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Abstract: Aflatoxins, a group of structurally related mycotoxins, are well known for their
toxic and carcinogenic effects in humans and animals. Aflatoxin derivatives and protein
conjugates are needed for diverse analytical applications. This work describes a reliable
and fast synthesis of novel aflatoxin derivatives, purification by preparative HPLC and
characterisation by ESI-MS and one- and two-dimensional NMR. Novel aflatoxin bovine
serum albumin conjugates were prepared and characterised by UV absorption and
MALDI-MS. These aflatoxin protein conjugates are potentially interesting as immunogens
for the generation of aflatoxin selective antibodies with novel specificities.
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Introduction

Mycotoxins are secondary metabolic products of low molecular weight generated by diverse
moulds. Aflatoxins are a subclass of mycotoxins mainly produced by Aspergillus flavus and
Aspergillus parasiticus that can contaminate various kinds of foodstuffs. Due to their high toxicity and
carcinogenicity, aflatoxins are of major concern for food producers, the food processing industry,
traders and consumers [1]. Legislation in most countries has set strict maximum permissible limits for
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aflatoxins in the low pg per kg range for many food matrices, e.g. in the United States and the
European Union [2, 3]. Two types of maximum permissible values exist: one refers to aflatoxin B1, the
other to the sum of the four structurally similar aflatoxins B1, B2, G1, and G2 (Figure 1). Aflatoxin
M1 and M2, which are contaminants of dairy products, are not considered in this work.

Figure 1. Structures of the most important aflatoxins B1, B2, G1, G2.
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Aflatoxin protein conjugates are required for bioanalytical applications, e.g. as immunogens for the
generation of selective polyclonal and monoclonal antibodies against aflatoxins and as protein/enzyme
conjugates for enzyme-linked immunosorbent assays (ELISAs). Aflatoxin selective antibodies are
needed not only for immunoanalytical screening methods but also for instrumental analysis with
immunoaffinity chromatography being a standard cleanup procedure prior to high performance liquid
chromatography with fluorescence or mass spectrometric detection [4-6]. As aflatoxins, aflatoxin
protein conjugates, aflatoxin-selective antibodies, complete ELISA Kkits for food screening, and
immunoaffinity columns for sample cleanup are commercially available by a variety of distributors,
the economic importance becomes evident.

A lot of efforts have been made for developing syntheses of useful aflatoxin derivatives and
protein conjugates. For the use of protein conjugates as immunogens in general, the hapten design has
a strong influence on the characteristics of the resulting antibodies, such as sensitivity (affinity
constant) and cross-reactivity pattern concerning structurally similar analytes, here the aflatoxins B1,
B2, G1, and G2. In any case, the structure of the toxin should be affected as little as possible by the
conjugation procedure. This is necessary for generation of highly affine antibodies. Furthermore, the
antibody is likely to recognize the toxin preferentially at the moiety opposite to where it has been
attached to the immunogenic protein [7]. Figure 1 shows the relevant aflatoxins B1, B2, G1, and G2
with their pairwise structural differences at opposite moieties of the molecules with aflatoxins 1 and 2
differing in the 8,9-position on one side and aflatoxins B and G differing in the 1-position on the other
side.

Most established is the conjugation of aflatoxin B1 to a protein in the 1-position by means of a
carboxymethyloxime (CMO) spacer (Figure 2) [8, 9]. By far most of all aflatoxin selective antibodies
produced during the last decade have been generated by immunisations with this (commercially
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available) conjugate. The resulting monoclonal antibodies all show similar selectivities. The affinity to
the aflatoxins usually follows the order AFB1 > AFG1 > AFB2 > AFG2 [10-13]. For this type of
conjugate the cross-reactivity pattern is in accordance with the hapten structure shown in Figure 2. The
corresponding hapten synthesis and antibody production has also been accomplished with aflatoxin B2
[14, 15].

