were characterized
by DNA sequencing and ELISA.

Indirect competitive ELISA with phage-displayed
peptides

To determine the optimum number of phage to use in
ELISA, different dilutions of phage particles in carbonate
coating buffer were added to the ELISA plate and incubated
overnight at 4°C. After blocking, a mixture of MAb and goat
anti-mouse-alkaline phosphatase conjugate was added and
the ELISA was completed as described. An indirect ELISA
procedure similar to that reported for aflatoxins (Thirumala
Devi et al. 1999) was used. Microtitre plate wells were
coated with 150 pl of phage at 10"' ml™' that carried
peptides in 02 mol 1”! sodium carbonate, pH 96, and
incubated overnight at 4°C. The plates were washed and
blocked as above for panning elution selection. MAbs in 50
ul were added to various concentrations of AFB1 (0-10 ug
ml™! in PBS). The mixtures were added to the phage-coated
microtitre plate wells (150 ul well™!) and the preparations
were incubated at 37°C for 1 h. After washing four times
with PBS-T, the plates were incubated with goat anti-
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mouse-ALP conjugate at 37°C for 1 h. The amounts of
bound enzyme were determined as described above. The
results of inhibition tests were analysed using Genstat 5 and
logistic curves were fitted to the data (Genstat 5 Committee
1987).

Nucleotide sequencing

Phage particles were recovered by PEG-precipitation and
single-stranded DNA was extracted from them by phenol-
chloroform treatment (Sambrook ef a/. 1989). Sequencing
was done using an ABI PRISM dye primer cycle
sequencing ready reaction kit (Perkin Elemer Applied
Biosystems, Warrington, UK). The primer was comple-
mentary to DNA encoding the recombinant pVIII gene,
downstream of the peptide insert. Sequences were
analysed using the Genetics Computer Package (Devereux
et al. 1984).

Ultraviolet irradiation of phage particles

Phage particles were u.v.-irradiated at 254 nm, with doses of
between 10 and 800 mJ cm™ using a u.v. cross linker
(Stratalinker UV crosslinker; Stratagene Ltd, Cambridge,
UK). The treated phage particles were then used to infect
log-phase T'G-1 cells, or assayed by ELISA.

Sample preparation

Groundnut samples were obtained in 200 g quantities. After
a thorough mixing, three 15 g sub-samples were drawn from
each 200 g sample. Each sub-sample was finely ground and
then extracted in 75 ml 30% methanol, containing 0-5%
KCl, by blending in a Waring blender followed by shaking
for 30 min. The extract was filtered through Whatman no.
41 filter paper and diluted to 1 : 10 with PBS-T/BSA for
processing by ELISA.

Indirect competitive ELISA procedure for
processing groundnut samples

The protocol was similar to that for indirect competitive
ELISA for phage-displayed peptides (as described above),
with the exception that aflatoxin standards in 100 ul
volumes, ranging from 100 ng ml™' to 100 pg ml™}, were
prepared in a diluted extract from groundnuts. Groundnut
samples that did not contain aflatoxins were extracted in
methanol as described above, filtered, and used at a 1 : 10
dilution prepared in PBS-T/BSA. Test samples were also
diluted to 1 : 10 in PBS-T/BSA. A 100 ul aliquot of each
sample was added to wells containing 50 ul of antiserum.
The wells were washed four times with PBS-T and
incubated with goat anti-mouse ALP-conjugate at 37°C

for 1 h. The amounts of enzyme bound were determined as
described above. Standard curves were obtained by plotting
log1o values of aflatoxin B1 standards against optical density
(OD) at A405.

RESULTS

Screening of random peptide phage libraries
for the selection of specific phages by panning

Tubes were coated with MAb 24 or MAb 13 and used for
selection using either Cys-4 or Cys-6 libraries. Irrespective
of the library used, the proportion of phage that bound
(input titre/output titre) increased after each round. After
the third round, input and output titres were about 10"}
ml™!. All 20 of 20 clones from the Cys-4 library, and four of
20 from the Cys-6 library, yielded phage that bound to MAb
24 (A4p5 of >0:5 to 2 in 1 h using DAS ELISA). From the
21 clones obtained using MAb 13, 11 from the Cys-4 library
and 12 from the Cys-6 library gave positive results in
ELISA tests. No clones were obtained from either library
yielding phage that bound to MAb 10D5-1A11.

