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butanoyl derivative was found to give the expected Evans syn product, while the hexanoyl derivative 

was found to give the non-Evans syn product, with proof provided by single crystal X-ray diffraction 

analysis. It is proposed that the aldol reaction with the hexanoyl derivative does not proceed through 

the expected Zimmerman-Traxler-type transition state, but rather through an open chain transition 

state similar to that seen for asymmetric alkylation reactions. Synthesis of the pentanoyl derivative, 

and subjecting it to the same aldol reaction gave the expected syn Evans product, as deduced from 

spectroscopic properties. 

When the aldol reaction was attempted with the appropriate aldehyde intermediate, it was found that 

the dibutylboron triflate in the reaction medium caused the cleavage of the O-TBS ether protection, 

resulting in the formation of (3S,5R)-3-(4-methoxybenzyloxy)-5-methyl-tetrahydropyran-2-ol, before 

the aldehyde could undergo the aldol reaction. In order to avoid this problem, it is suggested that an 

alternative protecting group strategy using a more robust protecting group, such as a benzyl group 

which is stable to Lewis acids, could be substituted for the O-TBS group. 
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LIST OF ABBREVIATIONS 

 

AIBN Azobisisobutyronitrile 
  
9-BBN 9-Borabicyclo(3.3.1)nonane 
BH3.DMS Borane-dimethyl sulfide complex 
  
COSY Correlation spectroscopy 
CSA Camphorsulfonic acid 
  
DCM Dichloromethane 
DEAD Diethyl azodicarboxylate 
DET Diethyl tartrate 
DHQ Dihydroquinine 
DHQD Dihydroquinidine 
(DHQ)2PHAL Dihydroquinine 1,4-phthalazinediyl diether 
(DHQ)2PYR Dihydroquinine 2,5-diphenyl-4,6-pyrimidinediyl diether 
DIAD Diisopropyl azodicarboxylate 
DIBALH Diisobutylaluminium hydride 
DIPT Diisopropyl tartrate 
DMAP 4-Dimethylaminopyridine 
DMF Dimethylformamide 
DMSO Dimethyl sulfoxide 
  
EDCI 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 
EI-IT-MS Electron impact ion trap mass spectrometry 
ESI-IT-MS Electrospray ionization ion trap mass spectrometry 
ESI-TOF-MS Electrospray ionization time-of-flight mass spectrometry 
Eu(hfc)3 Europium tris[3-(heptafluoropropylhydroxymethylene)-(+)-

camphorate] 
Eu(fod)3 Europium tris(1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-

octanedionate) 
  
HETCOR Heteronuclear correlation spectroscopy 
HO Higher order 
HPLC High performance liquid chromatography 
HSQC Heteronuclear single-quantum correlation spectroscopy 
HWE Horner-Wadsworth-Emmons 
  
IBX 2-Iodoxybenzoic acid 
Icp2B-allyl B-allyldiisopinocampheylborane 
IR Infrared 
  
LAH Lithium aluminium hydride 
LEM Leucoencephalomalacia 
LiHDMS Lithium bis(trimethylsilyl)amide 
  
MCPBA meta-Chloroperbenzoic acid 
MS Mass spectrometry 
  
NMO N-morpholine oxide 
NMR Nuclear magnetic resonance 
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verticillioides cultures and they were found to reproduce the pathologies. After structure 

elucidation, the fumonisins were found to resemble the phytotoxins known as the AAL -

toxins, produced by Alternaria alternata, a host-specific fungus affecting susceptible tomato 

cultivars.15,16 

More detail regarding the fumonisins and AAL-toxins is discussed in the following sections. 

1.1. THE FUMONISINS 

The fungus Fusarium verticillioides is one of the most common fungal contaminants of maize 

(Zea mays).17 Maize is one of the bases of the food chain, both as a food staple and as feed for 

livestock. Consumption of maize infected with the F. verticillioides was associated with LEM 

in equines, pulmonary oedema in swine and high rates of oesophageal cancer in humans, in 

the Transkei region of South Africa, and in China.18,19 A strong correlation between the 

presence of the F. verticillioides and oesophageal cancer was shown to exist, while there was 

no correlation between oesophageal cancer risk and other Fusarium species also associated 

with maize.20 This made F. verticilliodes an attractive target for study due to its potential 

implications to a number of parties, including maize and livestock farmers, governmental 

regulators and those interested in and affected by food safety. This then led to an extensive 

search for the causal agent of LEM, pulmonary oedema and oesophageal cancer that was 

associated with cultures and extracts of F. verticilliodes. 

1.1.1. Discovery and Structure Elucidation 

In 1988, a previously unknown class of mycotoxins was isolated from cultures of F. 

verticillioides by a process of extensive fractionation of an aqueous methanolic extract of F. 

verticillioides.13 The fractionation process was guided by rat liver histopathology and rat liver 

cancer initiation and promotion bioassays, leading to the isolation of four novel compounds 

showing the desired biological activity.21 These compounds were named fumonisin A1, 

fumonisin A2, fumonisin B1 and fumonisin B2. The structure of the tetramethyl ester of 

fumonisin A1 was elucidated by means of liquid secondary ion mass spectrometry, 1H and13C 

                                                      
15 Bottini, A.T.; Gilchrist, D.G. Tetrahedron Lett. 1981, 22, 2719. 
16 Bottini, A.T.; Bowen, J.R.; Gilchrist, D.G. Tetrahedron Lett. 1981, 22, 2723. 
17 Booth, C. The Genus Fusarium. Commonwealth Mycological Institute: Kew, 1971, p. 237. 
18 Van Rensburg, S.J. S. Afr. Cancer Bull. 1985, 29, 22. 
19 Yang, C.S. Cancer Res. 1980, 40, 2633. 
20 Marasas, W.F.O.; Jaskiewicz, K.; Venter, F.S.; Van Schalkwyk, D.J. S. Afr. Med. J. 1988, 74, 110. 
21 Gelderblom, W.; Jaskiewicz, K.; Marasas, W.; Thiel, P.G.; Horak, R.M.; Vleggaar, R.; Kriek, N. 
Appl. Environ. Microbiol. 1988, 54, 1806. 
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NMR spectroscopy, and chemical derivatization.13 The 13C NMR spectrum, accompanied by 

analysis of results from mass spectrometry led to an empirical formula of C40H69NO16, while 

derivatization with N-methyl-N-trimethylsilyl trifluoroacetamide and acetylation indicated the 

presence of three hydroxyl groups. Base hydrolysis of the tetramethyl ester of fumonisin A1, 

and subsequent methylation of the salt obtained gave trimethyl propane-1,2,3-tricarboxylate 

as a product, indicating the presence of 2 esters with the core propane-1,2,3-tricarboxylic acid 

moiety. This conclusion was supported by 1H-1H and 1H-13C NMR correlation experiments. 

