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CHAPTER 1 

INTRODUCTION 

1.1. Statement of Purpose 

With respect to the biosynthetic pathway of aflatoxins, the experimental results have 

suggested tiiat aflatoxin Bi (AFBi) and aflatoxin B2 (AFB2) could arise independemly via 

a branched pathway from versiconal acetate (VHA) (Dutton et al-, 1985; Yabe et al-, 1988; 

Cleveland, 1989). Parts of tiiis patiiway, the step after sterigmatocystin (ST) or 

dihydrosterigmatocystin (DHST), have been well-established. However, the pathway after 

VHA, which is a key step in aflatoxin biosynthesis where the crucial bisfuran ring system 

(versicolorin A (VA) or versicolorin C (VC)) is formed, still remains controversial. 

A number of schemes have been postulated to accommodate the conversion of VHA to 

VA: It was proposed that VHA is first hydrolyzed, presumably under the influence of an 

esterase, to VC, which in the open-ring form is dehydrogenated to an aldehyde by an 

alcohol dehydrogenase. Ring closure of an aldehyde then yields versicolorin A hemiacetal 

(VAOH), which can dehydrate to VA (Wan and Hsieh, 1980). An alternative to the above-

described route has also been proposed whereby an oxygenase generates an unstable acylal 

derivative. The acylal derivative can spontaneously form either VAOH or versicolorin A 

hemiacetal acetate (VAAC), depending on whether acetic acid or water is eliminated. VA 

may be involved in aflatoxin biosynthesis by its conversion back to VAOH (Anderson and 

Dutton, 1980). 

It is therefore quite clear from these deliberations that further investigations are required 

to discover the correct pathway. In this study, the involvement of either alcohol 

dehydrogenase or oxygenase in VHA conversion was preliminarily tested with the cell-free 

extracts from an aflatoxin-producing strain of Aspergillus parasiticus to clarify the above 

proposed metabolic schemes. In preliminary tests, the alcohol dehydrogenase or 
1 



oxygenase activity on VHA conversion was not detected, and also VA or VAOH was not 

formed fixjm VHA in our cell-free systems. 

Since the bisfuran ring system is not formed in VHA because the closure of its terminal 

fiiran ring is prevented due to the esterified acetate group, a plausible explanation for this is 

tiiat the next step from VHA is catalyzed by an esterase. In the present study, therefore, the 

possible involvement of either an esterase or other enzyme(s) involved in VHA conversion 

has been tested with the cell-free extracts from an aflatoxin-producing strain of A. 

parasiticus. Attempts have been made to verify the chemical identity of enzymatic products 

from VHA by thin-layer chromatography (TLC), high performance liquid chromatography 

(HPLC) and mass spectral analyses. The properties of enzyme(s) involved in this 

conversion have also been studied. Both the possible sequence after VHA and enzyme(s) 

involved in VHA conversion have been proposed from the observations. Since dichlorvos 

is a known inhibitor in aflatoxin biosynthesis and causes the accumulation of VHA, an 

attempt has been made to find its inhibitory site in aflatoxin biosynthesis and its inhibitory 

pattern. 

Recent studies (Dutton, 1985) have shown that a strain of A. flavus could convert the 

hemiacetal, AFB2a, to AFB2. VAOH has also been implicated as a key intermediate 

between VHA and aflatoxins. This casts a new role for the hemiacetals as they could act as 

intermediates between the dihydro- and tetra-hydrobisfuran series in aflatoxin biosynthesis. 

In the present study, therefore, this possibility has been suidied with the cell-free system. 

An attempt has been made to verify the chemical identity of the enzymatic products by TLC 

and mass spectral analyses. The enzyme responsible for the hemiacetal conversion has 

been proposed from the observations. 

For further understanding with regard to the enzymology of these steps in aflatoxin 

biosynthesis in the present study, attempts have been made to purify and characterize the 



enzyme(s) responsible for these reactions by using ammonium sulfate precipitation, DEAE-

cellulose and affinity column chromatography. 

1. 2. Review of Literature 

1.2. 1. The Aflatoxins 

The discovery of the Turkey-X disease in England in 1960 initiated the present 

tremendous resurgence of interest in mycotoxins. The characterization of the toxic 

compounds (Asao gt al-,1965), given the generic name of aflatoxins, is one of the notable 

accomplishments in the chemistry of natural products in this time. 

The aflatoxins are a family of toxic secondary metabolites produced by certain strains of 

the common molds A. flavus (Link ex. Fries) and A. parasiticus (Speare), which are 

frequentiy detected in soil and foodstuffs (Wilson etal., 1968). Toxicologically, aflatoxins 

are potent mutagenic and hepatocarcinogenic mycotoxins, known to be associated with 

numerous veterinary outbreaks and the elevated incidence of liver cancer in certain human 

populations (Wogan et al-, 1974; Stoloff, 1977). Its metabolism in relation to its biological 

activity has been studied, and convincing evidence indicates that AFBi (Figure 1) requires 

metabolic activation to exert its carcinogenic and mutagenic effects (Roebuck and Wogan, 

1977; Swenson et al., 1977). Structure-activity studies as well as chemical studies indicate 

that the major route for the activation proceeds through attack by liver mixed-function 

oxygenases, which yield the very toxic but short-lived 15,16-oxide as the ultimate 

carcinogen. Wong et al. (1977) employed Salmonella tvphimurium T98 for testing the 

mutagenicity of VA, ST (Figure 2), and AFBi; the compounds had a relative mutagenic 

potency of 5.83, 10.66 and 100, respectively. 

The aflatoxins constitute a number of structurally related metabolites which differ 

considerably in their biological effects. All these toxins, however, contain a characteristic 



bisdihydrofuran ring structure fused to a substituted coumarin moiety that makes them 

strongly fluorescent under ultraviolet light and additionally eitiier a cyclopentenone ring (B 

series) or a six-membered lactone (G series) (Figure 1). The aflatoxin 1 series have a 

double bond in the terminal furan ring of a bisfuran moiety, absent in the 2 series which are 

the dihydro derivatives of the parent aflatoxin 1 series. Several hydroxylated analogs of 

these different aflatoxins are also produced by Aspergillus cultures. The hydroxyl group 

present in these compounds was substituted at position 2 of the terminal furan ring. The 

toxicities of AFB2a and AFG2a (Figure A. 1 in the APPENDIX) were much less than Bi, 

B2, Gl, and 02- AFB2a and AFG2a, the hemiacetal derivatives of AFBi and AFGi, may 

arise in cultures at low pH by the spontaneous hydration of the reactive vinyl ether double 

bond (Dutton and Heathcote, 1968). It has been discussed that the possibility of AFB2a-

G2a to AFBi-Gi by dehydration can not be entirely excluded. However, the relationship 

between B2a and G2a and Bi and Gi in aflatoxin biosynthesis remains to be answered. 

The vinyl ether double bond in the bisfuran ring structure is essential for the mutagenic 

and the carcinogenic properties of aflatoxins (Wong and Hsieh, 1976). Among the major, 

naturally occurring aflatoxins (AFBi, AFB2, AFGi, and AFG2) (Figure 1), the 1 series 

occur most widely and have the greatest biological activity of this group of toxins. Because 

of the unusual chemical structure of aflatoxins, their pronounced toxicity (Wogan, 1966), 

extreme carcinogenicity (Butler, 1969), wide spread occurrence in the food supply, and 

their food safety significance, aflatoxins have been a subject of active investigation during 

the last decade. Particularly, the mode of action, metabolism, and biosynthesis of these 

toxins have been extensively studied (Bennett and Lee, 1979; Biollaz et al.,1970; Dutton, 

1988; Heathcote etal., 1976; Maggon et al., 1977; Townsend, 1986). During this time, the 

precursors and some of the intermediates in the pathway of AFB i biosynthesis were 

identified (Singh and Hsieh, 1977), and the effects of various environmental factors on its 



production were determined (Maggon et al., 1977). There are several recent reviews that 

deal largely or exclusively with the fundamental aspects of aflatoxin biosynthesis (Maggon 

et al., 1977; Steyn et al-, 1980; Bennett and Christensen, 1983). However, only limited 

progress has been made in the study of the enzymatic reactions involved in aflatoxin 

biosynthetic process. 

1. 2. 2. The Pathway of Aflatoxin Biosynthesis 

The study of the biosynthesis of aflatoxins has been dominated by the use of enzyme 

inhibitors, the identification of the accumulated products in mutant strains unable to form 

aflatoxins, resting-cell suspension experiments, and the incorporation studies of the 

potential precursors. After decades of work, there is now general agreement on the identity 

of the intermediates involved in die biosyndiesis of AFBi, which is the principal member. 

Evidence in support of this pathway comes from studies with the putative precursors 

isotopically labeled with ^^c, l^C, ^H, or 1^0. Most of these investigations were made 

with whole ceil cultures of A. parasiticus, usually in the replacement media witii the 

blocked mutants (Singh and Hsieh, 1977; Hsieh etal-, 197 6-b), 

Generally, aflatoxin synthesis begins at the end of the trophophase during the idiophase 

in the fungal life cycle. Many workers have shown that aflatoxins are synthesized from a 

few simple precursors, e.g., acetate and malonate, and the methoxymethyl group of 

methionine (Hsieh and Mateles,1971; Adye and Mateles, 1964; Biollaz et al., 1970; Pachler 

et al-, 1976). The enzyme activities involved in aflatoxin biosynthesis may be divided into 

three main phases: (a) One acetyl-CoA and nine malonyl-CoA are linked in a head-to-tail 

fashion to form a 20-carbon polyacetate or polyketide intermediate that cycUzes to form a 

series of C20-anthraquinones; (b) The loss of an acetate unit in the enclosure of the 

aliphatic side chain of anthraquinone results in the formation of the first bisfuranoid 



compound in this pathway; (c) The anthraquinone moiety of C18-bisfiiranoanthraquinone 

undergoes an oxidative ring cleavage to form a bisfurano xanthone. The xanthone 

undergoes another oxidative ring cleavage to form AFBi, which is the major and also the 

most potent member of the family. 

Based upon the results from the experiments using blocked mutant strains, metabolic 

inhibitors, and radioactive labeling with resting cells and cell-free systems of Aspergillus 

species, some of the major steps of the pathway have been established (Bennett and 

Christensen, 1983; Dutton and Anderson, 1982; Dutton, 1988; Maggon etal-, 1977; Steyn 

£t al-, 1980). These studies have provided the experimental evidence for six probable 

advanced intermediates between acetate and AFB i in the aflatoxin biosynthetic pathway 

(Bennett and Lee, 1979; Dutton, 1988; Schroeder et al-, 1974; Zamir and Hufford, 1981). 

Some of the details of this pathway are still unknown and in other parts there is conflicting 

data (Dutton and Anderson, 1982; Dutton etal., 1985; Zamir and Ginsburg, 1979; Zamir 

and Hufford, 1981). The known aflatoxin precursors include six anthraquinones 

(norsolorinic acid (NA), averantin (AVT), averufanin (AVF), averufin (AVR), VHA, and 

VA) and the xanthones (ST and 0-methylsterigmatocystin (OMST)) (Bhatnagar et al., 

1987; McCormick et al., 1987) with the general sequence, acetate —> anthraquinones —> 

xanthones —> aflatoxins (Figure 2). 

1. 2. 2. 1. The C20-Anthraquinone Biosynthesis 

The polyketide pathway is analogous to fatty acid biosynthesis but lacks intermediate 

reductive steps(Dutton, 1988). In the formation of polyketides a starter unit, usually an 

acetyl group, is transferred from acetyl CoA to a thiol group at die active center of the 

polyketide synthase complex (Bennett and Christensen, 1983). The acetyl group is 

attached to the enzyme complex via a thioester linkage, resulting in a "high energy" 
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conformation. Acetate units are now added sequentially by the enzyme complex utilizing 

malonyl CoA as the donor with a concomitant loss of carbon dioxide. 

The major anthraquinone components of wild type A. parasiticus have been isolated 

and characterized as NA (Lee et ai-, 1971) and AVR (Donkersloot et al., 1972). 

Radiotracer studies and studies with mutants of A. parasiticus impaired in aflatoxin 

biosynthesis have led to the finding tiiat NA (Hsieh et al.,1976-a; Detroy et al., 1973; Lee 

et al., 1971), AVT (Bennett et al„ 1980), and AVR (Lin and Hsieh, 1973; Lin et al., 1973) 

are accumulated in place of aflatoxins, indicating the possibility that these compounds are 

intermediates in aflatoxin biosynthesis. Most of the subsequent steps after NA in aflatoxin 

biosynthesis are oxidative. The first step is the reduction of the carbonyl in the side chain 

of NA to a hydroxyl, resulting in the formation of AVT. The enzyme responsible for its 

formation is a dehydrogenase (Dutton and Chuturgoon, 1986). The incubation of [^^C] 

NA with resting cells of the wild type strains of A. parasiticus led to its conversion into 

AFBi (Hsieh 21^ . , 1976-a). Radioactive label from NA was incorporated into AFBi ^ 

significantiy lower yield than that from AVR, presumably because NA required the 

conversion into AVR before its conversion into AFBi. 