Figure 2. Conventional aflatoxin B1 conjugation via its carboxymethyl oxime developed
by Chu and Ueno [8, 9].
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The motivation for developing novel aflatoxin antibodies is to achieve significantly different cross-
reactivity patterns. Such antibodies would be potentially useful for detecting multiple toxins on a
microarray [16, 17] and for developing antibody-based multidimensional analytical methods for the
determination of cross-reacting toxins as accomplished elsewhere [18-20]. However, this is hardly
possible by using only the conventional immunogen AFB1-CMO-protein. Aflatoxin G specific
antibodies can hardly be obtained by using the standard coupling method because the corresponding
hapten synthesis is not possible with aflatoxin G1/G2. For this purpose, it would also be favorable to
have a conjugation procedure, which leaves untouched the moiety where aflatoxins B and G differ.
Indeed, efforts to conjugate aflatoxins in the 8,9-position have been reported [21-24]. Although it was
shown that aflatoxin bovine serum albumin (BSA) conjugates prepared by aflatoxin derivatisation in
the 8,9-position are useful immunogens that lead to antibodies with interesting specificities [22, 23],
these methods are hardly used today. This may be due to inconvenient hapten/conjugate synthesis,
insufficient  hapten/conjugate  characterisation,  hydrolysis  sensitivity —of the resulting
haptens/conjugates and/or partial destruction of the toxin structure during the conjugation procedure
[21-24].

In this work we present a novel, simple and reliable synthesis for activating aflatoxins in the 8-
position, a simple purification of the haptens by preparative HPLC, conjugation to BSA, and
characterisation of the protein conjugates by MALDI-MS. The syntheses can easily be carried out with
10 mg or less of aflatoxin B1/G1.
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Results and Discussion

A simple, fast and reliable procedure for coupling aflatoxin B1 and G1 in the 8-position by
reaction of the aflatoxin’s enol ether group with glycolic acid is presented. A related reaction has been
used for aflatoxin derivatisation in analytical food chemistry. The detection limits of aflatoxins B1 and
G1 could be lowered for HPLC with fluorescence detection by conversion to their respective
hemiacetals AFB2a and AFG2a during the sample preparation by an enol ether hydrolysis with
concentrated trifluoroacetic acid (TFA) [25-27]. In this work, we modified the procedure by working
preparatively under dry conditions and using glycolic acid as a spacer providing a nucleophilic
hydroxyl group for formation of the aflatoxin acetal in the 8-position on one side and a carboxylic acid
group for subsequent coupling to proteins on the other side (Figure 3).

Figure 3. Conversion of AFB1 and AFG1 to AFB2-GA and AFG2-GA and subsequent
coupling to BSA via N-hydroxysuccinimide-ester (NHS-ester).
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Figure 4A shows a LC-MS run of an aliquot of the reaction mixture with AFB1 as starting
material. The chromatogram (absorption at 355 nm) shows two diastereomeric AFB2-GA products
([M+H]"=389, diastereomeric ratio ~4:1) and only a little AFB2a (~3%, [M+H]"=331) as a reaction
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by-product of AFB1 with water (although working under anhydrous conditions, traces of water could
not be completely excluded). No additional peaks were found with UV detection at lower wavelengths.
A similar chromatogram and mass spectrum (not shown) were obtained with AFG2-GA as product
with the retention times 16.40 min (major diastereomer) and 17.37 min (minor diastereomer) and
[M+H]"=405, [M+H]"=406 (isotopologue) and fragment ion [AFG1+H]"=329 (only a little AFG2a,
~3%, was detected as reaction by-product of AFG1 with water).

Figure 4. A) HPLC run of the reaction mixture with AFB1 as starting material showing
absorption at 355 nm. a: AFB2a, b: AFB2-GA (major diastereomer), c: AFB2-GA (minor
diastereomer), u: not identified. B) ESI-TOF mass spectrum of AFB2-GA (major
diastereomer) showing [M+H]"=389, [M+H] =390 (isotopologue) and [AFB1+H]"=313
(fragment ion). The mass spectrum of AFB2-GA (minor diastereomer) gives the same
m/z and peak ratios.
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Figure 5 shows the 'H-NMR spectrum of AFB2-GA (two diastereomers, ratio ~4:1) initially
purified by preparative HPLC. Only the spectrum of the major diastereomer of AFB2-GA is discussed
in detail including two-dimensional NMR spectra (see Supporting Information). Table 1 contains the
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most important *H- and *C-NMR data of AFB2-GA and AFG2-GA. The H- spectrum of AFB2-GA
(Figure 5 and Table 1) shows some particularities: proton ¢ couples with i’ but not with i, thus
resulting in a doublet; i couples with i’ (geminal) but not with ¢ and d (vicinal), whereas i’ couples
with i, ¢ and d. This lack of vicinal couplings is caused by torsion angles ~90° and were likewise
observed for aflatoxin B2a (the hemiacetal of AFB1) [28]. Protons e and e’ have slightly different
shifts and their signals overlap with proton d (clearly visible in the HSQC spectrum, see Supporting
Information) thus resulting in a multiplet.