Optimum number of phage particles for coating
the ELISA plate

ELISA plates were coated with different amounts of phage
particles to establish the number of particles that were
needed to give a useful response in phage ELISA. Figure 1
shows the results of ELISA of four mimotope clones, at
different concentrations, assayed using either MAb 24
(clones 24-4 and 24-6) or MAb 13 (clones 13-4 and 13-6).
The best results were obtained with phage concentrations of
10" mlI™". In parallel tests, plates coated with an unrelated
Cys-4 phage clone at 10" ml™! gave an A4os of < 0-1.

24-6-1 13-4-1 13-6-1

Mimotope

Fig. 1 Results of indirect ELISA with four phage mimotopes (24-4-1,
24-6:1, 13-4-1, 13-61) at concentrations of (&) 10'!, (M) 10'° or (O)
10° mlI™

© 2001 The Society for Applied Microbiology, Journal of Applied Microbiology, 90, 330-336

Copyright ©2001. All Rights Reserved.



MIMOTOPES FOR AFLATOXIN B1 333

Specificity tests

The mimotopes 24-4:1, 24-6:1, 13-4-1 and 13-6:1 were
tested in phage ELISA at 10" ml™" using dilutions of
polyclonal antibody raised against an aflatoxin B1-BSA
conjugate. The results for different mimotopes were
indistinguishable. For example, a fourfold decrease in
antibody concentration decreased the ELISA readings
obtained in 1 h from 1:04, 1-07, 1-05 or 1-08 to 0-43, 0-47,
045 or 0-43 for each mimotope, respectively. In ELISA
tests, mimotopes obtained using MAb 24 did not bind to
MADb 13, and neither did MAb 13 mimotopes bind to
MAb 24.

To test the specificity of the mimotopes, indirect
competitive ELISA was done with mimotopes 24-4-1
and 13-4'1 using the corresponding MAbs. Figure 2
shows the results. For both mimotopes, the homologous
toxin was the most competitive; other toxins were less
competitive in the order G2 < B2 < Gl. With 24-4-1
(Fig. 2a), B2, and especially G2, were much less com-
petitive whereas with 13-4-1) the differences between
toxins were less marked. The median doses (the toxin
concentrations that resulted in an estimated 50% inhibi-
tion of binding) and the slopes of the curves at the
median were calculated from the curves fitted to the data
using the formula:

Ays = A+ C/(1 4 exp(—B * (X -~ M)))

where A and C are the asymptotes, M is the median dose
and B is the slope at the median dose.

Table 1 shows the results. These confirm the impres-
sions from Fig. 2 that the strongest competition, as
judged by the slopes of the lines, was with Bl, the
‘homologous’ antigen, and the weakest competition was

with G2.

Effect of dithiothreitol

The peptide sequences displayed by phage from the Cys-4
and Cys-6 libraries contain cysteine residues that are
intended to cross-link, so as to create a loop structure of
cither four or six amino acids. Mimotope phage were treated
with dithiothreitol, prior to being used to coat ELISA plates,
in order to prevent the formation of this cross-link. With all
clones tested (24-4-1, 24-4-2, 24-6:1, 13-4-1, 13-4-2, 13-6-1),
the effects of dithiothreitol treatment were to increase the
binding of the corresponding MAbs by between twofold and
fivefold.

Effect of u.v. irradiation on phage infectivity

The infectivity of a dilute sample of mimotope 24-4-1 was
decreased from about 4500 colonies ml™' to about 60

0 10pg 100pg 1ng 10ng 100ng
(competing aflatoxin) ml 1

(b)

1.0 1

A405

0.6 -

0.2 |

b 1dpg 160pg 1'ng 1'Ong 160ng
(competing aflatoxin) mi ~*

Fig. 2 Competition between pure aflatoxins (@) B1, (O) B2, (H) G1
and (O) G2, in the solution and phage mimotopes (24-4-1 and 13-4-1)
coated on ELISA plate surface for binding to MAbs, in indirect
competitive ELISA. (a) Mimotope 24-4-1 binding to MAb 24. (b)
Mimotope 13-4-1 binding to MAb 13

colonies ml™' by irradiation at 20 m] cm™2, and was
abolished by larger doses. At these doses, there was little
effect on MAD binding as assessed by phage ELISA. Phage
irradiated at 50 mJ cm ™% bound about 90% of the amount of
MAD bound by untreated samples. Binding decreased to
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Table 1 Parameters of the inhibition dose curves shown in Fig. 2