The NMR spectral data also showed the presence and location of methyl groups in the 

compound. The fragmentation pattern in the electron impact mass spectra led to the deduction 

of 3 as the structure for fumonisin A1, as shown in Figure 2. 

The structure of the tetramethyl ester of fumonisin A2 was elucidated by comparison of its 

electron impact mass spectrum fragmentation pattern with that of the tetramethyl ester of 

fumonisin A1, which led to the conclusion that the C-10 hydroxyl group was absent giving 4 

as the structure for fumonisin A2. Comparison of 13C NMR spectral data of fumonisin B1 and 

fumonisin B2 showed a similar pattern to that of the A-class, in that the C-10 hydroxyl group 

is absent in fumonisin B2. 1H and 13C NMR data also showed the absence of the N-acetyl 

group in the B class, giving 5 and 6 as the structures of fumonisin B1 and fumonisin B2, 

respectively.13 

 
Figure 2: The 2-D structure of the first four fumonisins isolated and characterised.13 

 

The tricarballylic fragment could be esterified to the backbone of the fumonisins either 

through one of the terminal carboxyl groups, or via the central carboxyl group of the propane-

1,2,3-tricarboxylate moiety. The mode of linkage was investigated by Boer, and it was found 

that the linkage to the backbone is through one of the terminal carboxyl groups of the 
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tricarballylic acid fragment.22 The strategy made use of the selective reduction of the ester 

function to the alcohol in the presence of the carboxyl groups, generating a 

hydroxydicarboxylate species, which could potentially undergo spontaneous lactone 

formation. If the tricarballylic acid fragment was bound via the central carboxyl group, an 

achiral reduction product would be expected, which could undergo lactonization to give 4-

oxotetrahydrofuran-4-acetic acid. If the tricarballylic acid fragment was bound via a terminal 

carboxyl group, a chiral reduction product would be expected, which could undergo 

lactonization to give the five-membered lactone (2-oxotetrahydrofuran-3-acetic acid), or the 

six-membered lactone (2-oxotetrahydropyran-4-carboxylic acid). 

The reduction was achieved using sodium borohydride in t-BuOH-MeOH, and IR an MS data 

indicated that a lactone had indeed formed. NMR spectral data, and specifically the 

connectivity pattern observed in the HETCOR and COSY experiments and the vicinal 

coupling constants showed that 2-oxotetrahydrofuran-3-acetic acid was the product, and led to 

the conclusion that the tricarballylic fragment was indeed bound by a terminal carboxyl 

group, and that the tricarballylic fragment contains an additional stereocentre, whose 

configuration was not known at the time. 

After isolation and characterisation, fumonisin B1 was shown to be a carcinogen and a 

hepatotoxin in rats,21 providing evidence that the fumonisins were responsible for the 

carcinogenic and hepatotoxic effects observed after consumption of maize contaminated by F. 

verticillioides. Fumonisin B1 was also shown to cause LEM in horses when dosed 

intravenously23 and orally,24 and pulmonary oedema in pigs when dosed intravenously,25 

conclusively pointing to the fumonisins as the culprits for the numerous adverse biological 

effects associated with consumption of maize contaminated with F. verticillioides. 

Although the 2-dimensional structures had been elucidated, the relative and absolute 

configuration of the multiple stereocentres remained to be solved, and an investigation into 

the stereochemistry of the toxin was performed by Boer.22 It was immediately noticed that the 

basic structure of the fumonisins was strikingly similar to that of the AAL toxins (as shown in 

                                                      
22 Boer, A. Stereochemical studies on the fumonisins, metabolites of Fusarium moniliforme. M.Sc. 
Dissertation, University of Pretoria, Pretoria, May 1992. 
23 Marasas, W.F.O.; Kellerman, T.S.; Gelderblom, W.C.A.; Coetzer, J.A.W.; Thiel, P.G.; van der Lugt, 
J.J. Onderstepoort J. Vet. Res. 1988, 55, 197. 
24 Kellerman, T.S.; Marasas, W.F.O.; Thiel, P.G.; Gelderblom, W.C.A.; Cawood, M.; Coetzer, J.A.W. 
Onderstepoort J. Vet. Res. 1990, 57, 269. 
25 Harrison, L.R.; Colvin, B.M.; Greene, J.T.; Newman, L.E.; Cole, J.R. J. Vet. Diagn. Invest. 1990, 2, 
217. 
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Figure 3) and the structure and absolute stereochemistry of AAL-toxin TA had previously 

been described.26 Due to this resemblance, it was likely that the two classes of toxins were 

biosynthesised via similar pathways, and it was suggested that there would be a relationship 

between the stereochemistry of the backbones. 

 
Figure 3: Similarity between AAL Toxin TA and fumonisin B1, showing the proposed 

stereochemistry for fumonisin B1
22 and fumonisin B2.27 

Boer proposed the structure shown in Figure 3 to possess the stereochemistry of the backbone 

of fumonisin B1 (9).22 This conclusion was reached using a systematic approach in the study 

of the relative configuration of the stereocentres on the right half and left half of the 

fumonisin toxins, followed by the determination of the absolute configuration of a single 

stereocentre on each half. 

 

 
Figure 4: Hydrolysed fumonisin and AAL toxins used in the determination of the 

configuration of the backbone. 

                                                      
26 Boyle, C.D.; Harmange, J.C.; Kishi, Y. J. Am. Chem. Soc. 1994, 116, 4995. 
27 Harmange, J.C.; Boyle, C.D.; Kishi, Y. Tetrahedron Lett. 1994, 35, 6819. 
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C-1 for the various derivatives. Comparison of chemical shift values at C-2 and C-4 of AAL-

toxin TA and C-3 and C-5 of fumonisin B2 indicated that these two stereocentres have the anti 

relative configuration, though this remained to be proved. 