Figure 5. "H-NMR spectrum of AFB2-GA in CDCls.
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Table 1. Cont.

BC NMR signals™ ™ B3C NMR signals™ ™

1: 0=202, 2. 0=177, 3: 0=171, 4. 0= 166, 1: 0=161, 2: 0=162, 3: 0=173, 4. 0 =165,
5: 0=162, 6: 0=155, 7: 0=153, 8: 0=117, 9:|5: 0=162, 6: 0 =156, 7: 0 =152, 8: 6 =107, 9:
0=114,10: 0=109, 11: 0=106, 12: 0 =104, 13: | 6 = 114, 10: 0 = 109, 11: 0 = 106, 12: 0 = 103, 13:
0=91, 14: 0=64, 15: 0=56, 16: 0=43, 17:10=91, 14: 0=64, 15. 0=56, 16: 0=43, 17:
0=38,18: 0=235,19: 0= 29. 0=38,18: 0=65,19: 0= 29.

“ NMR shifts are given in ppm relative to CHCl; (*H: 7.26 ppm, **C: 77 ppm).

" Carbons 1, 2, 3, 8,9, 11, 13, 14, 15, 16, 17, 18, and 19 could clearly be identified by means of
the chemical shifts of the *C- spectrum and the DEPT, HSQC and HMBC spectra. Carbons 4, 5,
6, 7, 10, and 12 could be assigned by means of the HMBC spectrum only.

A comparison of the chemical shifts and couplings constants of the proton signals of the two
diastereomers of AFB2a (including Karplus analysis) [28, 29] and AFB2-GA strongly suggests that the
main isomer has an 8S configuration due to attack of glycolic acid on the aflatoxin’s protonated enol
ether group from the sterically less hindered side, as observed elsewhere [29, 30] (note: the o/p
nomenclature in [28] and [29] is not consistent). The NMR spectra of AFG2-GA are similar (not
shown, see Supporting Information). Comparison of the *H- and *3C-NMR spectra of AFB2-GA and
AFG2-GA show significantly differing shifts where expected, particularly concerning protons h, h’
and carbons 1, 2, 8 and 18 (Table 1).

The novel haptens AFB2-GA and AFG2-GA were coupled to BSA by the NHS-ester method
(Figure 3). For the formation of the NHS-ester we used a slight excess of hapten over N,N’-
dicyclohexylcarbodiimide (DCC) to prevent direct reaction of BSA with DCC. For determination of
the mean coupling densities of the BSA conjugates measurement of the UV absorption was compared
with MALDI-MS. The UV measurement was carried out as decribed (Experimental Section) by
calculating the hapten concentration in the sample using Beer-Lambert’s law. Validated extinction
coefficients for AFB2 and AFG2 in methanol were taken as molar absorptivities [31]. The mean
coupling densities were then calculated as the ratio of hapten concentration to protein concentration,
assuming that no losses of protein occurred during synthesis and purification of the conjugates. For
AFB2-GA-BSA a mean coupling density of 13-14 was determined by the UV method, whereas the
MALDI method gave 22-23. For AFG2-GA-BSA 11.5-12.5 was determined by UV, whereas MALDI
gave 17.5-18.5. Thus, it must be concluded that UV measurements using the molar absorptivities of
AFB2 and AFG2 underestimates the real mean coupling densities, as the molar absorptivities of
AFB2-GA and AFG2-GA may be significantly higher than those of AFB2 and AFG2. It is therefore
suggested to determine the mean coupling densities of these conjugates by MALDI-MS. Figure 6
shows the MALDI spectra obtained from a BSA reference sample and AFB2-GA-BSA. A significant
shift of the peak maximum of about Am/z=8400 and relative peak broadening due to a distribution of
coupling density is visible, indicating that conjugates with hapten densities ranging from about 15 to
35 are present. The MALDI spectrum of AFG2-GA-BSA looks similar with a shift of the peak
maximum of approximately Am/z=7000 and significant peak broadening due to coupling densities
ranging from about 12 to 35 (see Supporting Information).
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Figure 6. MALDI spectra of A) BSA and B) AFB2-GA-BSA showing [M+H]" and [M+2H]** peaks.
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We would like to recommend this simple and clean method of aflatoxin conjugation with regard to
potential applications for generation of aflatoxin specific antibodies and development of bioanalytical
methods for determination of aflatoxins. Generation of monoclonal antibodies with the immunogens
decribed here is presently under way in our laboratories.

