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ABSTRACT Fumonisins are mycotoxins of world-wide distribution in maize infected by the fungus
Fusarium verticillioides. They are highly toxic to certain livestock and are potential carcinogens. Exophiala
spinifera, a black yeast fungus found on moldy maize kernels, was identi®ed previously as capable of
growing on fumonisin B1 as a sole carbon source and thus is a potential source for fumonisin detoxifying
enzymes. Pure cultures of E. spinifera transform fumonisin B1 to the amino polyol AP1 plus free
tricarballylic acid through the activity of a soluble extracellular esterase, and further transformation is
evidenced by accumulation in culture supernatant of a less polar compound(s) lacking a ¯uorescamine-
reactive amino group. A free amine is thought to be critical for biological activity of FB1 or AP1. As a ®rst
step towards characterizing this amine-modifying activity, we investigated the biotransformation of AP1 by
E. spinifera liquid cultures that had been previously grown in liquid medium containing AP1 as a sole
carbon source. Accumulation of AP1-derived metabolites was monitored by thin-layer chromatography of
culture supernatants, and product metabolites were puri®ed and evaluated by mass spectrometry and
nuclear magnetic resonance. Two products of treatment of puri®ed AP1 with cultures of E. spinifera are
shown to be N-acetyl AP1 and a new compound, 2-oxo-12,16-dimethyl-3,5,10,14,15-icosanepentol
hemiketal (or 2-OP1 hemiketal). Copyright  1999 John Wiley & Sons, Ltd.

Key words: Exophiala spinifera; fumonisin B1; Fusarium verticillioides; N-acetyl AP1; 2-OP1 hemiketal;
maize

INTRODUCTION

Fumonisin B1 (FB1) was characterized from cultures of
Fusarium verticillioidesby Bezuidenhoutet al. (1988)
and has since been found as a common contaminant of
corn (International Programme on Chemical Safety,
1998). F. verticillioides and a related species,F.
proliferatum (which also produces FB1), are the most
common fungi associated with maize (Shurtleff, 1980).
These fungi causeFusarium ear rot, one of the most
important diseases in hot corn-growing areas.

FB1 is toxic to most domestic animals, and epidemio-
logical data suggest that human exposures to fumonisins
result in esophageal cancer (IARC, 1993). The difficulty
of breeding for resistance together with health, trade and
economic problems associated with fumonisin contam-
ination of corn makes them worthwhile targets for

strategies aimed at detoxificationin planta (Karlovsky,
1999).

In a screening program to identify fumonisin-detoxify-
ing microbes, a black yeast fungus capable of growing on
fumonisin B1 as a sole carbon source was isolated from
moldy maize ears (Duvicket al., 1994; 1998). This
fungus, identified asExophiala spinifera, produces
fumonisin catabolizing enzymes when FB1 or its
hydrolysis product, AP1, are supplied as a sole carbon
source in a mineral salts liquid medium. One of these
enzymes is a secreted carboxylesterase which hydrolyzes
the tricarballylate side chains of FB1 and related
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compounds,giving rise to free tricarballylic acid andan
aminopentolbackbonesimilar to alkaline hydrolyzed
FB1 (AP1) (Duvick et al., 1998).A cDNA that encodes
fumonisintricaballylateesteraseactivity hasbeencloned
from E. spinifera and shown to function in transgenic
maize(Duvick etal., in preparation).Whenculturesof E.
spinifera are grown on uniformly 14C-labelled FB1

(Blackwell et al., 1994) or its alkaline-hydrolyzed
product14C-AP1, asa solecarbonsource,the backbone
moleculerepresentedby AP1 is ultimatelytakenupby E.
spinifera cells, and 14CO2 is generated,indicating that
additional fumonisin catabolic enzymesare presentin
this fungus (Duvick et al., 1998). Fumonisin esterase
activity hasalsobeendetectedin a cultureof Fusarium
proliferatum(Keller et al., 1998).

While tricarballylic acid showsvery little toxicity in
mammalianand plant cell assays(Gelderblomet al.,
1993);Lamprechtet al., 1994)theAP1 backboneretains
a portionof thetoxicity of theintact fumonisinmolecule
(Norred et al., 1997). Several studies employing
fumonisinanalogssuggestthe aminegroup,alongwith
theC-3 hydroxyl, is importantfor biologicalactivity and
toxicity of fumonisins(Abbaset al., 1993);Gelderblom
et al., 1993);Vosset al., 1996).All fumonisinssharethe
sameconformationalstructurefrom C-1to C-3,yetdiffer
in the presenceor absenceof hydroxyl functionsat C-4
(McKenzieet al., 1998),C-5, C-10andC-15(Musseret
al., 1995),supportingthis premise.Attemptsto modify
fumonisin using crude or purified enzymeshas been
unsuccessful(Murphyet al., 1996;Cawoodet al., 1994).
A methodemployinghightemperaturecouplingto sugars
(Lu et al., 1997;Howardet al., 1998)mayproveuseful,
but is of limited utility where raw grain is consumed.
Therefore,theenzymaticremovalof theaminegroupof
fumonisinor its hydrolysisproductcould be considered
an important alternative method of detoxification. In
orderto evaluatesucha strategy,it is necessaryto know
the structure and biological activity of products of
deaminationof fumonisin. In this report we describe
the structure and stereochemistryof 2-oxo-12,16-di-
methyl-3,5,10,14,15-icosanepentolhemiketal(2-OP1 4),
theproductof oxidativedeaminationof AP1 by theblack
yeastfungusExophialaspinifera.