Based on the above analysis, it was proposed that the backbone 11 had one of three possible 

configurations (13, 14 and 15 in Figure 5), or enantiomers thereof, and these compounds 

were synthesised by a fragment-based approach, involving the coupling of the desired 

fragments using Wittig methodology to prove their proposed structure. The relative 

stereochemistry of the two halves was established by comparison of the 1H NMR spectra of 

the hydrochloride salts of 13 and 14 with the hydrochloride salt derived from 11, which then 

proved that the stereochemical relationship between C-2, C-3 and C-5 was as shown in 13. 

Pentaacetate derivatives were then synthesised to establish the stereochemical relationship 

between the two halves as 11, 13 and 15 all give indistinguishable 1H NMR spectra due to the 

distance between the two groups of functionality on the backbone. The response of each of 

these compounds to an achiral shift reagent [Eu(fod)3] was investigated, with pentaacetate 15 

behaving differently to the pentaacetate of 11, while the pentaacetate of 13 behaved 

identically. This established 13 as the relative stereochemistry of the backbone. The absolute 

stereochemistry was deduced by investigating the response of the pentaacetates of 13 and 11 

to a chiral shift reagent [(+)-Eu(hfc)3]. The two compounds behaved differently in this chiral 

environment, implying that the natural fumonisin derivative was the enantiomer of 13, giving 

8 as the absolute configuration of the backbone of fumonisin B2, which corresponded to the 

proposed structure based solely on comparison with data from AAL-toxin TA, and confirmed 

the result of Boer.22 

 

Figure 5: Diastereomers synthesised for absolute configuration assignment of fumonisin B2.27 

The absolute configuration of fumonisin B1 was proven shortly after that of fumonisin B2,  
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fumonisins. To date, numerous other analogues of fumonisin B1 and fumonisin B2 produced 

by Fusarium and other fungi, including Aspergillus niger,37 have been described. The 

complete set of fumonisins is classified into four series, namely A, B, C, and P. Only 

fumonisins A1, A2, B1, B2, B3, B4, C1 and C4 have been fully described. The members of these 

series are summarised below. 

The A series are characterised by a C20 backbone, with an acetylated amino group on C-2, 

with varying degrees and sites of hydroxylation, as shown in Figure 7 and Table 1. Some 

members of the class exist as monoesters of tricarballylic acid (TCA), while others are not 

esterified to TCA at all. Varying degrees of oxidation have also been observed, with the 

hydroxyl group on C-15 (which is usually esterified to TCA) oxidised to a ketone. 

 

Figure 7: Basic structure of fumonisins of the A series. 

Table 1: Substitution pattern of the fumonisins of the A series. 

Analogue R1
 R2 R3 R4 

FA1 OH OH TCA TCA 
FA2 OH H TCA TCA 
FA3 H OH TCA TCA 
FA4 H H TCA TCA 
PHFA3a H OH OH TCA 
PHFA3b H OH TCA OH 
HFA 3 H OH OH OH 
FAK 1 OH OH TCA =O 

 

Fumonisins of the B series also have C20 backbones as shown in Figure 8, but the amino 

group is not acetylated. Like the A series, some members exist as monoesters of tricarballylic 

acid (TCA), while others are not esterified to TCA at all. Varying degrees of oxidation have 

also been observed, with the hydroxyl group at C-15 oxidised to the ketone. Epimers at C-3 of 

                                                      
37 Nielsen, K.F.; Mogensen, J.; Johansen, M.; Larson, T.O.; Frisvad, J.C. Anal. Bioanal. Chem. 2008, 
395, 1225. 
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FB3 and FB4 have also been identified, with all known structures described in Table 2.38 

 

 
 

Figure 8: Basic structure of fumonisins of the B series. 

Table 2: Substitution pattern of the fumonisins of the B series. 

Analogue R1
 R2 R3 R4 R5

 

FB1 H OH OH TCA TCA 
Iso-FB1 OH H OH TCA TCA 
PHFB1a H OH OH OH TCA 
PHFB1b H OH OH TCA OH 
HFB1 H OH OH OH OH 
FBK 1 H OH OH TCA =O 
FB2 H OH H TCA TCA 
FB3 H H OH TCA TCA 
FB4 H H H TCA TCA 
FB5 Known to have a hexahydroxyl backbone 
FB6 OH OH H TCA TCA 

 

Fumonisins of the C series have C19 backbones as shown in Figure 9, with the methyl group 

at the amino end of the molecule absent. To date, all characterised members of this series 

exist as diesters of TCA, with the individual members described in Table 3. 

 

Figure 9: Basic structure of fumonisins of the C series. 

 

                                                      
38 Gelderblom, W.C.A., Sewram, V., Shephard, G.S., Snijman, P.W., Tenza, K., van der Westhuizen, 
L., Vleggaar, R. J. Agric. Food Chem. 2007, 55, 4388. 
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protonated ions and retention times on a C18 HPLC column. The results of the above 

investigation seemed to show that the tricarballylic acid moiety is not always bound at C-14 

and C-15, and in some cases, the esterified acid is not tricarballylic acid, but other common 

carboxylic acids, including cis-aconitic acid, oxalylsuccinic acid and oxalylfumaric acid. 

Numerous isomers of known fumonisins were also detected. These structures are still to be 

confirmed by other techniques such as NMR spectroscopy and X-ray crystallography. 

In a second study Bartok et al.40 detected twenty eight isomers of fumonisin B1 including the 

single known iso-FB1 shown above using reversed phase high performance liquid 

chromatography/electrospray ionisation time-of-flight mass spectrometry (RP-HPLC/ ESI-

TOF-MS) and RP-HPLC/ ESI-IT-MS. No indication of the structures of these isomers was 

given, though was postulated that these isomers may be the result of variations in 

stereochemistry and site of esterification of the TCA moiety. 

Though the number of fumonisins continues to grow, fumonisins B1, B2, and B3 remain the 

most significant due to them being the predominant fumonisin isolates from rice and maize 

cultures, accounting for 70-80%, 15-25% and 3-8% of total fumonisins, respectively.41 

1.1.2. Synthetic Studies 

Fumonisin B1 and fumonisin B2 were attractive targets for synthesis after their structure 

elucidation was complete. The presence of eight and seven stereocentres on the backbone of 

fumonisin B1 and B2, respectively, as well as the single stereocentre and site of esterification 

of the tricarballylic acid on the polyhydroxyl backbone offered a unique challenge to 

synthetic chemists. Synthesis of the toxins would also allow for confirmation of the assigned 

stereochemistry by comparison of spectroscopic data and physical properties. A simple 

synthetic route could also offer access to other diastereomers or analogs, allowing for 

investigation of structure-activity relationships to establish the mechanism of action of the 

fumonisin toxins. 