Averufanin has been isolated previously from A, flavus (Heathcote and Dutton, 1969) 

and a UV-induced mutant of A, versicolor (Hoiker et al., 1966). McCormick et al. (1987) 

showed from radiolabeling studies using [̂ '̂ C] AVF that AVF was a biosynthetic 

precursor of AFBi between AVT and AVR. [^^C] AVR was efficientiy convened into 

AFBi by the incubation witii the resting cells of the wild-type strain, indicating its 

intermediate positioning in the patiiway leading from acetate to AFBi (Hsieh £i M-, 1976-b; 

Lin and Hsieh, 1973; Lin et al., 1973), In kinetic pulse-labeling studies, Zamir and 

Hufford (1981) confirmed tiiat NA and AVR were early transient intermediates in aflatoxin 

biosynthesis. 



8 

Yao and Hsieh (1974) observed tiiat the treatment of a wild type culture of A. 

parasiticus witii dichlorvos (dimethyl-2,2-dichlorovinyl phosphate) (Figure A. 1 in tiie 

APPENDIX) resulted in reduced aflatoxigenicity and in die concomitant appearance of an 

orange pigment Townsend et al. (1982) also observed a similar phenomenon witii the 

same treatment as did the former researchers. The latter groups also reported lesser 

amounts of versiconol and versiconol acetate(Figure A. 1 in the APPENDIX). The 

structure of tiie major orange pigment was elucidated using ^H and ^^c NMR techniques; 

tiie compound was tentatively named VHA (Schroeder gt al., 1974; Cox et al., 1977; Fitzell 

et al., 1977). Also, [l-^^C] acetate-derived VHA (Cox et al., 1977) was found to possess 

die same labeling pattern in die anthraquinone nucleus as AVR and, upon conversion by A. 

flavus in the absence of dichlorvos, gave the same labeling pattern in AFB i as that derived 

from [ 1 - ^ 3 Q acetate (Hsieh etal., 1975). Furthermore, in uninhibited cultures of the 

fungus, ^'^C-labeled VHA, like AVR, was transformed into radiolabeled AFBi (Bennett et 

al., 1976; Singh and Hsieh, 1977; Townsend et al., 1982; Yao and Hsieh, 1974). These 

results suggest tiiat VHA is an intermediate, placing VHA between AVR and VA, in the 

biosynthesis of AFB i. 

1. 2. 2. 2. The Generation of The C18-Bisfuranoanthraquinones 

As mentioned earlier, the vinyl ether double bond in tiie bisfuran ring structure confers 

the mutagenic and the carcinogenic property of aflatoxin molecules and also upon others 

such as VA and ST (Wong and Hsieh, 1976; Stoloff, 1977). In the biosynthetic scheme 

(Figure 2), tiie characteristic bisfuran ring structure of aflatoxins is formed in die step 

where VHA is converted to VA. Therefore, it is considered tiiat this is a key step in tiie 

aflatoxin biosynthetic pathway. 



The conversion of radioactively labeled precursors to AFB i in a cell-free system and in 

tiie whole cell growing in nitrogen-free replacement culture medium has provided evidence 

for tiie involvement of AVR (McCormick etal., 1987), VHA (Singh and Hsieh, 1977), VA 

(Lee SI M., 1976), and ST (Hsieh gj al., 1973) in tiie biosynthesis of tiiis important 

mycotoxin. Also, the isolation of VA from the mutant strain and the chromatographic and 

mass spectral evidence of its presence in the nonmutant strain as well as reports of other 

hydroxyanthraquinones as secondary metabolites of A. parasiticus (Heathcote and Dutton, 

1969; Lee et al., 1971) added credence to the hypothesis that VA was an intermediate in 

aflatoxin biosynthesis (Lee et al., 1975). Singh and Hsieh (1977) found that the 

incorporation efficiency of VHA into AFs was the lowest followed by VA and ST, 

suggesting the sequence of these compounds in the aflatoxin biosynthetic pathway to be: 

VHA > VA > ST. Inhibition of VHA conversion to AFs by dichlorvos, but not of 

VA conversion to ST showed that VA lay beyond tiie step inhibited by dichlorvos and tiiat 

it was probably derived from VHA as suggested by Yao and Hsieh (1974), The results of 

tiie incorporation of ^^C-labeled AVR and VHA into VA by a VA-accumulating mutant 

confirmed tiiat botii AVR and VHA were precursors of VA (Bennett et al„ 1976; Singh and 

Hsieh, 1977; Yao and Hsieh, 1974), 

Wan and Hsieh (1980) isolated a relatively stable enzyme system for the conversion of 

VHA to VA from the soluble fraction of A, parasiticus ATCC 15517. The cell-free extracts 

did not require oxygen or NADP(H) for activity, nor did tiiey require dithiotiireitol, 

polyclar (polyvinyl pyrrolidone), or glycerol for the stabilization of tiie activity. This 

enzyme system, which is highly susceptible to inhibition by dichlorvos and cysteine, 

revealed tiie involvement of several intermediates in transforming VHA into VA, These 

findings also confirmed the biogenic relationship of VHA and VA, and tiiat related fungal 

metabolites were derived from VHA, 
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In contrast to Wan and Hsieh (1980), a study showed tiiat an enzyme extract derived 

from lysed protoplasts was capable of converting VHA and ST to AFBi providing tiiat the 

coenzyme FAD was present (Anderson and Dutton, 1979). However, they found an 

unexpected result from their work tiiat VA was not incorporated into AFB i, whereas 

VAOH and its acetate derivative, VAAC, were. The results of tiie double substrate (^H-

and '̂̂ C-VA) experiment revealed that the failure to convert VA to AFBi was not due to 

the absence of enzymes required for AFBi biosynthesis in the cell-free preparation (Dutton 

and Anderson, 1982), Also, Anderson and Dutton (1980) found that VAOH and VAAC 

were rapidly converted to VA and AFBi at similar rates and were closer in this capacity 

than VHA or VC, and that dichlorvos had no inhibitory effect on this conversion. This 

observation indicates that one or both of the latter compounds can act as a precursor in tiie 

biosynthesis of VA and therefore may possibly be involved in the biosynthesis of 

aflatoxins. From these results, tiiey proposed a possible scheme in which an oxygenase 

introduced a hydroxyl adjacent to the ester oxygen atom, causing the formation of an 

unstable acylal intermediate which could spontaneously form either VAOH or VAAC, 

depending on whether acetic acid or water is eliminated. VAOH or VAAC is then 

converted to VA. Dutton and Anderson (1982) confirmed this observation. However, it is 

not necessarily meant tiiat both compounds are intermediary between VHA and VA, 

Dutton and Anderson (1982) suggested from these experiments that VA and VC might be 

side shunt metabolites and VAOH or VAAC or both might occur in the metabolic sequence 

between VHA and AFBi, The evidence for VAOH as an intermediate is also supported by 

tiie observation tiiat it accumulates in cultures of A, parasiticus 1-11-105 Whl even tiiough 

tiie culture pH is alkaline (Dutton and Anderson, 1980). It has been suggested that VA and 

VC may reenter tiie pathway depending on tiie availability of tiie appropriate enzymes and 

the suitability of the conditions (Dutton and Anderson, 1982), 
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The treatment of VHA with dilute acid (Schroeder et al., 1974; Steyn et al., 1980) has 

been shown to yield VC. VC has also been isolated as a known metabolite of botii A. 

versicolor (Hamasaki si M., 1965), an AFB2-accumulating mutant of A. flavus SRRC 141 

(Dutton Si al., 1985) and A. parasiticus (Heatiicote and Dutton, 1969). The possible 

mechanism for a reaction of VHA to VA has thus been proposed tiiat VHA is first 

hydrolyzed, presumably under the influence of an esterase, to versiconal, the ring open 

form of VC. The primary alcohol group of versiconal is converted to an aldehyde by an 

alcohol dehydrogenase "type" enzyme or the terminal section of the bisdihydrofuran ring 

system is hydroxylated in some manner by means of oxygenase, involving the conversion 

of VHA to VA (Anderson and Dutton, 1980). Wan and Hsieh (1980) also suggested tiiat a 

primary alcohol group derived from the open form of the terminal furan ring was oxidized 

to an aldehyde. This ring closes to a hemiacetal, which loses water to form the stable vinyl 

ether system of VA. Presumably tiie ring closure of tiie aldehyde is enzyme-directed 

because of tiie R arrangement of C-T in VA. Most recently, Billington and Hsieh (1989) 

discovered that VC and an unknown polar compound were formed during the enzymatic 

reaction when VHA was added to A. parasiticus cell-free extracts. This unknown 

compound was thought to be a polyhydroxyanthraquinone that was converted to VC under 

acid conditions. 

The hydrolysis of VHA to VC has been discussed as the wrong oxidation level (i.e., it 

lacks a double bond) to be directiy converted to AFB i (Dutton, 1988). Also, it was 

suggested tiiat the unsaturated analog, VA, had both the correct oxidation level and stereo 

structure (RV, S2') (Gorst-Allman et al-, 1977) of tiie bisfuran moiety to be a direct 

precursor of AFBi (Lee £l ̂ . , 1976). Since tiiere are conflicting views about the steps of 

VHA to VA in tiie aflatoxin biosynthetic patiiway, the elucidation of tiie cortect sequence of 
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tiiese steps and tiie characterization of tiie enzymes involved in this biosynthetic sequence 

may shed light on tiie control of tiie biosynthesis of all tiie bisfuran mycotoxins. 

1. 2. 2. 3. The Modification of The Anthraquinone 

The first step for the anthraquinone modification is tiie cleavage of tiie anthraquinone 

moiety adjacent to carbonyl at tiie position 10 of VA. At least tiiree otiier events have been 

proposed to occur for this reaction (Dutton, 1988): (i) tiie hydrolysis of tiie lactone; (ii) the 

oxidative decarboxylation; (iii) tiie methylation of tiie hydroxyl at position 6, The molecule 

now swivels about tiie carbonyl bridge, and the ring closure occurs to yield ST, 

ST was originally isolated from cultures of A. versicolor and was considered as the 

metabolite reported to contain the bisfuranomethoxy benzene ring system (Bullock et al-, 

1962). It has one less skeletal carbon atom than VA, forming a xanthone nucleus (Pachler 

et al-, 1976), but has gained anotiier by 0-methylation (Dutton, 1988; Steyn gtal., 1980). 

Experimental evidence has been accumulated to show that ST is a direct precursor of AFB i 

biosynthesis. Preliminary studies demonstrated that the cell-free systems of A. parasiticus 

or A. flavus could catalyze the conversion of certain pathway intermediates to AFB i 

(Jeenah and Dutton, 1983; Singh and Hsieh, 1976; Dutton and Anderson, 1982; Anderson 

and Dutton, 1979). Hsieh etal. (1973) reported tiie conversion of [^^C] ST by tiie resting 

mycelium of A. parasiticus ATCC 15517 into AFBi, and postulated a possible biosynthetic 

pathway leading from 5-hydroxy sterigmatocystin to ST and then to AFBi. Also, Singh 

and Hsieh (1976) and Jeenah and Dutton (1983) achieved tiie conversion of ST into AFBi 

in a cell-free system at the optimum pH 7,5 to 7,8, indicating tiiat tiie enzyme catalyzing the 

reaction was, most probably, an oxygenase. In these experiments the enzyme activity was 

highly dependent on NADPH. Replacement of NADPH witii NADP resulted in tiie 

reduction of the activity by about 60%. Otiier work (Jeenah, 1985) confirmed tiiese 
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findings with a cell-free system derived from a VA-accumulating mutant of A, parasiticus, 

and postulated that tiiis system might be composed of at least two enzymes; one of which 

was likely to be a monooxygenase requiring NADPH and the otiier to be dioxygenase 

requiring the presence of ferrous ions. In fact, it has been proposed by several authors 

(Biollaz et al., 1970) that ST is converted into aflatoxins through an oxygenative ring 

closure, 

Dutton et al. (1985) have suggested that tiiere may be an intermediate between ST and 

AFBi. Recent studies using intact cells and cell-free system placed OMST between ST and 

AFBi (Cleveland and Bhatnagar, 1987; Bhamagar £i ai-, 1987; Cleveland siM-, 1987-a), 

indicating that at least two enzymatic activities are present in the conversion of ST to AFB]. 

A previous investigation (Jeenah and Dutton, 1983) demonstrated tiiat the ST-to-OMST 

enzymatic reaction was stimulated in the presence of S-adenosyl methionine, indicating the 

methyltransferase activity. Furthermore, a purified methytransferase has been isolated tiiat 

methylates ST to OMST in the presence of SAM (Berry et al., 1987). However, the report 

considers that OMST is a side shunt metabolite in tiie aflatoxin biosynthetic pathway. 

