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ABSTRACT

Ochratoxin A (OA) is an ubiquitous secondary metaboliteproduced by some toxigenic

species of Aspergillus and PenicíIlium and is one of the most toxic naturally occurring

mycotoxins. The objectives of the current study were to establish the structure-activity

relationship and the molecular mechanism of action of OA and to develop methods for

this study. Six novel synthetic analogs of OA including the lactone-opened OA (OP-OA)

were designed, synthesized and structurally charactenzed using various spectroscopic

techniques. The analogs were assayed for antibacterial activity to Bacillus brevis,

cytotoxicity to HeI¿. cells and the toxicity to mice. The results indicated that a proper

configuration (t) of the ionizable carboxyl and the ionizable phenoüc groups and possibly

an intact lactone-ring of OA were essential for the full cytotoxicity of OA to HeI-¿ cells

while an ionizable phenolic and an int¿ct lactone-ring of OA were required for its full

anti-bacterial activity. De-chlorination of OA resulted in 10 fold decrease in both its

anti-bacterial activity and its cytotoxicity. The d epimer and an ethylamide of the

phenylalanine moiety of OA possessed higher (2 and 8 fold) anti-bacterial activity but

lower (30 and 2000 fold) cytotoxicity compared to the parent OA. OP-OA was toxic to

the bacterium and mice. Five metabolites of ochratoxins were isolated from a culture of

Aspergillus ochraceus and structurally charactenzeÃ as o (Oa) and ß (Oß) ochratoxins,

and 4-R-OH OA, 10-OH OA and 4-R-OH OB using NMR, MS and HPLC techniques.

Comparative studies in rats and a culture of A. ochraceus indicated that the two highly

diverse species metabolize OA in a similar manner. The net activities of the ochratoxin

hydrolases were substantially inhibitedovertime. Covalent-linked OA-biomacromolecular

complexes were also isolated from the fungal culture and chemically charactertzed by



immunochemical and HPLC methods developed in the current study. Based on the

overall results, it is proposed that the lactone carbonyl group is the reactive site of OA.

Covalent modification of the bio-macromolecules by OA via a lactone ester-transfer

reactions may account for its enzyme inhibiting properties and its toxicity.

u
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GENERAL INTRODUCTION.

Och¡atoxin A (OA) is a mycotoxin produced by some toxigenic species of Aspergillus

and Penicílliwn (vander Merwe et al., 1965a, b,, van Walbeek et al., L969a, b and Pitt,

19ST). The toxin has been detected in varieties of agricultural commodities in various

geographical regions of the world (Chu, 1974 and Krogh, L987) and has been shown to

be a contaminant in many foods and feedstuff (Dwivedi and Burns, 1986a, b, Abramson

and Boycott, 1983, Roschenthaler et al. , t984 and Krogh et al., L973 and I974a, b). OA

is rapidly absorbed into the systemic circulation across the gastrointestinal wall and

distributed into tissues and organs of animals (Krogh, 1983). Residue of OA has been

found in the blood, and many organs and tissues of animals and humans (Ilult et aJ.,

1979 and 1980, Krogh, 1977, Krogh et al., 1976 and 1977 and Marquardt et al., 1988).

Exposure to OA causes nephropathy in swine (Krogh, 1973 and 1977) and liver damage

in the chicken @a:ren and Hamilton, 1981). Numerous studies have demonstrated that

OA affects many tissues in many different ways. It is primarily known as a nephrotoxic,

a hepatotoxic, a carcinogenic and an immunosuppressive agent (Steyn, 1984, Dwivedi

and Burns, L984a, b and 1986a, b). OA is hydrolyzed in vitro and in vivo to Oa by the

activities of some proteolytic enzymes, particularly carbox¡teptid¿se A and chymotrypsin

(Nel and Purchase, 1968 and Pitout, 1969) and by the activity of microbes in the

gastrointestinal tract (Kiessling et al., L984, Xiao et al., L99La, b and Madhyasthaetal.,

1992). OA is also metabolþrÃ. to 4-R-OH, 4-S-OH, and 10-OH OA's by microsomal

NADPH-dependent cytochrome-P45O reductase in animals and by the toxin producing

A. ochraceø,s (Ilutchison and Steyn, 1971, Hansen et al., 1982, Storen et a1., t982,



Stormer and Pedersen, 1980, and Stormer etaL.,1981 and 1983).

Although several hypotheses for the mechanism of action of OA have been proposed

none have explained its role at the molecular level. Och¡atoxin A has been shown to

inhibit the re-generation of ATP through the inhibition of the mitochondrial membrane

transportation system and the activity of succinate deþdrogenase and cytochrome C

oxidase(MeisnerandChan, 1974, Weietal., 1985). OchratoxinA, actinglikeananalog

of phenylalanine, has also been shown to competitively inhibit the activity of

phenylalanyl-tRNA synthetase and therefore the synthesis of protein (Creppy et a1.,

1979a, b, 1983a, b and 1984). Chu et aI. (1972) proposed that the dissociation of the

phenolic group of OA was required for its toxicity to young chick. Studies by Rahimtula

and coworkers demonstrated that OA was able to chelate and reduce Fe+++ to form an

OA-Fe++ complex. It is proposed that OA facilitates the formation of reactive oxygen

species which enhance lipid peroxidation (Rahimtula et al., 1988, Omar et al., 1990 and

1991 and Hasinoff et al., 1990). Recently, Malaveille et al. (1994) postulated that the

forrnation of a phenoxide-radical of OA may be responsible for its genotoxicity and the

forrnation of a thiol containing OA derivative may be responsible for its cytotoxicity.

DNA adducts of OA have been isolated and detected in renal tumors of experimental

animals and in patients with urinary tumors from an area that has a high degree of OA

contamination in the food chain (Pfohl-Iæszkowicz et a1., 1991 and I993a, b). These

results suggest that the biotransformation of OA may be involved in its cytotoxicity and

genotoxicity. These latter observations, the fact that OA contains a lactone moiety and

the knowledge that many lactones in nature have been shown to form an acylated



complex with biomacromolcules suggest that the lactone of OA may be involved in its

toxic action. It is therefore hypothesized that one of the princþal mode of action of OA

is the interaction of the lactone in the isocoumarin moiety of the molecule with vital

biomacromolecules through a covalent ester bond. This primary effect could result in the

inactivation of target enzymes and the formation of DNA adducts of OA. Collectively

these effects could be responsible for the negative effects associated with OA. Research

in this thesis was directed towards the testing of this hypotheses.

The overall objectives of this thesis are a) to rationally desþ representive structural

analogs of OA for probing the molecular mechanism of ochratoxicosis; b) to develop

simple and efficient methods for the synthesis of these analogs; c) to develop simple and

efficientprocedures for the isolation, purification and crystalliz¿tion of OA, OB, Oc¿ and

metabolites of OA from solid-phase fermentation; d) to stnrcturally charactenze the

metabolites, and the synthetic and natural analogs of OA; e) to establish the structure-

activity relationship of OA using a microorganism (Bacillus brevis), HeI-a cells and mice;

f) to compare the metabolic profile of OA in rats and in a culture of Aspergtllus

ochracetn to determine if the metabolic transformation of OA in the two widely divergent

qpecies is similar md g) to develop a methods for isolation and characteruation of the

toxin-macromolecule complex from a culture of A. ochrace¿s. These studies should

provide evidence to support the hypotheses for the molecular mechanism of action of

oA.



THE REVIEW OF TIIE LTTERATTJRE

1. Ochratoxins.

Och¡atoxins are a group of mycotoxins produced by toxigenic species of Aspergillus

and Penicillium (Chu,1974, Kuiper-Goodman and Scott, 1989). They are the derivatives

of 7-carboxyl-8-hydroxy-3,4-dihydro-3-R-methylisocoumarin. Some of the naturally

occurring och¡atoxins and their biological and physicochemical properties have been

described by Betina (1989), Cole and Cox (1981) and Applegate and Chipley (1973). The

natural occurring ochratoxins that are of concern in this thesis are discussed in following

section. Their structures are given in figure 1.

1.1. Ochratoxin A (OA).

It is the major metabolite among the ochratoxin family and produced by some

toxigenic species of AspergíIlus and Penicillium. It was first isolated from a culture of

A. ochraceus, and crystallized and structurally charactenzeÃ by van der Merwe et al.

(1965a, b). It occurs wideþ in many foods and feedstuff (Dwivedi and Burns, 1986a, b).

Structurally, OA contains 7-carboxyl-S-chloro-8-hydroxyl-3-4-dihydro-3-R-

methylisocoumarin linked through its 7-carboxyl group to the L-f-phenylalanine with a

peptide bond (Cole and Cox, 1981). The molecular weight of OA is 403. It contains

ionizable carboxyl and phenolic hydroxyl groups with the apparent pKa value for the
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Figure 1. Strucfures of common natural occurring och¡atoxins
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@itout, 1969) and strong inorganic acids (van der Mere et al., 1969b) are eff,rcient

hydrolytic agents. Ochratoxin a is also produced naturally from OA by intestinal and

n¡minant microbes (Madhyastha et al., 1992, Xiao et al., l99la, b, and Doster and

Sinnhuber, 1972). Although the toxicity dat¿ for Ocu has not been published, it is

considered to be relatively non-toxic to animals (Chu et a1., L972).

1.5. Hydroxyochratoxins.

They are a group of hydroxylated metabolites of OA including 4-R-, 4-S- and 10-

hydroxy OA's (4-R-OH OA, 4-.S-OH OA and 10-OH OA) that are found in the urine of

animals and in fungal cultures Qlutchison and Steyn, 1.97L, Storen et al., t982, Stormer

and Pedersen, 1980, Stormer et a1., 198L, 1983 and 1985). The toxicity of these

metabolites has not been demonstrated except for 4-^S-OH OA which has been shown to

be as immunotoxic as OA @etina, 1989).

2. Absorption and Disposition of Ochratoxin A

2.1. Absorption.

Ochratoxin A is thought to be absorbed by passive diffusion as its absorption is pH-

dqrendent (Kumagai and Aibara, 1982 and Kumagai, 1985 and 1988). The toxin which

contains two ionizable groups (phenolic hydroxyl and carboxyl), is readily absorbed

across the intestinal wall into the systemic circulation of animals only when in the non-

ionized (protonated) form. The stomach and the upper small intestine are the major sites

of absorption of OA as their low pH environments will protonate the toxin allowing its
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passage through the lipid membrane of cells (Suzuki et al., L977). The absorption of OA

from the gastrointestinal tract of rats following a single oral dose is rapid with the

apparent absoqption half-life being 18 min.

2.2. Distribution.

The pharmacokinetic profile of OA in rats indicates that its disposition follows a bi-

exponential decline into the peripheral compartment with the apparent distribution half-

life being approximately 2 h (Galtier et al., L979). The oral administration of 3H labelled

OA to rats indicates that the distribution of the specific label in decreasing order is: the

intestinal content, lung, liver, kidney, heart, fat, intestine and testes with only traces of

the specific label being detected in the spleen, brain and muscle (Kane et al., 1986a). The

report suggested that the toxin is distributed in relatively high concentrations in its target

organs, the liver and kidney. Placental transfer of OA to the fetal circulation has been

also observed in pregnant animals treated with OA (Patterson et al., 1976, Mayura et al.,

L982, Hood et al., L976 and Appelgren et al., 1983).

2.3. Metabolism.

In the gastrointestinal tract, OA is hydrolyzed to Oa by the activity of pancreatic

carboxypeptidase A, chymotrypsin and enzymes from microbes (Nel and Purchase, 1968,

Pitout, 1969, Hult et aI.,1976, and Madhyastha et aL.,1992). Orally administ¡ated OA

is subjected to this first-pass metabolism which reduces its bioavailability (Xiao et al.,

l99la, b). Upon reaching the systemic circulation, OA is metabolizecl to



hydroxyoch¡atoxin A by the microsomal mixed-function oxidases in both liver and kidney

(Stormer and Pederson, 1980). Three hydroxylated metaboliæs of OA, the 4-R-, 4-^S- and

10-OH OA's, have been isolated from the liver and kidney microsomes following

incubation with OA. Interestingly, the formation of 4-R-OH OA is consistently detected

in the urine of rats that are administered OA while the 4-S- and 10-OH OAí are only

detected following in vitro incubation of OA with rat and rabbit microsomes (Stormer et

al., 1982 and 1983). The concentration of OA in a culture of A. ochraceus or P.

viridícatwn decreases rapidly after reaching its maximum @amoglou et aI., 1984). This

observation suggests that OA may be further metabolized by the fungr as 4-R-OH OA has

been isolated from a culture of A. ochraceus (Ílutchison and Steyn, l97l). There has

been little or no literature on the metabolism of OA in the fungal system.

2.4. Excretion.

The elimination of OA from the body of animals involves both biotransformation and

excretion of the toxin. The elimination half-lives (T,,r) of OA are relatively prolonged

and varied among species of animals. The Tr,, lor OA was 77 h n young cattle

(Sreemannarayana et a1., 1988), 85 h in pigs, 10.8 h in rabbits, 3.0 h in chickens

(Galtier and Alvinerie, L981), 56 h in pregnant mice @allinger et a1., 1986) and 17 h

in sheep CXiao et al., 1991b). Biliary recycling and intestinal re-absorption of the toxin

may play an important role in the prolongúTr,t of OA, particularly when the intestinal

hydrolysisof thetoxinisnotsignificant(KumagaiandAibara, 1982, Rothetal., 1,988,

Madhyastha et al., 1992). The strong (non-covalent) binding of OA to serum albumin



(Chu, 1971), however, is also a major factor which contributes to the prolonged Tt,rof

the toxin. This is illustrated by the observation that OA was eliminated from the sysûemic

circulation atatate that was 70 fold greater in albumin deficient compared to normal rats

(Kumagai, 1985). The contribution of the systemic biotransforrnation of OA to its

elimination is relatively insignificant as only L-2% of the administered dose of OA is

metabolized by these organs and tissues (Storen et aI., L982 and Stormer et al., 1985).

Approximately 20% of OA was excreted as Ocv in the urine of rats following an i.p. dose

of the toxin, suggesting that intestinal hydrolysis of OA contributes significantþ to the

elimination of the ûoxin from the system (Stonner et al., 1985). Ttreir study also

indicated that less than 40% of administered OA was recovered as intact OA, Ocv and

4-R-OH OA based on the cumulative urinary excretion dat¿. This suggests that some of

OA may be retained by the animal, that there are other routes of elimination (faecal) or

the formation of other unidentified metabolites from OA.

3. General Toxicity of Ochratoxin A

3.1. Acute Toxicity.

The acute oral toxicities of OA when expressed as LDro (mg/kg BW) are 1.0 to 6.0

for pigs, 3.3 for chickens, 0.2 for dogs, 3.9 for neonatal rats, 20 to 30 for mature rats

and 46 to 58 for mice (Marquardt and Frohlich, 1992). The main clinical patterns

associated with acute ochratoxicosis include anorexia, emesis, retching, bilateralpurulent

conjunctivitis, polydipsia, poþria, uraemia, deþdrationandweightloss (Marquardtand
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Frohlich, 1992). Gross pathological examinations of dogs administered an acute toxic

dose of OA (3.0 mg/kg BW) indicated moderate to severe mucohemmorrhagic enteritis

of the caecum, colon and rectum, and an enlargement of the tymph nodes.

Histopathological examination indicated that renal damage was the main feature of this

toxicosis (Szcze*h et al., 1973). Renal tubular nephrosis, hepatic and lymphoid necrosis,

cerotic enteritis and fibrin deposits in the spleen, brain choroid plexus, liver, kidney and

heart are observed in rats treated orally with a LD5o of OA (Albassam et al, 1987). Liver

and kidney mitochondrial dysfunction has been reported to be the early event of

ocbratoxcosis in the rat @urchase et aI., l97t). Also general damage to the liver and

kidney occurs. This is indicated by the marked elevation with the activity of several

enzynnes such as alkaline phosphatase, gama-glutamyltransferase and lactate

dehydrogenase following OA treatment (Singh et al., 1994, Elling et al., 1985 and Kane

et al., 1986b).

3.2. Chronic Toxicity.

A chronical dose (200-2,000 pelkÐ of OA caused nephropatþ in swine (Krogh,

1979). The major renal damage occuned in the proximal tubule. Reduction of glomenrlar

filtration, however, was also observed in pigs treated with OA (Gekle et al. 1993). The

natural occurrence of swine nephropatþ was highly correlated with the presence of OA

in the feed suggesting that OA may be the causal agent of this disease (Golinski et a1.,

1984 and 1985, Krogh, 1987). OA is also suspected to be the causal agent for the human

disease, Balkan endemic nephropathy, as a high incidence of OA in $ain and food was
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found in the area where the disease is endemic (Ilult et al., 1982, Austwick et al. , 1979).

Hepatotoxicity has been observed in OA treated rats. Associated hepatic effect of OA is

the accumulation of glycogen in the liver in OA treated animals (Warren and Hamilton,

1980a, b and 1981). Ochratoxin A is also a potent immune suppressing agent @wivedi

and Burns, 1984b, c, Campbell et a1., 1983 and Frior and Sisodia,1982).It reduced

antibody production by inhibition of protein synthesis (Richard et al., t975).It causes

depletion of lymphoid cells in the thymus, bursa of fabrcius, and spleen (Ilong et al.,

1988 and Boorman et al., 1984), induces suppression of natural killer cells (L,uster et al.,

1987 and Chang and Hamilton, 1980) and has a potent inhibitory effect both at the level

of B and T lymphocytes @oschenthaler et al., 1983 and Lea et a1., 1989). The

immunosuppressive effects of OA are partially prevented by co-administration of

phenylalanine (Ilaubeck et al., 1981). In addition, OA is teratogenic to mice, rats,

hamsters and chicks (Fukui et al., 1987 and Gilani et a1., lg78) but not pigs (Shreeve

et a1., 1977). Ochratoxin A causes fetal malformation in rats injected with the toxin

above 1.75 mglkg (Mayum etaI. 1982 and 1984a, b). A single subcutaneous teratogenic

dose of OA (1.75mglkg) on day 7 of gestation significantþ increased fetal resorption and

fetal malformation in both impaired renal-function rats and sham-operated rats.

Impairment of renal function increased the sensitivrty of rats to the teratogenic effect of

OA @rown, 1976, Mayura et a1., 1984a, b). Teratogenesis induced by OA in rats was

partially protected against by phenylalanine (Mayura et al., 1984b). Finally OA has been

found to be a very potent carcinogen to mice and rats. Bendle et al. (1983, and 1985a,

b) reported that a high incidence of renal adenomas and carcinomas (62%) in mice fed
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34 mg of OA/kg of diet. Higher incidence of renal adenomas and carcinomas was

observed in female than in male rats @oorman, 1989). These results demonstrate that

OA produces many serious chronic effects in animals. It has been shown to be a

nephrotoxin, a hqlatotoxin, a immunosuppressive agent, a carcinogen and a teratogen.

3.3. Toxicity of Ochratoxin A to Microbes and lVfammalian Cell Lines.

Och¡atoxin A is toxic to some bacteria. A minimum dose of 4 p,g of OA/ml caused

inhibition of growth of Bacillus megateriunt (Clements, 1968). The concentration of OA

causing 50Vo of g¡owth inhibition (ICso) n Bacillus subtilis was 6 ¡tglml @oschenthaler

et a1., 1984) while induction of autolysis of this organism by OA was observed in a

medium containing 10-20 p.glml of the toxin (Singer and Roschenthaler, 1978). The

growth of an anaerobic bacterium, Streptococcus faecalis, was also inhibited by OA,

suggesting that the toxicity of OA was not caused by an inhibition of respiration

@oschenthaleretal., 1984). Inadiscassay systemusing Bacillusbrevís, toxicityof OA

was dose- and pH-dependent with the minimum inhibitory doses being 1 and 4 p,gldrsc

at pH 5.5 and 6.5, respectively (Madhyastha et al., 1994). The bacterium was more

sensitive to the toxin in the low pH medium, a medium in which OA (non-ionized) is

readily absorted. The mode of antibacterial activity of OA remains unclea¡ but is

apparentþ different from that of cytotoxicity. Yeast, however, was not sensitive to OA,

presumably due to its inability to absorb OA (Roschenthaler et al., 1984). A cytotoxic

effect of OA on HeI-a cells was first showed by Natori et al. (1970). The growth of the

hepatoma cell was inhibited by 18 pg of OA/mlof culture medium while the cytotoxic
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effect was observedat36 þgof OA/ml of the medium (Creppy et a1., L979b).