The first published synthesis of a fumonisin was the enantioselective total synthesis of 

fumonisin B2 by Shi et al.,42 which, without the hydroxyl group on C-10, was a simpler target 

than fumonisin B1. To determine the synthetic targets, the toxin was divided into two distinct 

                                                      
40 Bartok, T.; Tölgyesi, L.; Szekeres, A.; Varga, M.; Bartha, R.; Szécsi, Á.; Bartok, M.; Mesterházy, Á. 
Rapid Comm. Mass Spectrom. 2010, 24, 35. 
41 Rheeder, J.P.; Marasas, W.F.O.; Vismer, H.F. Appl. Environ. Microbiol. 2002, 68, 2101. 
42 Shi, Y.; Peng, L.; Kishi, Y. J. Org. Chem. 1997, 62, 5666. 
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Scheme 5: Synthetic approach to a hexaacetyl derivative of hydrolysed fumonisin B1. 

 
Reagents: a. Ref. 45; b. CH3(CH2)2CH2PPh3Br, n-BuLi; c. i). H2Pd/C, separation, ii). 
Ca/NH3, iii). IBX, DMSO, iv). NaBH4, v). BnBr, NaH, vi). CH3COOH, H2SO4; d. i). 
NaIO4, ii). (MeO)2POCH(CH3)COOEt, NaH; e. i). K2CO3, ii). DIBALH; f. i). iPrOH, 
CSA, ii). Rh/Al 2O3, H2; g. i). CH3COOH, H2SO4 ii). CH3PPh3I, n-BuLi, iii). BnBr, 
NaH; h. i). 9-BBN, NaOH, H2O2, ii). (COCl)2, DMSO, Et3N, iii). Propargyl bromide, 
Zn, NH4Cl, separation, i. BnBr, NaH, j. Ref 46; k. i). CH3COOH, ii). TBSCl, 
imidazole, iii). NaH, CS2, MeI, iv). Bu3SnH, AIBN, v). TsOHvi). BF3.Et2O, 
HS(CH2)2SH; l. i). Raney Ni, ii). pentan-3-one, CSA, iv). BnBr, NaH, v).TsOH, vi). 
TsCl, pyridine, vi). NaH; m. 53, n-BuLi, BF3.Et2O; n. i). MeNH2-MeOH, ii). Ac2O, 
Et3N, iii). Pd(OH)2, H2, iii). Ac2O, Et3N. 

 

benzylation with BnBr and NaH gave alkene (51) as product. The alkene was subjected to 

hydroboration-oxidation in the presence of 9-BBN, NaOH and H2O2, and the alcohol oxidised 

by a Swern protocol giving the aldehyde which was alkylated with propargyl bromide in the 

presence of zinc and aqueous ammonium chloride. The product was a diastereomeric mixture 
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Scheme 6: Synthesis of fumonisin B1 by Pereira et al.48 

 
Reagents: a. i). EtMgBr, TIPSCl, ii). Dess-Martin periodinane; b). CSA; c. i). VO(acac)2, 
t-BuOOH, ii). PPh3, DIAD, AcOH, K2CO3 iii). Ti(O iPr)2(N3)2; d. i). TBAF, ii). NaH, 
BnBr; e. i). Ti(OiPr)4, (R,R)-DIPT, t-BuOOH, ii). Me3Al; f. i). PhCH(OMe)2, TsOH, ii). 
DIBALH, iii). IBX, DMSO; g. i.) Et3N, TBSCl, ii). (COCl2), DMSO, Et3N; h. n-BuLi; i. 
i). Bu2BOTf, Et3N, 73, ii). LiOH, iii). TMSCHN2; j. TMSOTf; k. i). 2-benzyloxy-N-
methylpyridinium triflate, MgO, PhCF3, ii). MeMgBr, CuI, (R)-Tol-BINAP, iii). BCl3, 
iv). Me2C(OMe)2, TsOH, v). Me(MeO)NH.HCl, iPrMgCl; l. i). n-BuLi, ii). (R)-CBS, 
catecholborane; m. i). NaH, BnBr, ii). Amberlite-120 (H+), iii). 20, EDCI, DMAP; n. H2, 
Pd(OH)2, HCl. 
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established that the fumonisins were responsible for the most prevalent effects, their 

simultaneous structure elucidation hinted at their possible mechanism of action, in that the 

fumonisins resemble a subclass of lipids known as the sphingolipids in their two-dimensional 

structure. 

The sphingolipids are a class of lipids with a wide variety of functions within biological 

systems. Sphingolipids consist of a characteristic structural unit, which may be linked to other 

biological molecules giving the functional sphingolipids. This characteristic structural unit is 

sphingosine (79) in animals, and phytosphingosine (80) in plants, with the structures of these 

components shown in Figure 12.50 The fumonisins resemble these structural units and their 

actions are thought to be as a result of this resemblance.  

 

Figure 12: Structure of sphingosine and phytosphingosine. 

Sphingolipids have two broad roles within cells. They play an important role in the structure 

of membranes, and are also involved in the regulation of cellular activities.47 The regulatory 

sphingolipids include sphingosine itself and derivatives thereof. Sphingosine and sphingosine-

1-phosphate affect cell growth,51 differentiationand motility,52,53 calcium storage54 and the 

activity of numerous enzymes, including protein kinase C (an important regulatory enzyme).55 

N-acyl sphingosine (where the acyl portion is a fatty acid such as stearic acid, 

CH3(CH2)14COOH), known as a ceramide (81), is thought to be a secondary messenger and 

anti-proliferation agent within the cell.56 Glycosylated ceramide derivatives (82), such as 