OMST has been previously isolated as tiie metabolite from the aflatoxin-contaiiung fraction 

of A. flavus (Burkhardt and Forgacs, 1968). The enzymatic activities producing OMST 

and AFBi from ST are completely resolved by centrifugation into tiie microsomal and the 

postmicrosomal fractions. The postmicrosomal fractions containing methyltransferase 

catalyzed ST-to-OMST conversion and tiie microsomal fractions contained an 

oxidoreductase activity converting OMST to AFBi (Cleveland and Bhatnagar, 1987; 

Bhamagar et al., 1987; Cleveland et al., 1987-a), The absolute requirement of NADPH for 

OMST-to-AFBi conversion strongly indicates the oxidoreductase activity (Cleveland and 

Bhamagar, 1987). These results suggest tiiat OMST is a true metabolite in tiie aflatoxin 

biosynthetic patiiway between ST and A r a i and Gl, and that it is not a shunt metabolite. 
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Also, DHST and DHOST (Figure A. 1 in the APPENDDC) are fungal secondary 

metabolites tiiat have been isolated from A. flavus (Cole si al., 1970) and A. versicolor 

(Hatsuda si al., 1972), respectively. Recentiy Yabe si M. (1988) found that AFBi and Gi 

were produced when ST or OMST was fed to UV-irradiated mutant (NL\H-26) culuires of 

A. p^a§itigy§ SYS-4 (NRRC 2999) and that AFB2 and G2 were produced from DHST or 

dihydro-0-metiiylsterigmatocystin (DHOMST). Also from tiiis experiment, the reactions 

from ST to AFBi and HOST (Figure A. 1 in tiie APPENDIX) to AFB2 were observed in 

tiie cell-free system and were catalyzed stepwise by tiie metiiyltransferase and 

oxidoreductase. The most recent experimental evidence indicates tiiat HOMST is in tiie 

biosynthetic sequence of AFB2 (Cleveland, 1989). 

1. 2. 2. 4. The Interconversion of Aflatoxins 

In general, it has been assumed that all aflatoxins arise from AFB i by oxidation and 

hydroxylation (Maggon and Venkitasubramanian, 1973). Heatiicote si al- (1976) 

concluded, from the conversion of [̂ "̂ C] aflatoxins by A. flavus CMI 91019B into the 

related metabolites, that AFBi might be converted into most of the other aflatoxins, e.g., 

B2, B2a» Gl, G2, and G2a- It has been suggested that AFGs are derived from AFBs by 

further oxidation (Biollaz siai-, 1970), The AFBi-to-AFGi conversion by A, parasiticus 

mycelial homogenate preparations has been demonstrated (Maggon et al,, 1977), The time 

of appearance and amounts of the various aflatoxins in cultures of A, flavus and A, 

parasiticus (Maggon si al-, 1977) give support to tiiis proposal, Henderberg et al. (1988) 

and Floyd si al. (1987) concluded from tiieir bioG-ansformation saidy that ST served as a 

precursor of both B and G aflatoxins. No AFBi to AFGi conversion was demonstrated 

either in feeding studies with a blocked mutant or in radiotracer studies with wild-type 

strains. They also suggested that the biosynthetic pathways of ST to tiie B and G 



15 

aflatoxins were independent, and tiiat AFBi was ra±er an end-product of tiie aflatoxin 

biosyntiietic patiiway. Studies by Floyd and Bennett (1981) and Dutton si al- (1985) 

indicated tiiat Bi, B2, Gi, and G2 could arise independently of each other. It was also 

described tiiat the formation of AFBi and AFB2 were dependent upon tiie strain and 

culture conditions, and strains producing only the B group of aflatoxins did not produce 

AFGs (Schroeder and Carlton, 1973; Hesseltine si ai-, 1966), Furthermore, several strains 

of A. flavus are known to produce AFB2 alone (Papa, 1977), 

More recent studies with blocked mutants of A, parasiticus suggest that aflatoxins arise 

independentiy via a branched patiiway (Figure 3) (Dutton si al„ 1985; Royd and Bennett, 

1981), In tiie proposed metabolic grid for the branched AFBi and AFB2 biosyntiietic 

pathway, the biosyntheses diverge, beginning at the metabolic precursor VHA (Dutton et 

al., 1985). A similar scheme was proposed by Maggon si ai. (1977), who postulated that 

the AFB 1 arose via VA and ST and that the dihydrofiu-ofuran aflatoxins arose as follows: 

versiconal —> VC —> 5-hydroxydihydrosterigmatocystin —> AFB2 —> AFG2. The 

facts that certain strains of A. flavus can accumulate AFB2 in excess of AFB i (Anderson 

and Dutton, 1980; Schroeder and Carlton, 1973; Van Walbeek si ai-, 1968; Gunaskeraran, 

1981) and tiiat DHST, rather tiian ST (Dutton si ai-, 1985), has been shown to be a 

precursor of AFB2 (Elsworthy si ai-, 1970) support tiie view that AFBi and B2 arise via 

VA and VC, respectively. The intact cells of A, parasiticus SRRC 163, AVT-accumulating 

mutant, were able to convert pure OMST or ST to AFB i and AFG i without AFB2 

accumulation; tiie same cells converted HOMST (Figure A. 1 in the APPENDIX) to AFB2 

with no Bi orGi production (Cleveland si ai-, 1987-b), The results indicate tiiat AFB2 is 

produced from a separate branch in the aflatoxin biosynthetic pathway tiian are AFB 1 and 

AFGi; AFB2 arises from HOMST, and AFBi and AFGi arise from ST and OMST. 
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Frnther studies have shown tiiat a strain of A, flavus can convert AFB2a to AFB2; tiie 

responsible enzyme may be an alcohol dehydrogenase or be involved in tiie formation of 

VA (Wan and Hsieh, 1980; Dutton, 1985). AFB2a arises in cultures of A. parasiticus by 

tiie addition of water to the terminal double bond in AFB 1 under conditions of low pH 

(Dutton and Heathcote, 1968). This casts a new role for AFB2a and its xanthone (ST 

hemiacetal) and anthraquinone (VA hemiacetal) analogs as tiiey could act as intermediates 

between the dihydro- and tetrahydro-bisfuran series. 

However, there are many conflicting hypotheses concerning the biosynthetic pathway 

of aflatoxins (Dutton si ai-, 1985; Floyd and Bennett, 1981; Elsworthy si ai., 1970; 

Maggon and Venkitasubramanian, 1973; Biollaz si ai-, 1970; Heathcote si al., 1976; 

Bhamagar si al-, 1987), and the precise relationship between AFB 1 and other aflatoxins is 

still unclear. 

1. 2. 2. 5. Regulation of Aflatoxin Biosynthesis 

Considerable research effort has been directed toward the inhibition of aflatoxin 

production by chemical treatment Dichlorvos was recentiy found to possess a strong 

inhibitory effect on an early step prior to the initiation of aflatoxin production. The 

inhibitory effect occurs 40 h after incubation in A- flavus and A- parasiticus, presumably 

by specific enzyme inhibition (Yao and Hsieh, 1974; Schroeder si ai., 1974; Hsieh, 1973; 

Rao and Herein, 1972). They reported that dichlorvos at 10 }ig per ml in a synthetic 

medium inhibited over 90% of the aflatoxin biosynthesis by A. parasiticus ATCC 15517 

witiiout affecting the fungal growth (Yao and Hsieh, 1974; Hsieh, 1973). The complete 

inhibition of aflatoxin production occurred with 20 }ig/ml dichlorvos, Yao and Hsieh 

(1974) showed tiiat dichlorvos-treated cultures produced relatively large quantities of an 

orange pigment which was tiie same pigment isolated by Schroeder si al, (1974) from 
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culuires of otiier AF-producing strains treated with dichlorvos. The reduction in aflatoxin 

production was in direct proportion to the concentration of orange pigment, which was 

tentatively identified as VHA by NMR smdy (Schroeder si al-, 1974). In the presence of 

dichlorvos, ST was converted into AFB i without interference, but the major conversion 

product of [^^C] acetate and AVR was VHA, suggesting tiiat the inhibitor appeared to 

block an enzymatic step in tiie transformation of VHA into VA (Yao and Hsieh, 1974; 

Singh and Hsieh, 1977), AVR and VC did accumulate in dichlorvos-treated cultures at 

levels similar to those in the untreated controls. It was assumed that the esterase was only 

partially inhibited (Bennett si ai., 1976), AF synthesis resumed at a much slower pace and 

increased appreciably, with VHA disappearance in tiie nitrogen-free replacement culture 

medium, indicating that dichlorvos inhibition was slowly reversible (Yao and Hsieh, 

1974), 

As dichlorvos had been reported to be capable of inhibiting acetylcholinesterase activity 

in insects (Corbett, 1974), it was initially suspected tiiat it inhibited esterase activity in 

aflatoxin-producing organisms and thus caused tiie accumulation of the ester VHA (Hsieh, 

1973). A number of organophosphorus insecticides, including dichlorvos, have also been 

examined to see whether tiie effect of dichlorvos on aflatoxin biosynthesis is a general 

property of organophosphates, mechanistically analogous to tiie inhibition of 

acetylcholinesterase (Hsieh, 1973). The results showed tiiat not all the organophosphates 

were inhibitory to aflatoxin biosyntiiesis. Later, Dutton and Anderson (1980) also 

investigated the effect of a range of organophosphorus and various other compounds on die 

production of aflatoxin by A. flavus. They found that five organophosphorus compounds 

(chlormephos, ciodrin, naled, phosdrin, and trichlophon) at 20 and 100 |ig/ml of the 

culture fluid had lowered the level of aflatoxin production and caused tiie formation of 

VHA and several other anthraquinone pigments similar to the action of dichlorvos. They 
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also found tiiat two unrelated compounds, ammonium nio^te and tridecanone, elicited the 

dichlorvos-type activity. They discussed tiiat tridecanone or its breakdown products 

competitively inhibited enzymes involved in aflatoxin biosyntiiesis. 

The examination of the structure of organophosphate capable of eliciting tiie pigment 

formation in the same manner as dichlorvos revealed that in general they possess two small 

alkyl groups, usually methyl, esterified to a phosphorus atom (Dutton and Anderson, 

1980). From evidence it appears that a phosphate ester group is involved in inhibition and 

it seems therefore that the inhibition process is at least in part similar to tiiat found in the 

inhibition of acetylcholine esterase by a phosphorylation process. Recentiy, it has also 

been discussed that dichlorvos blocks the esterase activity by phosphorylating the serinyl 

hydroxyl of the active site of esterase, which is its known mode of action (Dutton, 1988). 
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Figure 1. Structure of the major aflatoxins 
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Figure 2, Currently accepted pathway of aflatoxin biosynthesis. The heavy arrows 
indicate the metabolic block, and tiie wavy arrow indicates the metabolic inhibitor, 
dichlorvos. 
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Figure 3. Proposed metabolic grid for a branched pathway of aflatoxin biosynthesis. 
Arrows may represent more than one step. 
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CHAPTER 2 

MATERLM^ AND METHODS 

2, 1, Materials 

2. 1, 1, Microorganisms 

The organism used in this study was an aflatoxigenic isolate of A- parasiticus SU-1 

(wild-type strain). The blocked mutant strain used was A. parasiticus VER, which 

accumulates VA, Both strains were provided by Dr, J, W. Bennett, Department of 

Biology, Tulane University, New Oleans, Louisiana. Conidia were obtained from well-

sporulated cultures grown on Potato-Dextrose Agar (300 g diced potato, 20 g glucose, and 

15 g agar in 1 1 of double distilled water). Conidia were stored in a 0.01% aqueous 

solution of sodium lauryl sulfate and served as the inoculum, 

2. 1. 2. Culture Media 

The basal growth medium and the replacement medium (pH 4.5) were prepared 

according to the metiiod of Adye and Mateles (1964). The former contained per liter, 

sucrose 85 g, L-asparagine 10 g, (NH4)2S04 3.5 g, KH2PO4 0,75 g, MgS047H20 0.35 

g, and the trace metals as used by Adye and Mateles (1964). The latter contained per liter: 

glucose 18 g, KH2PO4 5 g, MgS047H20 0.5 g, KCl 0.5 g, and tiie same trace metals as 

used in the basal growth medium. 

2. 1.3. Reagents 

Porcine liver esterase was obtained from Sigma Chemical Corporation, Dichlorvos 

(technical grade) was provided by Shell Chemical Corporation. Sucrose, glucose, and L-

asparagine (tissue culture grade) were purchased from Fisher Scientific Corporation. Agar 

25 
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was obtained from Difco Laboratories. NADPH, NADP, NADH, NAD, and FAD were 

obtained from United States Biochemicals and Sigma Chemical Corporation. Tris was 

obtained from Sigma Chemical Corporation. Ultra pure ammonium sitifate was obtained 

from Sigma Chemical Corporation. All organic solvents (reagent grade) were obtained 

from Fisher Scientific Corporation, Trifluoroacetic acid was obtained from Aldrich 

Chemical Corporation. Bovine serum albumin was a product of Sigma Chemical 

Corporation. ST, OMST, and aflatoxins were obtained from Sigma Chemical Corporation. 