Table 3 Assays of groundnut samples for aflatoxin Bl

Mimotope 24—4-1 Mimotope 1341

Inhibitor =~ Median dose*  Slope Median dose Slope
Bl 1-38 —0-6044 1-04 —-0-53
B2 1-39 —-1-2032 1-22 -0-80
Gl 0-45 —-0:7495 0-58 -079
G2 677 -1-7623 1-98 -1-27
*ng ml~.

70% following irradiation with 100 mJ cm™2 and further
after higher doses.

Recovery of aflatoxin B1 from groundnut
samples

In order to test the effectiveness of the phage ELISA, 10—
200 pg kg™ of aflatoxin Bl were added to finely ground 10 g
samples, which were then extracted and assayed. Table 2
lists the results from each of two ELISA plates. The
recoveries were between 92 and 110%; the average re-
coveries on each plate were 101:3% and 98:9%.

To assess the assay method in practice, samples were
taken from farmers’ fields that were presumed to be at
high risk of aflatoxin contamination because of drought.
These were extracted and assayed by using competition
ELISA. The results (Table 3) show that five samples were
contaminated to various extents. Results for duplicate
samples and duplicate plates were within 10%. The
permissible level in India for aflatoxin Bl contamination is
currently 30 ug kg™

Mimotope sequences

For mimotope phage from either library, the nucleotide
sequences were determined for the section of recombinant

Table 2 Efficiencies of extraction

Recovery*
Concentration in sample
(ug kg™ Plate 1 Plate 2
10 98% 102%
20 102-5% 110-4%
40 105% 96%
80 99-9% 94-1%
100 100-7% 99-6%
150 101'1% 91-9%
200 102:2% 98-5%
Mean 101-3% 98-9%

*Measured concentration/known concentration X 100.

[aflatoxin B1] (ug kg ™)

Plate 1 Plate 2

Sample Test 1 Test 2 Test 1 Test 2 Result

1 152 14-0 198 216 +
2 <10 <10 <10 <10 -
3 101 89-3 101 113 +
4 551 49:0 468 451 +
5 302 276 295 286 +
6 <10 <10 <10 <10 -
7 <10 <10 <10 <10 -
8 329 314 331 331 +
9 <10 <10 <10 <10 -
10 <10 <10 <10 <10 -

pVIII gene that encoded the randomized peptide sequence.
These are shown in Fig. 3. Each sample was sequenced
twice. All sequences were confirmed except where shown in
Fig. 3. The altered sequences presumably arose during
phage propagation between the two sequencing experiments,
either from the appearance of point mutations, or from the
sample being a mixture of phages that changed in prepon-
derance.

The sequences of mimotopes to MAb 24 suggested a
consensus sequence of ‘...CYMD-C...". Those for mimo-
topes to MAb 13 did not suggest a clear consensus, although
the dipeptide ‘PW’ was present in most, and all were
particularly rich in proline residues.

DISCUSSION

The results show that by panning phage-displayed peptide
libraries, it is possible to obtain peptides that mimic the
binding of aflatoxin Bl to antibodies raised against it.
However, with one of the three MAbs tried, no mimotopes
were obtained from either library. This MAD does not cross-
react with other aflatoxins (Thirumala Devi ez /. 1999) and
it is possible that the epitope involved in this highly specific
binding cannot be mimicked by peptides. However, mimo-
topes were obtained to the other two MAbs and these had
similar properties to the toxin in ELISA tests. All mimo-
topes reacted equally well with polyclonal antibodies. In a
competitive ELISA, aflatoxin Bl could compete with the
selected peptides for binding to MAb, while the synthetic
peptide also competed with aflatoxin for binding to the same
antibody. This strongly suggests that these clones bind to
the same antigen-binding site of the MAb. However, in
competition ELISA with aflatoxins B2, G1 and G2, the
mimotope from the set binding to MAb 24 was differently
affected by competition from the one binding to MAb 13
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MAb Library = Mimotope