MATERIALS AND METHODS
Preparation of Hydrolysed FB1 (AP1) Substrate

FB1 wasproducedand purified aspreviouslydescribed
(Blackwell et al., 1994;Miller et al., 1994).FB1 (1.07g)
wastreatedwith 25ml of 2N KOH at 70°C for 2h. After
cooling,an insolublepellet hadformed.Extractionwith
EtOAc (3� 20ml) dissolvedthis pellet.Theextractwas
dried over Na2SO4 and concentrated.The residuewas
chromatographedon SiO2 (100g) with CHCl3/MeOH/
NH4OH (60:30:2), collecting 17ml fractions. The

product was found in fractions 7–11. The yield was
0.58g AP1 (97%). AP1 was characterizedby nuclear
magneticresonance(NMR) (Tables1 and 2) and mass
spectrometry(MS).

Conversion of AP1 by E. spinifera Cultures

Liquid culturesof Exophiala spinifera isolate 2141.10
werepreparedfrom YPD agarplates(yeastextract10g,
bacto-peptone20g, dextrose0.5gm,bacto-agar15g per
liter of H2O). Aliquots (400–500ml) of a watersuspen-
sion of E. spinifera cells from YPD agar were spread
uniformly onto150� 15mmYPD agarplateswith 4mm
sterile glassbeads.The plateswere incubatedat room
temperaturefor 6–7 days. The mycelia/conidia were
transferred from the agar plates into mineral salts
medium(MSM) (Na2HPO4�12H2O 9 g, KH2PO4 1.5g,
MgSO4�7H2O 0.2g, NH4Cl 1.0g, CaCl22H2O 0.01g,
FeSO47H2O 0.02g perliter of distilled H2O, pH 4.5)and
centrifugedat 5000� g, 4°C, 10min to pellet the cells.
The cell pellet was rinsed once with 40ml MSM and
recentrifuged.Therinsedcell pelletwasusedto inoculate
MSM at a 1:19 ratio of packedcells: MSM. The culture
was supplementedwith AP1 (preparedas describedin
previous section) to a final concentration of 0.5–
1.0mgmlÿ1 andincubatedat 28°C, 100rpm, in thedark
to inducecatabolicenzymes.The in vivo conversionof
AP1 to its metaboliteswasmonitoredusingthethin layer
chromatography(TLC) assay and the cultures were
harvestedwhen the disappearanceof AP1 was near
completion, typically 30–40h. The cultures were cen-
trifuged at 14000� g, 4°C, 10min and the supernatant
wasusedto extractthemetabolites.To obtainadditional
AP1 metabolitesfrom thesameculture,thecell pelletwas
rinsed once in MSM then resuspendedto the same
volume in MSM and supplementedagain with AP1 to
0.5–1.0mgmlÿ1. The second set of cultures was
incubatedasbeforeandmonitoredfor disappearanceof
AP1 from themedium,thenharvestedwhenAP1 wasno
longerdetectablein theculturefluid, typically 10–12h.

The cultures were centrifuged at 14000� g, 4°C,
20min andthesupernatantswerefilteredthrough0.2mm
celluloseacetatemembranes(Nalgene).The pH of the
culture supernatantswas adjustedto 7 with 5M NaOH
and the metabolites were partitioned into an equal
volumeof ethyl acetate.Theorganicphasewasremoved
and the aqueousphasewas extractedtwice more with
ethyl acetate.The organic phaseswere pooled and
evaporatedundernitrogenuntil the volumewassimilar
to the volumeof the aqueousphase.Whenboth phases
were analyzedusing reversephaseTLC, most of the
detectablematerial was in the organic phase.Pooled
organic phases were evaporated to dryness under
nitrogen.
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FilteredsampleswerespottedontoreversephaseTLC
plates(WhatmanKC18 Silica Gel, 200mm), air-dried,
thendevelopedin eitherMeOH:4% KCl (3:2) (Rotting-
haus et al., 1992) (solvent A) or acetonitrile:50mM
KH2PO4, pH3.3 (40:60) (solvent B). The separated
compoundswere visualized by spraying with 10%
H2SO4 (in EtOH), heatedat 170°C for 5–7min, and
examinedunder long wave UV light. The number of
compounds,migrationdistances,andRf valueswerethen
determined.