Dye reagent for protein determinations was obtained from BioRad Laboratories, Silica gel 

K6 precoated tiiin-layer plates (250|J. tiiick) were purchased from Whatman Incorporation, 

Diethylaminoethyl cellulose (DE52) was obtained from Whaunan Biosystem Limited. 

Green dye-affinity chromatography gel was obtained from Amicon. Methanol (HPLC 

grade) for HPLC analysis was obtained from Mallinckrodt Chemical Corporation, Protein 

molecular weight standards were obtained from Sigma Chemical Corporation, and 10-15% 

polyacrylamide gels were purchased from Pharmacia, LKB for native- and sodium dodecyl 

sulfate-PAGE of enzyme(s). Membrane filtration apparatus as well as membrane filters 

and Centricon miniconcentrators were obtained from Amicon, All dialyses were performed 

with Spectrapor dialysis tubing (Mr cutoff=l2,000 -14,000 Da). All anthraquinone 

pigments as substrates were prepared as described in "METHODS" section. All solutions 

were prepared with doubly distiUed water which was passed through Sybron-Bamstead 

demineralization/organic removal cartridge. 

2. 2. Methods 

2. 2. 1. The Preparation of VHA 

VHA was prepared from A. parasiticus SU-1 according to the metiiod of Schroeder et 

al. (1974). A 1.0 ml portion of the culture spore suspension of A- parasiticus SU-1 (about 

10^ -10^ spores/ml), which was stored in 0.01% sodium laur>'l sulfate solution, was 
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transfen-ed to 100 ml of tiie basal growth medium (pH=4.5) in 500 ml flasks. Spore 

suspensions were incubated at 3(P C in a New Brunswick MF-100 rotary shaker (New 

Brunswick Scientific Corporation) at 150 rpm for 2 days. Mycelia were collected on 

cheesecloth by vacuum filtration and washed twice with sterile double distilled water 

followed by replacement medium (pH=4,5), A defined amount (based on 1 g wet weight 

of mycelia per 10 ml of medium) was resuspended in 100 ml of the replacement medium 

containing 10 }ig/ml concentration of dichlorvos, which was dissolved in 0,1 ml of 

acetone, to form the resting cell cultures. Cultures were further incubated at 30° C in 

stationary culture for 5 days. 

Aflatoxins and other secondary metabolites were extracted by adding ethyl acetate to the 

vacuum-filtered mycelia from the replacement cititures until there was no color in tiie 

solvent and then VHA was purified by the method of Schroeder si ai- (1974) with some 

modifications. The ethyl acetate extracts were combined and evaporated to dryness in a 

Rotavapor (Buchi) at 32° C. The residue was redissolved in a small volume of acetone and 

chromatographed with 15% (v/v) acetone in chloroform through the column packed with 

silica gel saturated in benzene. The most yellow fractions were pooled, evaporated, and 

dissolved in a small portion of acetone. The acetone extracts were then purified on 

preparative thin-layer chromatography plates (TLC) precoated with silica gel K6, The 

developing solvent was benzene/acetic acid (BA) (95/5, v/v). VHA was localized at Rf 

0.08 in tills solvent system. VHA was scraped from thin-layer plates and dissolved witii a 

small portion of acetone. For further purification of VHA, the pigment was 

chromatographed on TLC plates in tiie developing solvent system toluene/etiiyl 

acetate/acetone/ acetic acid (TEAA) (50/35/15/2, v/v) or chloroform/acetone (CA) (9/1,v/v). 

Rf values of VHA in these solvent systems were 0.70 and 0.21, respectively. The region 

of VHA on tiiin-layer plates was scraped and VHA was eluted from tiie gel with a small 

portion of acetone, VHA was crystallized and redissolved in 10 ml of acetone. VHA in 
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acetone was stored in tiie freezer. The chemical identity of VHA was confirmed by 

chromatography and by comparing its mass spectrum with that previously reported 

(Schroeder etai., 1974). 

2. 2. 2. The Preparation of VA 

VA was prepared from a mutant strain of A- parasiticus VER according to tiie method 

of Lee SI ai. (1975) with some modifications. A 1.0 ml portion of the spore suspension 

was cultured as described in section 2. 2. 1, except only the basal medium was used. 

Large batches of the culture were incubated at 30° C without shaking on a New Brunswick 

MF-100 rotary shaker for 7 days. Mycelia were collected on a layer of cheesecloth by 

pouring the contents of the flasks through the cloth. Each mycelial mass was then washed 

twice with sterile double distilled water. The mycelia from two batches (about 360 g wet 

weight) were extracted in a Waring Blender with 1 1 of petroleum ether, filtered, and the 

etiier extract was discarded. 

The wet, washed mycelia were then extracted again until colorless with acetone in a 

Waring Blender, The acetone extracts were combined. The combined extract was filtered 

through sodium sulfate to remove water, then evaporated on a Rotavapor at 40 to 45° C. 

HCl (20 ml of 25%) was added to the remaining mixture of water and solid residue, and 

tiie mixture was extracted six times with 500 ml of peroxide-free dietiiylether. The 

combined ether extracts were again filtered through sodium sulfate to remove water. 

Dietiiylether was evaporated. The residue from the diethylether extt-acts was dissolved in 

dietiiyletiier, and silica gel was added and mixed tiioroughly to give a slightly viscous 

slurry. The dietiiylether-silica gel slurry was transferred to the top of a column (4 x 50 cm) 

packed with silica gel in benzene. The column was eluted with 250 ml benzene, and then 

with 2 1 of BA (95/5, v/v). The first pigment fraction was collected and discarded (This is 

the physcion fraction). The major pigment was eluted by BA, Fractions richest in the 
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pigment were combined and evaporated on a Rotavapor at 60 to 65° C until no more 

solvent is removed The orange crystals were collected and further purified by preparative 

TLC plates precoated witii silica gel K6 (0,25 cm thick). Benzene-acetic acid (95/5, v/v) 

was tiie developing solvent system. The major pigmented zone (VA zone) was scraped 

from each plate, and the pigment was eluted witii acetone and recrystallized. Crystalline 

VA was dried under vacuum over P2O5 and KOH. The chemical identity of VA was 

confirmed by chromatographing on TLC in BA (95/5, v/v) solvent system witii reference 

VA(Leesiai., 1974). 

2. 2. 3. The Preparation of The Hemiacetals 

VA hemiacetal (VAOH) was prepared by acid-catalyzed addition of water to VA 

prepared in section. 2. 2. 2., as described by Ashley si ai- (1987). A 3 mg portion of VA 

was reacted at 6(P C witii 100 ml of hexane and 25 ml of trifluoroacetic acid. After 15 

min, 9,5 ml of water-acetonitrile (9/1, v/v) were added, the solution was mixed with a 

vortex mixer and the lower aqueous layer was removed. This layer was dried by warming 

to 40° C under a gentle stream of nitrogen. The residue was dissolved with a small volume 

of acetone and the solution was loaded on the top of the benzene-saturated silica gel column 

(2.5 X 20 cm). The pigments were eluted with benzene. The yellow fractions were 

collected and evaporated to dryness. The residue was redissolved in a small portion of 

acetone and chromatographed on preparative TLC plates in TEAA solvent system. The 

VAOH band (Rf = 0,73) was scraped and dissolved in 10 ml of acetone. 

HOST was prepared from 3,3 mg of ST by tiie same procedures used for VAOH 

preparation. ST was bubbled with nitrogen gas for 7 min and stoppered, HOST and ST in 

acetone were transferred on preparative TLC plates and chromatographed in TEAA (Rf of 

ST and HOST were 0,89 and 0.66, respectively). 
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2. 2. 4. The Preparation of Cell-Free Extracts 

A.parasiticus SU-1 was grown in 500 ml flasks containing 100 ml of basal growth 

medium as described previously. Each flask was inoculated witii approximately 10^ 

conidia suspended in 1 ml of 0.01% aqueous sodium lauryl sulfate solution. The culture 

was incubated at 30° C in a rotary shaker at 200 rpm for 60 h. The mycelia pellets were 

harvested on four layers of cheesecloth by vacuum-filtration and washed twice with double 

distilled water followed by 0.5 M sucrose in 0.1 M sodium phosphate buffer (pH=7.4) and 

stored frozen until they were used The frozen mycelia were suspended in 0,1 M sodium 

phosphate buffer (pH=7.4), and the mixture was homogenized with a Virtiz Homogenizer 

for three 1 min periods at maximum speed in an ice-water bath. The slurry was then mixed 

with autoclaved sea sand (1 g/g slurry) and further homogenized with a chilled mortar and 

pestie. The homogenate was centrifuged at 10,000 x g for 30 min at 4° C and, for some 

experiments, further centrifuged at 100,000 x g for 90 min at 4° C. The supematants were 

used as crude cell-free extracts and stored frozen until they were used. 

2. 2. 5. Enzyme Assays 

2. 2. 5. 1. The Conversion of Anthraquinones 

The incubation mixtures were made up of tiie cell-free preparation, 0,1 M or 50 mM 

phosphate buffer (pH=7.4), and 1.12 mM NADPH (as final concentration in 1 ml 

incubation mixture) unless otherwise indicated. Reactions were started by adding 50 p-l of 

tiie indicated substrate in N,N-dimethyl-formaniide to tiie reaction mixmre to tiie indicated 

final concentration. Reaction mixtures containing boiled enzyme were simultaneously run 

as a control. When other chemicals were used, tiie total volume of cofactors and phosphate 

buffer was 0,4 ml. The reaction mixmres were incubated at 30° C in a water batii, witii 

shaking at 200 rpm for 5 h. At the end of tiie incubation 1 ml of ethyl acetate was added to 
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tiie mixtures. The reaction mixtures were extracted three times with 1 ml ethyl acetate. The 

combined ethyl acetate extracts were dried and redissolved in 100 |il of acetone for 

identification and quantification. The samples were transferred to a silica gel K6 TLC 

plate, and chromatographed with reference compounds in the organic solvent system 

TEAA. The regions of enzymatic products were scraped, and the products were eluted 

with methanol. Methanol was evaporated under a gentle stream of nitrogen gas, the residue 

was dissolved in 1 ml of methanol and the absorbance of the methanol solution was 

measured at 453 nm. The concentration of VC was estimated using E453 = 6,100 /M.cm 

(Dutton and Anderson, 1980) and that of versiconal using E453 = 7,625/M,cm. The 

extinction coefficient of versiconal was calculated from the absorbance of the solution of 

versiconal before treatment with acid and the amount of VC determined after acid treatment. 

Each experiment was performed at least twice. 

2. 2. 5. 2. The Conversion of The Hemiacetals 

HOST was incubated witii NADPH and 35-70% ammonium sulfate (AS) fraction for 

5 h at 30° C. A control reaction contained boiled enzyme. Reactions were terminated by 

lyophilization and tiie residue was extracted witii acetone and methanol. The extracts were 

pooled, evaporated, and dissolved with a small volume of acetone. The acetone extract 

was oansferred to a TLC plate, and chromatographed in TEAA. The regions containing the 

low Rf red fluorescent product and DHST were scraped from the plate and eluted with 

methanol. The concentration of tiie low Rf product was estimated from tiie absorbance at 

325 nm using tiie extinction coefficient for DHST of 19,000/M cm (Hatsuda si ai-, 1972). 

The concentration of DHST and tiie low Rf product in tiie boiled enzyme conu-ol was 

subtracted from that of the incubated sample. The location of the product was confinned 

by observation of green fluorescence under long wavelength UV light after spraying the 

TLC plate with aluminum chloride. 
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The reaction conditions and tiie determination of tiie product from AFG2a were tiie 

same procedures as tiiose for HOST, except tiiat tiie solvent system for TLC was 

dietiiylether-metiianol-water (EMW) (96/3/1). The conceno^tion of the low Rf product 

was estimated using tiie extinction coefficient of AFG2 of 19,300/M.cm (Asao si ai-, 

1965), 

For tiie characterization of the red fluorescent low Rf product from HOST, 35-70% AS 

fraction (8,0 ml, 4.9 mg protein), 0.3 îmol HOST, and 19 t̂mol NADPH were incubated 

for 3 h at 30° C. The sample was extracted and subjected to TLC in TEAA solvent system 

as described above. The low Rf polar product was further purified by a second 

chromatographic separation with the EMW solvent system. After elution from the TLC 

plate and tiie evaporation of tiie solvent, the product was mixed witii 0.7 ml of 0,4 M HCl, 

After 2-3 min, the mixture was extracted with ethyl acetate, and the ethyl acetate extract was 

separated on TLC with the reference DHST in TEAA, No low Rf spot of tiie starting 

material was detected after the acid treatment. 