                                                      
50 Shier, W.T.; Shier, A.C. Toxin Rev. 2000, 19, 189. 
51 Olivera, A.; Spiegel, S. Nature 1993, 365, 557. 
52 Merril, A.H.; Sereni, A.M.; Stevens, V.L.; Hannun, Y.A.; Bell, R.M.; Kinkade, J.M. J. Biol. Chem. 
1986, 261, 12610. 
53 Igarashi, Y.; Sadahira, Y.; Yamamura, S.; Hakomori, S. Inhibition of Mouse B16 Melanoma Cell 
Motility by Sphingosine-1-Phosphate Eicosanoids and Other Bioactive Lipids. In Cancer, 
Inflammation, and Radiation Injury. Honn, K.V. (Ed.), Plenum Press: New York, 1997, p. 693. 
54 Gosh, T.K.; Bian, J.; Gill, D.L. Science 1990, 248, 1653. 
55 Ogawa, T.; Hakomori, S. J. Biol. Chem. 1990, 265, 5385. 
56 Olivera, A.; Spiegel, S. J. Biol. Chem. 1992, 267, 26121. 
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cerebrosides and gangliosides as shown in Figure 13 also play regulatory roles, and are 

thought to be involved in a diverse array of functions within the cell including cell adhesion,57 

transmembrane signalling,58 and transmembrane transport.59 The predominant structural 

sphingolipids, known as sphingomyelins (83), consist of ceramides bound to choline by a 

phosphodiester bond at the primary hydroxyl group.50 Evidence of the importance of 

sphingolipids in the structural integrity of membranes is provided by treatment of cells with 

sphingomyelinase enzymes (which are components of some bacterial toxins and arachnid 

venoms), producing cytolysis and membrane disruption due to their hydrolytic action at the 

phosphodiester bond of the sphingomyelins.60 

 

 

Figure 13: A ceramide, glycosylated ceramide and sphingomyelin. 

The biochemical pathways of sphingolipid production and breakdown have been thoroughly 

studied, and is shown in Scheme 7.61,62,63 De novo sphingolipid biosynthesis begins with the 

transferase catalysed condensation of palmitoyl-coenzyme A (84) with serine (85) giving 3-

ketosphinganine (86), which undergoes an enzymatic stereoselective reduction to 

dihydrosphingosine (87) (also known as sphinganine). Dihydrosphingosine is then acylated 

by ceramide synthase (also known as sphingosine N-acyl transferase), giving a dihydro-

                                                      
57 Shayman, J.A.; Deshmukh, G.D.; Mahdiyoun, S.; Thomas, T.P.; Barcelon, F.S.; Radin, N.S. J. Biol. 
Chem. 1991, 266, 22968. 
58 Hakamori, S.I. Perspectives in Cancer Res. 1996, 56, 5309. 
59 Sandvig, K.; Dubinina, E.; Garred, O.; Prydz, K.; Kozlov, J.V.; Hansen, S.H.; van Deurs, B. 
Biochem. Soc. Trans. 1992, 20, 724. 
60 Harvey, A.L. Cytolytic Toxins. In Handbook of Toxinology. Shier, W.T., Mebs, D. (eds.), Marcel 
Dekker, Inc.: New York, 1990, p. 1. 
61 Merrill, A.H.; Schmelz, E-M.; Dillehay, D.L.; Spiegel, S.; Shayman, J.A.; Schroeder, J.J.; Riley, 
R.T.; Voss, K.A.; Wang, E. Toxicol. Appl. Pharmacol. 1997, 142, 208. 
62 Merrill, A.H.; Sullards, M.C.; Wang, E.; Voss, K.A.; Riley, R.T. Environ. Health Perspect. 2001, 
109, 283. 
63 WHO. Fumonisin B1 (Environmental Health Criteria 219). International programme on chemical 
safety. World Health Organization: Geneva, 2000. 

 
 
 



28 
 

ceramide (88), which undergoes enzymatic desaturation to give a ceramide (81). Interestingly, 

the regulating sphingolipid sphingosine is not an intermediate in the de novo synthesis of 

sphingolipids, but is produced by the hydrolysis of ceramides by ceramidase. Sphingosine is 

also a substrate for ceramide synthase and can be acylated giving a ceramide, allowing for a 

constant turnover of sphingolipids, without the need for complete de novo synthesis.60 

Ceramides produced by this pathwaycan then be modified by glycosylation or 

phosphorylation to give to give various other structural and regulatory sphingolipids. 

Due to the structural resemblance between dihydrosphingosine (sphinganine) and the 

backbone of the fumonisins, it was thought that the fumonisins may affect the biosynthesis of 

sphingolipids in some way. Soon after the elucidation of the two-dimensional structure of the 

fumonisins, the first studies into the mechanism of action of the fumonisins were published, 

and the expected result was confirmed. 

 

 
 

Scheme 7: Biosynthesis of ceramides. 

 
The first indication of the effect of fumonisins on sphingolipid biosynthesis was in a study on 
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N-acylated fumonisins (fumonisin A1 and fumonisin A2), which have been found to have as 

little as 2% of the ability of fumonisin B1 in inhibiting ceramide synthase.69 

The observed cellular and macroscopic pathologies associated with ingestion of the toxins is 

thought to be related to the disruption of sphingolipid biosynthesis. The mechanism of the 

induction of these effects is not clear, though there is evidence that some pathways involved 

in these biological events are mediated or affected by sphingolipids, and a disruption of 

biosynthesis of sphingolipids would be expected to affect these pathways. Before the 

elucidation of the structure of the fumonisins and their mechanism of action, the mascroscopic 

effects that were associated with the fumonisins appeared to be unrelated. 

The consumption of Fusarium-contaminated maize was associated with four pathologies- 

namely, equine leukoencephalomalacia (LEM), pulmonary oedema and hydrothorax in swine, 

oesophageal cancer in humans and rat liver cancer, before the causal agent was determined.70 

Due to fumonisin B1 being the major fumonisin found in most samples of affected maize, 

most subsequent studies on animals have involved fumonisin B1, which has been proven to be 

the causal agent of all of the above pathologies, amongst others. 

Fumonisin B1 is known to cause LEM in horses, a disease characterised by necrotic lesions 

predominantly in the white matter of the cerebrum, which is usually fatal.24 Both oral and 

intravenous dosing of fumonisin B1 has been shown to cause the disease, with the dose 

required to produce symptoms being quite low, at around 0.125 mg/kg body weight/day for 7 

days for intravenous dosing23 and 44.3 mg/kg over 29 days by oral dosing.24 The neurological 

symptoms are often accompanied by pathology of liver cells.71 

Pulmonary oedema and hydrothorax are also associated with consumption of maize 

contaminated with fumonisin B1 by pigs.72 The main symptoms observed include massive 

fluid build-up in the thoracic cavity, with marked swelling of lung tissue. An intravenous dose 

of 0.4 mg/kg body weight/day was found to be fatal after five days, showing that small doses 

of the toxin are sufficient to produce the pathology. These symptoms were accompanied by 

pathological changes in both the liver (cell enlargement, fibrosis) and pancreas (necrosis, 

                                                      
69 Merrill, A.H.; Wang, E; Vales, T.R.; Smith, E.R.; Schroeder, J.J.; Menaldino, D.S. Adv. Exp. Med. 
Biol. 1996, 392, 297. 
70 Marasas, W.F.O. Environ. Health Perspect. 2001, 109 (Suppl. 2), 239. 
71 Ross, P.F.; Ledet, A.E.; Owens, D.L.; Rice, L.G.; Nelson, H.A.; Osweiler, G.D.; Wilson, T.M. J. Vet. 
Diagn. Invest. 1993, 5, 69. 
72 Harrison, L.R.; Colvin, B.M.; Greene, J.T.; Newman, L.E.; Cole, J.R. J. Vet. Diagn. Invest. 1990, 2, 
217. 
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morphology changes). The oedema is thought to be caused by reduced mechanical efficiency 

of the left ventricle,73 caused by disruption of sphingolipid metabolism. 