4. Biochemical Properties of Ochratoxin A.

4.1. Effect of Ochratoxin A on Carbohydrate Metabolism.

The accumulation of glycogen in the liver is a notable effect of ochratoxicosis in rats

@itout, 1968, Suzuki and Sato, t973, Suzuki et al., 1975 and Munro et al., 1973), and

in the broiler chicken (Warren and Hamilton, 1980b and 1981). This effect in the liver

of the broiler chicken is due to a decrease in the mobilization of glycogen (IIuff et al.,

L979). Further research shows that phosphorylase cu and phosphorylase kinase are not

inhibited but that protein kinase was inhibited by OA in a non-competitive manner

(Warren and Hamilton, 1980a). The inhibition of cAMP-dependent protein kinase and

gluconeogensis is also consistent with the observation that glycogen accumulation during

och¡atoxicosis did not respond to glucagon administration (Warren and Hamilton, 1980a).

Studies with bacteria indicated that the binding of cAMP to cAMP-binding protein was

inhibited by OA (Ileller and Roschenthaler, 1978). Ochratoxin A also caused a reduction

in the concentration of glucose in rat kidneys by impairing gluconeogensis from ketone-

bodies and amino acids and resulted in metabolic acidosis (Meisner and Selanik, 1979).

The inhibition of gluconeogensis may be attributed to a reduction in the activity of renal

PEPCK in rats feÅ 2.0 mg OA/day. This was caused by an inhibition of post-

transcriptional mRNA or possibly by inhibition of cAMP-dependent protein kinase

(Meisner et al., 1983, Meisner, L976 and Warren and Hamilton, 1980a),

l4



4.2. Effect of Ochratoxin A on Mitochondrial AIP Production.

Several studies have indicated that OA causes depletion of mitochondrial ATP

(Meisner and Chan, 1974, Meisner, 1976 and Wei et aI., 1985). At a certain dosage of

OA the growth of bacteria was completely blocked but the mitochondrial respiration was

elevated suggesting that OA may act like a classic (dinitrophenol) uncoupler of oxidative

phosphorylation (Gale et a1., 1981). Most of the reports, however, indicated that OA

inhibited mitochondrial respiration. Meisner and Chan (L974) reported that OA

competitively inhibited the mitochondrial membrane transportation system and therefore

the production of ATP. Wei et al. (1985), however, reported that OA inhibited ATP

production by impairing the electron transfer system in the mitochondrial respiration

chain. Their results indicated that OA competitively inhibited the activity of succinate

dehydrogenase and cytochrome c oxidase. Interestingly, More and Tnrelove (cited by

Roschenthaler etal.,1934) reported that both OA and Ocu (8 ¡.rglml) effectively inhibited

mitochondrial state 3 respiration. Ochratoxin a, however, is considered to be non-toxic

in vivo (chu er al., 1972).

4.3. Effects of Ochratoxin A on DNA, RNA, and Protein Synthesis.

Inhibition of protein synthesis by OA has been reported in mice (Creppy et al., 1984),

and bacteria (Konrad and Roschenthaler, 1977, Bunge et a1.,19J8, Heller and

Roschenthaler , 1978) . The greatest degree of inhibition of protein synthesis was observed

in the spleen and kidney, and the least in the liver of mice treated with 15 mg of OA/kg

(i.p. injection). The inhibition of protein synthesis by OA was preventable by co-injection
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of phenylalanine (Creppy et aL., 1984). Konrad and Roschenthaler (1977) showed that

in B. subtilis, OA selectively inhibited poþeptide acylation (elongation) with

phenylalanine, a reaction catalyzrÅ by phenylalanyl-tRNA synthetase. The inhibition of

this enzyme by OA was competitive and Mg++-dependent (Creppy et a1., L979a, Konrad

and Roschenthaler, Lg77). The affinity of OA to this enzyme,however, was 300 fold less

than phenylalanine in a isolated enzyme shrdy suggesting that it is a weak competitor for

the enzyme (Creppy et al, 1983a). Ochratoxin B, which has an identical phenylalanine

moiety, has no effect on cellular protein synthesis and on the activity of phenylalanyl-

tRNA synthetase @oth et al., 1989). In contrast to the above studies, Roth et al. (1993),

however, reported that OA caused a three-fold increase in the activity of phenylalanyl-

tRNA synthetase in OA-treated E coli. It remains unknown if the inhibition of

phenyalanüny-tRNA synthase is time-dependent. Meisner et at. (1983 ) reported that OA

had no effect on the translation of mRNA but significantþ reduced the amount of

translatable mRNA. The reduction in the abundance of mRNA, however, occurred at the

post-transcription level (Meisner and Polsinnelli, 1986). Creppy et al. (1986) reported

that OA inhibited not only the synthesis of protein but also that of RNA as well. The

inhibition of RNA synthesis by OA was also observed in a porcine renal explant

(Braunberg et a1., 1992). The inhibition of RNA synthesis may be therefore related to

stnrctural alterations of DNA by OA as DNA adducts of OA are detected in tissues from

mice treated with OA and in urinary tract tumors of Bulgarian patients (Pfohl-Leszkowicz

et al., L993a, b). Kanisawa and Suzuki (1978) and Creppy et al. (1985a, b) reported that

OA induced in vitro as well as in vivo DNA rlamage in the liver, spleen and kidney, with
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the degree of damage being dose-dependent. Evidence for DNA single-strand breaks in

liver and kidney caused by OA was reported by Kane et al. (1986a). Induction of DNA

single-strand breaks and inhibition of DNA synthesis by OA was also observed in

Chinese hamster ovary cells and transformed fibroblasts (Stetina and Votava, 1985).

These reports indicate that OA may be a mutagen.

4.4. Effect of Ochratoxin A on Lipid Peroxidation.

It has been suggested that the phenolic hydroxyl group of OA (C-8 OIÐ is responsible

for OA toxicity (Chu et al., 1972). Rahimtula et al. (1988) reported that OA facilitated

both in vito and in vivo lipid-peroxidation. Their studies indicated that OA greatly

enhanced the rate of NADPH or ascorbate-dependent lipid peroxidation as measured by

malondialdehyde formation. Administration of OA to rats also enhanced lipid

peroxidation as evidenced by a seven-fold increase in ethane exhalation. The results

indicated that the NADPH-dqrendent cytochrome P-450 reductase was involved in the

erløyrnatic and chemically induced lipid peroxidation by OA. In the ochratoxin family,

only ochratoxin A, C and B but not Oa and hydroxyochratoxin A could induce lipid

peroxidation. The degree of lipid peroxidation by these ochratoxins correlated with their

toxicity to chicts as reported by Chu et a7. (1972). Further mechanistic studies indicated

that OA was able to reduce and chelate iron resulting in the formation of an iron-OA

complex. It was hypothesized that this complex increased the degree of lipid peroxidation

by facilitating the formation of re¿ctive oxygen species (Ilasinoff et a1., 1990, and Omar

et al., L990 and 1991) by complexing with NADPH dependent cytochrome P-450
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reductase. The C-8 phenolic and the C-L}-canbonyl groups in OA are posnrlated to be

essential for coordination of the iron-chelation @ahimtula et al., 1988). Khan et al.

(1989) reported that OA impaired the endoplasmic reticulum membrane probably via

enhanced lipidperoxidation and consequently disturbed microsomal calcium homeostasis.

Although Rahimtula et al. (1988) was not able to detect the superoxide radical, Hasinoff

et al. (1990) reported that the OA-Fe+++ complex facilitated the formation of a hydroxyl

radical in the presence of HrO, or NADPH-dependent cytochrome P-450 reductase as

evidenced by ESR spectroscopy. More recently, Baudrimont et al. (L994) reported that

the subcutaneous idection of antioxidant-enzymes, superoxide dismutase and catalase,

prevent most of the nephrotoxic effect of OA. In their studies, however, it was not

discussed how the subcutaneous (non-systemic) administration of these enzymes could

protect against the illness in the urological system. The protective effect of the

antioxidant vitamin, vitamin C, against OA genotoxicity was reported by Bose and Sinha

(1994). Studies of the genotoxicity of OA on E. coli also suggested that OA may be

oúdized to a OA phenoxide-radical which may be responsible for DNA damage

(Malaveille et al., t994). All these repofs suggest that oxidative stress in living system

is one of the features of OA toxicity.

4.5. Effect of Ochratoxin A on the Activity of Enzrymes.

The activity of many enzymes is affected by OA. Ochratoxin A can serue as both the

substrate and inhibitor of the bovine carboxypeptidase A @tout and Nel, 1969). The

inhibition of the activity of this enzyme by OA was potentiated in the presence of
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penicillic acid, a hydroxyl-lactone produced by some species of Penicillíwn @arker et

al., 1982). As discussed above, OA also competitively inhibiæd phenylalanyl-tRNA

synthetase (Creppy et a1., 1983a, b). When the phenylalanine side group of OA was

substituted by other amino acids, such analogs would inhibit their corresponding amino

acyl-tRNA synthases (Creppy et al., 1983b). There appeared to be no association,

however, between the results obtained with each analog of OA and their cytotoxicity.

Methionine-OA, for example, had a very low inhibitory effect on methionyl-tRNA

synthetase but it was highly toxic to the cells while OA was both a strong inhibitor of its

tRNA synthetase and a cytotoxic agent. These researchers unfortunately did not

determine if OA also affected the individual amino acyl-tRNA synthetase and as a result

it is not known if the effect is specifi.c for each amino acyl-tRNA synthetase or is a

general effect of OA and its analogs. The explanation that the absence of chlorine atom

in the isocoumarin moiety (OB) resulted in low affinity of OB to phenylalanyl-tRNA

synthetase is not convincing as this erøyme is exclusively specific for phenylalanine and

as a result the fine stnrcture of the isocoumarin moiefy should have no influence on the

binding of OB or OA to the enzymes. Phenylalanine hydroxylase which is inhibited by

OA was able to utilize OA as a substrate converting it into a tyrosine substituted OA

(another hydroxylated form of OA), (Creppy et a1., 1990). Overall the results suggest

that OA inhibits most of the enzymes that bind phenylalanine and that the inhibitory

effect may not be attributed to the phenylalanine moiety.

Other enzymes that are inhibited by OA are the mitochondrial succinate

dehydrogenase and cytochrome c oxidase (Wei et a1., 1985), membrane ATPase (Meisner
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and Chan, \974) and the cytochrome P-450 isozymes such as aminopyrine demethylase

and aniline hydroxylase (Galtier et a1.,1984 and Gilberte et a1., 1985).

5. Comparative Biological Activities of Ochratoxin A, kocoumarins and Other

Active Lactones.

Compounds with a lactone moiety usually exhibit specific biological properties, for

example, they have been shown to be allergenic, cytostatic or antimicrobial agents

(Nobliec et al., 1994). Many mycotoxins including OA are lactone containing secondary

met¿bolites @etina, 1989). Mechanistic studies of OA toxicity have emphasized the role

of phenolic structure and the phenylalanine moiety of OA (Chu et al., L972, Rahimtul¿

et al., 1988 and Creppy et al., I983a, b) but nothing has been reported on the role of its

isocoumarin lactone moiety. Enzyme inactivation studies with other isocoumarin

compounds have shown that a covalent tetrahedral enzyme-inhibitor complex (transition-

state) is an intermediate product which results in the formation of a non-collapsible

inhibitor-acylenzyme complex. Kam et aL. (1994 and t992), Power et al. (1993 and

1989) and Hernandez et aI. (1992) demonstrated that 3,4 dichloroisocoumarins were

potent irreversible suicide (mechanism-based) substrates for serine-proteases in which the

active site serine residues of the catalytic triad was acylated via the lactone moiety and

that this covalent-linked inhibitor-enzyme complex was reversed by immediate addition

of hydroxylamine. Other reports also indicate that isocoumarin compounds are the

covalent type inhibitors of many serine proteases (Orlowski and I-esser, 1989 and Ewoldt

et al., 1992). Many other isocoumarin compounds have been isolated, synthesized and

developed for utilization as antibiotics and antitumor agents (Sato et a7., L992, Kumagai
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et al., L994 and Koohei et al., 1981). Studies on the mode of enzyme inhibition by some

active lactones also indicated the covalent cross-linking of enzyme by the inhibitor via

an acylation reaction. Borgstrom (1988) demonstrated that a lactone containing

tetrahydrolipstatin formed an inhibitoþenzyme complex which resulted in a temporarily

irreversible loss of the activity of this enzyme. The covalent acyl-eruyme was slowly

hydrolyzed and the inactive free carboxylate (opened) group of the inhibitor was released.

Metabolic activation of valproic acid, an anticonvulsant dnrg for epilepsy, produces

reactive lactone intermediate which can then covalently link to cysteine residue of

enzymes via a thioester bond (Kassahun et al., L994). The forrration of this unsaturated

lactone intermediate partially accountes for the hepatotoxicity of the parent dnrg. Studies

of the inhibition of venom lipase M by manoalide (an antibiotic macrocyclic lactone)

indicated that the crosslinking of the inhibitor with the enzyme resulted from the

formation of a Shiff-base due to the release of the aldeþde following the hydrolysis of

the lactone (Oritz et al., 1993). Several lactone-based irreversible inhibitors of HMG

coenzyme A also result in lactone ring opening by the active site cysteine ¡esidues and

inthefonnationof atransientacyleruymeintermediate (thioester) (Mayers etal., 1990).

The loss of anti-tumor activity of topotecan following the opening of its lactone ring

indicated thata intact lactone structure was required for its full anticancer function (Sattz

et a1., 1993).Interestingly, topotecan undergoes acid-base interconvertion between its

lactone and its opened hydroxyl carboxylic acid forrn. This propertry was also observed

in the case of OA (Xiao et a1., in press).

Heating of OA under alkaline conditions results in a decrease in its cytotoxicity
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(Trivedi rt ù., L992) suggesting that this effect may be attributed to the hydrolysis of the

lactone of OA. As discussed above, the mode of inhibition of amino acyl-tRNA synthases

by OA and its analogs remains unknown, particularly the fact that OB had no effect on

phenylalanyl-tRNA synthetase. It is conceivable that the mechanism-based inhibition of

this enzyme by OA involves its lactone ring. Apparently the low electron-density of the

C-l carbonyl carbon of OA will facilitate the hydrolysis by base (Xiao et al., in press)

which is analogous to those bases in bio-macromolecules (enzymes, for example).

6. Summary of the Literature Review

Ochratoxin A, a secondary metabolite of some toxigenic species of Aspergillus and

Penicillium, is commonly found as a natural contaminant of food and feed-stuffs. It is

hepatotoxic, nephrotoxic, immunosuppressive, teratogenic and carcinogenic to

experimental animals. Ochratoxin A may also be considered as an antimicrobial as it

inhibits the growth of some gram-positive bacteria. The toxin exerts its effects by

inhibiting the activity of certain erzymes and cellular membrane transporters resulting

in irreversible alteration of the cellular homeostasis of animals. The toxin causes

nephropatþ in swine and probably in humans. The biochemical effects of OA in the

living systems include an enhancement of lipid peroxidation in membrTur.es, inhibition of

protein synthesis and inhibition of mitochondrial ATP generation. The molecular

mechanism of action of OA remains unknown. It is hypothesized that its toxicity in cells

involves the covalent modification of some vital bio-macromolecules and that the lactone

ring of the isocoumarin moiety of OA is involved in this reaction.
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Abstract

Five analogs of ochratoxin A (OA) including the ethylamide of OA (OE-OA), D-

phenylalanine form of OA (d-OA), decarboxylated OA (DC-OA), the O-methyl ether of

OA (OM-OA), and the methyl ester of ochratoxin o (M-Oa) were synthesized using OA

or ochratoxin cy (Ocv) as the starting material. The reactions involved activation of OA

to the N-hydroxylsuccinimide ester (OA-I.[HS) and of OCI to acyl chloride (Oø-Cl)

followed by nucleophilic substitution with primary amines, amino acids and alcohols to

form correqponding amides and esters. All analogs were obtained in pure forms and all

but OM-OA were crystallized. A simplifiedprocedure for the isolation and crystallization

of OcY was also deveþed. The chemical structures of all analogs were elucidated and

or confirmed using EI-MS and lH NMR. Other physicochemical parameters such as

meltingpoint, Uv-vis absorption, fluorescency and IIPLC elutionpattern for each analog

are presented. The procedures that have been deveþed for the synthesis of the analogs

of OA from OA or Ocu are simple and efficient. The reactions generally result in high

yields of the desired compounds. The overall yields of finalproducts range approximately

from 85 to 90 % of the starting materials. The analogs synthesized together with the

natural analogs of OA can be used to estabüsh the structure-activity relationship of OA,

and for metabolic and immunological studies.

Key Words: Ochratoxin A, Synthetic Analogs, Synthesis, Structural Characterization.
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Introduction

Ochratoxin A (OA), 7-carboxyl-5-chloro-8-hydroxyl-3,4-dihydro-3-.it-

metþlisocoumann-7-L-f-phenylalanine (Frgure 1), is a secondary metabolite of some

toxigenic species of Aspergittus and Penicittium. This mycotoxin is of concern as it is

hepatotoxic, nephrotoxic, teratogenic and carcinogenic to most animal species (Kuiper-

Goodman and Scott, 1989), and occurs world-wide in many agricultural commodities

(Dwivedi and Burns, I986a, b). Based on information from the literature, the toxicity of

OA may be the result of three major effects: 1) inhibition of ATP synthesis; 2) enhanced

lipid peroxidation; and 3) inhibition of protein synthesis (Marquardt and Frohlich, 1992;

Roschenthaler et al., 1984). Several hypotheses for the mechanism of action of OA have

been proposed. Creppy et a1., (1983a, b and 1984) reported that OA competitively

inhibited phenylalanyl-tRNA synthetase resulting in inhibition of protein synthesis.

Enhanced lipid peroxidation in animals treated with OA has been observed, suggesting

that free-radicals or active oxygen species may be involved in ochratoxicosis (Rahimtula

et al., 1988 and Omar et a1., 1990 and 1993). Ochratoxin A was reported to be an

competitive inhibitor of succinate deþdrogenase and cytochrome C oxidase in cellular

respiration, resulting in mitochondrial dysfunction (Wei et a1., 1985). Ochratoxin A is

metabolized to hydroxy OA's (OH-OA) by a microsomal cytochrome P-450 dependent

enzyme system (Stormer et al., 1983,). Conclusive evidence, however, has not been

provided in the mode of action of OA and if its toxicity is the result of a direct action

of OA or its bioactivation in the animal. A structure-activity relationship study was

25



therefore initiated to determine the roles of each of the functional group in OA toxicity.

The design and synthesis of the OA analogs were directed to remove or to block the

functional groups, and to modify the hydrophobic side chain of OA. This study describes

simple and efficient procedures for preparation of modified forms of OA useful for

further toxicological studies.

Experimental Procedures

Chemicals. Reagent grade OA, methyl ester of D-phenylalanine (D-phe) containing

5% of L-phenylalanine (L-phe), N,N-carbonyldümidazole (CDI), N-hydroxysuccinimide

(NHS), dicyclohexycarbodümide (DCC), phenylethylamine, and ethylamine were

purchased from Sigma (St. I-ouis, MO.). Thionylchloride (SOC12) was purchased from

Aldrich (Milwaukee, WI.). Dry, powdered sodium metal (dry Na) was purchase from

J.T. Baker Chemical Co. (Phillipsburg, NJ.). Diazomethane was prepared according to

the method described by De Boer and Backer (1963).

Instrumentation. Reverse-phase (C18 5x20 cm) and silica gel (LK5D 5X20 cm) TLC

plates were from Whatman, Inc.(Clifton, NÐ. The reverse-phase column (C18) for the

HPLC system was from Beclanan Canada Ltd. (Mississauga, Ontario), while the photo-

diode array lfV-vis detector and the fluorescent detector (RF-535) were from Shimadzu

(Kyoto, Japan). Unless specified in the text, all the analytes were eluted from the HPLC

system under such conditions: 65% of solvent A (methanol:isopropanol, 9:1) and35%

of solvent B (double distilled I{rO, pH 2.1) at a temperature of 39"C with a flow rate of

1.5 mlimin. The synthetic products were dried using a vacuum dryer (4S160-Savant,
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Farmingdale, NfÐ. The melting point (MP) for each compound was determined using

an uncorrected capilJary melting point apparatus (Unimelt, Philadelphia, PA). IIV-vis

spectra were recorded using a DU-8 spectrophotometer @eckrnan, Irvine, CA).

Microscopic observations of crystalline OA and its analogs were carried out according

to the procedure described by Marquardt et al., (1989). lH l.IIvß. spectra were recorded

at 300 lvfrlz @ruker 4M300, Germany) with tetramethylsilane (TlvIS) as a reference

standard and EI-MS were obtained using a 7070E[IF organic mass spectrometer (VG

Analytical, Manchester, England), Department of Chemistry, University of Manitoba.