The low Rf blue fluorescent product from tiie incubation of AFG2a with 35-70% AS 

fraction was treated with acid as described above for tiie product from HOST, The acid-

treated product and reference AFG2 were spotted on a TLC plate, and chromatographed in 

TEAA, The Rf values of tiie acid-treated product and reference AFG2 were compared, 

2. 2. 6. Identification of Enzymatic Products 

2. 2. 6. 1. High-Performance Liquid Chromatography 

The enzymatic products (VC and an unknown compound) from the incubation of VHA 

with crude extract without NADPH and reference compounds were analyzed on a Waters 

Associates liquid chromatograph (Milford, MA), consisting of two Model 510 pumps, a 

Model 680 automated gradient controller, a Model 481 Lambda-Max variable-wavelength 

UV-VIS detector, and a U6K septumless injector. The chromatography was performed 
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witii a MicroBondapak Ci8 reversed-phase column (25 cm x 4 mm (i. d.), stainless steel) 

at a flow rate of 0.5 ml/min at 1,300 psi. An isocratic solvent system, methanol/water 

(50/50), was used for tiie elution. The UV-VISIBLE detector was operated at 453 nm. 

2. 2. 6. 2. UV-VISIBLE Spectrometty 

The enzymatic product (VC, DHST, AFG2, or low Rf polar compounds) bands on the 

TLC plate were scraped, extracted with ethyl acetate, and tiien purified by preparative TLC 

with TEAA followed by B A. The purified product was dissolved in 1 ml of methanol. 

The absorption was scanned from 500 to 190 nm, or absorbance at 453 nm was measured 

for the determination of concentration of the enzymatic product by using a lambda-3B UV-

VISIBLE spectrophotometer (Perkin-Ehner), 

2, 2. 6, 3, Mass Spectrometry 

The enzymatic products (VC and versiconal) extracted with ethyl acetate were purified 

by preparative TLC with TEAA followed by BA, and dissolved in methanol. Samples 

dissolved in methanol were introduced in an ampule and dried under the stream of nitrogen. 

The ampule was tiien sealed under nitrogen. The electron impact mass spectrum was 

determined by Mr. David Purkiss, Department of Chemistry and Biochemistry, Texas Tech 

University, The probe temperature was 90° C, The reference compounds for tiie analysis 

were purified by preparative TLC plate witii tiie developing solvent of TEAA or BA, 

2, 2. 7, Purification of VAOH Reductase 

Crude cell-free extracts were fractionated with ammonium sulfate (0-35 and 35-70%). 

The 35-70% AS fraction of cell-free exn^cts from A- parasiticus SU-1 was dialyzed against 

1 1 of 10 mM Tris-HCl buffer (pH=7.4) and tiien fractionated on a DEAE-cellulose (DE52) 

anion exchange column (2.5 x 30 cm) tiiat was equilibrated with 10 mM Tris-HCl buffer. 
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pH 7.4. An aliquot of the 35-70% AS fractions containing 485 mg protein was loaded on 

the column. The column was washed with two volumes of the equilibration buffer, and 

protein was eluted in a linear gradient of KCl (0 to 1.0 M) in the same buffer at a flow rate 

of 1 ml/min. The active fraction showing VAOH conversion activity was further 

concentrated and applied to a Matt-ex green-dye affinity column (1,0 x 5 cm) equilibrated 

with 10 mM Tris-HCl buffer, pH 7,4. Elution was carried out under the same conditions 

as in DE52 elution, except that the flow rate was 0,5 ml/min. The fractions showing 

enzyme activity were pooled and concentrated by centrifugation using an Amicon 

ultrafiltration apparatus fitted with a PM 10 (Mr = lOKDa cutoff) membrane. Active 

fractions separated on DE52 and affiiuty column chromatography were analyzed by native-

and 10-15% gradient SDS-PAGE using a PhastSystem gel electrophoresis unit (Pharmacia, 

LKB) according to the method of Laemmli (1970). 

2. 2. 8. Protein Determination 

Protein concentration was determined using tiie method of Bradford (1976) with bovine 

serum albumin as a standard-



CHAPTER 3 

RESULTS 

3. 1. The Conversion of VHA to Versiconal 
and VC in Cell-Free Svstems 

3. 1. 1. The Identification of VHA 

The growth and sporulation of A- parasiticus SU-1 were not affected by tiie addition of 

dichlorvos to cultures (by visual observation). Although not quantified, visual comparison 

on TLC clearly showed that dichlorvos decreased aflatoxin yields but not the accumulation 

of VHA, VHA was detected at Rf 0,08 on tiie TLC plate in B A solvent system as reported 

by Schroeder si ai- (1974) and Yao and Hsieh (1974). A similar quantity of a second 

yellow compound was found at Rf 0.58 on the TLC plate in TEAA solvent system. This 

low Rf yellow compound was identified as versicol acetate (Figure A. 1 in the 

APPENDIX) by electron impact mass spectrometry at 70 eV using a direct insertion probe: 

m/z (relative intensity) 384 (6), 342 (37), 340 (7), 325 (16), 324 (62), 323 (21), 311 

(100), 310 (13), 309 (39), 298 (21), and 297 (48), On hydrolysis by the 35-70% AS 

fraction the lower Rf yellow compound yielded versicol, the identification of which was 

verified by mass specQ-ometry: m/z (relative intensity) 342 (67), 340 (7), 324 (35), 311 

(35), 309 (25), 298 (71), 297 (100), and 285 (10), These mass spectra were in good 

agreement with tiiose of Dutton and Anderson (1980). 

The chemical identity of VHA was verified by eiecQ-on impact mass spectrometry at 

70 eV using a direct insertion probe (Figure 4), The mass specttiim of VHA showed 

principal intensity peaks of ions at m/z (relative intensity) 340 (18), 322 (100), 312 (68), 

311 (57), and 297 (70), Other ions of low-mass at 382 (10) and 325 (17). Significant low 

mass ions were observed at 43 (40), 45 (10) and 60 (60) and were conoibuted by acetic 

35 
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acid. Mass spectrum of VFIA closely resembled those of otiier workers (Yao and Hsieh, 

1974; Schroeder SI ai., 1974). 

3. 1. 2. The Enzyrnatic Conversion of VHA 
to Versiconal and VC 

The incubation of VHA witii porcine esterase resulted in tiie formation of two 

enzymatic products which on TLC developed in TEAA gave a high intensity yellow spot 

witii a Rf value of 0.34 and a low intensity spot at the Rf of 0,82. The product at the 

higher Rf was identified as VC by electron impact mass spectt-ometry: m/z (relative 

intensity) 297 (100), 311 (31), 325 (56), and 340 (80) (Figure 5) (Dutton and Anderson, 

1980), The UV-VIS absorption specttnm of die low Rf product dissolved in metiianol had 

peaks (extinction coefficients in parentheses) at 220 (40,100), 286 (30,500), 312 (4,200), 

and 438 nm (8,400) (Figure 6). Efforts to identify tiiis product by electron impact mass 

spectrometry were not successful. 

The major product derived from VHA after incubation with porcine esterase was the 

low Rf polar product rather than VC. The addition of NADPH to the reaction mixtures did 

not change the ratio of VC to tiie low Rf product (0,28 without NADPH and 0.25 with 

NADPH) (Table 1), Brief treatment of the low Rf product with 0.4 M HCl converted tiiis 

compound to VC, which was identified by its electron impact mass spectrum. The low Rf 

compound was tentatively identified as versiconal based on the fact tiiat; 1, it was polar, 2, 

it was a hydrolysis product of VHA and 3, it was converted to VC by acid treatment. 

Versiconal was also tiie major product when tiie hydrolysis of VHA was carried out 

with the 35-70% AS fraction from cell-free extracts of A- parasiticus SU-1 in the absence 

of NADPH and with tiie 0-35% AS fraction in the presence of NADPH (Table 2). A 

similar conversion of VHA to versiconal and VC was obtained with a soluble fraction of 

the fungal cell extract (100,000 x g supematants) (data not shown). The ratio of VC to 
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versiconal from the hydrolysis of VHA catalyzed by tiie 35-70% AS fraction in die absence 

of NADPH was 0.16. However, the ratio of VC to versiconal was increased from 0.16 to 

2.1 by tiie addition of NADPH to the 35-70% AS fraction (Table 2), Also, the amount of 

VC was increased as tiie concentration of NADPH was increased, whereas tiiat of 

versiconal was decreased (Figure 7). These results are also attributed to the increased rate 

of cyclization of versiconal to VC, 

HPLC developed with an isocratic solvent system consisting of methanol/water (50/50) 

was effective in separating tiie components of interest. Figure 8 shows a typical 

chromatogram with detection of absorbance at 453 nm. The separation of the compounds 

formed upon the addition of VHA to an A- parasiticus cell-free extract showed a small 

amount of VC and relatively large amounts of an unknown compound peak. At a solvent 

flow rate of 0.5 ml/min the retention times (min) were as follows: VHA, 21, unknown 

product, 15; VC, 8.15. The activity of cell-free extracts from A- parasiticus SU-1 

disappeared upon heating (Figure 8). The enzyme responsible for VHA conversion to VC 

was destroyed upon heating. There was no formation of VA from VHA with cell-free 

extracts or tiie 35-70% AS fraction in our studies (data not shown). This result suggests 

that the oxidative enzyme reaction is not involved in the conversion of VHA to VC. 

Versiconal recovered from incubation mixtures was converted to VC by die 35-70% AS 

fraction in the presence of NADPH (Table 3). Therefore, it is reasonable to conclude tiiat 

±e formation of VC from VHA catalyzed by the 35-70% AS fraction is due to the 

cyclization of versiconal after the hydrolysis of VHA. 

The rate of formation of VC by tiie 35-70% AS fraction in the presence of NADPH was 

Unearly proportional to tiie amount of VHA tiirough 25 |iM and reached a maximum at 

about 45 M-M, while tiie rate of formation of versiconal reached a maximum at 25 |iM VHA 

(Figure 9). The apparent Km for the conversion of VHA to VC was 17 M-M. 
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The ratio of VC to versiconal increased from 0.4 at 0.5 h to 2.5 at 5 h (Figure 10). 

When VHA was incubated witii increasing concenn^ations of tiie 35-70% AS fraction in tiie 

presence of NADPH, tiie amount of versiconal increased at low protein concentration and 

tiien decreased, whereas the formation of VC increased tiiroughout tiie range of the 

concentrations (Figure 11). The decrease in concentt^tion of versiconal and increase in 

concentration of VC at the higher concentrations of tiie 35-70% AS fraction is attributed to 

the increased rate of cyclization of versiconal to VC as the concentration of versiconal 

cyclase increased. The increased ratio of VC to versiconal would result from the 

hydrolysis of VHA to versiconal followed by an increasing ratio of cyclization of 

versiconal to VC as the concentration of cyclase increases (Figure 12). 

Since dichlorvos is a well-known inhibitor of aflatoxin biosynthesis and causes the 

accumulation of VHA (Yao and Hsieh, 1974; Schroeder si ai-, 1974), tiie effect of 

dichlorvos on the conversion of VHA to VC was tested The conversion of VHA to VC in 

tiie 35-70% AS cell-free system was completely inhibited by dichlorvos at 10 |ig/ml (data 

not shown). The conversion of VHA to VC was reduced in die presence of dichlor/os at 4 

|j.g/ml in the cell-free system, compared to tiiat without dichlorvos (Figure 13). Dichlorvos 

inhibition of tiie conversion of VHA to VC was non-competitive. The addition of eitiier 

Zn"*"*", which increases aflatoxin biosynthesis, or EDTA to the cell-free system did not 

affect tiie formation of VC from VHA (Table 4). This result suggests that the effect of zinc 

on aflatoxin biosynthesis is not on the conversion of VHA to VC. 

3. 2. The Conversion of the Hemiacetals 
in the Cell-Free Svstem 

3. 2. 1, The Conversion of VAOH to VC 

The chemical identity of VAOH was confirmed by comparing its mass spectrum witii 

that reported by other workers (Dutton and Anderson, 1980): m/z (relative intensity) 356 
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(38), 338 (19), 328 (54), 311 (27), 310 (100), and 309 (81) (Figure 14). VAOH was 

converted to VC in die 35-70% AS fraction in tiie presence of NADPH, but not in the 

absence of NADPH (Table 5 and Figure 15), No VA, versiconal, or aflatoxin production 

was detected. Previous smdies had reported tiie conversion of VAOH to botii VA 

(Anderson and Dutton, 1980) and AFBi (Dutton and Anderson, 1982). The reason for 

tills difference in tiie enzymatic production (VC vs. VA) is still not known. 