Epidemiological studies have found a link between the consumption of fumonisin-

contaminated maize and increased risk for neural tube defects in human populations in 

China,74 southern Africa75 and the United States of America.76 Neural tube defects in mouse 

studies have been directly linked to folate uptake, where the gene coding for the folate 

receptor (Folbp1) has been disrupted.77 The folate receptor is known to be a 

glycophosphatidylinositol (GPI) anchored receptor, which is anchored in lipid rafts, whose 

structure is stabilised by the presence of complex glycosphingolipids.78 It has been shown in 

mouse embryo models that the fumonisins disrupt folate uptake, and that the disruption can be 

reduced by introducing glycosphingolipids, indicating that the disruption of sphingolipid 

metabolism by fumonisins likely affects folate uptake, causing the observed neural tube 

defects.79 

Consumption of fumonisin-containing maize has also been associated with high incidences of 

oesophageal cancer in humans in studies in southern Africa,80 Italy,81 Iran82 and the USA,83 

while studies in China seemed to indicate a link between fumonisins and promotion of 

primary liver cancer.84,85 Evidence of the carcinogenicity of the fumonisins has been found in 

animal models, with the kidney and liver appearing to be the main sites of carcinogenesis. 

Fumonisin B1 has been shown to be a tumour promoter,21 and not a tumour initiator86 in rats, 

with different strains and sexes showing different targets. As a result of these studies, the 

                                                      
73 Constable, P.D.; Smith, G.W.; Rottinghaus, G.E.; Haschek, W.M. Toxicol. Appl. Pharmacol. 2000, 
162, 151. 
74 Melnick, M.; Marazita, M.L. J. Craniofac. Genet. Dev. Biol. 1998, 18, 233. 
75 Ncayiyana, D.J. S. Afr. Med. J. 1986, 69, 618. 
76 Hendricks, K. Epidemiology 1999, 10, 198. 
77 Piedrahita, J.A.; Oetama, B.; Bennett, G.D. Nat. Genet. 1999, 23, 228. 
78 Elortza, F.; Nuhse, T.S.; Foster, L.J. Mol. Cell Proteomics 2003, 2, 1261. 
79 Gelineau-van Waes, J.; Starr, L.; Maddox, J.; Aleman, F.; Voss, K.A.; Wilberding, J.; Riley, R.T. 
Birth Defects Res., Part A. 2005, 73, 487. 
80 Sydenham, E.W.; Thiel, P.G.; Marasas, W.F.O.; Shephard, G.S.; Van Schalkwyk, D.J.; Koch, K.R. J. 
Agric. Food Chem. 1990, 38, 1900. 
81 Franceschi, S.; Bidoli, E.; Baron, A.E.; La Vecchia, C. J. Natl. Cancer I. 1990, 82, 1407. 
82 Shephard, G.S.; Marasas, W.F.O.; Leggott, N.L.; Yazdanpanah, H.; Rahimian, H.; Safavi, N. J. Agr. 
Food Chem. 2000, 48, 1860. 
83 Gelderblom, W.C.; Marasas, W.F.O.; Vleggaar, R.; Thiel, P.G.; Cawood, M.E. Mycopathologia 
1992, 117, 11. 
84 Chu, F.S.; Li, G.Y. Appl. Environ. Microbiol. 1994, 60, 847. 
85 Li, F.Q.; Yoshizawa, T.; Kawamura, O.; Luo, X.Y.; Li, Y.W. J. Agric. Food. Chem. 2001, 49, 4122. 
86 Gelderblom, W.C.A.; Semple, E.; Marasas, W.F.O.; Farber, E. Carcinogenesis 1992, 13, 433. 

 
 
 





33 
 

while the oxygen atom of the hydroxyl group at C-3 was found to be derived from acetate.95 

The origin of the tricarballylic ester moiety is still unclear, though it is thought that it 

originates from the citric acid (Krebs) cycle.93 

 

Scheme 8: Biosynthesis of fumonisin B1, showing the origin of each of the components.97 

The acetate derived backbone of the fumonisins could be derived from two possible 

biosynthetic routes, one via fatty acid biosynthesis, and the other polyketide biosynthesis, 

with both pathways known to use acetate as a C2 building block. It was shown that fumonisins 

are most likely produced by a polyketide synthesis pathway in a study where disruption of the 

FUM1 (previously FUM5) gene resulted in a 99% reduction in fumonisin production.96 The 

carbon backbone of the fumonisins is synthesised by a highly reducing polyketide synthase 

(Fum1p), coded for by the FUM1 gene located within the FUM gene cluster. The synthase is 

responsible for producing a highly reduced, dimethylated C18 alkyl chain, through the action 

of a set of seven individual functional domains within the synthase.97 The product of the 

FUM8 gene (Fum8p) is thought to be responsible for condensing the highly reduced 

polyketide with L-alanine, while simultaneously offloading the newly synthesised alkyl chain 

                                                      
95 Caldas, E.D.; Sadilkova, K.; Ward, B.L.; Jones, A.D.; Winter, C.K.; Gilchrist, D.G. J. Agric. Food 
Chem. 1998, 46, 4734. 
96 Proctor, R.H.; Desjardins, A.E.; Plattner, R.D.; Hohn, T.M. Fungal Genet. Biol. 1999, 27, 100. 
97 Gerber, R.; Lou, L.; Du, L. J. Am. Chem. Soc. 2009, 131, 3148. 
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from the synthase97 giving a 3-keto intermediate. FUM13 produces a ketoreductase (Fum13p), 

which stereoselectively reduces the ketone to the hydroxyl group on C-3.98 The subsequent 

hydroxylations and esterifications have been less well studied.99 It is thought that hydroxyls at 

C-14 and C-15 are introduced by a P450 oxygenase (Fum6p) coded for by FUM6, while the 

hydroxyl at C-10 is introduced by a similar oxygenase (Fum12p), coded for by FUM12.100 

The product of FUM14 (Fum14p) is thought to be responsible for esterification of C-14 and 

C-15 with tricarballylic acid,101 and the product of FUM3 (Fum3p) introduces the hydroxyl at 

C-5, giving fumonisin B1.102 The biosynthesis is summarised in Scheme 8. 