Preparation of ochratoxin A (OA, Figure 1, I), B (OB) and a (Oc, Figure 1,

Vtr). OA and OB were produced using solid-phase fermentation of wheat inoculated with

A. ochracezs NRRL 3174.In general, 2 kg of wheat was separated into 50 g samples

and added individually to forty flasks (500 mL). The wheat was adjusted to 45%

moisture (w/w) and the flasks were autoclaved for 30 min. The wheat was cooled,

inoculated withz{. ochraceus, sealed with a sponge plug and incubated at 39C for 4 wk.

The fermented wheat was autoclaved, dried and prepared for the isolation of OA and OB

using a modification of the procedure described by Van der Merwe et al., (1965b). The

fermented wheat (350 g) was soaked with 350 mL of 0.1 N HCI and extracted with 2.5

L of CHCI, in a 4 L separation funnel with constant shaking for 30 min. The CHCI3

fraction was collected, evaporated to 500 mL and mixed with 1 L of 0.1 M NaoCOr. The

basic aqueous fraction which contained OA was separated from the CHCL fraction,

acidified with 6 N HCI to a pH of 1, and re-extracted with 500 mL of CHCI3.
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Fþre 1. Stn¡ctures of och¡atoxin A and its analogs
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The CHC! fraction containing the och¡atoxins was dried using a rotatory evaporator

@uchi, Brinkman, Rotavapor Rl10) and the residual toxins were dissolved in 10-20 mL

of benzene. The berøene fraction was applied onto a silica gel column (25x5 cm, 40 ¡rm)

and the toxins were eluted (10 mllmin) with acidified betu,ene þenzene:acætic acid 95:5,

v/v). The flow rate of the column was controlled with pressurized air. The fraction

containing OA was dried and then dissolved in 5 mL of hot benzene. Crystalline OA

(Figure 2) formed within 30 min. Re-crystalliz¿tion (three times) in hot benzene (500

mgiml) yielded pure OA which was dried using a vacuum dryer (4S160-Savant,

Farmingdale, IVÐ at 50oC for 24 h to remove the associated benzene. The final yield of

OA crystals from 350 g of fermented wheat was 1,,650 mg (approximately 5 g OA/kg dry

matter). Some of the properties of OA were: IIPLC elution time, 6.9 min; UV À-* (in

ethanol), 215 nrn (e:28,000), 333 nm (e:5,500, lit. 6,400, van der Merwe et a1.,

1965b); fluorescency,333 nm (excitation),452 nm (emission); MP (from benzene), 118-

122 "C (lrt. I}L oC, Van der Merwe et a1., 1965b); EI-MS, mlz 403 (lvÍ+, L00%), 405

Qvr+ +2, 35Vo), 358 (45 %), 255 (50%), 24t (25%), 239 (70%). lr ¡uvm (cDC13), ô

1.59 (3H, d, Jrr,¡ 6.3H2,3-CHr), 2.85 (1H, dd, J4,417.5IIz, I+pron,z Ll.5 Hz,  -pro-R-

H),3.22 (1H, dd, Jr5,r5 L4.L fu,Its_p,ns,ro7.4Ilz, l5-pro-.t-I{), 3.28 (1H, dd,14,4I7.5

fu,J+p,ns,s3.3Ltz,A-pro-S-H),3.36 (1H, dd, J6,r5 14. !Hz,IÉ-p,nR,r:o5.3IIz,l5-pro-R-

H),4.75 (1H, m, 3-IÐ, 5.04 (1H, m, L4-I{), 7.2-7.4 (5H, m, l7-2l-tÐ,8.42 (1H, s,

6-Ð, 8.48 (1H, d, Jrs,r¿ 6.7 IJz, 13-Ð, 12.76 (1H, s, 8-OÐ.
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Fþre 2. Electronmicrograph images of crystalline structure of Ochratoxin and

analogs.

Top: OA (left), OB (center), Oct (right).

Middle: OE-OA (left), d-OA (center), DC-OA (righÐ

Bottom: M-Oa.
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A blue fluorescent fraction containing OB was eluted (10 mllmin) from the column

after elution of OA. OB crystallized in methanol (50 mg/ml) over 24 h at OC. Pure

white crystalline OB (Figure 2) was obtained following re-crystallization in methanol. OB

was also prepared by catalytic de-chlorination of OA following the method described by

Bredenkamp et al., (1989). The total yield of OB from 350 g of fermented wheat was

500 mg (approximately 1,500 mg/kg dry matter). Some of the properties of OB were:

HPLC elution time, 4.5 min; IIV X**(in ethanol) 218 nm (e:32,000), 320 nm

(e:6,900); fluorescency,320 nm (excitation), 458 nm (emission); MP (from methanol),

217-220'C; E[-MS, mlz 369 (M+, 80%) ,324 Q5%),22t (30%),205 (100%); and tH

NMR (CDCI3), o 1.55 (3H, d, I\s6.3H2,3-CH3),2.98 (2H, m,4-II), 3.23 (lI{, dd,

IßJs l4.2I1Iz, Is-o,ns,ro1 .7 Hz, Ií-pro-^S-Ð, 3.34 (1H, dd, Jr5,15 L4.2llz, J6-o,np,s 5.3

Hz, Ií-pro-R-Ð, 4.75 (IFI, m, 3-IÐ, 4.91 (lH, m, 14-I{), 6.84 (1H, d, Jr,u 8.0 Hz, 5-

H),7.22-7.35 (5H, m, 17-2L-H),8.35 (1H, d, J6,5 8.0 IIz,6-IÐ,8.54 (1H, d,Jß,Á6.5

IIz,, I3-IÐ, 12.72 (1H, s, 8-OÐ.

Ochratoxin cv was prepared using a modification of the procedure described by Van

der Merwe et al., (1965b). Ochratoxin A (250 mg) was heated with 100 mL of 6 N HCI

and refluxed for 72 h. The hydrolysed Ocu crystallizecl from 6N Hcl at 25C over 12 h

without purification. The crystals of Oo were harvested by filtration and were washed

repeatedly with distilled water to remove L-phe. Pure OcY crystals were obtained

following re-crystallization of Oa (100 mg/ml) in the mixture of methanol and water

(1:1). Residual Ocu from the acid-water fraction was separated from phe by partitioning

into 250 mL of CHCL. The CHCI, fraction containing OCI was evaporated to dryness and
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Oa (50 mg) was reconstituted with 0.5 mL of methanol-ethyl ether Q5:25, v/v ether) at

60 "C. Crystals of Oa (Figure 2) forrned at 4'C over 48-72 h. Residual OA was

completly removed following re-crystallization of Ocr in methanol. The total yield of Ocv

from OA was approximately 60%. Some of the properties of OcY were: IIPLC elution

time, 3.1 min; UV À-*(in ethanol), 2t8 nm (e:23,000),335 nm (e:6,200);

fluorescency,335 nm (excitation), 433 nm (emission); MP (from methanol), 245-246

'C ; EI-MS, ml z 25 6 (M*, 45 %), 258 (IvI+ 2, 15 To), 2L4 (35 %), 2L2 (100 %), L9 4 (7 0 %)

and lH NMR (CDCI3) ô 1.63 (3H, d, Jr|6.3 Hz, 3-CIr3),2.9r (1H, dd, J4,4I7.6H2,

l+pro-np 1L.6Hz,  -pro-R-H), 3.30 (LIJ,14,417.6, J+p,os3.5 HZ, 4-pro-S-H), 4.82 (lF{,

m, 3-Ð, 8.41 (1H, s, 6-Ð, 10.45 (1H, broaden, 7-COOÐ, L3.30 (1H, s, 8-OIÐ.

Preparation of the N-hydroxylsuccinimide ester of OA (OA-¡[HS). OA-NHS was

used as an activated intermediate for the synthesis of the analogs from OA. NHS (500

mg) and OA (500 mg) were dissolved with 2 mL of anhydrous tetrahydrofuran (THF)

in a 10 mL reaction vial and 1,000 mg of DCC was then added to the solution at25C

and left to react for t h. The mixture was evaporated under nitrogen gas and

reconstituted with 4 mL of anhydrous CHCI3 to dissolve the OA-NHS. The precipitate

was discarded and the CHCI, fraction was stored in a sealed vial at -zUC until used for

subsequent reactions. OA-NHS when subjected to TLC (sifica) using neutral and

anhydrous CHCL as the mobile phase had an RF value of 0.88 and exhibited a blue

fluorescency under LIV light (300-400 nm). Unreacted OA was retained at the origin.

Preparation of acyl chloride of Oa (Oa-Cl). Oa-Cl was used as an activated

intermediate for the synthesis of several analogs of OA from Oo and was prepared by

32



reacting Oa with SOCI2 under reduced pressure. Oo (500 mg) was added to a 10 mL

reaction vial, dissolved in 4 mL anhydrous CHC13 containing l0% SOCI¡ and allowed

to react at25C for 2 h. The reaction mixture was dried with the aid of a vacuum dryer

(4S160-Savant, Farmingdale, Nll) at 25'C for L2 h to remove residual SOr and HCl.

This product was used for subsequent reactions. The presence of Oa-Cl was established

by adding a drop of absolute ethanol to t p.L of the reaction mixture. The etþl ester of

Oa, which was the product of the reaction, migrates with the solvent (neutral CHCL)

during TIÆ (silica) while unreacted Ocv stays at the origin.

Synthesis of ethylamide of OA (OE OA, Figure 1, ID. Ethylamine and OA-NHS

were used for synthesis of OE-OA. Ethylamine (500 ul) was diluted with 2 mL of

anhydrous CHCI3, and the mixture was added to a 10 mL reaction vial containing 500

mg of OA-NHS and allowed to react at25'C for 4 h. The reaction mixture was diluted

to 100 mL with CHCL and OE-OA was isolated from the mixture by partitioning with

100 mL of acidified water (pH 0.5-1) to remove the excessive etþlamine and with 100

mL of neutral water. The chloroform fraction containing OE-OA was evaporated to

approximately 5 mL and applied to a silica gel column (25X5 cm, 40 ¡rm) for

purification. OE-OA was eluted from the column with neutral chloroform (10 ml/min).

The purified OE-OA was dried and crystallized in benzene (100 mg/ml) at 25'C over

2 h (Figure 2). The final yield of OE-OA crystals was approximately 460 mg,

corresponding to a conversion rate of approximately 90% of OA. Some of the properties

of OE-OA were: HPLC elution time (neutral mobile phase), 9.2 min, (acidic mobile

phase, pH2.L) 6.9 min; tIV À-,. (in ethanol) ,215 nm (e:36,000), 381 nm (e:8,500);
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fluorescency, 38L nm (excitation), M2 nm (emission); MP, 156-158t; E[-MS, mlz430

(M+, 25%), 432 M+ +2, r0%),360 Q0%), 358 (60%), 255 (20%),241 (35%),239

000%), L76 (30%); and'H NMR (CDCI3) ô 1.02 (3H, r, rzs,%'l.zHz, -CH),1.59 (3H,

d, J,r,, 6.3 Hz,3-CIIr), 2.87 (l}I, dd,l4,417.4Hz, I+pro-n,s lI.5 Hz, A-pro-R-H),3.07-

3.32 (sIJ, m, 4-pro-S-H, 15-H, -CHr-), 4.77 (2H, m, 14-H, 3-Ð, 5.68 (1H, broaden,

l4-CONH-),7.20-7.35 (5H, m,I7-2L-H),8.41(1H, s, 6-II), 8.60 (1H, d, Jrs,r¿ 7.4H2,

13-H), 12.8 (1H, s, 8-OI!.

Synthesis of d-ochratoxin A (d-OA, Figure 1, V). This compound was prepared by

reacting the methyl ester of D-phe with Ocy-Cl. The hydrochloride salt of the metþI

ester of D-phe (500 mg) was de-protonated using fine dry Na metal powder in 4 mL of

anhydrous CHCI3. The mixture was added to 250 mg of Oa-Cl in a 10 mL reaction vial

and allowed to react at25 "C for 2h. The metþl ester of d-OA was then separated from

the mixture by partitioning into 100 mL CHCL in the presence of 100 mL acidic water

CrH 0.5) to remove excessive D-phe and then with 100 mL neutral water to remove

unreacted Ocy. The methyl ester of d-OA in the CHCI3 fraction was dried and was

hydrolysed to d-OA with 100 mL of 0.5 N NaOH at25 "C for 12 h. The mixture was

then acidified with 6 N HCI to pH < 1.0 and allowed to stand for 12hat}trC followed

by extraction of d-OA with 100 mL CHCL in a 500 mL separation funnel. The CHCI,

fraction containing d-Olwas dried and d-OA was crystallized in benzene (100 mg/ml-)

at25oC tn L2 h. The crystals, however, contained approximately 5% of OA (the L form

of OA) as indicated by the HPLC profile. The L form of OA was not removed by re-

crystallization. d-OA, however, was separated from OA by HPLC (CL8 reverse phase
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preparatory column) following elution wlth 50% of solvent A and 50% of solvent B (pH

2.1) at a flow rate of 10 ml/min. Pure d-OA crystals (Figure 2) were then obtained by

re-crystallized from benzene (100 mg/mr ) at 25oC. The total yield of d-OA from Ocy

following I{PLC was approximately 85 %. The properties of d-OA were: IIPLC elution

time, 8.62 m:rl,; IIV À-,. (in ethanol) 228 nm (e:18,000), 333 nm (e:6,700);

fluorescency, 333 nm (excitation), 456 nm (emission); MP, 184-186"C; EI-MS, mlz 403

(M+, 5 %),257 (35%),255 lJ00%),241. (30Vo),239 (90%), 120 (lsVo); and 1n UÀlfR.

(cDCl3), ô 1.59 (3H, d, rr'3 63 Hz, 3-CH3), 2.87 (1H, dd, 14,4 r7.4 fu, r+p,nn,s t1..6

Hz, 4-pro-R-H), 3.24 (1H, Jrs,rs '/..4.4112, Jß-prc-n¡4l.3llz, LS-pro-R-H), 3.28 (LH, dd,

J 4,4 17 .4 fu, I +p,ns,3 3 .5 Hz, 4-pro-S-H) , 3 .32 (1H, dd, Jr5,r5 14. 1 Hz, I ß-p,os,r4 5 .3 lIz,

lí-pro-S-H), 4.75 (1-H, m, 3-Ð, 5.02 (1H, g, Jr¿,rs Iø,ß7.0II2, L4-lÐ,7.20-7.38 (5H,

m,I7-2I-H),8.42 (1H, s, 6-IÐ, 8.47 (IFI, d, Jrs,r¿ 6.71I2,13-Ð, L2.75 (1H, s, 8-OIÐ.

Synthesis of the O-methyl ether of OA (OM-OA, Figure 1, fV). This compound

was obtained by direct hydrolysis of the ester bond of the methyl ester of OM-OA in 0.5

N NaOH. The methyl ester of OM-OA was synthesized according to the method

described by Van der Merwe et al., (1965b). OA (600 mg) was mixed with 1,000 mg

diazomethane in 10 mL of methanol and allowed to react at 25C for 12 h to form the

methyl ester of OM-OA. After evaporation of the solvent and the excess of

diazomethane, the oily ester was dissolved in 10 mL of methanol and was then

hydrolysed to OM-OA in 100 mL of 0.5 N NaOH at25C for 12 h. The hydrophobic

impurities were removed from the alkaline solution by partitioning into 100 mL of

CHCI3. The aqueous phase was then acidified with 6 N HCI to pH 0.5-1 for 12 hat}trC
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and extracted with 100 mL of CHCI, to obtain pure OM-OA. The total yield of OM-OA

from OM-OA was approximately 95% by weight. Some of the properties of OM-OA

were: HPLC elution time, 6.3 min; UV >\-*,216 nm (e:30,100), 310 nm (e:3,200);

EI-MS, ml z 4L7 (M*, 15 %), 269 (45 %), 255 (35 Vo), 253 (I00 %); and lH NMR (CDCL)

ô 1.54 (3H, d, Jnp 6.3H2,3-CH3),2.85 (1H, dd, 14,4 L7.3fu,1+p,nn,3 11.5 Hz,  -pro-

R-Ð, 3.20 (1H, dd, Jr5,r5 l4.4IIz, Jrr-o*,,4 7.6H2, LS-pro-S-H),3.20 (1H, dd, 14,417.3

fu , I +p,ns,3 2.9 IIz,  -pro- S-H), 3. 40 ( lH, dd, I ß Js I 4. 4 Hz, I 6 o,*n,ro 5 .3 Hz, 15 -pro-R-

IÐ, 3.60 (3H, s, 8-OCH3), 4.56 (lH, m, 3-Ð, 5.06 (1H, e, Jr¿,rg lruts7.3Ílz, l4-IÐ,

7.20-7.35 (5H, m, l7-21-lÐ,8.35 (1H, d,Irr,ro7.7 Hz, 13-Ð, 8.36 (1H, s, 6-IÐ.

Synthesis of decarboxylated OA (DC-OA, Figure 1, TrD. DC-OA was prepared

by reacting phenylethylamine with Oa-Cl. Phenylethylamine (500 ul) was diluted with

2 nú- of anhydrous CHCI, and reacted with 200 mg of Oa-Cl at CPC for 2 h. DC-OA

was sqrarated from the mixture by partitioning into 100 mL CHCL in the presence of

100 mL of acidified water (pH 0.5-1) to remove the excess phenyletþlamine and then

with 100 mL of water (pH 7) to remove the unreacted Ocy. The CHC! fraction

containing DC-OA was evaporated and DC-OA was dissolved in 1 mL of benzene.

Crystals of DC-OA (Figure 2) werc obtained at 4'C over 30-60 min. Pure DC-OA was

obtained by re-crystallization (50 mg/ml) in methanol-water (9:1, v/v). The total yield

of DC-OA from Ocu was approximately 95% as detennined by HPLC. Some of the

properties of DC-OA were: IIPLC elution ttrne, L2.2 min; UV À-* (in ethanol), 218 nm

(e:30,000), 333 nm (e:5,700); fluorescency, 333 nm (excitation),462 nm (emission);

MP, 154-155"C; EI-MS, mle 359 (M*, 90%), 361 (M++2, 30%), 257 (15%), 255
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(50%),241 (35%),239 (100%), 104 (55 %); and rH NMR (CDCI3) ô 1.59 (3H, d, Jr,3

6.3 Hz,3-CHr), 2.84 (IH, dd, J4,4 17.4lIz,I+pro.n,t ll.6Ffz,  -pro-R-H),2.93 (2H, t,

Iß,r4'7.0H2, Is-H),3.28 (1H, dd, J4,417.4fu,I+p*s33.4H2, 4-pro-S-H),3.74 (zfI,

e, IøJsIu,ßI.0Hz,, L -IJ), 4.74 (IH, m, 3-Ð, 7.18-7.36 (5H, m, I7-2I-\Ð,8.06 (1H,

broaden, 13-Ð, 8.45 (1H, s, 6-Ð, 12.66 (1H, s, 8-OIÐ.

Synthesis of methyl ester of Ocu M-Oc, Figure 1, VD. Oa-CL (250 mg) was

allowed to directly react with 1 mL of absolute methanol at 4C for 2 h to yield M-Ocy.

The residual HCl and unreacted Ocu were removed by partitioning into 100 mL of CHCI,

in the presence of 100 mL of neutral distilled water. M-Ocu in the CHCL fraction was

dried and crystallized (Fþre 2) na mixture of etþlacetate-methanol (2:8,vlv) at25C.

The total yields of M-Ocv from Oa was approximately 99%. Some of the properties

were: IIPLC elution time, 4.57 min; UV À.* (in methanol), 218 nm (e:24,000), 335

nm (e:5,800); fluorescency, 335 nm (excitation) , 466 nm (emission); MP, 141-142"C;

E[-MS, mlz270 M+,I00%),272 (M++2, 35%),239 (45%),I94 (80%); and rH NMR

(cDcl3), ô 1.58 (3H, d, rnl6.3H2,3-CHs),2.94 (1H, dd, r4,417.4tu,1+p,nn,311.6

flz,A-pro-R-H),3.27 (1H, dd, 14,4t7.4fu,J+p"ns,z3.3llz, -pro-S-H),3.94 (3H, s, 1,2-

OCH,), 4.72 (IIJ, m, 3-H), 8.11 (1H, s, 6-Ð, 12.19 (1H, s, 8-OÐ.

The biological assay. The biological activity of OA and its analogs was tested using

a bacterial disc diÊfusion assay system as described by Madhyastha et al. (1994).