The percent conversion of VAOH to VC was 17% in tiie presence of eitiier 0.25 mM or 

1.12 mM NADPH (Table 5). NADH also served as a reductant in the conversion of 

VAOH to VC. There was no significant amount of versiconal produced in the conversion 

of VAOH to VC. However, a small formation of VC from VAOH resulted from the 

addition of tiie oxidized dinucleotides (Table 5). Mass spectral analysis (DIP, 70 eV) 

verified the identification of the product from VAOH as VC with peaks at the same mass 

fragments and relative intensities as in VHA (Figure 5). Figure 15 shows die linear 

Lineweaver-Burk plot of the reciprocal of concentration of VC as a function of the 

reciprocal of concentration of VAOH. The conversion of VAOH to VC depends on the 

presence of NADPH or NADH as reducing agent. The observation that VC is die product 

of VAOH reduction indicates a catalytic ring closure mechanism (Figure 16), since 

versiconal does not rapidly close to VC in pH 7.4 buffer (Figure 7). Dichlorvos did not 

inhibit the reduction of VAOH to VC in this system (Table 6), 

3, 2. 2. The Conversion of HOST to DHST-open 

A polar product at low Rf was observed on TLC after incubation of HOST with tiie 35-

70% AS fraction in the presence of NADPH. The product had red fluorescence under a 

long wavelength UV light and bright yellow-green fluorescence after being sprayed with 

AICI3, These fluorescence properties have been described for ST (Bhamagar si ai-, 1987). 

There was no red fluorescent spot in the region of ST or DHST. The polar compound. 
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after elution from tiie TLC plate, had an absorption maximum at 325 nm. The polar 

product from HOST was converted to DHST by brief tt-eatment with 0,4 M HCl. The 

DHST formed by acid treaonent was identified by chromatographing witii autiientic DHST. 

Botii tiie fluorescence properties and tiie conversion of tiie low Rf product to DHST by acid 

treatment as observed for the conversion of versiconal to VC (Table 3) support die 

identification of the polar product as the 14, 17-hydrated open chain derivative of DHST 

(DHST-open) (Figure 17). The percent conversion of HOST to DHST-open catalyzed by 

the 35-70% AS fraction plus NADPH in 5 h incubation was 16% (Table 7). 

3. 2. 3. The Conversion of AFG2a to AFG2-open 

A polar product was also observed on TLC after incubation of AFG2a with die 35-70% 

AS fraction in the presence of NADPH. The product had the same bright blue fluorescence 

as AFGi and AFG2 when it was irradiated under long wavelength ultraviolet Ught. After 

elution from the TLC plate, treatment with 0.4 M HCl and separation on TLC, a single blue 

fluorescent spot was observed that corresponded in Rf to AFG2. These observations 

allowed us to assume that the identity of the polar product of the reduction of AFG2a 

catalyzed by tiie 35-70% AS fraction is tiie 13, 16-hydrated open chain derivative of AFG2 

(AFG2-open) (Figure 18). There was no detectable increase in AFG2 above endogenous 

AFG2 after incubation of AFG2a witii tiie 35-70% AS fraction in the presence of NADPH. 

The conversion of AFG2a to AFG2-open form was 0.3% (Table 7), indicating tiiat the 

enzyme catalyzes the reduction of AFG2a primarily to AFG2-open ratiier tiian to AFG2-

The yield of AFG2-open was low. 

3. 3. Enzyme Purification 

The enzyme for tiie VAOH conversion to VC, VAOH reductase, was purified 6.5-fold 

from cell-free extracts of A- parasiticus SU-1 in the four steps summarized in Table 8. The 
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35-70% AS fraction from crude extt-acts was obtained as described in METHODS (section 

2. 2. 7). The purification at tiiis step was about 1.5-fold. The 35-70% AS fraction (25 ml) 

was dialyzed against 10 mM Tris-HCl buffer, pH 7.4, and applied to a Whattnan DE-52 

column (2.5 x 30 cm) previously equilibrated witii 10 mM Tris-HCl buffer, pH 7.4. The 

enzyme was washed witii tiie same buffer solution and eluted with a linear gradient of KCl. 

This was repeated with anotiier 25 ml of die 35-70% AS fraction in a new column. The 

separation profile showed tiie same fractionation, and the active fractions from both 

columns were combined. Figure 19 shows the purification of die enzyme by DEAE-

cellulose chromatography. The separation profile of enzymes in die 35-70% AS fraction 

on DEAE-cellulose showed two major peaks and three minor peaks. Peak IV (fractions # 

42 to 44) contained VAOH reductase activity in tiie presence of 1,12 mM NADPH. All 

other peaks, alone or in combinations, had no activity. 

The 3,4-fold purified enzyme (Table 8) obtained from DEAE-cellulose chromatography 

was dialyzed against 10 mM Tris-HCl buffer, pH 7.4, to remove KCl and 6 ml was 

applied directiy to an Amicon mattex green-dye affinity column (1.0 x 5.0 cm) previously 

equilibrated with 10 mM Tris-HCl buffer, pH 7.4. The adsorbed enzyme was washed 

with two bed volumes of equilibration buffer and tiien stepwise eluted with two bed 

volumes of each concentration of KCl (0.25, 0,5, 1.0, and 1.5 mM) in 10 mM Tris-HCl 

buffer, pH 7.4, The separation profile of protein on a green-dye affinity column showed 

four major peaks (Figure 20), of which the second peak (fractions # 9 to 11) obtained with 

0,25 mM KCl in 10 mM Tris-HCl buffer, pH 7.4 showed VAOH reductase activity. All 

other peaks, alone or in combinations, had no activity. This enzyme activity was obtained 

from assays after peak EI fractions were pooled and concenttated in an ulcrafilter fitted with 

a PMIO filter membrane by centrifugation at 10,000 g. From this separation, the 6.5-fold 

purified enzyme was obtained (Table 8), 
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Further purification of peak n from green-dye affinity chromatography was attempted 

using a hydroxyapatite column (0,5 x 1.0 cm) previously equilibrated witii 1 mM 

phosphate buffer, pH 7.4. After dialyzing and concentrating the enzyme against 1 mM 

phosphate buffer, pH 7.4, protein was eluted stepwise with sodium phosphate (25, 50, 75, 

and 100 mM) in 10 mM Tris-HCl buffer, pH 7,4, at a flow rate of 0.5 ml/min. Two 

protein fractions were obtained from a hydroxyapatite column chromatography. However, 

no enzyme activity was detected from two fractions, alone or in combination (data not 

shown). 

The purified enzyme from green-dye affinity chromatography displayed four protein 

bands when examined on either SDS-PAGE or native-PAGE.(Figure 21). The apparent 

molecular weights of these proteins were 44, 32, 25,7, and 22 KDa by the migration 

comparisons with known protein standards (bovine serum albumin, mol, wt. 66,000; egg 

ovalbumin, mol. wt. 44,000; pepsin, mol. wt. 35,000; trypsinogen, mol. wt. 25,700; 

beta-lactoglobulin, mol. wt. 18,400; lysozyme, mol. wt. 14,400) with SDS-PAGE. 

Taking tiiese results together, in summary, the possible sequence of the aflatoxin 

biosyntiietic pathway from VHA is proposed: AFB2/G2 could arise from VHA via 

versiconal followed by VC, and tiie hemiacetals could be intermediates in tiie 

interconversion of metabolites in a branched pathway of aflatoxin biosynthesis (Figure 22). 
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Figure 4. Mass spectrum of VHA. 
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Figure 5. Mass spectrum of VC as the enzymatic product from VHA or VAOH 
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Figure 6. UV-VISIBLE absorption spectrum of versiconal isolated from the enzyme 
reaction with VHA. Verisconal in methanol was scanned from 500 to 190 nm. Absorption 
scale was 0 to 1.0, and the chart speed was 30 mm/min. 
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Table 1. Esterase activity on the formation of versiconal and VC 

Esterase VHA NADPH Versiconal VC 
(mg/ml protein) ()iM) (1.12 mM) (̂ iM) (|iM) 

1.0 41.9 - 9.31 2.63 

1.0 41.9 + 9.67 2.38 

The reaction mixtures contained 0.5 ml of porcine esterase, 41.9 |iM VHA with or 
without 1.12 mM NADPH in 0.1 M sodium phosphate buffer solution, pH 7.4, in 1 ml of 
total volume. The incubation time was 5 h at 30° C. See MATERIALS AND METHODS 
for detailed conditions. A representative result is presented here from three separate 
experiments. 
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Table 2 The enzyme activity of ammonium sulfate fractions on the conversion of VHA to 
versiconal and VC 

Fraction 

control 

0-35% 

35-70% 

35-70% 

Protei n (mg/ml) 

2.2 

2.6 

3.4 

3.4 

Substtate 
(^lM) 

25 

25 

36 

25 

NADPH 

-1-

+ 

-

+ 

Versiconal 
(^iM) 

ND 

4.0 

14 

5.3 

VC 
(^iM) 

ND 

0.7 

2.3 

11,2 

The reaction mixtures contained 0,5 ml of enzyme sources, the indicated concentrations 
of VHA with or without 1.12 mM NADPH in 0.1 M sodium phosphate buffer, pH 7.4 in 
1 ml of total volume. The incubation time was 5 h at 30° C. The control was run with the 
boiled enzyme. ND indicates non-detectable. A representative result is presented here 
from five separate experiments. 
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Figure 7, Effect of the various concentrations of NADPH on tiie conversion of VHA to 
versiconal and VC. The reaction mixtures contained 36 |J.M VHA, 3.4 mg/ml protein of 
35-70% AS fraction, and 0.1 M sodium phosphate buffer, pH 7.4. The mixtures were 
incubated for 5 h at 30° C. The closed rectangule indicates versiconal and the open 
rectangle indicates VC. A representative result is presented here from two separate 
experiments. 
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Figure 8. High-Performance Liquid Chromatogram of the intermediates in aflatoxin 
biosynthesis. (A) Elution of reference compounds. (B) Ethyl acetate extract from the 
control incubation, which contained the boiled cell-free extracts, 25 |J.M VHA, and 0.1 M 
sodium phosphate buffer, pH 7.4. The mixtures were incubated for 5 h at 30° C. (C) 
Ethyl acetate extract from the reaction with the unboiled cell-free extracts at the same 
conditions as (B). The developing solvent was methanol/water (50/50). See details in 
METHODS section. 
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Table 3 The conversion of versiconal to VC by enzymatic methods 

Substrate (jiM) Ti^ttnent VC(^iM) % Conversion 

Versiconal (17.23) 

Versiconal (17.23) 

Boiled 

Unboiled 

0 

5.41 

0 

31.4 

Versiconal was incubated with 0.5 ml of 35-70% AS fraction (3.4 mg/ml). 1.12 mM 
NADPH and sodium phosphate buffer, pH 7.4, in a total volume of 1 ml for 5 h at 30° C. 
The concentration of VC produced was determined as described in METHOD section 2. 2. 
5. 1. A representative result is presented here from two separate experiments. 
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Figure 9. The effect of various concentrations of VHA on the formation of versiconal and 
VC. The reaction mixtures contained 0,5 ml of 35-70% AS fraction (2.2 mg/ml), 1.12 mM 
NADPH, VHA, and 0,1 M sodium phosphate buffer, pH 7.4 in 1 ml of total volume. 
Open squares indicate VC and closed squares versiconal. The incubation time was 5 h at 
30° C. A representative result is presented here from three separate experiments. 
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Fisure 10. Time course of the conversion of VHA to versiconal and VC. 25 }iM VHA, 
1.12 mM NADPH, 1.1 mg/ml protein of 35-70% AS fraction, and 0.1 M sodium 
phosphate buffer, pH 7.4, were mixed, and incubated for 5 h at 30° C, Open squares 
show VC formation, and closed squares versiconal, A representative result is presented 
here from two separate experiments. 
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Figure 11. Effect of enzyme concenttation on the conversion of VHA to VC and 
versiconal. 25 |iM VHA, 1.12 mM NADPH, and o. 1 M sodium phosphate buffer, pH 
7.4, were incubated with 1,09, 2.18, 3.26, or 4.35 mg/ml protein contents of 35-70% AS 
fractions for 5 h at 30° C. Open square is showing VC formation and closed one for 
versiconal. A representative result is presented here from two separate experiments. 
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Figure 13. Eadie-Hofstee plot on the effect of dichlorvos on the conversion of VHA to 
versiconal and VC, The reaction mixtures, which contained 1.12 mM NADPH, 0.5 ml of 
35-70% AS fraction (6.8 mg/ml of protein), and 25 |iM VHA in 50 mM sodium phosphate 
buffer, pH 7.4, were incubated in the absence or presence of 4 |ig/ml dichlorvos. Open 
squares are shown for the conversion in the presence of dichlorvos, and closed squares in 
the absence of the inhibitor. A representative result is presented here from two separate 
experiments. 
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Table 4 Effects of Zn"*"*" and EDTA on tiie conversion of VHA to versiconal and VC 

Addition Concenttation (|iM) Versiconal VC 

None 0.66 11.31 

Zn++ 

10 

EDTA 

500 

1000 

0,26 

0.52 

0,26 

0,52 

11.80 

10.16 

11.31 

12,13 

The reaction mixmres contained 0.5 ml of 35-70% AS fraction (3.85 mg/ml protein), 
2,24 mM NADPH, 36,7 |iM VHA, and 0.1 M sodium phosphate buffer, pH 7.4, in a total 
volume of 1 ml, and incubated for 5 h at 30° C, There was no addition in the conn-ol. A 
representative result is presented here from two separate experiments. 
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Figure 14. Mass spectrum of VAOH 
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Table 5 Effects of cofactors on the conversion of VAOH to VC 

Cofactor ConcenQ-ation(mM) VC(}iM) 

0.00 2.21 

NADPH 0.25 16.07 

1.12 17.21 

0.00 ND 

NADP+ • 0.25 0.33 

1.12 0.65 

0,00 1.13 

NADH 0.25 7.70 

1.12 10,33 

0,00 ND 

NAD+ 0.25 0.47 

1,12 0.92 

0.00 ND 

FAD+ 0,25 0.16 

1.12 0.49 

The incubation mixtures contained 0,3 mg/ml of 35-70% AS fraction 
(12,2 mg/ml protein), 100 |iM VAOH, and various concentrations 
of cofactors in 50 mM sodium phosphate buffer, pH 7,4, in a total 

volume of 1 ml, and incubated for 5 h at 30° C, A representative result 
is presented here from two separate experiments. 