1.2. THE AAL  TOXINS 

The AAL toxins are a class of host specific phytotoxins affecting tomato plants, produced by 

the fungus Alternaria alternata f. sp. lycopersici.15 The toxins are known to produce stem 

canker disease in susceptible tomato varieties (such as Lycopersicon esculentum Mill), giving 

rise to cankerous spots on the stem, and necrosis of leaves around the midrib.103 

1.2.1. Discovery and Structure Elucidation 

In 1976 a host specific toxin was isolated from Alternaria alternata and chemically 

characterised.104 This toxin was chemically distinct from other toxins previously isolated from 

Alternaria alternata, and was found to reproduce the symptoms of stem canker disease in 

certain cultivars of tomato plants while other varieties of tomatoes as well as representatives 

from sixteen genera of nine plant families were found to be unaffected significantly by the 

toxin. The disease and symptoms were indistinguishable from those caused by infection of 

Alternaria alternata f. sp. lycopersici, leading to the conclusion that the new isolate was 

indeed a host-specific toxin. 

Five years after the toxin was first identified, more detail began to emerge about the chemical 

nature of the toxins. It was found that the toxin as isolated in 1976 actually contained two 

fractions which were separable by isoelectric focussing, or by thin layer chromatography. 

                                                      
98 Yi, H.; Bojja, R.S.; Fu, J.; Du, L. J. Agric. Food Chem. 2005, 53, 5456. 
99 Du, L.; Zhu, X.; Gerber, R.; Huffman, J.; Lou, L.; Jorgenson, J.; Yu, F.; Zaleta-Rivera, K.; Wang, Q. 
J. Indust. Microbiol. Biotech. 2008, 35, 455. 
100 Bojja, R.S.; Cerny, R.L.; Procter, R.H.; Du, L. J. Agric. Food Chem. 2004, 52, 2855. 
101 Zaleta-Rivera, K.; Xu, C.; Yu, F.; Butchko, R.A.; Proctor, R.H.; Hidalgo-Lara, M.E.; Raza, A.; 
Dussault, P.H.; Du, L. Biochem. 2006, 45, 2561. 
102 Ding,Y.; Bojja, R.S.; Du, L. Appl. Environ. Microbiol. 2004, 70, 1931. 
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These fractions were named AAL -toxin TA and AAL -toxin TB, and both were found to 

induce stem canker in susceptible tomato cultivars.16 A detailed study into the structure of 

AAL -toxin TA was undertaken, using mass spectrometry, chemical derivatization and NMR 

spectroscopy. Base hydrolysis of AAL-toxin TA gave propane-1,2,3-tricarboxylic acid (96) 

and an aminopentol (12) as shown in Figure 14, whose molecular formula was determined to 

be C19H41NO5 by high resolution mass spectrometry of the methylated and deuteriomethylated 

aminopentol. Subsequent analysis of the daughter ions produced by fragmentation led to the 

deduction of the molecular formula, and consequently structure of some of the fragments. 

Proton-coupled 13C NMR spectroscopy (chemical shift values and coupling pattern) 

established the connectivity of some of the identified fragments. By comparing the chemical 

shift values obtained in the experiment with those calculated by the Lindeman-Adams rule 

and parameters from Wehrli and Wirthlin, the location of the two methyl groups was 

established. Proton NMR spectroscopy confirmed the above conclusions, and analysis of the 

coupling constants between protons on the left side of the aminopentol led to the conclusion 

that the absolute configuration at the stereocentres at C-2, C-4 and C-5 were all either R or S. 

 

Figure 14: Structure of aminopentol and tricarballylic acid as derived from AAL-toxin TA. 

The AAL -toxin TA was found to have both a major and minor component on the 13C NMR 

spectrum, and after examination of chemical shifts in the 13C and 1H NMR spectra, it was 

found that these components differed by the site of esterification of the tricarballylic acid, 

with the major component (AAL -toxin TA1) being the ester of the terminal carboxyl of the 

tricarballylic acid and the hydroxyl on C-13, and the minor component (AAL -toxin TA2) to 

be the ester at C-14.16 It was also speculated in the same paper, that the AAL-toxin TB 

fraction had the same carbon skeleton, but lacked the hydroxyl group at C-5, and was thought 

to have different absolute configuration at the right side of the backbone.  

The fumonisins were discovered before any further reports on the structure of the AAL toxins 

were published. The 2-D structure elucidation of the fumonisins showed that they bore 

resemblance to the 2-D structure of the AAL-toxins, though differences were apparent. The 

fumonisins had an additional carbon at the amino end, and two additional carbons at the other 

end, while the remaining functionality on the backbone remained the same. As a result, much 

of the investigation into the structure of the fumonisins (which had a wider range of biological 

effects, therefore attracting more attention) was accompanied by simultaneous study of the 
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Table 5: AAL -toxin analogues. 

Analogue R1 R2 R3 R4 R5 
AAL -toxin TA1 H OH OH TCA H 
AAL -toxin TA2 H OH OH OH TCA 
AAL -toxin TB1 H OH H TCA H 
AAL -toxin TB2 H OH H OH TCA 
AAL -toxin TC1 H H H TCA H 
AAL -toxin TC2 H H H OH TCA 
AAL -toxin TD1 COCH3 OH H TCA H 
AAL -toxin TD2 COCH3 OH H H TCA 
AAL -toxin TE COCH3 H H TCA H 
AAL -toxin E2 COCH3 H H H TCA 

 

1.2.2. Synthetic Studies 

After the elucidation of the structure of the AAL-toxins, the mode of action of the toxins was 

of interest, especially since the fumonisins seemed to exhibit a broader spectrum of activity, 

while having a structure remarkable similar to that of the AAL-toxins. In order to study the 

mode of action, it is required to know the role that the structural features of the toxin play in 

the observed toxicity. To do this, a structure-activity relationship (SAR) study is required. In 

this interest, AAL-toxin TA1 was synthesised by Oikawa et al.106 by a route which could 

easily give access to analogues of the left half of the toxin. As with the synthetic studies on 

the fumonisins, the approach involved retrosynthetically dividing AAL-toxin TA1 into three 

fragments: the left- and right-side, and the tricarballylic fragment, which were then each 

synthesised separately, and coupled at a late stage of the synthesis.  