Two samplesof crudedegradationproducts,represent-
ing two independentfermentations,werepreparedby this
method:one of 40mg (sample1) and one of 50.5mg
(sample2) (dry weight estimates).Thesewere identical
when assayedby reverse phase TLC and showed
approximately7 or 8 compoundsof which one was
predominant.This compoundappearedat Rf = 0.12 in
solventA andatRf = 0.40in solventB. ResidualAP1 was
presentin both crudesamples(Rf = 0.22 for the former
solventsystemand Rf = 0.30 for the latter, detectedby
sprayingplateswith 0.5% fluorescaminein acetonitrile.

Puri®cation of major products

Initial TLC chromatographyof sample1 on silica gel
showedthe besteluentto be 1:9 MeOH/CHCl3 (solvent

C) This solventsystemshowedeightspots,somevisible
underUV at 254nm,othersnot,but all reactingwith the
p-anisaldehydereagent used for the visualization of
fumonisins(andotheramines).Addition of ammoniato
the TLC eluent greatly reducedthe mobility of some
spots.Performinga 2-dimensionalTLC of the sample
using1:9MeOH/CHCl3 in thefirst dimensionandadding
ammoniafor the seconddimensionclearly showedthat
sevenspotsmovedat thesameRf with bothsolvents,one
spotmovedat half thespeedin theammonia-containing
solventand 3 or 4 spotsstayedon the baselinein the
ammonia-containingsolventdespitehavingRf’s of 0.5to
0.9 in thefirst dimension.

The samplewaschromatographedon silica gel (30g)
with a successionof solvents in the following order:
CHCl3 (15ml, fractions 1–3), 5% MeOH in CHCl3
(20ml, fractions 4–6), 10% MeOH in CHCl3 (20ml,
fractions7–9), 25% MeOH in CHCl3 (35ml, fractions
10–13),and50% MeOH in CHCl3 (20ml, fractions14–
16). Fractions7, 8 and 9 showedcomplexmixturesby
TLC and were combined (39mg). Fractions 11–13
showedonly one spot and were combined(2mg). This
compound(2) wasthencharacterizedby NMR andMS.
Fractions15–16showedonespotwith a higherRf than
expected,but could not be quantitatedand no further
characterizationwasperformed.

Table 1. 500MHz 1H NMR Assignmentsof AP1 (1), NAc-AP1 (2) and2a-OP1 Hemiketal4 (2b- in brackets)in CD3OD (ppmfrom TMS)

Position 1 2 4

1 1.06(d, J1,2= 6.9) 1.12(d, J1,2= 6.9) 1.33(s)
2 2.72(dt, J1,2= J2,3= 6.5) 3.88(ddd,J1,2= 6.9; J2,3= 3.8,13.4) –
3aa 3.52(m) 3.78(dt, J2,3= 3.8,13.4;J3,4= 3.3,

9.8)
3.85(3.88)(t, J3,4= 7.0)

4aa 1.47–1.52 1.40–1.52 2.44(2.25)(dt, J= 13.2,7.0)
4b – – 1.45(1.69)
5aa 3.79(m) 3.77(m) 3.92(3.95)(dd, J= 3.1,7.0)
6 1.38–1.45 1.40–1.50 1.40–1.50
7,8 1.33–1.52 1.3–1.5 1.3–1.5
9 1.45–1.50 1.40–1.50 1.40–1.50

10 3.66(m) 3.65(m) 3.64(m)
11 1.57;1.08 1.08;1.58 1.10;1.57
12 1.95(m) 1.94(m) 1.95(m)
13 1.34;1.49 1.38;1.60 1.35;1.47
14 3.64(ddd,J14,15= 6.2; J14,13= 10.2,

2.2)
3.65(m) 3.64(m)