70 



Figure 15, Lineweaver-Burk plot of tiie effect of VAOH concentration on the conversion 
of VAOH to VC. The reaction mixtures contained 1.12 mM NADPH, 35-70% AS fraction 
(4,7 mg/ml protein), 50 mM sodium phosphate buffer, pH 7.4, and various concentrations 
of VAOH in 1 ml of total volume, and incubated for 5 h at 30° C, A representative result is 
presented here from three separate experiments. 
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Table 6 The effect of dichlorvos on the conversion of VAOH to VC 

Dichlorvos (10 |ig/ml) VC (|iM) 

13.28 

12.46 

The mixtures of 1.12 mM NADPH, 100 ^M of VAOH, 8,6 mg/ml 
protein of 35-70% AS fraction, and 50 mM sodium phosphate buffer, 

pH 7.4, were incubated for 5 h at 30° C. A representative result is 
presented here from two separate experiments. 
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Figure 16, Conversion of VAOH to VC catalyzed by tiie 35-70% AS fraction 
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Table 7 The conversion of HOST and AFG2a to open- and closed-ring DHST and AFG2 

Substrate Products (|iM) 

closed open' 

HOST 

AFG2a 

< 0,5 (0,85)a 

< 0.4 (0,27) 

3.7 (0,37) 

1,5 (0,047) 

^. The reaction mixtures contained 23 |iM HOST or 450 |iM of AFG2a. 1-12 mM 
NADPH, and 2,4 mg/ml protein of 35-70% AS fraction in a total volume of 0.6 ml in 
the case 
of AFG2a and 1,0 ml in the case of HOST, Tubes were incubated under nitrogen for 5 
h at 30° CParentheses indicate Rf values in the solvent systems of TEAA for HOST 
and EMW for AFG2a, 

^. Concentration was estimated using the extinction coefficient of closed HOST and 
AFG2a. 

A representative result is presented here from two separate experiments. 
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Table 8 The purification of the enzyme 

Fraction 

Crude 

70% AS 

DE-52 

Affinity-Gr. 

Total 
Volume 

(ml) 

400 

50 

2 

0.6 

Total 
Protein 
(mg) 

880 

485 

6.2 

0.42 

Total 
Activity 
(Units) 

3280 

2556 

78.6 

10.14 

Specific 
Activity 

(U/mg protein) 

3,72 

5,58 

12.7 

24.1 

Purification 
(fold) 

1.0 

1.5 

3.4 

6.5 

Unit is defined as nmol per min. A representative result is presented here from nine 
separate measurements. 
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Figure 19. DEAE-cellulose chromatographic profile of 35-70% AS fraction of cell-free 
extracts from A, parasiticus. The dialyzed 35-70% AS fraction (485 mg/ml protein) was 
applied to 2,5 x 30 cm DE-52 column previously equilibrated in 10 mM Tris-HCl buffer, 
pH 7.4. The column was washed with this buffer, pH 7.4 and eluted by a linear KCl 
gradient ( ) in the same buffer solution. The fraction (2ml/tube) was collected and 
assayed for protein at 280 nm (El), and enzyme activity ( • ) , The enzyme activity was 
determined by incubating 100 jiM VAOH with each fraction, 1.12 mM NADPH, and 50 
mM sodium phosphate buffer, pH 7.4, for 5 h at 30° C, 
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Figure 20. A green-dye affinity chromatographic profile of tiie fraction FV of DE-52 
chromatography (Figure 19), 6 mg protein of DE-52 fraction IV was applied to a 1,0 x 5.0 
cm green-dye affinity column previously equilibrated with 10 mM Tris-HCl, pH 7.4. The 
column was washed with 10 mM Tris-HCl buffer (fraction # 1-7), pH 7.4, and stepwiselv 
eluted by 0.25 (fraction #8-13), 0.5 (fraction # 14-19), 1,0 (fraction # 20-25), and 1.5 mM 
KCl (fraction # 26-30) in the same buffer solution. The fraction (1 ml/tube) was collected 
and assayed for protein (E3), and enzyme activity ( • ) . The enzyme activity was 
determined by the same conditions as in Figure 19. 
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Figure 21. PAGE of the partially purified enzyme fraction (Peak II of Affinity 
chromatography). (A) SDS-PAGE. Protein bands of cell-free extracts (lane 1), partially 
purified enzyme from affinity chromatography (lane 2), and the protein standard markers 
(lane 3). The direction of migration was downward. (B) Native-PAGE (lane 4) of Peak II 
enzyme fraction of affinity chromatography. Protein standard markers used were bovine 
serum albumin (mol, wt., 66,000), egg ovalbumin (mol, wt,, 44,000), pepsin (mol. wt., 
35,000), trypsinogen (mol. wt. , 25,700), B-lactoglobulin (mol. wt., 18,400), and 
lysozyme (mol, wt, 14,400), 
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Figure 22, The relationship of tiie conversions of the intermediates in the aflatoxin 
biosynthetic pathway: heavy arrows are showing the activities observed in our cell-free 
system, and * are the reactions proposed by Wan and Hsieh (1980), Anderson and Dutton 
(1980), and Dutton and Anderson (1982). 
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CHAPTER 4 

DISCUSSION 

4. 1. The Conversion of VHA in the Cell-Free Svstem 

It is well-known from previous investigations diat aflatoxins are syntiiesized via VHA 

in mycelial cultures aiid in cell-free extracts of tiie fungus Aspergillus species. Littie is 

known about tiie conversion of VHA, die first intermediate with the branched side chain 

characteristic of aflatoxin and a key precursor of aflatoxin biosynthesis, to aflatoxins, but 

the conversion of ST to aflatoxins has been well-established. 

The enzymatic reaction of VHA was examined in cell-free systems in an effort to 

elucidate the possible sequence of the aflatoxin biosynthetic pathway and to characterize die 

enzyme system(s). The activity responsible for the conversion of VHA to VC is present 

almost exclusively in die soluble fraction of broken cells. The results of this study provide 

clear evidence for an enzymatic conversion of VHA to two major products, which on TLC 

in a TEAA solvent system gave yellow spots. These products were identified as VC 

(Figure 5) and versiconal. 

The bisfuran ring system is not formed in VHA because the closure of its terminal furan 

ring is prevented due to the esterified acetate group. The incubation of VHA with porcine 

esterase results in tiie formation of versiconal and VC (Table 1), The major product from 

tills reaction is versiconal rather than VC, The esterase activity was found to be NADPH 

independent Versiconal is also die major product of the conversion of VHA in die cell-free 

system from A, parasiticus in die absence of NADPH (Table 2), However, die conversion 

ratio of VC to versiconal is increased by die addition of NADPH to die cell-free system 

(Table 2 and Figure 7), These results may be due to the cyclization of versiconal to VC 

after the hydrolysis of VHA, This also suggests diat the step between versiconal and VC is 

89 
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highly dependent upon NADPH. It was concluded from tiiese observations tiiat tiie 

conversion of VHA to VC occurs via at least a two step reaction, in which two different 

enzymes, an esterase and an NADPH-dependent versiconal cyclase, are involved. 

The isolation of versiconal from the reaction mixtures after a 5 h incubation at 30° C 

demonstrates that versiconal is stable in aqueous solution at neuttal pH (7.4). In fact the 

pH in the cytosol and the vacuole of the fungus Neurospora was determined to be 6,8 and 

6,2, respectively (Greenfield et al., 1988), If the cytosolic pH in A. parasiticus is near 7, it 

is expected that versiconal would be the product of VHA hydrolysis unless it is further 

metabolized enzymatically. It is possible diat versiconal will be further metabolized 

enzymatically to VAOH or VA via an oxidative mechanism. In the present study, 

versiconal was enzymatically converted to VC (31.4% conversion). Brief treatment of 

versiconal with 0.4 M HCl also resulted in die conversion of versiconal to VC. The 

isolation of tiie enzymatic product VC from VHA by HPLC analysis in our smdy (Figure 

8) is in good agreement with die result of Billington and Hsieh (1989), who showed diat 

two major products, VC and an unknown polar compound, were formed upon die addition 

of VHA to A. parasiticus cell-free extt^cts. The peak at a retention time of 15 min witii the 

HPLC system used in this smdy was unidentified, but it seemed unlikely to be versiconal 

because versiconal is more water soluble and should be eluted earlier tiian VC, 

There was no formation of VA or aflatoxins from VHA in tiie cell-free systems 

employed in tiiis study. This conttasts with earUer reports of the conversion of VHA to VA 

through an oxygenative ring closure in a cell-free system from A. parasiticus (Biollaz et al-, 

1970; Anderson and Dutton, 1980). The reason for the lack of conversion of VHA to VA 

in this sttidy is not known. It may reflect the absence of an oxidative enzyme in the present 

system. Using the averufin-producing mutant of A. parasiticus, Singh and Hsieh (1977) 

showed that the incorporation efficiency of VHA into aflatoxins was the lowest followed 

by VA with the highest incorporation of ST. Later Wan and Hsieh (1980) reponed the 
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enzymatic conversion of VHA to VA by oxygen-requiring cell-free exQ-acts of A. 

pya§iticu$. They proposed a mechanism for the conversion of VHA to VA (tiie formation 

of the bisfuran ring sttoicture): The first step involved the hydrolysis of tiie ester bond in 

VHA with tiie elimination of an acetyl group. The terminal hydroxyl group was then 

oxidized to ±e hemiacetal structure, which loses water to form tiie stable vinyl ester system 

of VA. In tills mechanism, tiiey suggested the possible involvement of eitiier an alcohol 

dehydrogenase "type" enzyme or an oxygenase in the conversion of VHA to VA. There 

was, however, no significant action of yeast alcohol dehydrogenase in combination with 

esterase on the conversion of VHA to VC in the present study. The lack of alcohol 

dehydrogenase activity on VHA conversion to VC is in agreement with Dutton and 

Anderson(1980), who found the similar lack of conversion of VHA to VA with yeast 

alcohol dehydrogenase. 