Results and Discussions.
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Isolation of OA, OB and Oa. The isolation of ochratoxins from a solid-phase

fermentation medium is usually more diffircult than from a liquid-phase medium due to

the complexity of the culture medium. Nevertheless OA and OB were produced using

solid-phase fermentation as the procedure is simple and results in high yields of toxins

(OA, 5,000 mg/kg, OB, 1,500 mg/kg). Several different organic solvents such as

methanol, acetonitrile, ffid CHCI3 can be used for extraction of the ochratoxins.

Regardless of its toxicity, CHCI, was selected as it not only efficiently extracts the toxins

at a low pH but is also immiscible with water which facilitates partitioning of compounds

between the aqueous and organic phase. The pigments and lipids in the cnrde CHCI3

extract can be efficientþ separated by partitioning the toxins into carbonate buffer. The

ochratoxins in the carbonate fraction are readily recovered by extraction with CHCI, at

low pH. High resolution flash chromatography (10 ml/min) using a column packed with

fine silica (40 ¡rm) gel and abenzene:acetic acid (95:5, v/v) mobile phase resulted in a

rapid and efficient separation of OA and OB (toading >2 g of OA and OB/400 mL gel).

Pure OA and OB following column-chromatography are readily crystallizsd in benzene

and methanol, respectively. The associated solvents in the crystals can be removed by

heating at 45"C under reduced pressure. These modified procedures are suitable for the

large scale production and isolation of OA and OB. Acid hydrolysis of OA in

concentrated HCl yields phe and Oo (Van der Merwe et al., 1965b). The recovery of OcY

from the hydrolysate in the current study was relatively high (> 90%) with only trace

amounts (<l%) being oxidized when the sample was refluxed in concentrated HCl. The

procedure for isolation of Oa is relatively simple as Oo crystâllizes in 6 N HCI while
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the other product, phe, remains in the solution. Crystalline OcY is easily separated from

phe by filtration and by repeated washing with distilled water. Oa can also be

crystallizecl in methanol-ether (75:25, v/v) and the traces of unhydrolyzrÅ, OA can be

removed by re-crystalliz¿tion in the same solvent. The IIPLC (50% solvent A, 50%

solvent B, pH 2.1) elutionprofile as detected by a photo diode-array UV-vis detector (50

ug/injection) demonstrated that Ocu crystals from the acidified water was highly pure as

only a single peak was observed having a (IV spectnrm (À-*, 335 nm) identical to that

of Ocu. The structure and physicochemical properties of OA, OB and Ocu, as outlined in

Experimental Procedures agree with those reported in the literature (Van der Merwe et

a1., 1965b) and further confirmed their identity and purity.

Activation of OA and Oa. In the current study, synthesis of an activated carboxyl

intermediate of OA using SOCI2 and CDI resulted in the generation of isomers as

indicated by the IIPLC profiles of their products. Both re¿ctions resulted in racemization

of the L-phe moiety of OA and, therefore, could not be used for the synthesis of stereo-

specifi.c products from OA. The reactions, however, are highly efficient, relatively rapid

and provide high yields of products which are useful for prqlaration of immuno-

conjugates of OA and of other carboxylated haptens (unpublished dat¿). OA-NHS was

selected as the activated intennediate for the synthesis of analogs from OA as this

reaction yields stereo-specific products @ousseau et al., 1984). Thionylchloride,

however, can be used for the activation of the carboxyl group of Oa. It forrns an

intennediate, the acyl chloride of Oa (Oo-Cl), which is highly reactive to primary

amines and primary alcohols to yield the corresponding amides and esters. The reaction
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does not involve an asymmetric centre and therefore did not produce isomers. This

intermediate could be readily produced in high purity as the reagent (SOCÐ and its

degraded products (IICI and SOr) are volatile and therefore, readily removed under

reduced pressure. Oo-Cl is a white powder which should be prepared fresh as it

decomposes in the presence of trace amounts of water. Non-dissociable and anhydrous

organic solvents should be used in these synthetic reactions. CHC13 is an ideal solvent

for the reactions as essentially only the desired product is formed with very small

amounts of oxidation products of Ocu being formed. The use of SOCI, for synthesis of

OA from Ocu has been reported by Breitholø-Emanuelsson et a1., (1992). Their

procedure was not used in current study as it is relatively complicated and involves

several unnecessary steps. Other procedures for the activation of Oa were not used in

this curent study as they all have limit¿tions relative to that outlined above. Activation

of Ocv with CDI also resulted in a slow rate of reaction and a low yield of product.

Activation of Oa using NHS in contrast to CDI resulted in high yield of products but

they were considerably more difficult to isolate. The NHS procedure has been used for

the synthesis of laC labelled OA from Ocv and laC-phe (Rousseau et a1., 1984).

Synthesis of OÞOA. Ethylamine is an excellent nucleophile and readily reacts with

OA-NHS to forrn the ethylamide of OA (OE-OA). A five-fold dilution of etþlamine

with anhydrous CHCI, reduced the oxidation of OA and optimized the reaction. The

purification procedure requires considerable effort as the reagents in the reaction medium

cannot be separated from OE-OA through partition-chromatography. The IIPLC profile

of the reaction mixture showed peaks for unreacted OA at 5.6 min (5 % of total area) and
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another peak at 9.2 mn for OE-OA (92%) when eluted with a neutral mobile phase. The

two peaks for OA and OE-OA merged at 6.9 min when they were eluted at a low pH

(pIJ2.1). This indicated that OE-OA was more strongly adsorbed to the stationary phase

(C18) under neutral as compared to acidic condition, while the opposite pattern was

observed for OA. MS analysis of OE-OA indicates that OE-OA has a mass of 430. The

fragment ions of OE-OA that correspond to the isocoumarin moiety are identical to those

of OA, indicating ethylamine is covalentþ linked to the carboxyl group of OA. The lH

NMR spectnrm of OE-OA, as compared to that of OA (Figure 2), has 3 additional

protons at 1.0 ppm (triplet, the -CH, protons of the ethyl group), 2 at 3.2 ppm

(multþlets, the -CHr- protons of the etþl group) and one at5.7 ppm (broaden, the -NH-

proton of ethyl amide ) indicating that ethylamine is linked to the carboxyl group of OA

through an amide bond. OE-OA is relatively stable under acidic or basic condition (pH

2 to 12).

Synthesis of d-OA. Coupling the methyl ester of D-phe to Oa-Cl generates HCI

which in turn protonates the amino group of D-phe and retards the reaction. The

efFrciency of this reaction, however, was greatþ increased by the use of dry Na metal

powder as a de-protonating agent. The methyl ester of d-OA was readily isolated from

the mixture by partition-chromatography. Complete hydrolysis of d-OA metþl ester to

d-OA with 0.5 N NaOH require approximately 12 h which may also open the lactone

ring of d-OA. The medium should therefore be acidified to pH 1.0 and left for 12 h to

restore the lactone stnrcture before extraction with CHClr. This conclusion is based on

the observation that d-OA exhibited an UV ìr* at 345 nm (the open ring fonn) after
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hydrolysis in alkaline solution but shifts back to 333 nm in a time-dependent manner

when the solution is acidified, indicating that an intra-molecular esterification reaction

may occur. The phenolic group of d-OA dissociated in 0.5 N NaOH solution exhibiting

an instantaneous red-shift in UV \* from 333 to 380 nm, followed by a time-dependent

blue shift from 380 nm to 345 nm. A similar pattern of time-dependent changes in UV

À* of d-OA was not observed in 0.5 M NaoCO3 (11>pH>9, À-* 380 nm). The red-

shift was not observed with OM-OA, a form in which the phenolic group is blocked.

These obsen¡ations suggest that the red-shift in LIV absorption in 0.5 N NaOH is

attributed to the dissociation of the phenolic group (Chu et al., 1972) and the blue-shift

(À-,. 380 to 345 nm) possibly to the base-hydrolysis of the lactone of d-OA. The HPLC

profileof thereactionmixtureindicatedthepresenceof theL-formof OA(<5%). Both

OA and d-OA can be crystallized in benzene with the appearance of crystalline OA (fine

needle) being different from that of d-OA (rectangular). The presence of small amounts

of OA in this reaction cannot be attributed to racemization caused by the use of Oo-Cl

but to the contamination of D-phe with L-phe, since the same proportion of OA and d-

OA was also observed in the reaction using the Oa-NHS ester which was known to be

stereo-specific @ousseau et al., 1984). Steyn et a1., (L967) reported that Oc¿-Cl caused

extensive racemization in the preparation of OA but the procedure was different from that

in the current study. The stereo-specificity of this reaction was also confirmed using the

pure methyl ester of L-phe and Ocu-Cl for re-synthesis of OA. Under such conditions

only OA but no d-OA was formed as indicated by the HPLC profile of the reaction

mixture. Pure d-OA ( > 99 %) can be obt¿ined following the removal of residual Oa and
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OA by HPLC using a preparatory reverse-phase column (C18). The EI-MS of d-OA

showed the same molecular and fragment ions as those for OA but with different

intensity. The NMR spectrum of d-OA showed identical chemical shifts and coupling

constants to that of OA. Although the two compounds can not be readily distinguished

on the basis of NMR or MS, they exhibit difference in their HPLC elution profile (6.9,

8.6 min, respectively) and in the appearance of their crystal stnrcture. d-Ochratoxin A

is st¿ble in most organic solvents and in water over long periods of time.

Synthesis of DC-OA. Phenylethylamine is the decarboxylated form of phe and will

readily react with Ocy-Cl to form the phenylethylamide of Oa, the de-cartoxylated form

of OA (DC-OA). The HPLC profile of the reaction mixture shows an Ocu peak at 3.1

min ( <5%) and a peak for DC-OA zt 72.2 min (> 95Vo) indicating that the yield of DC-

OA in this reaction was high. DC-OA was readily isolated from the mixture by

partitioning into CHCI3 with acidified water (pH<2) to remove excessive

phenyletþlamine, and then with neutral water to remove unreacted Oa. DC-OA in the

CHCI3 fraction was relatively pure and could be directþ crystallized from benzene or

methanol-water (8:2, v/v). EI-MS of DC-OA yielded a molecular ion having a mlz of

359. The linkage between phenylethylamine and Ocu was confirmed to be an amide bond

as indicated by the lH Nlvß. spectra of DC-OA. The spectrum of DC-OA as compared

to that of OA demonstrates that DC-OA does not have an asymmetric carbon center but

has one extra proton at the 14-C position. The higher field chemical shift of protons at

the 14-C and 13-N positions of DC-OA as compared to those of OA also indicates the

absence of the cartoxyl group.
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Synthesis of OM-OA. OM-OA was readily obt¿ined by hydrolysis of the ester bond

of the methyl ester of OM-OA with 0.5 N NaOH. The procedure for the synthesis of the

ester has been described by Van der Merwe et al., (1965b). Pre-caution should be taken

with this procedure as diazomethane used in the reaction is a volatile, explosive and toxic

gas. Again, as discussed above, restoration of the ring stnrcture from the alkaline

condition must be considered before the extraction of OM-OA from 0.5 N NaOH as a

time-dependent shift of UV \* from 295 (open-ring forn) to 310 nm (closed ring form)

was also evident when the NaOH solution was acidified. The tIV \,",, (310 nm) of OM-

OA is the same in 0.1 N HCI (pH<2) and in 0.5 N Na2CO, (pH>9). The lH NlvÍR

spectrum of OM-OA showed one extra singlet with 3 protons at 4 ppm (8-OCII3) and the

absence of the singlet for the phenolic hydroxyl proton as compared to the spectrum of

OA, indicating that the phenolic hydroxy group but not the carboxyl group was

methylated. The EI-MS of OM-OA showed a molecular ion with a mass oÊ 4L7,

corresponding to the additional mass of the methyl group. The fragment ions attributed

to the isocoumarin moiety of OM-OA as compared to those for OA also had an

additional mass equal to that of the methyl group, further confîrming that it was not the

carboxyl but the phenolic group that was methylated. OM-OA did not emit visible light

when excited atãffi to 400 nm. OM-OA is relatively stable in water and other common

organic solvent.

Synthesis of M-Oa. The HPLC profile of the reaction mixture showed only a single

peak for M-Ocu at 4.6 min, indicating that the conversion rate of this reaction was almost

100%. After the solvent was dried under reduced pressure, M-Ocv could be crystallized
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in methanol without further purification. The molecular ion of M-Oa as determined by

EI-MS was observeÅ at 270 mlz (100%) with the other fragment ions of M-Oa being

identical to those observed for Oa. The lH NMR spectrum of M-Oo as compared to that

of Ocv, revealed an additional singlet (3 protons) at4ppm corresponding to the additional

methyl group and the absence of the exchangeable carboxyl proton of Oct at 10 ppm.

This suggested that a methyl group was linked to the carboxyl of Ocv. M-Oa is not stable

in water at a pH above 8 due to hydrolysis of the ester bond. Displacement of methyl

group by otherprimary alcohols was also observed. Storage of M-Oa in a dry crystalline

state is highly recommended.

Biological activity of the synthetic analogs. The anti-microbial activity of OA and

its synthetic analogs was determined using Bacillus brevis as a model in a disc diffr¡sion

assay system. The assay determined the minimum dose (in ¡rgldisc) of each analog that

cause a visible and measurable inhibition zone of growth (in mm). The results indicated

that the parent toxin (OA) had the same toxicity as d-OA (12 mm, 2 p,gldisc),4 fold less

toxicity than OE-OA (L2 mm, 0.5 p.gldisc),25 fold more toxicity than M-Ocv (11 mm,

50 ¡rgldisc), ffid 50 fold more toxicity than OM-OA (11 mm, 100 ¡rgldisc). The

decarboxylated form of OA, DC-OA, was not toxic to the bacteria at doses of 100

¡rgldisc. A systematic study on the structure-activity relationship in cytotoxicity,

nephrotoxicity, genotoxicity and immuno-toxicity of OA and its analogs (including some

natural analogs) is in progress.
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Simple and efficient methods for the synthesis, isolation and purifrcation of five

analogs of OA were developed. The structures and the major chemicalproperties of these

analogs were chaøctenzæd using I{PLC, IfV-vis, EI-MS and lH NMR. These

compounds together with the natural analogs of OA will be used for further study to

establish the structure-activity relationships and the molecular mechanism of action of

oA.
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ABSTRACT

Ochratoxin A (OA); its three natural analogs, och¡atoxin C (OC), B (OB), and cr

(Oo); and its six synthetic analogs, the epimer of OA (d-OA), the ethylamide of OA

(OE-OA), de-carboxylated OA (DC-OA), O-methylated OA (OM-OA), lactone-opened

OA (OP-OA) and the methyl ester of Ocv (M-Oa) were assayed for their toxicities in a

prokaryotic (Bacillus. brevis) and an eukaryotic (IIeLa cell) system, and in an animal

(mouse). The LC5o (mM) to HeI-a cells, were 0.005 (OA), 0.009 (OC), 0.163 (d-OA),

10.1 (OE-OA),7.6 (DC-OA),0.83 (OM-OA),0.054 (OB),0.56 (Oa). The minimum

inhibitory dose (nmoles/disc) for the growth of B.brevis (pH 6.5) were, 8.7 (OA), 2.0

(OC), 5.5 (d-OA), 1.1 (OE-OA), 54 (OB), 390 (Oa) and 90 (M-Oo) while no inhibition

of the bacterial growth was observed for OM-OA, DC-OA and OP-OA at doses as high

as 350 nmoles/disc. All mice survived following the administration of a single i.p. dose

of each OA analog (200 mg/kg) white 9 out 10 mice died by dosing i.p. with OA (50

mg/kg). However, at a dose of 500 mg/kg of each tested analog all mice (10/10) died

except those given OP-OA (0/10). The results from the current studies indicated that the

toxicities of OA were associated with its isocoumarin moiety but that neither the

dissociation of the phenolic hydroxyl group nor the iron-chelating properties of OA were

directþ related to its toxicities. The lactone carbonyl group of OA, however, appears to

be involved as the toxicity of OP-OA is devoid of antibacterial activity (8. brevis, pH

6.5) at higher concentration (350 nmoles/disc) and is not toxic to mice at a dose up to

500 mg/kg. Overall the stn¡cture-activity studies suggest that the lactone cartonyl group

of OA may be mainly responsible for the toxicity of OA.
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INTRODUCTION

Ochratoxin A (OA), 7-carboxyl-5-chloro-8-hydroxyl-3,4-dihydro-3-R-

methylisocoumarin-7-L-/-phenylalanine (Figure 1 and Table 1), is a lactone containing

secondary metabolite of some toxigenic qpecies of Aspergíllus and Penicillium. This

mycotoxin is of concern as it is hepatotoxic, nephrotoxic, teratogenic and carcinogenic

to animals, and occurs world-wide in many agricultural commodities (Kuiper-Goodman

and Scott, 1989). The general toxicity of OA has been reviewed by Marquardt and

Frohlich (1992). OA is an inhibitor of several enzymes. It competitively inhibits the

activities of succinate dehydrogenase and cytochrome C oxid¿se in the mitochondria of

rats (Wei et a1.,1985). It alters the mitochondrial membrane transportation system and

competitively inhibits inner membrane ATPase activity (Meisner and Chan, 1974). OA

also competitively inhibits the activity of enzymes involved in the met¿bolism of

phenytalanine (Creppy et al., L983a, b, 1984 and 1990). Theprecise mode by which

erayme activity is inhibited by OA remains unknown. Several hypothesises for the

mechanism of action of OA have been proposed. Chu et aI. (1972) proposed that the

dissociation of the phenolic hydroxyl group of OA was required for its toxicity. Unlike

other halogenated phenols, however, OA does not act as an uncoupler of mitochondrial

oxidative phosphorylation (Meisner and Chan, L974, and Wei et aI., 1985). In a yeast

assay model, OA was found to inhibit protein synthesis through competitive inhibition

of phenylalanyl-tRNA synthase activity (Creppy et aL.,1983a, b). Rahimtulaet al. (1988)

proposed that OA may exert its toxic effect by enhancing membrane lipid peroxidation.

Their model emphasized the role of the phenolic hydroxyl group of OA in the formation
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of an OA-Fe+++ chelate. They postulated that this complex facilitates the shuttle of

electrons from a substrate to oxygen to form the reactive oxygen species by complexing

with the redox cycle of the cytochrome P-450 system (Ilasinoff et al., 1990, and Omar

et a1.,1990 and 1991). Although the acute toxicity of OA can be partially prevented by

the co-administration of a-tocopherol, direct evidence that OA enhanced lipid-

peroxidation was not observed in OA treated rats (unpublished dat¿). The results of the

current study also indic¿ted that chelation of iron was not essential for the toxicity of

some OA analogs and that some strong iron-chelating analogs of OA were weak cytotoxic

agents. Recently, Malaveille et al. (1994) suggested that the genotoxicity of OA may

involve the formation of an OA phenoxide radical and that the cytotoxictty of OA may

involve the formation of thiol-containing OA derivatives in the cells. Their results

implied that the biotransformation of OA and the covalent modification of bio-molecules

by OA may be involved in ochratoxicosis. To examine the roles of the functional groups

and the hydrophobic side chain of OA in its toxicity, five synthetic analogs (Figure 1 and

Table L) were synthesized (Xiao et al., in press). They were: the ethylamide of OA (OE-

OA), the decartoxylated OA (DC-OA), the D-phenylalanine substituted OA (d-OA, the

epimer of OA), the O-metþl ether of OA (OM-OA), and the methyl ester of Ocv (M-Oa)

(Xiao et al., in press). These analogs together with the natural analogs of OA @gure 1

and Table 1), ochratoxin B (OB, the de-chlorine form of OA), ochratoxin cy (Oa, the de-

phenylalanine form of OA), the ethyl ester of OA (OC) and the lactone-opened form of

OA (OP-OA) were utilized in the current study to establish the structure-activity

relationship of the ochmtoxins. Prelimary results suggested that the anti-microbial
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activity, cytotoxicity and animal toxicity of OA and its analogs varied suþstanlially for

some analogs and that an int¿ct lactone of OA may be essential for its toúcity. Results

from a previous study indicated that the lactone was hydrolyzed with strong base (IIO

anion) to yield the 3-hydroxy-9-carboxylate (Xiao et al., in press). This property of OA

suggests that an acylation reaction involving the lactone may occur in biological systems

and that reactivity of the lactone could be potentiated through an enzyme-catalyz-ú

unsaturation (dehydrogenation) of the C-3,4 position of OA, or by the binding of the

lactone to enzymes as such a reaction has been widely observed in other isocoumarin

compounds and active lactones (Kam et al., 1992 and Irthi-Peng et al., 1992). The

objective of this study was to ut:lizs different natural and synthetic analogs of OA to

characteÅze their structure-activity relationship and to establish the mechanism by which

OA exerts its biological effects.