15 3.20(t, J14,15= 6.2; J15,16= 5.8) 3.20(t, J14,15= J15,16= 5.8) 3.20(t)
16 1.69(m) 1.68(m) 1.68(m)
17 1.13;1.62 1.18;1.62 1.12;1.65
18 1.18–1.24 1.15–1.25 1.3–1.4
19 1.26–1.41 1.27–1.43 1.3–1.4
20 0.915(t, J20,19= 7.2) 0.914(t, J20,19= 7.3) 0.914(t, J20,19= 7.2)
21 0.980(d, J21,12= 6.7) 0.973(d, J21,12= 6.7) 0.975(d, J21,12= 6.7)
22 0.910(d, J22,16= 6.9) 0.905(d, J22,16= 6.9) 0.904(d, J22,16= 6.8)
CH3 1.94(s)
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The combinedfractions7,8 and 9 were rechromato-
graphedon silica gel (30g) with 5% MeOH in CHCl3
(fractions1–12),10% MeOHin CHCl3 (fractions13–21)
and 50% MeOH in CHCl3 (fractions 22–23). All
fractionswere5ml. Fractions4, 5 and6 werecombined
(13.5mg),Fractions7–11showing2–3compoundswere
combined(9.7mg), andfractions12–15werecombined
(one major compoundswith two small ones(8.6mg)).
Fractions16–23werecombinedandshowedonemajor
compound(2.9mg) with an Rf closeto that of 2 (NAc-
AP1). Sincethis compound(4) appearedto be relatively
pure,it wasalsocompletelycharacterizedby NMR and
MS. Thesefractions were further checkedby reverse-
phaseTLC in 40:60 MeCN/0.5M KH2PO4, pH 3.5 to
compare with the original crude sample. The TLC
showedcombinedfractions12–15to consistof amixture
of poorly resolvedcompoundswhile fractions 16–23
containedonemajor compoundwhoseRf corresponded
to thatearlierattributedto themainAP1 metabolite.The
other combinedfractionsshowedmainly spotscloseto
thebaseline.

To check for possibleeffects of the protic solvent
methanolon thecompoundsunderstudy,anattemptwas
madeto chromatographsample2 usingethyl acetateand
hexane.However,this solventsystemprovedto be very
poor at obtainingadequateresolutionof the compounds
andrecoverieswerelow.

NMR and Mass Spectrometry

The NMR spectra were recorded in methanol-d4
(CD3OD) at 500.13and125.18MHz respectivelyeither
on a Bruker AM500 operatingat 303°K using a 5mm
normalgeometryprobeor a Varian Inova500operating
at300°K usinga5mminversegeometryInovaBioprobe.
Structuraldeterminationswere madeusing a combina-
tion of homonuclear(COSY) and heteronuclear(HET-
COR, HMBC and HMQC) as well as NOESY
spectroscopy.Routine Bruker or Varian software was
usedfor all 2D NMR experiments.Chemicalshifts are
referencedto CD3OD at 3.3ppm (1H) and 49.0ppm
(13C). Massspectrawererecordedeitheron a Finnegan
MAT 312 operatingin FastAtom Bombardment(FAB)
modeusingglycerolasamatrixor aPerkinElmerSCIEX
AP1 100LC system using direct injection Chemical
Ionization(DCI) mode.

RESULTS

TheNMR spectraof AP1 (1) werefully characterizedby
2DNMR methods(HMBC, HSQC, COSY), and com-
pared favourably to those reported for the intact
fumonisins(Savardand Blackwell, 1994). The assign-
mentsarereportedin Tables1 and2. As expected,there
are shifts in the resonancesfor both the protons and
carbonsassociatedwith the lossof thetricarballylic side
chains(positions14 and 15) and concomitantshifts of
thoseresonancesdueto theneighbouringpositionsC-16,
C-13 and the methyl group at C-22. Surprisingly,
however, there are also substantial changes in the
resonancesassociatedwith the amino terminus.In the
carbonspectrum,C-1 has shifted downfield by 3 ppm
from 16ppm to 19ppm, C-2 has shifted slightly from
53.7ppmto 52.8ppmandC-3hasshiftedfrom 70.3ppm
to 74.0ppm. Changesof similar relative magnitudeare
notedin the proton spectrumfor the resonancesdue to
thesethree positions.From C-4 down the rest of the
chain,however,theNMR resonancesarevery similar to
thoseof FB1. Unlike FB1 is also solublein chloroform
and thereare solvent-relatedshifts from the spectrain
CD3OD observed,particularly in the 13C spectrumand
with the resonancesC-2 to C-5 and C-13 to C-16
(Blackwell, unpublisheddata). These differencesob-
servedin the NMR spectrummay be due to configura-
tional differences of the entire molecule in solution
associatedwith thelossof thesidechains.TheFAB mass
spectrumof AP1 showsa M � 1 ion at 406 amu (for a
molecularweightof 405),plus ionsat 388,352and478
amuassociatedwith lossof onehydroxylgroup(asH2O,
ÿ18 amu),lossof threehydroxyl groupsandadditionof
glycerol respectively. The DCI mass spectrum also
showeda M � 1 ion at 406 plus the sequentialloss of
five hydroxyl groups(ÿ18 amu) at 388, 370, 352, 334

Table 2. 125MHz 13C NMR Assignmentsof AP1 (1), NAc-AP1 (2)
and2a-OP1 Hemiketal4 (2b- in brackets)in CD3OD (ppmfrom TMS)