The linearly increasing amount of VC and the slowly increasing amount of versiconal 

from VHA in the time-course study (Figure 10) may result from hydrolysis of VHA to 

versiconal followed by a rapid cyclization of versiconal to VC (Figure 7). The protein 

concentration dependent decrease in versiconal production and the increase of VC 

production in our cell-firee extract (Figure 11) is attributed to the increased rate of 

cyclization of versiconal to VC at increased extract concentration. Based on these 

observations, two different enzymes appear to be involved in the conversion of VHA to VC 

through versiconal (Figure 12), 

It is possible tiiat VC may be a precursor of DHST and AFB2/G2 after funher 

conversion of DHST under physiological conditions (Figure 22), because these 

compounds all share die tett^ydrobisfuran ring stmcture. In fact, VC has been identified 

as a metabolite of botii A. versicolor (Hamasaki et al., 1965) and A, parasiticus (Heatiicote 

and Dutton, 1969), 
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Dichlorvos has been assumed to be involved in inhibiting aryl esterase activity and/or 

oxygen uptake by cell-free systems in the conversion of VHA to VA (Dutton and 

Anderson, 1980), Thus it was of interest to see how it affected the conversion of VHA to 

VC in die cell-free system. The addition of dichlorvos at 10 |ig/ml to the reaction mixtures 

completely inhibited tiie conversion of VHA to versiconal and VC, The pattern of 

inhibition was noncompetitive at a dichlorvos concenttation of 4 |ig/nil (Figure 12), This 

was consistent with irreversible inhibition of the enzyme by dichlorvos, i,e., no change in 

Km and decreased Vmax due to irreversible inactivation by dichlorvos. This resulted from 

the slower formation of VC from versiconal due to die reduced rate of conversion of VHA 

to versiconal by the noncompetitive inhibition of both porcine and VHA esterase with 

dichlorvos. Thus these results support the idea that dichlorvos acts by binding to the active 

site of esterase and inhibiting esterase activity so that VHA accumulates rather than VC or 

VA (Dutton and Anderson, 1980; Dutton, 1988), 

Maggon St al- (1977) and Gupta et ah (1977) showed that zinc supplementation of A. 

parasiticus cultures stimulated the synthesis of both VA and aflatoxins. They proposed that 

Zn"*"*" was affecting the induction of the enzymes of secondary metabolism by the 

accumulation of pyruvate. Co'*"'', Mn"*"̂ , and Zn"''^ was also found to increase the rate of 

ST conversion to AFBi (Mashaly £l MM 1988). The addition of EDTA to reaction mixmres 

decreased enzyme activity to near zero. In conttast to these observations, the addition of 

Zn"'""'" or EDTA to a cell-free system had no effect on the conversion of VHA to VC in our 

smdies (Table 4). This indicates that tiie effect of zinc on aflatoxin biosyntiiesis is not on 

the conversion of VHA to VC. 
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4, 2, The Conversion of The Hemiacetal Derivatives 

4, 2. 1. The Conversion of VAOH to VC 

In order to investigate tiie involvement of die hydroxytettahydrofuranofurans 

(hemiacetal derivatives) and tiieir role in aflatoxin biosyntiiesis, die products after 

incubation of hydroxytetrahydrofuranofurans in die cell-free systems from A. parasiticus 

were examined. 

The conversion of VAOH to VA or AFBi was not detected in die cell-free system 

utilized in this smdy. This conttasts with previous studies that reported die conversion of 

VAOH to VA (Anderson and Dutton, 1980), The major product of VAOH metabolism in 

the cell-free system derived from A, parasiticus mycelia was VC (Figure 5), This result 

suggests tiiat VAOH acts as the precursor of VC in tiie aflatoxin biosynthetic patiiway, 

which can be further metabolized to AFB2. Anderson and Dutton (1980) concluded from 

their studies that VA is a side shunt metabohte that reentered the biosynthetic route to AFB i 

by its conversion back to VAOH. The conversion of VA to VAOH readily occurs at the 

acid pH found in mycelial growth condition. Dutton and Anderson (1982) also suggested 

that VAOH, the hemiacetal of the bisdihydrofuran ring system, could be an intermediate in 

the open-ring configuration to which the enzyme might attach. In a cell-free system, tiiey 

found that VAOH was converted to AFB i at a rate marginally greater tiian that for VHA, 

suggesting tiiat VAOH may lie in die metabolic sequence between VHA and AFB i. 

Evidence tiiat VAOH is a metabolic intermediate is supponed by die observation tiiat 

VAOH accumulates in mutant cultures of A. parasiticus (1-11-105 wh 1) even tiiough the 

culture pH is alkaline (Dutton and Anderson, 1980). 

Reduced dinucleotide stimulated tiie formation of VC from unlabeled VAOH; oxidized 

dinucleotide did not (Table 5). There was no detectable versiconal formed dunng die 

incubation of VAOH witii die 35-70% AS fraction. The observation tiiat VC is the product 

of VAOH reduction indicates a catalytic mechanism for tiie ring closure, since versiconal 
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did not rapidly close to VC witii tiiese reaction mixtures in the absence of NADPH (Figure 

7). 

Omission of NADH or NADPH from reaction mixtures or their replacement witii die 

oxidized form of cofactors results in low rates of VAOH conversion (Table 5). 

Considering the likely presence of NADPH in cell-free exu^cts, tiie residual activity could 

be attributed to endogenous cofactor. Thus, one can reasonably conclude tiiat NADPH or 

NADH is required for the conversion of VAOH to VC in cell-free extracts (Figure 16). 

The role of NADPH in the present system reflects that an enzymatic reduction reaction is 

involved in the conversion of VAOH to VC and that the enzyme catalyzing this reaction is a 

reductase. It seems likely that the formation of VA or VC from VAOH as well as from 

VHA may be dependent upon the availability of the proper enzyme system(s) under the 

physiological conditions of Aspergillus mycelia during the growth. 

The addition of dichlorvos at 10 M-g/ml, shown to completely inhibit the conversion of 

VHA to VA(Schroeder et ai-, 1974) or VHA to VC, did not affect die conversion of VAOH 

to VC (Table 6). The inability of dichlorvos to inhibit this reaction supports die view tiiat 

tiie conversion of VAOH to VC occurs after tiie formation of versiconal in the biosynthetic 

pathway or that this reaction may occur in an alternative pathway in Aspergillus species. 

4. 2. 2. The Conversion of HOST and AFG2a 

The fluorescence properties and the conversion of the low Rf product to DHST or 

AFG2 by acid tteatment, as observed for the conversion of versiconal to VC, support die 

identification of tiie polar products as DHST-open and AFG2-open, respectively. DHST, 

DHOMST, and tiie corresponding closed-ring compounds are known secondary 

metabolites of A. versicolor (Vuill.) Tiraboshi (Cole and Cox, 1981; Hatsuda et al-, 1972), 

A. flavus (Cole et al., 1970), and A. parasiticus SRRC 2043 (an aflatoxin nonproducer) 

(Cleveland, 1989). Recentiy, Yabe £l al- (1988) found that AFB2 and G2 were produced 
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when DHST or DHOMST was fed to UV-irradiated A. parasiticus NIAH-26. They also 

observed die conversion of ST to AFB i and DHST to AFB2 in the presence of NADPH in 

a cell-free system. Interestingly, they found tiiat tiie same enzymes are involved in botii 

biosyntiietic patiiways; from ST to AFBi-Gi and from DHST to AFB2-G2. 

There was no detectable increase in AFG2 above endogenous levels upon incubation of 

AFG2a witii a cell-free exttacts in the presence of NADPH (Table 7). This indicates that 

die enzyme(s) catalyze(s) die reduction of AFG2a primarily to AFG2-open ratiier than to 

AFG2. The reduction of AFG2a to AFG2-open may be a step in the conversion of AFB 1 

to AFB2 observed in culttires of A, parasiticus (Heatiicote si ai-, 1976), albeit the 

hemiacetal, AFB2a. was not unplicated in tiie process. Cleveland (1989) found that 

DHOMST was convened to AFB2 at a higher rate than observed for HOMST conversion 

to AFB2 by A- parasiticus SRRC 2043, This indicates tiiat DHOMST can be placed after 

HOMST in die biosynthetic sequence which produced AFB2. This casts a new role for die 

xanthone hemiacetal (AFB2a), ST hemiacetal (HOST), and die antiiraquinone (VAOH) as 

they could act as intermediates between the dihydro- and tettahydro-bisfuran series (Figure 

22), 

4, 2, 3. The Substrate Specificity and The Specificity 
for The Formation of Open or Closed Ring 

The product of VAOH reduction catalyzed by the 35-70% AS fraction was VC (Figure 

5 and Table 5). HOST and AFG2a were convened to products tentatively identified as 

DHST-open and AFG2-open (Table 7). The isolation of AFG2-open and DHST-open 

indicates that the open chain forms do not spontaneously lose water to form the closed ring 

products AFG2 and DHST at neutral pH. Versiconal, die open form of VC, was also 

stable at neuttal pH (Table 3 and Figure 7). Therefore, the enzymatic formation of tiiese 
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open chain forms and tiieir stability at pH 7.4 suggest diat they may be involved in 

aflatoxin biosynthesis. 

The difference in product, closed ring VC from VAOH versus die open ring products 

from HOST and AFG2a» implicates either the presence of more than one reductase or a 

difference in tiie mechanism of a single enzyme when VAOH or HOST and AFG2a are 

used as tiie substrates. The three substrates tiiat were reduced have a common hemiacetal 

structure but markedly different su-ucture in tiie rest of the molecule. The reductase (if a 

single reductase is involved) tiierefore has broad substrate specificity. If this is the case, 

dien one would predict diat HOMST and AFB2a niight also be substrates for die enzyme 

since die structures of tiiese hemiacetals are related to those of HOST and AFG2a, 

respectively. The conversion of AFB2a to AFB2 (Dutton, 1988) and die reduction step in 

the conversion of HOMST to AFB2 (Cleveland £i si., 1987-b) in cultures of A. parasiticus 

are attributed to this reductase activity. The culture medium may be sufficientiy acidic, pH 

4 to 5, to catalyze the ring closure of AFB2-open to AFB2 after the open chain reduction 

product diffuses out of the cell. 

The conversions of ST -—> HOST -—> DHST, OMST > HOMST —-> 

DHOMST, AFBi — > AFB2a -—> AFB2, and AFGi -—> AFG2a -—> AFG2 have 

been proposed to be involved in the formation of the reduced intermediates and aflatoxins 

(Dutton, 1988; Cleveland, 1989), The reductase would catalyze the reduction step in these 

conversion, e, g„ HOST -h NADPH + H+ > NADP+ + DHST-open (Figure 17), 

and AFG2a + NADPH + H+ > AFG2-open + NADP+ (Figure 18), 

4. 3. The Purification of VAOH Reductase 

The enzyme responsible for die conversion of VAOH to VC, tentatively called VAOH 

reductase, was partially purified from cell-free extt-acts of A. parasiticus, A 6.5-fold 

purification of tiie VAOH reductase was achieved through ammonium sulfate precipitation. 
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DEAE-cellulose anion-exchange and green-dye affinity chromatography, as summarized in 

Table 8. 

Wan and Hsieh (1980) reponed the purification of VA syntiiase, diat catalyzed die 

conversion of VHA to V A. It contained two components having molecular weights of 

92,000 and 130,000 daltons as determined by SDS-PAGE and had activity only with die 

combined system, but not witii eitiier of two components. The SDS-PAGE gel of partially 

purified VAOH reductase in tiiis work exhibited four bands having molecular weights of 

22,000, 25,700, 32,000, and 44,000 daltons (Figure 21). This result suggests that the 

conversion of VAOH to VC may be either a multistep reaction or occiured by a single 

enzyme of tiiese components. At tiiis moment, it is unlikely diat all four of diese 

components are involved in VAOH reductase activity for the conversion of VAOH to VC, 

Whether they may be involved in the conversions of VHA to VC or H0ST/AFG2a to 

DHST/AFG2 is unknown. Further study on the purification and the characterization of this 

enzyme is, therefore, needed to determine which of diese bands is VAOH reductase, 

4. 4. Summary 

The primary product of the enzymatic conversion of VHA in a cell-free system from A. 

parasiticus was a polar product, which was stable at neuttal pH (7.4) and was rapidly 

converted to VC by acid tteattnent and die 35-70% AS fraction of crude exttacts from A. 

parasiticus. The polar product was proposed to be versiconal. The addition of NADPH 

resulted in the increase of ratio of VC to versiconal. The apparent Km for die conversion 

of VHA to VC in the presence of NADPH was 17 ^LM. Dichlorvos (4 |ig/ml) reduced the 

conversion of VHA to VC to 50% of that witiiout dichlorvos. Its inhibitory pattern on this 

conversion was noncompetitive consistent witii ureversible inhibition. There was no 

stimulatory or inhibitory effect of zinc or EDTA, respectively, on die conversion of VHA to 

VC. 
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VAOH was converted to VC in the same cell-free system tiiat catalyzed tiie conversion 

of VHA to versiconal and VC. The apparent Km for diis conversion was 140 \iM. 

Addition of NADPH or NADH to the cell-free system increased die rate of formation of VC 

from VAOH. Not surprisingly, die formation of VC from VAOH was not enhanced by die 

addition of NAD(P) and also was not affected by dichlorvos. The major products from 

HOST or AFG2a in tiie cell-free system witii NADPH were polar compounds, which were 

converted to DHST or AFG2, respectively, by acid tteatment. The polar compounds are 

proposed to be tiie 14, 17-hydrated open chain derivative of DHST or tiie 13, 16-hydrated 

open-chain derivative of AFG2, respectively. The reductase activity is involved in die 

formation of the open chain derivatives of DHST and AFG2-

Taidng these results together, the possible sequence of die aflatoxin biosynthetic 

pathway from VHA is proposed: AFB2/G2 could arise from VHA via versiconal followed 

by VC, and the hemiacetals could be intermediates in die interconversion of metabolites in a 

branched pathway of aflatoxin biosynthesis. The VAOH reductase activity was partially 

purified 6,5-fold over crude exttacts from A, parasiticus. 
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Figure A. 1 The structures of the substances described in this study 
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Figure A. 1 Continued 