Experimental Section
Safety note
Aflatoxins, especially aflatoxins B1 and G1, are supposed to be extremely carcinogenic. The

procedure described here minimises health risks. Aflatoxin contaminated material should be
decontaminated with an aqueous solution of sodium hypochlorite (5%).
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General

Aflatoxins B1 and G1 were purchased from Sigma (St. Louis, MO, USA) in amounts of 10 mg per
vial. BSA (Fraction V, ~99%, art. no. A3059) was purchased from Sigma. For the hapten syntheses
dry acetonitrile (max. 10 ppm H,0) from Merck (Darmstadt, Germany) was used. Glycolic acid (H,O
~1%) was purchased from Fluka (Buchs, Switzerland) and dried in a desiccator at ~102 mbar over
phosphorous pentoxide. Trifluoroacetic acid (TFA) (H,O <0.05%), N-hydroxysuccinimide (NHS),
N,N’-dicyclohexylcarbodiimide (DCC), and dioxane (H,O <0.01%), were purchased from Fluka. For
preparative HPLC, gradient grade acetonitrile, deionized water and high purity acetic acid from Merck
was used. LC-MS grade water and methanol was purchased from Riedel-de Haén (Seelze, Germany).
Sephadex G-25 columns were purchased from GE Healthcare Bio-Sciences AB (Uppsala, Sweden).
The NHS-ester formation was carried out in 1 mL vials (Max Recovery) from Waters with screw caps
and non-preslit PTFE/silicone septa. A steel cannula can be pierced through the septum for connection
to the vacuum/argon line for working under water and oxygen free conditions.

For solid phase extraction, a piston pump (A41503) from Knauer (Berlin, Germany) and a C18
cartridge (10x10 mm) from Phenomenex (Torrance, CA, USA) was used. The preparative HPLC
system consisted of a gradient pump (L-6200A) from Merck (Darmstadt, Germany), a six way manual
injection valve (7725) from Rheodyne (Rohnert Park, CA, USA), a C18 column (Gemini, 5 pum,
150%10 mm) from Phenomenex, a UV detector (L-4250) from Merck/Hitachi and a fraction collector
(280.6008.76) from Polymer Laboratories (Shropshire, UK).

Synthesis of AFB2-GA and AFG2-GA and purification by preparative HPLC

In a heated and argon flushed 25 mL Schlenk flask with septum and stirring bar, dry glycolic acid
(1.0 g) was dissolved in dry TFA (4 mL). Aflatoxin B1 or G1 (10 mg) was dissolved in dry acetonitrile
(4 mL) directly in the septum covered vial obtained from the distributor. This solution was added to
the glycolic acid/TFA mixture with a syringe at room temperature while stirring. The reaction mixture
turned yellow-green within seconds. After 20 min of stirring, the solution was added to water (75 mL)
and pumped over a semi-preparative C18 cartridge with subsequent flushing with 1% acetic acid in
water (10 mL). The C18 cartridge was screwed into the six way injection valve of the HPLC system
described above. Gradient elution was applied using acetonitrile and water, both containing 0.1% of
acetic acid, at a flow rate of 4.7 mL/min and the product fraction collected. The linear gradient started
at 20% of acetonitrile for 1 min, then going to 50% of acetonitrile within 25 min. UV absorption was
monitored at 360 nm. The product was collected as a mixture of diastereomers from approximately 10
to 13 min. The solvent of the product fraction was removed in vacuo and the pale yellow, cristalline
product dried overnight under high vacuum. About 10-11 mg of purified product were obtained (an
accurate relative yield of isolated product is not given due to the small amounts of material and the fact
that distributors usually “overfill” their toxin vials). Characterisation by LC-MS and NMR has been
discussed before.
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LC-MS analysis of the reaction mixture