Position 1 2 4

1 19.12 17.13 16.77(19.34)
2 52.77 51.15 110.60(104.45)
3 74.05 71.50 77.39(78.51)
4 41.91 41.91 40.86(38.90)
5 69.17 69.15 77.94(78.09)
6 39.65 39.64 37.14
7 26.89 26.86 26.86(26.80)
8 26.91 26.89 27.36(27.12)
9 39.30 39.22 39.59

10 70.05 70.11 70.02(70.08)
11 44.66 44.70 44.65
12 26.99 27.05 27.12
13 41.61 41.59 41.58
14 70.47 70.55 70.50
15 80.78 80.81 80.80
16 35.93 35.97 35.95
17 31.74 31.79 31.76
18 30.66 30.64 30.65
19 24.19 24.18 24.18
20 14.53 14.48 14.49
21 21.44 21.42 21.42
22 16.82 16.79 16.79
C=O 172.9
CH3 22.7
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and316,correspondingto thosefunctionsatC-15,14,10,
5 and3.

The NMR spectraof the unpurifiedsamplesobtained
from incubationof AP1 with E. spiniferacultureswere
checked before further processingto ensure that no
rearrangementsoccurredas a result of the purification
procedure.TheprotonNMR spectrumof thefirst sample
(40mg) showeda complexmixture in which the main
componentwas not AP1. However, there was some
residualAP1 asviewedfrom theH-1 signalat 1.08ppm.
The dominantcompoundappearedto havemost of the
correctresonancesfor AP1, i.e.H-3, 5, 10,14and15,but
H-1 and H-2 were shifted or missing. A new methyl
resonanceappearedat�1.3ppm.The methyl signalsof
H-20 andH-22 appearedto be unaffected,but the H-21
methyl was shifted slightly. The 13C spectrumof this
samplewasmorecomplex,but thedominantresonances
could be assignedto the C-15 throughto C-22 moiety.
Othersignalswith reducedintensitycouldbeassignedto
C-7 throughto C-11,aswould beexpectedfor a mixture
of AP1 anda closely relatedcompounddiffering at the
aminoterminus.Resonancescorrespondingto C-1andC-
2 of AP1 wereclearlyvisibleas�20% of theintensityof
the dominant resonances.The spectraof the second
sample(50mg) wereslightly different from thoseof the
first in that thesampleappearedto bemorecomplexand
thattheprotonsof theremainingCHOHsof C-5,3 and10
wereshifted.Thesignalsdueto H-1 andH-2 of AP1 were
reducedand the new H-1 singlet at 1.3ppm was again
present.Thecarbonspectrumalsoshowedthisto bemore
of a mixtureandthereseemedto bea greaterproportion
of residualAP1 in this sample.

TheNMR spectraof compound2 werevery similar to
thoseof AP1 (1). All theresonancesof AP1 werepresent
in both 1H and 13C spectrawith the exceptionthat H-2
hadshiftedfrom 2.72ppmto�3.9ppm,H-3 hadshifted
from 3.5ppm to 3.8ppm and H-1 had shifted from
1.06ppm to 1.12ppm. An acetatesinglet appearedat
1.94ppm.In the13C spectrum,acetatepeaksappearedat
22.7ppm and 173ppm typical of an N-acetyl function
andtheresonancesdueto C-1,C-2andC-3wereslightly
shifted (Table 2). The DCI massspectrumshoweda
M � 1 peakat 448for a molecularion of 447andlossof
four 18 amu units correspondingto loss of the four
hydroxyl functions(430,412,394,376 amu).An ion at
407 (M-41) was associatedwith the loss of an acetyl
group as was the ion at 353 (loss of the acetyl (M-41)
from the394ion). A smallion at334wasassociatedwith
thelossof thefinal fifth hydroxylfunction.Thecombined
NMR andMS dataareconsistentwith thestructureof 2
being N-acetyl AP1. Thus,one of the reactionsthat E.
spinifera accomplishesis acetylation of the amino
function (Figure1).

The protonspectrumof 4 wassimilar to that of AP1,
exceptthatH-2 wasmissingor shiftedandtheresonance