MATE.RIAI-S AND METHODS

Chemicals. Ochratoxin A and OB were isolated and crystallized from solid-phase

fermentation of wheat inoculated with z{. ochraceus using the procedure of Xiao et al.

(in press). d-OA, OE-OA, OM-OA, DC-OA, M-Oo and Oa were synthesized using OA

and OcY as starting materials CXiao et aI., in press). The etþl ester of OA (OC) was

synthesized according to the method of van der Mere et al. (L965a, b). All of the

structural analogs of OA, as determined by IIPLC and lH NMR, were pure. The lactone-

opened OA (OP-OA) was prepared as subsequently described. Trc plates (C18 coated

reverse phase, 5x25 cm and silica, 5x25 cm) were from Whatman (Maidstone, England).
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Acetic anhydride (AN¡ and N-methylimidazole (b[À{D were from Sigma (St I-ouis, MO).

All other anal¡ical grade reagents were from Canlab (Winnipeg, MB).

Determinafínn of the phenolic dissocíation constants (pKfl) of OA and ifs analags.

The pKa value for each toxin was determined spectrophotometrically with a Beckman

DU-8 qpectrophotometer Qrvine, CA) using theprocedure described by Chu et al. (1972)

with modifications. In brief, a stock solution of each toxin was prepared in

dimethylsulfoxide (DMSO) at a concentration of 50-500 pglmldepending on its solubility

in the pH 4.0 buffer. Two sets of 0.1 M phosphate buffer solutions were prepared at

0.25 pH unit interval between pH 4.0 and 13.5; one set contained the toxin while the

other did not (reference blank). The toxin in DMSO Q00 p,L) was thoroughly mixed with

1.8 mL of each buffer and the pH and UV absorbance (365 nm for OB and 380 nm for

the others) were determined immediately after mixing. The UV absorbency was

deterrnined in quartz cuvette using the corresponding buffer without the toxin as a blank.

The pKa for each toxin was the pH value of the mixture that yielded an absorbance value

that was 50% of maximal change. The assay was carried out as rapid as possible in the

high pH buffers (pH> 12) so as to minimize interference from the absorbance change

produced by hydrolysis of the lactone.

Iron chelafian of OA and íts analogs. Ferrous (Fe** from FeSOo) and ferric fFe***

from Fq(SOa)31 ions were both chelated by OA to forrn a reddish-brown color complex

which was readily soluble in CHCL. FeSOo (0.05 M, pH a.fl was utilized to study the

chelation capacity of OA and its analogs with the molar ratio of FeSOo to the toxins

being 5 to 1. In this study 100 ¡tL of the toxin in DMSO was mixed with 1.9 mL of the

52



FeSO4 solution and the iron-chelates of the toxins were quantitatively extracted with an

equal volume of CHCI while the non-chelated and colorless Fe+* remained in the

aqueous phase. The iron-chelating ability of each toxins was graded visually according

to the intensity of color with response in the CHC! extract being strong (+++),

moderate (+ +), weak (*), and none G). The iron-OA complex was not formed if the

pH of the FeSO4 solution was adjusted to a pH 7 .2 with a phosphate buffer, presumably

due to the insolubility of the FeSOo or to the inability of the toxins to chelate iron at a

higher pH.

Lactone hydrolysis. The hydrolysis of the lactone at a high pH was performed using

a modification of that frst observed by Xiao et al. (n press) with OM-OA and d-OA.

In this procedure, the lactone form of OA was hydrolyzed in strong base and re-formed

in strong acid. The ring-opened form of OA (OP-OA) was produced by adding 0.5 N

NaOH directly to the toxin in DMSO for a perio d of 2 h at 25'C. This was sufficient

time to completeþ hydrolyze the lactone. The hydrolyzed lactone of OA was neutralized

to pH 6.2wtthsolid NaH2POo and dried in a vacuum dryer (AS160-Savant, Farmingdale,

NÐ followed by methanol extraction to remove excess salts. HPLC analysis

demonstrated that the OP-OA was completely stable in solution at pH> 6.0 and 25C

for 24 h. This preparation of OP-OA was utilizecl for the toxicity study on Bacillus

brevis. The lactone was re-formed by acidification to a pH( 1 with 6 N HCI at25oC for

6 h. Reconstruction of OA lactone from OP-OA by acidification was prevented by the

acetylation of the 3-hydroxyl group with AN using NMI as catalyst. In this procedure,

OP-OA (approximately 10 mg) in 10 mL of 1 M phoqphate buffer @H 6.2) was mixed
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with 100 pL of NMI and 100 ¡rL of AN at 25 'C for 6 h. The mixture was acidified to

pH 1 with 0.5 N HCl and extracted with CHClr. Both OA lactone or OP-OA esters in

CHCI3 fraction (L0 p.L) was applied to TLC for identifi.cation. The reverse-phase TLC

plate (C18 coated, 20x5 cm, Whatmans) was developed with a solvent mixture of

methanol and water (7:3). The acetyl esters of OP-OA exhibited a purple fluorescency

with the R/ value being 0.92 while OA exhibited blue fluorescency with the .Bf value

being 0.88. Racemization of both OA and OP-OA as indicated by the presence of

duplicate bands on the TLC plate, occurred due to the formation of mixed anhydride

intermediates of OA and OP-OA with acetic anhydride. Racemization of OP-OA also

occurred if the concentration of NaOH was too high (> 5N).

The spectrophotometric assay for the two forms of the toxins is based on the

observation that the lactone form of OM-OA and d-OA have an IfV absorption maximum

(À.J at 310 and 380 nm, while the lactone-opened toxins have an UV À-* of 290 and

345 nm, respectively (Xiao et al., in press). The difference in LIV À-,. between OA and

OP-OA also make it possible to determine the reaction kinetics for the hydrolysis of OA

using an UV spectrophotometric technique. The kinetics of the reactions were followed

in quarø optical cuvette (a ml) using a Beckman DU-8 spectrophotometer. The toxins

(OA, OB and OcY) at concentration from 80 to 200 pg werc dissolved in 200 p.L of

DMSO, mixed in the cuvette with 1.8 ml of 0.5 M Na2CO, (for OA only) or 0.5 N

NaOH and the absorbance at 380 nm (for OA and Ocv) or at 365 nm (for OB) was

recorded at one minute interval for the flrst 10 min then every 5 min. For simplification

of the calculations, the initial absorbance was adjusted to 0.9-1 optical density units. The
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rate constants or half-lives (T,,r) for the hydrolysis of the lactones of OA, OB and Oa

were determined by measuring the time-course of the absorbance change. The calculation

was based on following equations:

Ln(A): -K't'Ln(A)

Tçtz¡:0-693|K

(1), then

Q)

Where Ao, is the initial absorbance; A, is the absorbance at any time t; and K, is the flrst

order rate constant of hydrolysis for a given toxin in a given concentration of NaOH.

HPLC analysis of OA and OP-OA. The two forms of OA were detected using I{PLC

using a Waters (Milford, MI) Nova-Pak reverse-phase column (C18, 0.46x25 cm, 4 pm,

at 42C) in a manner similar to that routinely used in our laboratory (Frohlich et al.,

1988). The mobile phase of the HPLC system consisted of the mixture of solvent A

(methanol:isopropanol, 9:1), and B (0.001 M NarPOn:0.005 M NaH2POo, I:L, pH 6.2).

The compounds were eluted using a progftrmmable HPLC gradient system (Water 6008,

Milford, MA). The system (1.5 ml/min) delivered 30 to 50% Aat2%lmin (0-10 min),

50 to 85% A at 3%lmtn (10-15 min), and 85% A (15-20 min). The compounds were

detected using a Shimadzu (Kyoto, Japan) RF-535 fluorescent detector (excitation, 333

nm; emission, 450 nm) and recorded using a Shimadzu CR501 integrator.

Cell culfure and cytotortctfy øssø.,y. HeI-¿ 53 cells (obtained from Dr. B. H. Sells,

Univ. of Guelph, ON, Canada) were cultured tî25 mL culture flasks using cy-Minimum

Essential Media, supplemented with L0% fetal bovine serum (FBS, JRH Bioscience,

Lenexa, KS) and antibiotics. The assay procedure used for these experiments was

described by Terse et al. (1993). Briefly, on day 1 cells cultured lll.25 ntL flasfts were
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trypsinized and seeded to 96-well plate. On day 2, test chemicals (OA and its analogs in

20 y.L ethanol) were dissolved in 1 mL of the culture medium and six logarithmic

dilutions were prepared. The culture medium in the 96-well plate was replaced with

medium containing toxin and the medium was inoculated with the cell and incubated at

37'C for 72 h n a CO, incubator. The cells were stained with Diff-QuiK @axter,

McGaw Park, IL), and representive areas of cells were counted with an inverted light

microscope (Nikon, Garden city, Nll) equþped with eyepiece grid. The concentration

(mM) of toxin causing 50% Lethality (IÆro) was calculated by linear regression analysis

(Sigma PI-ot, Jandel Scientific, San Rafail, CA).

Antíbacteríal aßsay. B. brevis, which was used for the this assay, was obtained from

American Type Culture Collection (ATCC), Rockville, MD. The procedures for the

assay were as described by Madhyastha et al. $99$.In brief, blank filter paper discs

(6.35 mm in diameter, BBL Microbiology System, Becton Dickinson Co., Cockeysville,

MD) were placed on a petri plate. The control solvent (20 p,L of methanol) and the

toxins in methanol (range from 0.5 to 200 ¡rgldisc) were applied to the discs dropwise

using a micropipette. Discs were allowed to dry for 15 min and then placed evenly on

the agar surface of each prepared plate ( the pH of the medium was adjusted to 5.5, 6.5

and7.5 depending on the experiment). The plates were inverted and pre-incubated at|C

for 2 h to allow the uniform difüision of toxin into the agar. The plates were then

inoculated with the bacteria at28'C for 24 h. The inhibition zones were measured in mm

diameter (subtract the diameter of the paper disc). In general, three replicated doses of

the toxin were used and the entire assay was rqreated three times.
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fuiímal toxícify. The toxicity of OA and its derivatives (two doses/compound) was

determined using 6 week-old mice [(15-16 g of body weight (BSD] which are from the

University of Manitoba. Ten mice were utilized for the intra-peritoneal (i.p.)

administration of each dose of the toxin (see Table 2 for the doses of each compound).

A mixture of DMSO (2 p,Llg BW) and corn oil (20 p.Llg BW) was the vehicle for the

toxins. Each toxin was first dissolved in DMSO and then mixed with corn oil before

injection. All mice were fed and watered at libitum. The total number of deaths in each

treatment group were determined at I2hntewals over aTZhperiod after administration

of the toxin.

RESTJLTS

Dissocíation and lron Chelntion of Ochratoxín A and lts Analngs.

Ochratoxin A and all of its analogs except OM-OA contain a dissociable phenolic

hydroxyl group that undergoes a red-shift in the LIV \.,. (from 333 to 381 nm) when

converted from the protonated to the dissociated form (Chu et al., 1972). The proportion

of the dissociated species in solution at a given pH value can therefore be determined

spectrophotometrically. The pKa values of the phenolic hydroxyl group for OE-OA, OA,

d-OA and OC as determined by this procedure were lower than those for OB, DC-OA,

M-Oa, and Oa (Table 1). The higher pKa values of de-chlorinated OA (OB, pKa:7 .76)

and de-cartoxylated OA (DC-OA, pKa:7.90) compared to OA (pKa:7.03) suggests

that the presence of the electron-withdrawing chlorine (isocoumarin ring) and carboxyl
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Table 1. Structures, pKa valuesl and iron-chelation of ochratoxin A (OA) and its analogs

OA & its
analogs

¡a

I
I
I
I
I
I

¡a
tr

OA
d-oA
OC
OE
DC-OA
OM
OB

Oa
M-Ocu

oP-oA5

Structure of OA analogs
Rl R2 R3 R4 R5

COOH
H
coocH2cH3
coNHCH2CH3
H
COOH
COOH

H
COOH
H
H
H
H
H

1.

2.

The pKa values t SD are for the dissociation of the phenolic hydroxyl group (R3) but not for the carboxyl group
(R1, R2 or R5).
Iron-chelate of OA and its analogs at pH 4.5 as determined visually by color change: strong (+ + +), moderate (+ +),
weak (+) and none (-). See MATERIALS AND METIIODS for turther detail.
See Figure 1 for the basic nuclear structure of the ochratoxins.
NA: not applicable as the phenolic group is metþlated.
Refer to Figure 2, fl for structure.
ND: not deterimined.

HCl
HCI
HCI
HCt
HCl
cH, cl
HH

HCl
HCl

3.
4.
5.
6.

OH
ocH3

Relative
pKa

7.03x0.02
7.r7 t0.02
7.25x0.05
6.70*0.05
7.90t0.10
NA4
7.76x0.02

11.55t0.05
8.15+0.15

ND6

Fe**
chelation2

++
++
+++
+++

;

+++
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Figure 1. The stnrcture of the ochratoxins and their analogs.

The functional groups (from Rl to R5) for each toxin is given in Table 1.
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phenylalanine) enhanced the dissociation of the phenolic hydroxyl group. The pKa for

OA, OC and OB (7.03,7.25, and7.76, respectively) were similar to those in the

Iiterature (Chu er al., 1972) except a higher value for Oo was obtained in the current

study (11 vs 11.55). This difference may be attributed to the unstable nature of Ocv in

alkaline solution (pH> 12). Under these conditions and as discussed subsequently, the

Iactone of Oo is hydrolyzeÅ tn a pH- and time-dependent manner to yield a new

compound with a different IIV À-,.. A shift in À-* from 380 nm to 345 nm due to the

hydrolysis of the lactone would affent the calculation of pKa values. In the current study

the assay was carried out in a minimum of time so as to reduce this effect.

The iron chelation study (Table 1) indicated that among the analogs tested only OE-

OA, OC, d-OA, OP-OA, OA, and OB were able to chelate Fe++ ion at a low pH (3-5).

Rahimtula et aI. (1988) have suggested that the chelation of iron by OA involved the

coordination of the C-8-phenolic and C-l2-carbonyl oxygen atoms and that this complex

facilitated the reduction of Fe*** to Fe++. The results of current study, in contrast to

those of Rahimtula et al. (1988), indicated that the C-l4-carboxyl group from the

phenylalanine moiety may also be involved in the formation of the toxin-iron complex.

This is based on the observation that no i¡on was chelated by those compounds that did

not contain the phenylalanine (DC-OA), Ocy and M-Oa) or when the phenolic oxygen

was blocked (OM-OA), (Table 1). These studies, however, do not preclude a structural

requirement of all three oxygen atoms and the amide nitrogen atom for the binding of

iron.
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Lactone Hydrolysß.

The hydrolysis of OA lactone was observed during the synthesis of OM-OA and d-

OA (Xiao et aI, in press). OM-OA, which is an analog of OA (see Table 1), was

obtained during base-catalyzed hydrolysis of the metþl ester of OM-OA. In this study

both OM-OA and its ester had an IIV À-,. of 310 nm which should not have been shifted

in alkaline solution since these compounds do not contain a dissociable phenolic group.

A time-dependent blue-shift in LIV \* from 310 to 290 nm was, nevertheless, observed

when OM-OA was dissolved in alkaline solution (0.5 N NaOH). This blue-shift was

attributed to the hydrolysis of its intra-molecular ester bond (lactone-ring). In the current

study a similar spectral behaviour (blue shift) was also observed with OA. Och¡atoxin

A initially exhibited a instantaneous red-shift in IIV À-* from 333 to 380 nm in 0.5 N

NaOH (pH > 13) due to the dissociation of the C-8 phenolic hydroxyl group followed by

a time-dependent blue-shift in UV À-* from 380 to 345 nm. In a solution of 0.5 M

NarCO, (11>pH> 10), OA exhibited an identical red-shift in IIV \* (from 333 to 381

nm) but not the time-dependent blue-shift (from 381 to 345 nm) as seen in 0.5 N NaOH.

The blue shift in the LIV À-* of OA is attributed to the hydrolysis of its lactone. On the

basis of this observation, it is proposed that three forms of OA can occur. The flow

scheme for the protonated (I) and de-protonated @) fonns of the OA lactones and the

Iactone-opened form (OP-OA) of OA (Itr¡ is outlined in Figure 2.T1re protonated form

of OA (À-*:333 nm, Fþre 1, f) is inst¿nt¿neously dissociated 1À-*:380 nm, Fþre

z,'tr) n 0.5 N NaOH followed by a time-dependent hydrolysis of the lactone ring to OP-

OA (À.*:345nm, Figure 2, TrD. The reaction was effectively reversed by
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Figve 2. The reaction scheme for the hydrolysis of the lactones of ochratoxins with

base I, protonated lactone; II, de-protonated lactone; and III, the ring-opened

hydroxy-carboxylate.
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Fþre 3. Reverse-phase HPLC elutionprofile of OA standard (A), lactone-opened OA,

OP-OA (B), and OA re-formed from OP-OA (C). See MATERIALS AND

METHODS for turther detail.
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re-acidiflcation of the alkaline solution to a pH ( 1 with 6 N HCt. The hydrolysis of the

lactone-ring was further confirmed as restoration of the lactone structure by re-

acidification was prohibited if the 3-hydroxyl group of OP-OA was acetylated by acetic

anhydride (AN) using N-methylimidazole as a catalyst. Acetylated OP-OA exhibited a

purple fluorescency and had a rR, value of 0.92 while OA exhibited a blue fluorescency

and had a R, value of 0.88 on reverse-phase TLC that was developed in a mixture of

methanol and water (7:3). The UV À-* of the sodium salt of OP-OA in 0.5 N NaOH

were 240 nm (e:7750) and 345 nm (e:5480).

The two forms of OA were also readily separated using IIPLC analysis (Fþre 3).

OP-OA (5.15 min, Figure 3, B) that was produced by base hydrolysis of OA (0.5 N

NaOH for 2 h) and then neutralized with NarHPOo to a pH of 6.2 was almost completely

stable for 12 h. An identical amount of OA (I2.4min, Fþre 3, C) was restored from

OP-OA by acidification of OP-OA in pH 6.2 buffer or OP-OA in the NaOH solution

with 6 N HCI to a pH( 1 for 6 h followed by neutralization with NaH2PO4 to a pH of

6.2 for LZ h. OA was readily partitioned into CHCI, from the aqueous phase at pH 6.0

while the OP-OA remained in the aqueous phase, indicating a greater degree of ionization

(extra carboxylate anion) of the later.

Antimicrobial Activity and Cltotoxicity.

The toxicity of OA to B. brevis in a pH 6.5 incubating medium varied substantially

when its stmcture was modified (Table 2). OE-OA (the ethylamide form of OA) and OC
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(the ethyl ester form of OA) were 8 and 4 fold more toxic to B. brevís, respectively, than

the parent compound, OA. In contrast, no antibacterial activity was observed, even at a

dose approximately 40 fold higher than the toxic dose of OA, when the carboxyl group

was removed (DC-OA), the hydroxyl group was blocked (OM-OA) or the lactone was

hydrolyzed (OP-OA). The absence of the chlorine atom (OB) resulted in a 5 fold

reduction in the toxicity of OA to B. brevis. Interestingly, Ocv and its methyl ester (I\4-

Oo) also possessed antibacterial activity even though they were 40 and 10 fold less toxic

than OA. d-OA, the epimer of OA, was slightþ more toxic to the bacillus than OA.

Compared to the prokaryotic system, the cytotoxicity of OA and its analogs to the

mammalian (IIeI-a) cell line yielded the same relative pattern of toxicity except for OE-

OA and d-OA (Table 2). OE-OA and d-OA compared to OA were 8 or 1.5 fold more

toxic to B. brevis, but were 2000 and 30 fold less cytotoxic to HeLa cells, respectively.

The lower toxicity of d-OA in HeLa cells relative to OA may be attributed to steric

differences as discussed subsequentþ. The reason why OE-OA is more toxic to the

bacillus than OA while in sharp contrast it is much less toxic to HeI-a cells was not

established. Presumably OE-OA could inhibit the synthesis of some the vital components

required for the normal growth of the bacillus while such components were not required

for the mammalian cells. OE-OA, as shown in Table 4, was also considerably less toxic

to mice than OA. OC which is stnrcturally close to OE-OA, in contrast, was as cytotoxic

as OA to both cell types. OC may, however, act as a pro-OA as it is efficientþ and

rapidly converted into OA by esterases in vivo (Fuchs et aI., 1984). DC-OA was

essentially non-toxic to both types of cells. The result, although not explained, suggests
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Table 2. The Comparative toxicity of ochratoxin A (OA) and its analogs to B. brevís
and HeLa Cellsl.