24 Cys-4
24 Cys-6
13 Cys-4

Fig. 3 Amino acid sequences of mimotope

peptides. Nucleotide sequences were deter-

mined for the part of the recombinant gene

VIII that encodes amino acids randomized in

the libraries Cys-4 and Cys-6. Where two

amino acids are shown, a second sequencing
13 Cys-6

experiment yielded different sequences. The
contiguous sequence is that obtained first;
differences are shown below the altered amino
acid

(Fig. 2). The differences among the slopes (Table 1)
reflected the different extents of cross-reactivity each MAb
had with heterologous aflatoxins (Thirumala Devi et al.
1999). These were, Bl = G1 > B2 and G2 for MAb 24,
and Bl > G1 = B2 » G2 for MAb 13. Thus, in these
tests, G1 was the most similar aflatoxin to B1. This suggests
that the change from a five-membered ring to a six-
membered ring containing an extra oxygen atom, which
distinguishes B aflatoxins from G aflatoxins, alters the
accuracy of the mimicry by the peptides less than does the
change from a double bond to a single bond, in a different
ring, which distinguishes aflatoxins Bl and G1 from B2 and
G2.

The amino acid sequences of the mimotope peptides
differed among the clones isolated, although some residues,
especially aromatic amino acids, were abundant. MAb 24
mimotopes contained one or more tyrosine residues and
MADb 13 mimotopes contained tryptophan residues. This

sequence in recombinant gene VIII

24-4-1 ANTWCYVDECMRTIA
24-4-2 ETYGCFMDWCKLVT

24-4-3 NTPVCYMNWCVESTD

24-4-4 NNKRCYMDLCIQTP

24-6-1 EGTICPMDIKGCNQTP

24-62 GCEQCYVDYCYCSDAG
24-6-3 GCEQCYVDYCYCSDAG

24-6-4 MRGQCYMNOQNMCEKHPA

13-4-1 FHPRCNEMTCHTIKTEP
13-4-2 NNPTCPWLTCPLPS

13-4-3 TRWNCPTTYCPPSG

13-4-4 NTNHCYMDHCTIOQTH

13-4-5 VANGCEKPWCNTTR

13-6:1 RQSYCHPWEATICHG QHEK
13-6-2 RQSYCHPWEATICHOQHEK

13-6-3 VDLWCPPAPWOQCLPSD

may reflect a degree of molecular mimicry by the ring
structures in the aromatic amino acids for the ring structures
in the aflatoxin molecules. In sequence, the MAb 24
mimotope peptides were unrelated to those for MAb 13.
Presumably, the binding pockets in the two MAbs differ
appreciably despite the simplicity of the common immuno-
gen to which they were raised.

By its nature, the phage display method tends preferen-
tially to isolate strongly binding phage. The present results
show that aflatoxin MAbs select several approximately
equally strongly binding peptides. This contrasts with the
results obtained by Yuan ez al. (1999) with mimotopes
isolated from an unconstrained library for MAbs specific to
the toxin deoxynivalenol. Possibly, the mimotope these
authors obtained is a much stronger binder than any others
present in the library used for the panning.

Aflatoxins are important human and animal toxins, and so
care must be taken to avoid direct contact during analysis.
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The possibility of replacing toxins in diagnostic procedures
with presumably non-toxic peptides should therefore result
in enhanced laboratory and environmental safety. This
advantage could be even more marked when diagnostic test
kits are used in ‘the field’ by relatively unskilled operators
unused to laboratory discipline.

Although many mimotope peptides for protein antigens
have been isolated from phage-displayed peptide libraries
(e.g. Scott er al. 1992; Hoess et al. 1993), this is only the
second report of mimotopes for a non-proteinaceous, low
molecular weight mycotoxin, and the first report of aflatoxin
mimotopes. Sixteen somewhat related mimotope peptides
have been identified that mimic the binding of aflatoxin to
specific antibodies, and the potential for using these peptides
in aflatoxin immunoassays has been demonstrated. This use
of peptide libraries as sources of reagents in immunoassays
could well be applicable in ELLISA tests for other mycotoxins.
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