dueto themethylfunctionatposition1 hadshiftedfrom a
doubletat 1.06ppm to a singletat 1.33ppm, indicating
thatC-2 wasnow quaternary.In spiteof thefact that the
presenceof only onemolecularion wasindicatedby the
massspectrum(seebelow),theprotonspectrumshowed
the presenceof two compoundsof similar structurein
approximately2:1 ratiowhichthereforemustbeisomers.
Analysisof the COSYspectrumshowedthat therewere
two H-5 resonancesat 3.92 and 3.95 (the minor
component)ppm,shiftedfrom 3.75ppm in AP1, aswell
as two H-3 resonancesat 3.85 (3.88)ppm shifted from
2.72ppmin AP1. A correspondingpairof newmultiplets
appearedat 2.44and2.25ppm.The combinedinforma-
tion from the COSY and HMQC spectrashowedthat
these multiplets are due to AB systemsat 2.44 and
1.45ppm(2.25and1.69ppmfor theminor component),
which wereassignedto C-4. All of theotherresonances
werevirtually identicalto thoseof AP1 (seeTable1) with
the exception of a small shift of the C-22 methyl
resonancefrom 0.910ppmto 0.904ppm.Thepresenceof
two isomers was more easily observed in the 13C
spectrum.Resonancesof full intensity and unshifted
frequencyfrom thoseof AP1 wereobservedfor positions
C-11throughto C-22,while manyof thosedueto C-1 to
C-10 which were resolvable,were reducedin intensity
anddoubled.Two newquaternaryresonancesdueto the
major andminor componentswereobservedat 110 and
104ppm, consistent with a hemiketal structure and
concomitantwith the disappearanceof C-2 (52ppm).
C-1 had shifted from 19.12ppm to 16.77ppm
(19.34ppm for the minor component).While the site of
major structuraldifferenceseemsto be centeredat C-2,
positionsup to C-10 (seeTable 2) were affected.The
chemicalshifts as well as the molecularweight of 404
amuwereconsistentwith thepresenceof aring structure.
The long rangecorrelationspectrum(HMBC) showed
coupling of the H-1 methyl resonanceat 1.33 to the
carbonresonancesat C-2 (110 and 104ppm) and C-3
(77.39and78.51ppm)confirmingthehemiketalto beat
position2.Thiswasfurtheridentifiedby thepresenceof a
weakcorrelationbetweentheH-5 resonanceat 3.92ppm
andtheC-2 at 110ppm.

The DCI massspectrumwassomewhatmisleadingin
thattheapparentmolecularion wasobservedat 387amu
(M � 1) for an apparentmolecularweight of 386 amu.
However,in thelight of theNMR data,closerinspection
revealeda small ion at 405 amu(M � 1) for the correct
molecularweightof 404amu,which is oneamulessthan
AP1. The lossof oneunit is consistentwith replacement
of aprotonandtheNH2 unit onC-2by acarbonylor two
oxygensof aninternalhemiketal.Thelossof water(ÿ18
amu)wouldbeveryeasyfrom ahemiketalstructuresuch
asis proposedfor 4, giving rise to the basepeakat 387
amu.Additional ionsobservedat 369,351,333,315and
297correspondto thesequentiallossof five morewater
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moleculesarisingfrom thehydroxyl functionsremaining
at C-2, 3, 10, 14 and15.

The combinedNMR andMS dataareconsistentwith
the structure4 as shown in Figure 1. This hemiketal
metabolitecouldpossiblyarisefrom acompoundsuchas
3, the presence of which was indicated in early
experiments,in which the initial samples from the
enzymetreatmentweretoo small to effectively separate
this compoundfrom residualAP1. The 13C spectrumof
such a sample showed in addition to resonances
assignable to AP1, three new ones at 24.5ppm,
210.4ppm and74.8ppm.Two possiblestructurescould
be identified with these resonances,involving a keto
functionat eitherC-2 or C-3. In thelight of thestructure
of 4, it is likely that the compoundpreviouslyobserved
was that of 3 (the 2-keto or 2-OP1) in Figure 1. Thus,
thesenew resonancesin the spectrumof the mixture
would beassignableto C-1 (24.5ppm),C-2 (210.4ppm)
and C-3 (74.8ppm). The two isomersof metabolite4
would thenarisefrom two pathsof cyclizationbetween
C-2andC-5andthecreationof anewchiralcentreatC-2
(asshownin Figure2). Oneconfigurationwouldbemore
energeticallyfavouredthantheotherresultingin the2:1
ratio observedin theNMR spectra.In methanol(or other
alcohols), the immediate product from the enzyme
reaction may further react to form the hemiketal 4,

whichin thepresenceof waterandacidwouldopento the
free ketoneandalcohol3. This interconversion may be
responsiblefor thevariedTLC behaviorobservedfor the
degradationproduct of AP1 and the difficulty encoun-
teredin its purification.

The stereochemicalassignmentof the two possible
structuresfor 4 shownin Figure2 wasmadeon thebasis
of NOESYdata.The structuresarebasedon the known
stereochemistryof FB1 asdeterminedby ApSimonet al.
(1994)andBlackwell et al. (1996).Theoriginal chirality
of theaminofunctionat C-2 (S) in AP1 would belost by
the formation of the carbonylgroup (compound3); the
chirality of thehydroxyl functionsat C-5 (R) andC-3 (S)
would be retainedto form a tetrahydrofuranring with
hydroxyl functionsat C-2 andC-3 that areeithercis or
trans. The presenceof an NOE between H-4(a) at
2.44ppmandH-3 andH-5, but not to themethylat C-1,
showsthat thepreferredhemiketalis onewheretheC-2
and C-3 hydroxyl functions are trans (i.e. 2a-hydroxy
OP1) andassignstheH-4 protonsto 4a (2.44ppm)and4b
(1.45ppm). Weaker NOESY cross peaksbetweenthe
methyl H-1 resonanceat 1.33ppm and the resonances
dueto H-3 andH-5 of theminor componentconfirmthat
this is the configuration in which the C-2 and C-3
hydroxyl functionsarecis (2b-hydroxyOP1), andplaces
H-4a at 2.25ppm.