Analogs
HeI-a Cell
LCro'
(mM)

B. brevis
MTD3
(nMoles/disc)

OA
d-oA
oc
OE-OA
DC-OA
OM-OA
OB
Oo
M-cv
OP-OA

0.005
0.163
0.009
10.1
7.6
0.83
0.054
0.s6
ND4
ND

8.7 +1.7
5.5x2.1
2.0+0.5
t.Lx0.2
¡q1a

NI
54+0.6
390x20
90+10
NI

1.

2.

3.

4.
5.

See MATERIALS AND METHODS for turther detail.
LCro, the concentration of toxin required to reduce number of cells by 50% as

determined by linear regression.
MTD, minimum toxic dose*SD for measurable inhibition of B.brevis growth in a

medium at a pH of 6.5.
NI, no attainable inhibition at 350 nmoles/disc.
ND, not determined.
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that it may be possible to develop low toxicity antibiotics by the structural modification

of this isocoumarin derivative.

The Effect of Medium pH on the Toxícíry ø B. brevis.

The pH effeú of the culture media on the antibacterial activity of OA and its analogs

(Table 3) was examined using the B. brevis disc assay system. The results demonstrate

that pH can have a profound effect on the toxicity. In most comparisons, the toxicity of

OA and its analogs (d-OA, OE-OA, OM-OA, OB and Ocu) greatþ increased when the

pH of the incubation medium decreased from 7.5 to 5.5. Interestingly, the toxicity of the

ester form of OA (OC) was not affected by the pH while that of structurally similar OE-

OA was subst¿ntially influenced by the pH of the culture media. In contrast to the above

observations an opposite pH effect on the toxicity of M-Oo was observed. The minimum

inhibitory dose of M-Ocv was 25 ¡rgldisc at pH 7.5 while in the low pH (5.5) medium

M-Oa was not toxic to B. brevis even at a dose up to 100 p,gldisc. At pH 7.5, M-Ocy

was more toxic than OA. DC-OA did not inhibit the bacterial growth in the media (pH

5.5 and 7.5) at doses up to 100 ¡rgldisc. The reason for the dramatic differences in

toxicity as affected by pH was not established in the current studies. However, a similar

pattern of response was obtained for OA and OC (Madhyastha et aI., 1994). They

hSrpothesized that the much greater toxicity of OA at the lowerpH was related to its ionic

state with the non-charged form being more readily transported across the lipid

membrane or cell walls. OC, which does not contain a free carboxyl group, would not

be ionized at the higher pH. Therefore its uptake, as indicated by the toxicity data,
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Table 3 The effect of medium pH on the toxicity of OA and its analogs to B. brevíst.

Analogs

OA
d-oA
oc
OE-OA
DC-OA
OM-OA
OB
Oo
M-a

f, ú

t2
13

15

12

0
0
L2

t5
0

pH 5.5

(2)
(2)
(2)
(0.5)
(2s)
(2s)
(20)
(50)
(2s)

D

1.
)

L6

t6
18

15

0
0
t4
18

0

See MATERIAIJ AND METHODS for turther detail.
The inhibition zone (f) in mm that is produced by a given dose (D) of the toxins, (¡rgldisc).
All the I values are the means of three replicates with a coefficient of variance (CV) less than 5%.

(4)
(4)
(4)
(1)
(50)
(50)
(40)
(100)
(50)

D

t9
20
20
t9
0
t2
t7
2t
0

(8)
(8)
(8)
(2)
(100)
(100)
(80)
(200)
(100)

D

0
0
15

0
0
0
0
0
10

pH 7.5

(32)
(2)
(2)
(0.5)
(2s)
(2s)
(80)
(50)
(2s)

D

I
0
I6
0
0
0
t2
0
t2

(40)
(4)
(4)
(1)
(50)
(2s)
(100)
(100)
(50)

10

10

20
10

0
0
1,4

9
t2

(80)
(8)
(8)

Q)
(100)
(100)
(150)
(200)
(100)
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would not have been affected by the pH of the culture medium. These results are

consistent with those of Kumagai et al. (1985 and 1988) who demonstrated that the

protonation of OA in the upper small intestine due to the low pH environment greatly

facilitate its absoqption into the systemic circulation.

Toxiciry of Ochratoxin A and Its Arulngs to Mice.

The toxicity of OA and its analogs to mice was showed in Table 4. All mice in the

control group survived. Three out of 10, and 9 out of 10 mice died during the 72 h

period following i.p. injection of 20 and 50 mgikg of OA, respectively. Mice injected

with 20 mg/kg of OA exhibited no abnormal signs during the f,rst 3 h, and no deaths

during the first 24 h. There were two deaths during the 24-36 h period and another

during the 48-72 h period after injection. Mice injected with 50 mg/kg of OA showed

no apparent abnormal signs during the first 3 h. There were 6 deaths between 12-24 h,

and 3 between 24-72 h with L survivor. All mice injected with 50 or 200 mg/kg of d-

OA, and 200 mglkg of OE-OA, DC-OA, OM-OA, OB, Oo and M-Ocv suwived the72

h testperiod. Symptoms of panting and hyper-activity were observed after approximately

30 to 60 min in mice injected with 200 mg/kg of OE-OA, DC-OA, OB and Oa. Also

none of these mice died during subsequent 3 weel¡s period after which the experiment

was terminated. The mice showed abnorrral behaviour such as panting, loss of

coordination, gasping and choking 30 min after the injection of 500 mg/kg of DC-OA,

OM-OA, OB, Ocv and M-oa; they then become sedated with cyanosis being observed on

the lips and tails. Deaths were observed within 2 h of injection with all mice dying
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Table 4

Analogs

Toxicity of OA and its analogs to mice.

Control

OA

d-oA

OE-OA

DC-OA

Dosage Death
(mg/kg BV/)t r:ltú

0

20
50

50
200

200
500

200
500

1: Dosage, the amount of toxin (mg) injected (i.p.) into mice per kg body weight (BV/).
2: Death rate, the numbers of deaths/l0 mice 72 h after injection. See MATERIALS AND METHODS

for further det¿il.

0/10 OP-oA 500

3lr0 OM-OA 200
9n0 s00

0/10 0B 200
0/10 500

0/10 OcY 200
10/10 500

0/10 M-OcY 200
10/10 500

Dosage
(mg/kg BV/)

Death
rate

0/10

0/10
10/10

0/10
10/10

0/10
10/10

0/10
10/10
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within a LZ hperiod. Mice injected with 500 mg/kg of OE-OA exhibited similar but less

severe signs and abnormal behaviour. No death occur¡ed in this group within 3 h of

injection while all of the mice died within a LZ hperiod of injection. Autopsy of the dead

mice did not show apparent organ damages. In contrast to the above analogs, all mice

survived 72 h when they were injected with OP-OA at a dose of 500mg/kg BW.

Ochratoxin Oa has been considered to be non-toxic to the animal (Chu er al., L972). The

current study indicated that Ocu was less toxic to OA but remained toxic at a higher dose.

The acute toxicity of OA and its analogs may involve the inhibition of both the

production and the utilization of ATP as it has been shown to inhibit mitochondrial state

3 respiration (Wei et aI., 1985) and the activity of membrane ATPase (Meisner and

Chan, 1974). The ATP phosphate-transfer reaction was also blocked by OA through the

non-competitive inhibition of the activity of cAMP-dependent protein kinase ín vívo and

in vito (Waren and Hamilton, 1980).

DISCUSSION

Ochratoxin A, a potent mycotoxin, has been studied since it was first discovered by

van der Mere et aI. (1965a, b). The molecular mechanism of action of OA remains

unclear even though several hypothesises have been proposed. The stnrcture requirement

for OA toxicity was proposed by Chu et al. (1972), using the natural analogs of OA such

as OB, Ocu and OC and a synthetic analog, the O-metþl ether of OC. The rqrort

suggested that the dissociation of the phenolic hydroxyl group of OA was required for

its toxicify. Creppy et aI. (1983a, b, 1984 and 1990) proposed that the phenylalanine
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moiety of OA exerted its toxic effect by competitive inhibition of enzymes involved

phenylalanine metabolism. Rahimtula et aI. (1988) and Omar et al. (1990 and 1991)

proposed that an OA-iron complex may play an important role in ochmtoxicosis. Results

from the current study suggest a new mechanism of action of OA involving the lactone

moiety.

Data from the literature and the current research suggest that the phenylalanine moiety

of OA functions to guide the toxin to the appropriate phenylalanine metabolizing enzymes

while the isocoumarin portion of the molecules is responsible for its toxic effects.

Stnrcturally, it is logical to consider OA as an analog of this amino acid. Creppy et al.

(1983a, b and 1984), for example, reported that OA competitively inhibitedphenylalanine

tRNA synthase with the toxicity of OA being partially prevented by the co-administration

of phenylalanine. Otherphenylalanine metabolizing enzymes are also specifically affected

by OA (Creppy et a1.,1990, Parker et al., Lg82 and Pitout and Nel, 1969). No data,

however, have been provided to demonstrate if OA could also inhibits other aminoacyl-

tRNA synthases or the toxicity of OA could be reversed by other amino acids. In the

current studies, the toxicities of the two epimers, OA and d-OA, to the bacteria were

nearly the same but were approximately 30 fold different to the mammalian cell culture

and d-OA was essentially non-toxic to mice at a dose of 200 mg/kg BW. The

pharmacokinetic profiles of the epimers also indicate that their physiological properties

vary substantially due to the different orientation of the carboxyl group as the biological

half-life of d-OA (<2 h) is much shorter than OA (>70 h) in rats (unpublished data).

Their metabolic (hydroxylation) rates and profiles, however, are very similar in rats
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while OA but not d-OA is hydrolyzed by carbox5rpeptidase A (unpublished data). These

data suggested that the reduced toxicity of d-OA to mice compared to OA may be

attributed to its higher rate of clearance in vivo or to its low afFrnity for the vital enzymes

which re*ngntzn only the natural form of phenylalanine in the mammalian system. The

re¿son why d-OA and OA have similar toxicities to B. brevis but different toxicities to

IJeLa cells (30 fold less) may be attributed to the ability of bacteria to utilize d-a¡ntno

acids in contrast to mammals @avis, 1990). Another possible explanation is that the vital

components of bacteria ate different from the mammalian cells (the cell wall for

example). This may also explain why OE-OA is more toxic to B. brevis but much less

toxic to HeI-a cells as compared to OA.

Studies with OB, the de-chlorinated form of OA (OB), however, demonstrated that

this compound did not inhibited phenylalanyl-tRNA synthase (Roth et al., 1989 and

Lgg3), suggesting that the phenylalanine moiety of OA was not the reactive group and

that the toxicity of OA is mainly att¡ibuted to its isocoumarin moiety. The bacterial and

animal toxicity data for OcY and M-Oa, forms that do not contain phenylalanine, further

suggests that the phenylalanine side chain is not absolutely essential for ochratoxicosis.

Although phenylalanine moiety may not be essential for OA toxicity it appears that the

carboxyl group of OA from phenylalanine and probably that from other amino acids

enhances the toxicity of the isocoumarin. The decarboxylated fonn of OA @C-OA), for

example, was approximately 10, 50 and 1500 fold less toxic to mice, B. brevis and HeI-a

cells, respectively, than OA. The apparent requirement of a carboxyl group may be

related to its ability to chelate iron and therefore the toxicity as hypothesized by
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Rahimtula et al. (1988). However, this conclusion as discussed subsequentþ, may not

be valid. Another explanation of the effect of decarboxylation is that the electron-

withdrawing carboxyl group from the amino acid moiety may affect, through the electron

resonance of the peptide bond, the electron-density of the isocoumarin ring and therefore

its reactivity. The electron-attracting chlorine group of OA may also have similar effect.

This h5pothesis is supported by the observation that OB is hydrolyzed into Oß, the

hydrolytic product of OB, faster in vitro by carboxS'peptidase A than OA @redenkamp

et aI., 1989). It is hypothesized that this occurs not because the size of the chlorine in

OA is large enough to prevent the binding of the toxin to the active site of the enzyme

as proposed by these authors but to the inhibition of the enzyme by OA as observed by

Pitout and Nel (1969) and Parker et aI. (1982). T\e size of the chlorine atom should not

be a factor that interferes with the binding of OA to carboxy¡reptidase A as this enzyme

has broad specificity for different substrates including butky peptides with aromatic

amino acid residues (Abeles, 1992). This enzyme had higher afnniry to OA but much

lower rate of hydrolysis as compared to other common substrates @itout, 1969). Overall

it would appear that the carboxyl and the Cl groups contribute to the toxicity of OA

while the steric orientation of the phenylalanine moiety apparently affects the disposition

and probably the enzyme-binding of the toxin. The reactive group in the isocoumarin

moiety will be further discussed subsequentþ.

OA is a type of chlorinated phenolic compound. The conclusion, as discussed

previously, that there is a direct correlation between the toxicity of different analogs of

ochratoxins and their dissociation constants þhenolic) or iron chelating capacity is not

74



supported by the current observation. OE-OA and d-OA, for example, were the best iron

chelators and had the most readily dissociable phenolic hydroxy group (low pKa value).

As expected, they were highly toxic to B. brevis but had low cytotoxicity to HeLa cell

and mice. OP-OA, a excellent iron-chelator, is not toxic to B. brevis and mice while M-

Oct, a non-iron chelator with a high pKa value, is also very toxic to B. brevis,

particularly at a higher pH (pH 7.5) where it is even more toxic than OA, a strong iron

chelator. These results indicate that the toxicity of OA is not related to its ability to

chelate iron. The toxicity to mice of OM-OA, an analog in which the phenolate is

blocked,. futher suggests that a dissociable phenolic hydroxyl group in OA is not

essential as this compound is almost more cytotoxic to HeLa cells and as toxic to mice

as OE-OA which has a highly dissociable phenolic hydroxyl group with a low pKa value

(6.7). According to Chu et aI. (L972), the toxicity of OA is directly related to the degree

that C-8 phenolic hydroxyl group is ionized. The current study, however, demonstrates

that the toxicity of Oct þka:12) to mice is not 10000 fold less toxic than OA (pKa:7)

as it should be according to their hypothesis. OM-OA was more toxic to both B. brevis

and HeI-a cells than DC-OA suggesting that the carboxyl group plays a more important

role in OA toxicity than its phenolate. These observations therefore question the role of

the phenolate and iron-chelation in the toxicity of OA as h¡pothesized by other

resea¡chers.

Based on the above results, it seems that some other group in OA may also be

involved in the toxicity of OA, possibly the lactone moiety of OA. Many biologically

active lactones have been isolated from nature or chemically synthesized (Nobilec et al.,
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1994, Sato ¿r aI., t992, and Nozawa et aI., 1981). Their activities involve the covalent

modification of some vital biomacromolecules (enzymes for example) and their biological

activities were lost if the lactones were pre-hydrolyzed (Kam et al., 1992, Saltz et al.,

1993, Ltrthi-Peng et aI., 1992 and Borgstrom, 1988). For example, the mechanism of

inhibition of serine proteases by isocoumarin compounds involved the formation of a

covalent acylerrzyme complex between the hydroxyl group of serine in the active site of

the enzyme and the lactone carbonyl group of isocoumarin (Kam et aI., 1992 and

Hernandez et al., L992). A similar mechanism may be responsible for enzyme inhibition

by OA. Trivedi et al. (1992) reported that OA was converted to an unknown compound

under heating (175'C) with 0.1 N NaOH and the cytotoxicity of this compound to HeI-a

cells was substantially reduced as compared to the parent OA. Their unidentified

compound seems likely to be the lactone-opened OA (OP-OA) even though OA was only

partially converted to OP;OA according to the UV spectnrm of the reaction mixture in

their report. In current studies, OP-OA was not toxic to B. brevis even at a dose 40 fold

(350 nmoles/disc) higher than the toxic dose (8 nmoles/disc) of OA (Table 2) and it was

not toxic to mice at a dose as high as 500 mg/kg BW. This result and the results as

discussed above further support the conclusion that the toxicity of OA is attributed to its

isocoumarin moiety and that the lactone carbonyl group of OA may be involved in its

toxicity. Under these conditions OA may inactivate erlzymes following the formation of

covalent OA-enzyme complexes.
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Figure 4. The kinetic profile for the hydrolysis of the lactones of ochratoxin A (OA),

ochratoxin B (OB) and ochratoxin o (Oo).

(1) The hydrolysis of OA lactone in 0.5 M NarCOr,

Ln A:-0.00016't -0. 1053, R2:0.9998.

(2) The hydrolysis of OB lactone in 0.5 N NaOH,

Ln A:-0.02652.t + 0.0032, RP:0.9995.

(3) The hydrolysis of OA lactone in 0.5 N NaOH,

Ln A:-0.1095.t - 0.0676, R2:0.9985.

(4) The hydrolysis of Ocu lactone in 0.5 N NaOH,

Ln A:-0.2647.t - 0.0115, RP:0.9956

See MATERIAIS AND METHODS turther detail.
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in 0.5 N NaOH. The results suggest that the lactone carbonyl groups of Oa and OA are

much more susceptible to the nucleophilic attack than that of OB. If the lactone is

responsible for the toxicity of the ochratoxins, Oa should be the most toxic among these

och¡atoxins. The lower toxicity of Oo in the living system may be explained by its low

affinity to the phenylalanine met¿bolized ervymes as discussed previously.

In summary, the current studies on the stnrcture-activity relationship of derivatives

of OA and Ocv have suggested 1) that the hydroxyl, carboxyl, chlorine and lactone

groups of OA affect substantially its toxicity to B. brevis, its cytotoxicity to HeI¡. cells

and its toxicity t1 mice and that the reactivity of OA may be attributed to the lactone

carbonyl group of its isocoumarin moiety; 2) that the modes of actions of OA in

prokaryotic and eukaryotic cells may be different and the antibacterial activity of the

toxins may involve the alteration of some cellular components which are not found in

mammalian cells; 3) and that there is no direct relationship between the toxicity of the

ochratoxins and the extent of iron chelation, the dissociation of the phenolic group, and

the presence of phenylatanine side chain even though these groups may indirectly enhance

the toxicity of OA. Based on previous literature reports and results from current studies,

it is hypothesized that the molecular mechanism of action of OA may involve the

covalent acylation of bio-macromolecules (enzymes) through its lactone carbonyl group.

Recentþ our laboratory had isolated the covalentty-linked OA-bioconjugates further

supporting this hypothesis (unpublished data). Understanding of the molecular mechanism

of OA toxicity will provide fundament¿l new information in the area of toxicology,

facilitate the development of methods for detoxification of OA, and provide a basis for
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the development of therapeutic agents using this potent mycotoxin.
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Abstract

The metabolic profüle of ochratoxin A (OA) was studied in rats and in a culture of

toxin-producing Aspergillus ochraceus. Ochratoxin a (Oo), ß (Oß), 4-R-

hydroxyochratoxin A (4-R-OH OA) and B (4-R-OH OB) and lO-hydroxyoch¡atoxin A

(l0-OH-OA) were isolated from a culture of A. ochrace¿s and stnrcturally chatactenz¡Å,

using lH l.IÀíR, MS and IIPLC techniques. 4-R-OH OA and Ocr was consistently

produced and was the dominant biotransfonned metabolite in the fugal culture and in rats

treated with OA and ochratoxin C (OC) while formation of 10-OH OA was conditional

in the fungal system. The rate of hydroxylation of OA was relatively higher (2-a fold)

in rats treated with OC (4 mglkg BW) than with OA (4 mg/kg). The rate of

hydroxylation of OA or OB increased while the rate of hydrolysis of OA and OB to Oa

and Oß, reqpectively decreased as the incubation time increased. Green fluorescent bio-

macromolecules were isolated by detergent extraction of the fungal culture followed by

cold acetone precipitation and gel filtration. Acid hydrolysis of the fluorescent

macromolecules resulted in release of ochratoxins as Oo (80%), OA (2%) nd OC (5%)

and other unidentified fluorescent compounds. These natural macromolecule conjugates

of OA, however, were not readily recognized by anti-OA polyclonal antibodies raised

against the OA-BSA conjugates that were prepared by coupling the carboxyl group of OA

to the primary amine group of BSA, indicating that OA, OC and Oa but not OB and Oß

were covalently linked to the macromolecules via a group other than the carboxyl,

presumably via the lactone carbonyl group of OA and Oa.