The reaction mixture of AFB2-GA or AFG2-GA (10 pL) was added to water (100 pL). For LC-
MS analysis this mixture (30 pL) was injected into the system consisting of a separations module
(2695) from Waters (Milford, MA, USA), a C18 column (Gemini, 5 um, 100x4.6 mm) from
Phenomenex (Torrance, CA, USA), a post-column split, a UV photodiode array detector (996) from
Waters and an ESI-TOF mass spectrometer (LCT, Waters/Micromass) equipped with a Z-spray source.
Methanol and water, both containing 0.1% of acetic acid, were used as mobile phase. The linear
gradient started with 10% of methanol for 1 min, going to 90% of methanol within 20 min at a total
flow rate of 0.8 mL/min. By means of the post-column split 160 pL/min was pumped into the ESI
source, the rest into the UV detector. The cone voltage of the ESI source was 3000 V, the source
temperature 90 °C, the desolvation gas temperature 130 °C at a nitrogen flow rate of 800 L/h.

Preparation of AFB2-GA-BSA and AFG2-GA-BSA via NHS-ester

In a heated and argon flushed 1 mL vial with a PTFE coated septum screw cap a 0.29 m solution of
NHS in dry dioxane (20 L, 5.87-10"° mol, 1.14 eq) was added to a 12.9 mm solution of AFB2-GA in
dry dioxane (400 pL, 5.15-10°° mol, 1.00 eq) or to a 12.9 mm solution of AFG2-GA in dry dioxane
(416 pL, 5.15-10°° mol, 1.00 eq). A 0.19 m solution of DCC in dry dioxane (25 pL, 4.75:10°° mol,
0.92 eq) was added and the reaction mixture was shaken for 20 h at room temperature (the
dicyclohexylurea by-product starts crystallising out after approximately 12 h). This solution (100 pL)
was then added in one portion to an ice cold 0.13 mm solution of BSA in buffer (0.71 m solution of
NaHCO; in water brought to pH 7.5 by addition of semi-concentrated hydrochloric acid, 227 pL,
2.95.10 8 mol, 5.73-10"2 eq; addition of dioxane raises the pH to 8.5-9.0). The mixture was shaken for
2 h while warming up to room temperature. The conjugation can be followed qualitatively by bare eye,
as the conjugates show a strong yellow-green fluorescence. The conjugates were purified on a
Sephadex G-25 column and PBS (phosphate buffered saline, pH 7.4) as mobile phase. Characterisation
by UV absorption and MALDI-MS has been discussed before.

Measurement of the mean coupling density by UV absorption

An aliquot of a solution of 2.0 mg of purified AFB2-GA-BSA or AFG2-GA-BSA in 1.5 mL PBS
(100 pL) was made up to 1 mL with PBS in a UV transparent cuvette. Absorption spectra were
recorded from 200 to 600 nm with a Beckmann DU 650 UV spectrometer (Fullerton, CA, USA) with
PBS as blank. The absorption at the maximum around 360 nm was taken for further calculation of the
conjugates” mean coupling densities by Beer-Lambert law.

Measurement of the mean coupling density by MALDI-MS
For MALDI measurements, a solution of 2.0 mg of AFB2-GA-BSA or AFG2-GA-BSA in 1.5 mL

PBS (100 pL) was desalted with a Sephadex G-25 column and deionized water as solvent. This
solution (100 pL) was mixed with saturated sinapic acid solution in acetonitrile/0.1% TFA (100 pL,
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2:1, v/v). This mixture (0.5 pL) was applied onto the stainless steel target. Sample drying was carried
out at room temperature. Spectra were recorded after evaporation of the solvent. Molecular mass
determination was performed on a Bruker REFLEX I11 time-of-flight spectrometer (Bruker-Daltonics,
Bremen, Germany). The mass spectrometer was equipped with a pulsed UV-laser (N-laser, 337 nm)
and a 2-GHz digitiser. All measurements were carried out in positive ionisation mode. Mass spectra
were acquired as sums of ion signals generated by the sample irradiation with 60 laser pulses. The
singly and doubly charged ion signals from BSA were used for external mass calibration of all mass
spectra.

NMR spectroscopy

NMR spectra were recorded on a Varian Inova 400 and on a Varian NMR system 400 (Palo Alto,
CA, USA) at 400 MHz (*H) and 100 MHz (*3C). CDCl; was used as solvent.

Supplementary Material
Supplementary material file: http://www.mdpi.org/molecules/papers/ 1203064 1sm.pdf.
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