Figure 1. Molecular structures of the metabolites that result from the degradation of AP1 (1) by cultures of E. spinifera
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DISCUSSION

Two AP1 derivatives were identified in incubation
mixturesof AP1 with inducedculturesof E. spinifera:
N-acetyl AP1 (2) (present in smaller amounts as
determinedby yield as well as indications from the
initial NMR spectraof thecrudeincubationmixture)and
a novel derivative, the hemiketal of 2-oxo-12, 16-
dimethyl-3,5,10,14,15-icosanepentol,or 2-OP1 hemi-
ketal (4). Both derivativeslack a free amino function
thought to be important for the biological activity of
fumonisins.WhereasN-acetylatedAP1 couldpotentially
revertto AP1 throughamidehydrolysis,theproductionof
compound4 is probablynotreversiblewithoutenzymatic
intervention.

Unlike othermycotoxins,degradationof FB1 hasnot
alwaysresultedin theexpectedreductionof toxicity. AP1

is lesstoxic in vitro (Abbasetal., 1993)andin short-term
carcinogenicityassays(Gelderblomet al., 1993).How-
ever,AP1 hasrenal toxicity comparableto that of FB1

(Voss et al., 1996). To that end, further enzymesare
neededto degradeFB1 to non-toxic fragments.The
oxidative removal of the amino function at C-2 is
consistent with oxidative deamination by an amine
oxidase (EC 1.4.3) or amine dehydrogenase(EC
1.4.99). Such an enzymewould be a likely candidate
for a companionenzymeto the fumonisintricarballylate
esterasepreviouslydescribed,predictedto result in the
conversion of fumonisin to the polyol ketone or
hemiketal4 plus tricarballylic acid. Further studiesof
the toxicology and stability of compound4 will be
forthcoming with the availability of cell-free enzyme
preparationsthatcatalyzeconversionof AP1 to its amine-
freeproduct.

ACKNOWLEDGEMENTS

The authors would like to thank John Nikiforuk for
assistancein obtainingtheNMR spectra.

REFERENCES

Abbas HK, Gelderblom WCA, Cawood ME, Shier WT (1993).
Biological activities of fumonisins, mycotoxins from Fusarium
verticillioides, in jimsonweed(Datura stramoniumL.) and mam-
maliancell cultures.Toxicon31:345–353.

ApSimon JW, Blackwell BA, Edwards OE, Fruchier A (1994).
Relativeconfigurationof theC-1 to C-5 fragmentof fumonisinB1.
TetrahedronLett 35:7703–7706.

BezuidenhoutSC, GelderblomWCA, Gorst-AllmanCP, Horak RM,
MarasasWFO,SpitellerG,VleggaarR (1988).Structureelucidation
of fumonisins,mycotoxinsfrom Fusariumverticillioides. J Chem
SocChemCommun1988:743–745.

Blackwell BA, Edwards OE, ApSimon JW, Fruchier A (1995).
Relativeconfigurationof the C-10 to C-16 fragmentof fumonisin
B1. TetrahedronLett 36:1973–1976.

Blackwell BA, Miller JD, SavardME (1994). Productionof C-14
labelledfumonisinin liquid culture.J A O A C International77:506–
511.

Blackwell BA, EdwardsOE, Fruchier A, ApSimon JW, Miller JD
(1996). NMR Structural studies of Fumonisin B1 and related
compoundsfrom Fusariumverticillioides. In JacksonLS, Devries
JW, BullermanLB, eds.Fumonisinsin Food.New York: Plenum
Press,pp 75–91.

Cawood ME, Gelderblom WCA, Alberts JF, SnymanSD (1994).
Interactionof 14C-labelledfumonisinB mycotoxinswith primaryrat
hepatocytecultures.FoodandChemicalToxicology32:627–632.

DoehlertDC, KnutsonCA, VesonderRF(1994).Phytotoxiceffectsof
fumonisinb-1onmaizeseedlinggrowth.Mycopathologia127:117–
121.

Duvick J,RoodT, GrantS(1994).Isolationof fumonisin-metabolzing
fungi from maize seed. In: Abst International Mycological
Congress, 5th, 56.