Key words: metabolism, hydroxyochratoxins, adducts.
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Introduction

Ochratoxin A (OA), 7-carboxyl-5-chloro-8-hydroxyl-3,4-dihydro-3R-

methylisocoumarin lixked through its 7-carboxyl group ûo L-f-phenylalanine, is a highly

toxic secondary metabolite of Aspergíllus ochraceus. It is hepatotoxic, nqrhrotoxic,

carcinogenic and immunosuppressive to animals and possibly to human. The toxicity of

OA may be the results of three major effects: 1) inhibition of ATP production; b)

inhibition of protein synthesis; and c) promotion of membrane lipid peroxidation

(reviewed by Marquardt and Frohlich, 1992). Other studies have suggested that OA

toxicity may involve the formation of macromolecule-adducts of OA. Covalent DNA

adducts of OA were isolated from OA treated mice and from the urine of patients with

urinary tract tumors @fohl-I-eszkowicz et a1., 1991 and 1993a, b). Recently, a study

re,ported by Mataveille et 41. (1994) indicated that the toxicity of OA may involve the

fonnation of an OA phenoxide radical and a thiol-derived.conjugate of OA. Previous

stn¡cture-activity relationship studies (Xiao et a1., Lggs, submitted) have suggested that

the toxicity of OA is apparently associated with its lactone moiety and that the OA

lactone is converted to its inactive open-ring form via a base-catalyzed hydrotysis. It was

therefore proposed that the toxicity of OA may be the results of the covalent modification

of target enzymes by a reaction involving the lactone moiety.

Although metabolism of OA in animals has been studied by several researchers, very

little information on the metabolism of OA in the fungal system has been reported.

Metabolic studies of OA in the mammalian system indicated that it is hydrolyzed to much

less toxic products, Oa and phenylalanine, by the enzyme carbox5peptidase A and some
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microbes in the gastrointestinal tract @itout, 1969 and Xiao et al., 1991a, b) and is

hydroxylated (+R-OH, 4-,S-OH, and 10-OH) by the microsomal mixed function oxidases

(IIansen et a1., L982, Storen et aI, 1982, Stormer and Pedersen, 1980, Stormer et al.,

1981, 1983 and 1985). Studies on the profile of OA production by A. ochraceus and by

P. víridícatum in barley indicated that OA gradually disappears after its maximum

production phase (21 days of fermentation at 2trC) @amoglou et a1., 1984) suggesting

that the toxin-producing fungr a¡e able to further metabolize the toxin over time. The

metabolic profile of OA in the fungal system, however, remains uncharacterized. The

main objective of current study was to compare the metabolism of OA with regards to

its hydroxylation and hydrolysis in rats and in a fungal system which may serve as a

possible research model for substitution of animals and to demonstrate the effects of OA

on its metabolism.

Materials and Methods

Chemic¿ls and reagents. Bovine serum albumin (BSA) and ovalbumin (OV) were

from Sigma (St. Louis, MO). Och¡atoxin A, B, and a were prçared as described by

Xiao et al. (in press). Ochratoxin ß (Oß) was prepared by acid hydrolysis of OB

@redenkam et a1., 1989) and the ethyl ester of OA (OC) was prepared from OA and

absolute ethanol (van der Mere et a1., 1965 a, b). Anti-OA rabbit serum was obtained

from a rabbit (2 kg BW) immunized with 500 ¡rg OA-BSA in 1 mL (Clarke er al., 1994).

The covalent conjugates (OA-BSA, OA-OÐ were prepared by cross-linking the cartoxyl

group of OA to the primary amine of lysine residue of BSA and OV (Xiao et al., 1994,
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submitted).

Instnrmentation. The HPLC system for the preparatory purifücation of the

metabolites included a system controller and a delivery system (Waters 600E, Milford,

MI); a Bio-Rad (Mississauga, Ol.D preparatory reverse-phase column (C18 coated,

25X2.2 cm, 8 ¡.r.m, at 42'C); a Shimadzu (Kyoto, Japan) SPD-M6A photo-diode array

UV-vis detector with a computer-derived ¡eal time three dimensional chromatogram; and

a isocratic mobile phase (flow rate, 10 rrl/min) so¡trining 60% distilted water (pHz.I,

adjusted by 6 N HCI), 36% methønol and 4% isopropanol. The analytical HPLC system

for trace analysis included a Waters 712 WISP sample auto-injector; LKB (Uppsala,

Sweden) 2156IÐLC controller; a LKB 2150 HPLC pump; a LKB 2155 HPLC column

oven system; a Waters Novo-Pak column (C18, 0.46x25 cM, 4 pM, at 42C); a

Shimadzu RF-535 fluorescent detector (excitation 330 nm, emission 450 nm); and a

Shimadzu CR501 integrator. The analytes were eluted at a constant flow rate (1.5

ml.imin) using gradient I or tr. Gradient I containing solvent A (methanol:isopropanol,

9:1) and solvent B (acidified distilled rvater with HCl, pH 2.1) was progammed to

deliver: 38 to 52%o A atT%l min (0-8 nin); 52 to 70% A at l Volmin (8-26 min); 70 to

90% A l0%olmn (26-28 mn);90% A (28-37 min); 90 to 38% 
^ 

at -13 %lmin (374L

min); ar¡d 38% A (41-45 min). Gradient II containing solvent A and solvent C (0.0025

M phoqphate buffer, pH 6.2) was programmed to deliver: 30 to 50Vo A at 2% lmin (0-10

min);, 50 to 80% A at íTolmin (10-15 min); 80% A (15-24 min); 80 to 30% A. at -

sÙ%lrntrL Q4-25 min); and 30% A (25-30 min). The UV-vis absorption qpectra of the

metabolites were recorded using a Beckman DU qpectrophotometer (Irvine, CA). The
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mass q)ectra were obtained using a HPLC-MS system (Ilewlett Packard, CA)) including

a reverse phase column (C8 coated,0.46x25 cm, 10 ¡tm, at2fC); a flow rate at I

mllmin, an isocratic mobile phase (98% of acetonitrile,2% fornic acid); and a

quadruple MS detector [ion source temperature 250'C, negative chemical ionization

mode, mass range (150-500)l from Food and Agriculture Canada (Winnipeg Research

station, MB). tH NMR spectra were recorded at 300 MHz @nrker 4M300, Germany)

and at 500 MIIZ @nrker AI\ID(500) with tetramethylsilane (Tlvfs) as reference,

Department of Chemistry, Universrty of Manitoba.

Animal studies. Eight Sprague Dawþ rats (200-500 g BW) from the University of

Manitoba were utilized for the metabolic studies of OA and OC. Each toxin (4 mg/kg)

was administered intra-peritoneally (i.p.) to 4 adult rats. Each rat was individually housed

in a metabolic cage with a funnel for urine collection and was provided feed and water

at líbítum. The volume of urine of rats was measured and collected at24 h interval after

the administration of the toxin. It was stored in a separate container at -2üC until

analysis. The experimental procedure was approved by the local animal care committee

and followed the procedures outlined by the Canadian Council of Animal Cale, Ottawa,

oN).

Fungal culture. Twenty flasls (500 mT ), each containing 30 g of feed-grade wheat

and 30 mT. of distilled water, were autoclaved for 30 min at l2UC and then inoculated

with.,{. ochracew NRRL3174. The culture was maintained at 30"C in a dark room. The

fermentation was terminated on day 14 of incubation.

Extraction, isolation and purification of fungal metabolites. The solid matter of
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the terminated culture in each fl¿sk was homogenized at25oC for 2 min with a Polytron

homogenizer (1.2 cm, Brinlcrnann, Rexdale, oN) in a water-methanol (3:7, pH 7.2)

mixture. The homogenate was shaken for 30 min and centrifuged at 3500 xg for lQ min

at 4'C. The supernatant frzctions were transfer¡ei to a 4 L sqraratory funnel and diluted

with an equal volume of distilled water. The solution was mixed with an equal volume

of CHCI, and shaken constantly for 30 min. The CHCI3 fraction was disca¡ded and the

procedure was re,peated. The aqueous phase was acidified with 6 N HCl to a pH of 1-1.5

and then extracted with an ef1ual volume of CHC! for 30 min. The CHCI3 fraction was

collected and evaporated to approximately 100 mT with a Rotovapor R1L0 evapomtor

@rinkmann, Rexdale, ON) at 50"C. The solution wÍrs hansferred into a sqraratory funnel

(500 mL) and extracted with 100 mL of 0.1 M NarCO, for 30 min. The CHCI3 fraction

was discarded while the NaoCO, fraction was acidified with 6 N HCI to a pH of 1-1.5.

The acidified aqueous fraction was re-extracted with 200 mL of CHCI, for 30 min. The

CHCL fraction was collected and dricd with a Rotovapor R1,10 evaporator at 50"C. The

residues were reconstituted wlth 2 mL of methanol. The methanol fraction containing

OA, OB a¡d other fungal metabolites was applied to a Whatman (Clifton, NI) flexible

prqnratory TLC plate Q0x20 cm, silica) with the maximum 5 mg/plate. The plate was

deveþed with a solvent mixture of ethylacetate and acetic acid (95:5). The major

metabolites other than OA and OB were well separated with the.(f values being 0.54

F5), 0.47 F4),0.32 (FiÐ,0.27 (F2) and 0.14 (F1). The separated metabolites were

visualized under long UV light (300-400 nm). The individual bands containing the

correqponding metabolite was physically t¡ansferred from the plate to a cenhiñrge tube
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and extracted with 5 mL of methanol at ZfC for 30 inin. fþs methanol fraction

containing each metabolite was dded under N2 and reconstituted in 1 mL of methanol.

Each recovered metabolite, although relative pure, was further purifred by preparatory

reverse-phase HPLC using the procedure described above. Each purified metabolite was

obtained from each fraction (approximately 150 mL) had a characteristic IIV qpectnrm

ôo * 334 nm for OA met¿bolites, 323 nm for OB metabolites) as monitored by the

Shimadzu UV-vis photo-diode array detector. The fraction containing the pure met¿bolite

was extracted three times with 50 mL of CHCL. The CHCI, fractions were then dried

with a rotary evaporator and the residue was reconstituted with 2 mL of methanol.

Metabolites used for lfV-vis, MS or NMR characterization were then dried with a

vacuum dryer (4S160-Savant, Farmingdale, Nll) at 40oC for 24 hr. The characlærtzed

metabolites were utilized as standards for HPLC analysis.

Isolation of natural macromolecular conjugates of OA. The fungal culture that

incubated for 14 days (15 g) was homogenized with a Polytron homogenizer (1,.2 cm) at

4"C for 2 min in 15 mL of 0.1 M phosphate saline buffer (PBS, pIJ7.2) contzinng2%

of the detergent, Tween 20 (PBSÐ. The homogenate was constantty shaken for 30 min

and centrifi.lged at 2500 xg for 10 min ¿¡ 4C. The supernatant fraction (approximately

5 mL) was collected and mixed with 15 mL of cold (CPC) acetone. The mixture was

centrifrrged at 2500 xg for 10 min at 4C. The supernatant was discarded and the pellet

was reconstituted with 500 ¡rL of PBSt followed by centrifugation at 5000 xg for 10 min

at 4C. The supernatant was collected and applied to a Pharmacia Sephadex G25

(Uppsala, Sweden ) gel filtration column (1x15 cm, L50-200 pM) which was saturated
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and eluted with 0.1 M PBS to remove the small molecules. The void volume (3.5 mL)

of the column was determined using blue dextran. The water-soluble macromolecules

(1.5 mL) with strong green fluorescency was collected after the void volume. The

isolated macromolecules (10 ¡rL) were applied to a Whatman TLC plate (silica,5x25 cm)

using L0 ¡ù of OA-BSA conjugate (10 mgiml, molar ratio: 0A,IB5A:6) as the positive

control and 10 p,L of free OA (1 mg) in 1 mL of BSA (10 mg) as the negative control.

The plate was developed with the mobile phase containing methanol and acetone (L:1)

at 25'C for 15 min. The blue and green fluorescent spots for OA-BSA and the isolated

macromolecules, reqpectively, stayed in the orign while all the fluorescency of the

negative control migrated with the solvent (&:0.95).

The fluorescent macromolecule fraction (1.5 mL) collected from the gel filtration

column was diluted to 5 mL with PBS buffer and was utilizecl for immunoassay and acid-

hydrolysis studies. The diluted macromolecules (500 ¡rL) were hydrolyzed at 25'C

following the addition of an equal volume of 1 N HCL. A 100 ¡r,L srmple was withdrawn

at 0.5, 90 and 180 min after mixing with the acid. Each sample was immediately

extracted for 2 min with 4 mL of CHCL. The CHC! fraction (2 mL) was transferred

into a 5 mL optical vial and dried under Nz gas at25"C. The residue was re-constituted

with 2 mL of methanol and assayed for oA, oc, oB, ocY and 4-R-oH oA using the

analytical HPLC system (gradient f) as described above. The reactivity of the diluted

macromolecules and the negative control with the polyclonal anti-OA antibodies was

assayed using an indirect competitive Fr TSA (cELISA) as described by Clarke et al.

(1ee4).
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Quantitative and qualitative analysis of the metabolites in urine and fungal

culture. The samples (1 g) were randomly withdrawn from three flasls of the fungal

culture on days 0, 3, 6, 9 and 12 of incubation and each sample from each flask was

homogenized with a Polytron homogenizer in 10 mT of methanol and 0.01 N HCI (7:3)

in a 50 mL polyethylene centrifrige tube. The mixture was shaken for 30 min and

centriñrged at2500 xg for 15 min at4C. Before IIPLC analysis the supernatant fractions

(2 mL) from the samples that were fermented for 3, 6, 9 and 12 days were collected and

diluted 1, 5, 100 and 100 fold with methanol, reqpectively.

All the urine samples (500 ¡rL) were acidified to a pH L-2 with 6 N HCI and

extracted with 1.5 mT. of methanol for 30 min followed by cenhiftrgation at 2500 xg for

L0 min at 4'C. The supernatant (1 mL) was collected and diluted 10 fotd with methanol.

Samples from the fungal culture and the rat urine were quantitatively analyzed (10

¡.tUnjætton) using the analytical IIPLC procedure (gradient I) as described previously.

while qualitative analysis of the metabolites of ochratoxins in urine (48-72 h) and in

fungal culture (day 12) were performed using gradient tr.

The mol;ar ratios of the metabolites to OA or to OB in rat urine or fungal culture

were calcul¿ted according to following plural formulae:

Molar ratio of metabolite/OA in rat urine:ElvL-¿/ÐOAt,o.

where, LÏvll-e or EOA,t-¿ is the sum of the metabolites (¡rmoles) or OA (¡rmoles)

excreted in a rat urine between time 1 and 2.

In each time period of the fungal culture,

90



the rate of production of metabolites of OA or OB

:gvfo-M)/b-a

where, (Àlfo-MJ is the net change in concentration of each metabolite (þglÐ between

each incubation period from time a to time b. a-b, the period of incubation.

Results and Discussion

Isolation and characterization of metabolites of ochratoxins from a culture of A.

ochracetn. Metabolites from the fungal culture were readily extracted with methanol and

CHCI3 followedby partitioning into 0.1 M NaoHCOr. The use of preparatory C18 coated

reverse-phase TLC and a methanol-water elution solvent (65:35) for purification of the

met¿bolites was inefficient as the sqraration of the metabolites was poor. This problem

could not be resolved by increasing the water content of the solvent as this resulted in

detachment of the coating materials or by increasing the interaction of the metabolites

with the stationary phase by lowing the pH of the solvent (pH 2.1) as this resulted in

poor resolution due to broadening of the bands. Preparatory silica TLC using a mobile

phase containing the mixture of ethylacetate and acetic acid (95:5), however, resulted in

excellent resolution of five of the predominant fluorescent metabolites with the .(/values

being 0.54 (F5), 0.47 çfq,0.32 (F3), 0.27 (ß2) and 0.14 (F1). These fractions, as

discussed subsequently, were identified as 4-R-OH OA, 10-OH OA, 4-R-OH OB, Ocy and

Oß, respectively. Analytical IIPLC analysis of each band recovered from the TLC ,

however, indicated the presence of carry-over OA. Further purification using preparatory

reverse-phase HPLC was therefore necessary before
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Figure 1. Structures of ochratoxins
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the compounds could be characterized using NMR and MS. The real time three-D

chromatogram of the metabolite produced from the photo-diode array detector facilitated

the purification using pre,paratory HPLC system.

Fl and F2 were identified as being Oß and Ocv as they had identical ^(f values (silica

TLC), HPLC (C18 reverse phase) retention times, and UV À.". (335 arrd 324 nm,

respectively) as the standards which were prepared by acid-hydrolysis of OA and OB,

reqpectively.

F3 had an UV À-,. at 323 nnand exhibited a blue fluorescency which was similar

to OB. The HPLC-MS of F3 @gure 2, A), however, indicated that it had a molecular

ion mass of 385 daltons without the associated chlorine isotope peak. The results

suggested that F3 may be a derivative of OB. The difference in molecular weight (MW)

between OB (369) and F3 (385) was 16, suggesting that F3 had an extra oxygen atom

as compared to OB. The lH NMR (300 MHz, in 6D-DMSQ) qpectrum of F3 (Figure 3)

as compared to that of OB (refer to Xiao et al. in press) revealed a difference in that two

doublet of doublets (dd) protons at C-4 position of OB were not observed in the spectrum

of F3 and that the spectrum of F3 had a proton resonance (dd) at 4.56 ppm (I:Z.LHz)

and a proton (d) at 5.86 ppm (J:6.4 Hz) which a¡e not observed in the spectnrm of OB.

In cD3oD, the doublet at 5.86 ppm disappealed and the dd at 4.56 ppm become a

doublet (I:2.L[lz) suggesting that the proton at 5.86 ppm was exchangeable and the two

protons were coupled. The coupling constant (I:2.1Hz) of proton at 4.56 ppm was

identical to that for the one at 4.80 ppm (J:6.3 Hz and 2.II1z) which correqponds to
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Figure 2. The negative chemical ionization mass-qpectra of 4-R-OH OB (A), 10-OH

OA (B) and 4-R-OH OA.
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Figure 3. The 1H NMR (300 MHz) spectrum of 4-R-OH OB in 6-D DMSO.

Peaks were expanded as arrow-pointed. The decoupling experiment,

irradiation at l.4I ppm resulted in collapse of the doublet of quartets at 4.80

ppm into a doublet (I:2.1 Hz), and irradiation at 4.56 ppm resulted in

collapse of the doublet of quartets at 4.80 ppm into a doublet (J:6.3) and of

a doublet at 5.86 into a singlet.
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the C-3 proton of OB. The d¿t¿ suggests that the proton at 4.56 ppm may be located at

the C-4 position while the proton at 5.86 ppm is an exchangeable hydroxyl proton at the

C-4 position. This assignment was further confinned by the decoupling study as

irradiation of F3 with a frequency at 4.56 ppm (4-IÐ resulted in collapse of the doublet

at 5.86 ppm (a-OH) into a singlet and of the doublet of quartets (dq) at 4.80 ppm (3-Ð

into a doubtet (J:6.31 Hz). Irradiation of F3 with a frequency of 1.41 ppm (d, I:6.54

Hz, Figure 3, A) which corresponding to the C-3 methyl protons of OB resulted in the

collapse of the dq at 4.80 ppm (3-IÐ to a doublet (J:2.L IIz). Overall the results

indicate that the protons at l.4l ppm (10-H) are coupled to the one at 4.80 ppm (3-Ð,

and the 3-H (4.80 ppm) is coupled to the proton at 4.56 ppm (4-Ð which is also coupled

to the proton at 5.86 ppm (a-Oþ. The coupling constant (I:2.IHz) between the 4- and

3-H suggests that 4-H is c¿s oriented with the 3-H and that the 4-OH group should be on

the same side as the 3-lt-CH3 group. The coupling constant between 4-H and 3-H of 4-R-

OH OA is 1.9 Hz which is also analogous to this compound as discussed subsequently.

F3 is 4-R-OH OB. Its spectral proton NMR assignment as is: ô 1.41 (3H, d,1rc,s6.54V2,

3-CHr),3.10 (1H, dd, J3,,3,13.78H2,\,,2,7.8II2, 3'-.S-Ð,3.20 (1H, dd, 13,p,l{.lI1z,

\,,2,4.75 Hz, 3'-R-Ð,4.56 (1H, dd, 14,+,,'6.32112,I4,s2.1Hz, 4-S-IÐ,4.75 (IIJ, m,2'-

IÐ, 4.80 (1H, dq, J3 o2.'/.. l:Iz 13,rc6.56 }Jz, 3-Ð, 5.86 (1H, d, l+.,*,46.4 Hz, 4-R-OÐ,

7.08 (1H, d, Js,67.9 Hz, s-ff),7.23-7.3I (5H, m, 5'-9'-Ð, 8.14 (1H, d, 16,s7.9 IJz, 6-

Ð, 8.54 (1H, d, Jr_*r,r,7.IliIz,9-NH), 12.5-13.0 (2H, broaden, I'-COOH and 8-OH).