Their synthesis of the left fragment (Scheme 9) began from methyl (R)-3-hydroxy-2-

methylpropionate (99), which was protected as the t-butyldiphenylsilyl ether before being 

reduced to the aldehyde by DIBALH. The aldehyde was subjected to a Grignard reaction with 

vinylmagnesium bromide, and the allylic alcohol produced was protected as the benzyl ether. 

This allowed for separation of the two diastereomers formed as a result of the Grignard 

reaction, giving 100 as a single enantiomer. The alkene (100) was then subjected to an 

osmium-catalysed dihydroxylation, which proceeded stereoselectively, giving 101 as a 6:1 

mixture which was separated by column chromatography. The vicinal diol was converted into 

the epoxide via the acetoxonium ion method described by Kolb and Sharpless,107 and this 

epoxide was opened by reaction with the lithium acetylide derived from ethyl ethynyl ether. 

                                                      
106 Oikawa, H.; Yamawaki, D.; Kagawa, T.; Ichihara, A. Tetrahedron Lett. 1999, 40, 6621. 
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sodium hydride in the presence of tetrabutylammonium iodide gave the perbenzylated 

product. The silyl ether was removed by treatment with TBAF, and the alcohol converted into 

the target alkyne (109) by a Corey-Fuchs procedure after Swern oxidation.  

 
The tricarballylic fragment was synthesised from racemic dimethyl 2-benzylsuccinate (110) 

as shown in Scheme 10 using enzymatic kinetic resolution by porcine pancreatic lipase (PPL) 

to generate the required stereochemistry. Enzymatic hydrolysis of the terminal methyl ester of 

the (S)-enantiomer gave monoester (111) in 82% ee. Methylation of this mixture with diazo-

methane followed by a second enzymatic resolution gave the monoester in 95% ee. The 

remaining ester was cleaved by base hydrolysis before the free carboxylic acid groups were 

protected as trimethylsilylethyl ethers. Free acid (112) was produced by ruthenium tetroxide 

oxidation of the benzyl group.  

 

 
Scheme 10: Synthesis of the TCA fragment and coupling to give AAL-toxin TA1. 

Reagents: a. i). PPL, 0.1M KH2PO4 (pH 7.2), ii). CH2N2, iii). PPL, 0.1M KH2PO4 (pH 
7.2); b. i). NaOH, ii). TMS(CH2)2OH, EDCI, Et3N, DMAP, iii). RuCl2, NaIO4; c. i). n-
BuLi, ii). NaBH4, CeCl3; d. i). Ac2O, HCO2H, ii). Pd(OAc)2, n-Bu3P, iii). LiAlH 4; e. i). 
PPTS, ii). PPh3, DEAD, HN3; f. i). m-NO2C6H4COCl, Et3N, DMAP, 110, ii). TBAF, 
iii).H 2, Pd/C. 

 

Lithiated alkyne (109) was coupled to lactone (104) and the resulting ketone reduced under 

Luche conditions giving a diastereomeric mixture of 113. Formylation of the free hydroxyl 
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groups by formic acid in the presence of acetic anhydride and reduction of the formyl ester 

alpha to the alkyne by Pd(OAc)2 and (n-Bu)3P gave the alkane. The second formyl ester was 

reduced by LiAlH4 giving alcohol (114). Hydrolysis of the tetrahydropyranyl ether by 

pyridinium p-toluenesulfonate in ethanol, and azide substitution at the primary hydroxyl 

group under Mitsunobu conditions gave azidoalcohol (115). Alcohol (115) was coupled to 

acid (112) in the presence of triethylamine, DMAP and m-nitrobenzoyl chloride. Removal of 

the silyl protection by TBAF, followed by hydrogenation over Pd/C gave target AAL toxin 

TA1 (116). 

 
This synthesis represents the first total synthesis of an AAL toxin. Oikawa et al.105 

demonstrated that a number of C-14 and C-15 diastereomers of the toxin could be synthesised 

by stereoselective crotylation of an L-glutamate derivative to give (after hydrogenation) 

diastereomers of alcohol (103) which after use to synthesise the complete toxin, could then be 

used in SAR studies. There have been no reports of SAR studies on these compounds 

however.  

1.2.3. Biological Effects 

With a structure so similar to that of the fumonisins, it could easily be expected that the AAL-

toxins would exhibit very similar effects on biological systems. This however has not been 

observed, with the AAL toxins only affecting a single cultivar of tomatoes, though there is 

evidence that the toxins do affect other plants,108 as well as mammalian cells.109 

The AAL-toxins are thought to target ceramide synthase (as do the fumonisins) in animal 

models,110 though their target in plants has not been definitively proven. It has been proven 

however, that AAL-toxins disrupt sphingolipid biosynthesis in plant systems, producing 

increased concentrations of free sphingoid bases such as phytosphingosine (80) and 

sphinganine (87).111 The AAL-toxins are also known to cause apoptosis in susceptible tomato 

cultivars,112 and it is known that sphingolipids play a role in maintaining cellular 

homeostasis.113 From this data, it could be suggested that the AAL-toxins, by their disruption 

                                                      
108 Abbas, H.K.; Duke, S.O.; Merrill, A.H.; Wang, E.; Shier, W.T. Phytochemistry 1998, 47, 1509. 
109 Abbas, H.K.; Tanaka, T.; Shier, W.T. Phytochemistry 1995, 40, 1681. 
110 Merrill, A.H.; Wang, E.; Gilchrist, D.G.; Riley, R.T. Adv. Lipid Res. 1993, 26, 215. 
111 Abbas, H.K.; Tanaka, T.; Duke, S.O.; Porter, J.K.; Wray, E.M.; Hodges, L.; Sessions, A.E.; Wang, 
E.; Merrill, A.H.; Riley, R.T. Plant Physiol. 1994, 106, 1085. 
112 Witsenboer, H.M.A.; van Schaik, C.E.; Bino, R.J.; Loffler, H.J.M.; Nijkamp, H.J.J.; Hille, J. Plant 
Sci. 1988, 56, 253. 
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