Figure 2. Possible mechanism for the cyclization of metabolite 3 to give rise to 2a- and 2b-OP1 hemiketal (4)

Copyright  1999JohnWiley & Sons,Ltd. Nat. Toxins7: 31–38(1999)

DEAMINATION OF FUMONISIN B1 BY EXOPHIALA SPINIFERA 37



Duvick J, Rood T, Maddox J, Gilliam J (1998). Detoxification of
mycotoxinsin planta asa strategyfor improving grain quality and
diseaseresistance:identificationof fumonisin-degradingmicrobes
from maize.In: KohmotoK, YoderOC,eds.MolecularGeneticsof
Host-SpecificToxins in Plant Disease. Developmentsin Plant
Pathology,vol. 13. Dordrecht:Kluwer, 369–382.

GelderblomWCA, CawoodME, SnymanSD, VleggaarR, Marasas
WFO(1993).Structure-activityrelationshipsof fumonisinsin short-
term carcinogenesisand cytotoxicity assays. Food Chemical
Toxicology31:407–414.

Howard PC, ChurchwellMI, CouchLH, MarquesMM, DoergeDR
(1998).Formationof N-(carboxymethyl)fumonisinB-1, following
the reactionof fumonisinB-1 with reducingsugars.J Agricultural
FoodChemistry46:3546–3557.

IARC (1993).SomeNaturally OccurringSubstances:FoodItemsand
Constituents, Heterocyclic Aromatic Amines and Mycotoxins.
Monograph56. Lyon, France:InternationalAgency for Research
on Cancer.

InternationalProgrammeon ChemicalSafety(1999).Environmental
Health Criteria of FumonisinB1. Geneva:World HealthOrganisa-
tion. PCS/EHC/96.53(in press).

KarlovskyP (1999).Biological detoxificationof fungal toxinsandits
use in plant breeding,feed and food production.Natural Toxins
(submitted).

Keller SE,SullivanTM (1998).Identificationof avariantof Fusarium
proliferatum that hydrolyzesfumonisin B-1. J Agricultural Food
Chemistry46:2823–2826.

LamprechtSC,MarasasWFO, Alberts JF,CawoodME, Gelderblom
WCA, ShephardGS, Thiel PG, Calitz FJ (1994).Phytotoxicity of
fumonisins and Ta-Toxin to corn and tomato. Phytopathology
84:383–391.

Lu Z, DantzerWR, HopmansEC, Prisk V, CunnickJE,Murphy PA,

Hendrich,S(1997).Reactionwith fructosedetoxifiesfumonisinB-1
while stimulatingliver-associatednaturalkiller cell activity in rats.J
Agricultural FoodChemistry45:803–809.

McKenzie SE, SavardME, Blackwell BA, Miller JD, ApSimon JW
(1999).Isolationof a new fumonisinfrom Fusariumverticillioides
grown in liquid culture.J Nat Prod 61:367–369.

Miller JD,SavardME, RapiorS(1994).Productionandpurificationof
fumonisinsfrom a stirredjar fermenter.Natural Toxins2:354–359.

Murphy PA, HendrichS, HopmansEC, HauckCC, Lu ZB, Buseman
G, Munkvold G (1996).In: JacksonLS, DevriesJW,BullermanLB,
eds.Fumonisinsin Food.New York: PlenumPress,323–334.

Musser SM, Eppley RM, Mazzola EP, HaddenCE, ShockcorJP,
CrouchRC, Martin GE (1995). Identificationof an N-acetyl keto
derivative of fumonisin B-1 in corn cultures of Fusarium
proliferatum. Journalof Natural Products58(9):1392–1397.

Norred WP, Plattner RD, Dombrink-KurtzmanMA, Meredith FI,
Riley RT (1997). Mycotoxin-inducedelevationof free sphingoid
basesin precision-cutrat liver slices:specificityof theresponseand
structure-activityrelationships.ToxicolApplPharmacol147:63–70.

RottinghausGE,CoatneyCE,Minor HC (1992).A rapid,sensitivethin
layerchromatographyprocedurefor thedetectionof fumonisinB-1
andB-2. J Vet Diagn Invest4:326–329.

Savard ME, Blackwell BA (1994). Spectral characteristicsof
secondary metabolites from Fusarium fungi. In: Miller JD,
TrenholmHL, eds.Mycotoxinsin Grain. St Paul,Minnesota:Eagan
Press,59–260.

ShurtleffMC, ed.(1980).Compendiumof CornDiseases,2ndedn.St
Paul,Minnesota:AmericanPhytopathologySociety.
VossKA, BaconCW, MeredithFI, NorredWP (1996).Comparative

studiesof nixtamalizedandwater-extractedFusariumverticillioides
culturematerial.FoodChemicalToxicology34:623–632.

Copyright  1999JohnWiley & Sons,Ltd. Nat. Toxins7: 31–38(1999)

38 BLACKWELL ET AL.