It is not known if this compound is the same as the 4-OH OB which was isolated by

Stormer et al. (1985) from a rat microsomal fraction following incubation with OB as the
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configuration of the hydroxyl group of their metabolite was not determined.

F4 had an IfV }'-* at 334 nm and its MW was 419 (M--1:418) as determined by

HPLC-MS (Frgure 2, B).The lH NMR spectrum of F4 (Figure 4a) was similar to that

of 10-OH OA reported by Stormer et a1.(1983) except that the proton at 12.56 ppm was

assigned as the 8-OH instead of the carboxyl proton. A more det¿il coupling pattern

which was also provided by the two dimensional (COSY, 500 MHz) NMR (Fþre  b)

further confirmed that F4 was 10-OH OA. The proton spectrum of 10-OH OA is

assigned as follow: o 3.16 (1H, dd, J4,4L7.62fIz,Iç11.76H2,4-R-IÐ, 3.22 (IIJ, fl, 3'-

S-H), 3.28 (1H, dd, J4,417.46H2, J#4.L3 Hz, 4-S-Ð,3.37 (1H, dd, Js,3.l4.L6Hz,

\,,2,4.95H2,3'-R-H),3.90 (1H, dd, IßJoI2.52Hz,ILw4.66Hz,3-CH2-),4.05 (1H, dd,

1rcJo12.53H2,1rc33.28H2,3-CHrl, 4.70 (IIJ, m,3-IÐ, 5.02 (IH,m,2'-H),7.2-7.34

(5H?, m, 5'-9'-II¡,8.45 (2H, s,broaden, 6-H and 9-NH) , 12.59 (1H, s, 8-OH).

F5 had an LIV À-* at 333 nm and a MW of 419 (M--1, 418) as determined by HPLC-

MS (Figure 2, C).The NMR spectrum of F5 (Figure 5) agrees with the description of

4-R-OH OA reported by Hutchison and Steyn et aI. (1971). Its proton assignment is: o

1.69 (3H, d, Jß36.46 Hz, 3-CHs), 3.22 (1H, dd, \,p,14.04 Hz, \,,2,6.7 IJz, 3'-,S-IÐ,

3.29 (IIJ, dd, \,p.I4.lHz, \,,2,5.4 Hz, 3'-R-IÐ,4.68 (1H, dq, Is,4l,.9IIz,Is,ß6.5LÉlz,

3-Ð,4.90 (1H, d,J#|S Hz, 4-S-H),5.02 (LH, m, 2'-ÍÐ,7.I8-7.30 (5H, m, 5'-9'-Ð,

8.29 (III, s,6-Ð,8.56 (1H, d, Je_NH,2,7.L2112,9-NII), L2.73 (1H, s,8-OÐ.
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Figure 4a. The tH NMR (300 MHz) specrrum of 10-OH OA in CDCL.

Pealxs were expanded as arrow pointed.
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Fþre 4b. The COSY spectrum (tH, 500 MHz) of 10-OH in CD3OD.

ô 3.08 and3.26 (2H,4-IÐ,3.18 and 3.3 (2H,3'-Ð, 3.82-3.9 (2H, l0-

H), 4.74 (1H, 3-II) and 4.86 (IH',2'-IJ)
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Figure 5. The lH NMR (300 MHz) spectrum of 4-R-OH OA in CDCL.

Peaks were expanded as arrow pointed.
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Comparative metabolic profïIe of OA in rats and in a culture of A. ochrøceus.

The isolated and cha¡acterued, metabolites (4-R-OH OA, 10-OH OA, 4-R-OH OB) and

OcY and Oß which were synthesized were utilizecl as HPLC reference st¿ndards for the

identification and quantiøtion of the compounds in the urine of rats treated with OA (4

mgikg) or OC (a mg/kg) and in the fungal culture. IIPLC analysis of extracts from urine

and a fungal culture using gradient tr which included a mixture of 0.0025 M phosphate

buffer (pH 6.2) was able to effectively resolve each metabolite (Figure 6) with the

retention (Rr) dmes being 12.23, 8.78, 8.16 ,7 .02, 6.03 and 4.51 min for OA, OB, 4-R-

OH OA, 10-OH OA, 4-R-OH OB and Oa, respectively. The entire assay was completed

within a period of time with better resolution of OB and 4-R-OH OA when gradient tr

as compared to gradient I was used (Figure 6 vs 10). The IIPLC profile of the control

urine extract from rats showed no interfering fluorescent signal after 3 min of sample

injection (not shown). Both 4-R-OH OA (R/:8.19 min) and Ocy (Rt:4.4g min) were

identified as metabolites of OA in the urine (48-72 h) of rats treated with 4 mgikg of OC

(Figure 6, C).TVo unidentified met¿bolites (Rt:6.61 and 7.87 min) also appeared on

the HPLC chromatogram of the urine extract (a and b in Figure 6, C, respectively).

Spiking of this urine with 4-R-OH OB and 10-OH OA indicated that two unidentified

metabolites were neither one of them as separate peaks for these four compounds

appeared on the IIPLC chromatogram. The metabolic profile of OA was the same as of

OC. Although 10-OH OA was not detected in the urine of rats treated with either OA

or OC, this compound was isolated from the culture of rabbit microsomal fraction with
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Figure 6. The HPLC profile of och¡atoxin metabolites in the urine of rats treatú

with OC and in fungal culture. Each point represent meantSD of three

replicates. The upper frame (Ð are the standards. The compounds and their

elution times using gradient II are: 1, Oa, 4.51 min; 2, 4-R-OH OB, 6.03

min; 3, 10-OH OA,7.02 min; 4, 4-R-OH OA, 8.16 min; 5, OB, 8.78 min;

6, OA, L2.73 min. The middle frame (B) is an extract from a culture of á.

ochraceus (L2 days of incubation). Numbers correspond to same elution time

as the standards. The lower frame (C) is an extract from the urine of rats (48-

72 h) injected with OC (4 mglkg BW). Numbers correspond to the same

elution time as the standards. Elution times for two unidentified metabolites

(a and b) were 6.61 and 7.77 min, respectively. See Materials and Methods

for further det¿ils.
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OA (Stormer et a1., 1983). The formation of 10-OH OA (Rr:7.16 min) in the fungal

culture (Figure 6, B) was also inconsistent and conditional as it was not detected from

one to another set of culture. Ochratoxin a w¿rs identified in both the fungal culture and

urine of OA or OC treated rats. Ochratoxin a may have been formed from OA as a

result of the hydrolytic activities of fungal proteases rather than being precursors of OA

synthesis as OA was also efficiently hydrolyzed to Oa by a non-OA producing fungr,

Aspergillus niger (unpublished dat¿). This findingmay provide a means for detoxification

of OA in the contaminated grain or feed as Oa is much less toxic than OA (Chu et al.,

L972). The overall results indicate that the met¿bolic profile in both rats and fungal

culture is similar even though the relative amount of metabolites may be different.

In the current study (Frgure 7) the molar ratio of 4-R-OH OA to OA in the urine of

rats was greater in rats treated with OC (4 mglkg) than with OA (4 mgikg). This ratio

was reduced after 48 h in OA treated rats while it was essentially constant in OA treated

rats. The results indicated that the rate of hydroxylation was gteater when OC was used

as a substrate and the activity of cytochrome P-450 isozymes in rats treated with OC was

time-dependentþ decreased but unchanged in rats treated with OA. This effect may be

attributed to the fact that OC was probably delivered to the cells more efficiently than

OA due to its greater hydrophobicity (Madhyastha et al., 1994) and is then rapidly

hydrolyzed to OA by endogenous esterases (Fuchs et al, L984). The apparent half-life

of OC was short (<50 min, unpublished data) suggesting that the dfuect effect of OC to

the enzyme system is minimum. As a result OC was not only more toxic than OA

r04



Figure 7. The rate of excretion of 4-R-OH OA/OA per 24 h in urine of rats

treated with 4 mglkg of OA ( t ) and of OC ( O ). Each point represents

me¿ntSD of four replicates. See Materials and'Methods for further det¿il.
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(unpublished data) but also appeaß more accessible to the P-450 systems as a much

higher amount of 4-.IR-OH ON24 h was initialty formed from this toxin. A dose-

dependent inhibition of other cytochrome P-450-dependent hydroxylases by OA has been

reported by Galtier et al. (1984) and Gilberte et al. (1985). The effect of OC on enzymes

may also be indirect as other cofactors such as NADPH are required for full activity

(Stormer et al., 1983). In contrast to the mammalian system, the rate of production of

hydroxylated metabolites in fungal system increased over time (Figure 8). Approximately

2% of OC and 1.5% of OA administered to rats as determined from the cumulative

excretion of its metabolites was excreted in the urine as 4-lt-OH OA. The total amount

of 4-R-OH OA and 4-R-OH OB that was produced in the fugal culture was approximate

2% of the tot¿l OA and L5% of the total OB produced, respectively, suggesting that OB

was a better substrate for the enzymes than OA. Ochratoxin A is hydrolyzed to

phenytalanine and Oa by carboxypeptidase A and chymotrypsin @itout , 1969) and by

gastrointestinal microbes (Ilult et a1., 1976 and Xiao et al., L99l4b). Ochratoxin B is

also hydrolyzedto phenylalanine and Oß by carbox5rpeptidase A at a greater rate than OA

(Bredenkamp et al., 1989). The current study demonstrated that both OA and OB were

hydrolyzed by A. ochraceus as both Ocu and Oß were isolated from and identified in

fungal culture even though the enzymes @ossibly proteases) were not characterized.

Ochratoxin A was also effectiveþ hydrotyzndby non-OAproducing specie of Aspergillus

niger (unpublished dat¿). The total production of Oß was approximately 4% of OB

produced while Ocr was only 0.1% totzl OA produced. These results suggested that OB

was a better subst¡ate for the hydrolase(s) than OA. The rates of production of Oa and
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Fþre 8. The time course profile for rate of the production Q.tglgl3 days) on the

solid culture (A.ochraceøs) of the hydroxyl metabolites of OA or OB. Values

represent meanstSD of three replicates; 4-It-OH OA/OA ( r ); 4-R-OH

OB/OB ( n ); and 10-OH OA/OA (^ ). Each point represents mean from

three replicatetSD. The net changes in concentration of OA and OB

(¡rmoles/kg) during each period of 0-3, 3-6, 6-9 andg-12 days of incubation

were 0.14 and 0.003, 1.57 and 0.045, 9.56 and 0.3, and 5.2 and0.157,

respectively. See Materials and Methods for further detail.
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Oß in the fungal system were substantially reduced over time as the concentration of OA

and OB increase (Figure 9). This reduction in hydrolytic activities may be attributed to

the inhibition of hydrolytic enzymes by OA which was reported to inhibit pancreatic

carboxypeptidase A, a eru:yme that hydrolyzes OA to Ocu @arker et al.l9ïZand Pitout

and Nel 1969). It is h¡rpothesized that this effect is attributable to the ineversible

inhibition of the enzymes responsible for the hydrolysis of och¡atoxins.

Evidence from a previous study suggested that the lactone-ring in the isocoumarin

moiety of OA may be the site or one of the sites of its toxicity (Xiao et al., 1995,

submitted). It has been also shown that serine proteases are irreversibly inactivated by

some of the isocoumarin compounds and active lactones through covalent modification

(Kam et al., L992 and Mayer et aI., 1990). It is therefore conceivable that the inhibition

of enzymes by OA may involve a similar type of covalent modification. If this hypothesis

is correct it should be possible to isolate OA that is naturally bound via a covalent

linkage to macromolecules from both mammalian and fungal system as they appear to

metabolize OA similarly. Subsequentþ isolation of covalently-linked OA-macromolecule

conjugate will be discussed.

In previous studies it was observed that OA which is strongly bound to BSA (Chu,

L97L) can be efficiently removed by repeated precipitation of BSA with cold acetone with

the protein retaining its water-solubility CXiao et al., L994, submitted). Covalently-linked

OA-BSA for immunization of animals was purified using this procedure. Non-covalently

bound OA was also effectively separated from BSA (&:8.5-9.5) by silica TLC
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Figure 9. The time course profile for the rate of production on a solid culture (z{.

ochraceus) of OcY ( r ) and Oß ( n ). Each point represents the mean*SD

of three replicates. See Materials and Methods for further detail.
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deveþed with acetone and methanol (1:1) while the covalently bound OA-BSA was

retained at the origin as was BSA. In addition, OA in an acidified BSA solution was

effectively extracted by CHCI, while the toxin that was covalently bound to BSA was not

extracted. In the analogous current study it was shown that re,peated cold acetone

precipitation of a detergent (PBSÐ extract of the fungal culture resulted in the isolation

of highly fluorescent (green), water-soluble compounds. These compounds were

apparently large molecules as they were eluted from a gel filtration (G25 Sephadex)

column (1x15 cm) at a volume similar to that obt¿ined with blue dextran MW> 100000

daltons). The fluorescent compounds were also not removed from the macromolecules

by TLC (silica) separation and CHCI, extraction. These observations suggested that the

detergent-soluble macromolecules contained covalently bound toxin or its met¿bolites.

A second series of sfudies was carried out with the acetone recovered extract pre,pared

from ,{. ochraceus. No OA and its metabolites could be extracted from the water-soluble

fungal extract when it was acidified for 0.5 min followed by extraction with CHCI

(Figure 10, B). Ochratoxins (OA:0.8-I.3 p"glnL, OC:, 0.2-4 p,glmLandOa:0.01-60

p,glmL), however, were released from the PBS diluted macromolecules after 90 and 180

min of hydrolysis by acid (Figure 10, C and D), respectively. Ochratoxin B and 4-R-OH

OA were not detected in the hydrolyzd samples. The chemical nature of the

macromolecules @rotein, polysaccharides or polynucleic acids), however, was not

established in the current study. These data suggest that OA, OC and Oa were covalently

linked to the macromolecules of A. ochracerzs and that the adducts were released in a

time-dependent manner following acid-hydrolysis. Subsequent studies were carried out
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to est¿blish the site in OA that was covalently linked to the fungal macromolecules. The

ability of the adducts, the OA-OV conjugate, and free-toxin in BSA to react with anti-OA

antibodies from a rabbit which was immunuþd with OA-BSA prepared by cross-linking

of the carboxyl group of OA to BSA was followed using a cFJ rSA. This study

demonstrated that the binding of anti-OA serum (1:a000) to the immobilized OA (OA-

OV) was completþ inhibited with 150 ng of OA in 1 mL of BSA while they were

essentially not inhibited by the isolated macromolecules that contained an equivalent of

more than 500 ng of OA/mL. This suggested that ochratoxins were lixked to the isolated

macromolecules via a group other than the carboxyl group, presumably via the phenolic

or the lactone carbonyl group of the ochratoxins. A recent report by Malaveille et al.

(1994) suggested that aphenoxide radical of OA may be formed and may be responsible

for the genotoxicity of OA. DNA adducts of OA have also been reported (Pfohl-

I'eszkowicz et al., 1991 and 1993a, b) and may be possibly formed via this radical

reaction. The isolated conjugates of OA, however, do not appear to be linked through

the phenolic group of OA as they exhibited a green fluorescency. If the linkage involved

the phenolic group the fluorescency should have been abolished in a manner to that

obtained when the phenolate is linked to a metþl group (OM-OA) (Xiao et al., in press).

The observation that the lactone cartonyl group of OA or Oø was highly susceptible to

nucleophilic attack and that the adducts were hydrolyzed under mild conditions also

suggested that the covalent linkage may be a readily hydrolysable ester-bond. This agreed

with the observation that more oa (80%) were released from the isolated
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Figure 10. The IIPLC elution profile of covalent bound fluorescent compounds

following acid-hydrolysis of a detergent extract of a fungal cutture of á.

ochraceus. Non- covalently bound och¡atoxins were removed from the

extract by exhaustive washing with cold acetone (CPC). The residual

extract was solubilized in PBS-detergent buffer and passed through a G25

sephadex filtration column followed by acid (1 N HCÐ atZÍoC for 1 min,

B; 90 min, C; and 180 min, D and the released ochratoxins were

extracted into CHCI, macromolecules from the detergent extract of the

fungal culture following acid hydro. Frame A is the elution profile of

standard compounds using HPLC gradient I; 1, Oo, 6.65 min; 2, 4-R-

OH OA, 11.90 min; 3, OB, 13.18 min; 4, OA, 18.45 min; and 5, OC,

20.08 min. See Materials and Methods for further detail.
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macromolecules after acid hydrolysis. This h5pothesis explains why OA but neither OB

nor Ocu inhibits phenylalanyl-tRNA synthetase (Creppy et al. 1983a, b and 1984) and the

carboxypqrtidase A for OA @redentkamp et al., 1989 and Pitout and Nel, 1969). Under

such conditions OA may act as a substrate-directed suicide inhibitor of the enzymes. The

binding of OA to the enzymes involving phenylalanine as substrate may result in the

formation of a covalently-linked OA-acylenzyme complex which could result in

inactivation of these enzymes while the low reactivity of OB isocoumarin lactone

carbonyl would not result in the formation of such complexes and therefore would not

inhibit their activities. This study is presenting new evidence on the possible mechanism

of action of OA. Further research is required to confirm these observation.

Summary and Conclusion.

ochratoxin cY, oß, 4-R-oH oA, 4-R-oH oB and l0-oH-oA were isolated from a

culture Aspergillus ochraceus and identified using various spectroscopic and

chromatographic techniques. The 4-R-OH och¡atoxins, Oc and Oß are consistentþ

produced and are the dominant metabolites while formation of 10-OH OA is conditional

in the fungal culture. A similar profile of OA met¿bolites was detected in the urine of

rats injected with OA or OC, suggesting that the erymatic systems for hydrolysis and

hydroxylation of OA may be similar in both animal and fungal systems. The hydrolytic

activity was also observed in a culture of non-OA producing species of A. niger two days

a.fter inoculation with a OA cont¿ining medium. The observations also suggest that z{.

niger may provide a means for detoxification of OA in contaminated grainproducts. The
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hydrolysis of OB to Oß was much greater than that of OA to Ocy as indicated by the

relative production (Oß/OB vs OalOA) in a fungal culture. Collectively these

observations suggested that OA was able to inhibit the activities of this proûeotytic

enzyme system. The inhibition was proposed to be the result of covalent modification of

enzymes by OA via its reactive lactone carbonyl group. Natural macromolecule

conjugates of OA, OC and Oa but not OB were isolated from the detergent extract of

the fungal culture suggesting that covalent modification of biomacromolecules by OA

may be the mode of its action.
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GEÌ.{ERAL SI]MMARY AND CONCLUSIONS

Ochntoxin A, one of the most toxic mycotoxins in nature, has been extensively

studied since its discovery. Several new methods have been deveþed and unique

approaches have been utiltznd into this study to est¿blish the mechanism of action of OA.

An outline of the results are summarized below.

l) Methods for the large scale production, isolation, purification and crystalliz¿tion of

OA, OB and Oa were deveþed. This is the first report on the procedures for isolation

and crystallization of Ocy. The availability of large quantities of pure crystalline forms

of OA and Oo greatly facilitate the synthesis of the different structural analogs of OA.

2) Methods for the synthesis and crystallization of stnrctural analogs of OA were also

deveþed. These analogs have not been previously synthesized or utilized for biological

studies.

3) The Biological properties of the synthetic and natural analogs of OA were studied and

the structure-activity relationship of OA was estabüshed. The results indicated that the

lactone carbonyl group of OA may be mainty responsible for its toxicity and enzyme

inhibition properties. The presence of the chlorine, phenolic and carboxyl group

enhanced but absolutely essential for its toxicity.

4) Acid-base interconvertion of OA lactone and its opened-ring hydroxyl-carboxylate

form was observed for the first time. The reactivity of the lactone carbonyl group of OA

was well correlated with its toxicity.

5) 10-OH OA, 4-R-OH OB, OcY and Oß were isolated and identified in a culture of zL.

ochraceus for the first time. Hydrolysis of OA to Ocu by A. niger was also observed.
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This observation may provide a mean for the detoxification of OA in the contaminated

feed and grain. The activities of hydroxylation and hydrolysis of OA between the fungal

and mammalian system suggest that the fungal system may be served as a model for the

study of OA metabolism.

6) Covalently-linked OA-biomacromolecule conjugates were isolated from the fungal

culture and partially charzrctetrzeÅ by immunochemical and HPIÆ techniques.

7) Based on these observation, a new mechanism of action of OA was proposed in the

current study. This proposed mechanism suggests that OA may exert its toxic effect by

covalent modification and inactivation of some of the vital enzymes via its reactive

lactone carbonyl group.
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