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ABSTRACT

The work presented here represents research done on mycotoxins and plant
toxins by the author and his postgraduate students over a period from 1964 to
date. The first phase, which ends at 1980, mainly addresses the biosynthesis of
the aflatoxins. The involvement of anthraquinone derivatives in this process was
investigated and the role of versicolorin A and its derivatives was partially
elucidated. Novel active enzymes systems were derived from protoplasts and
used in these studies.

The period lasting from 1980 to 1992 concentrates on the occurrence of mycotoxins
in agricultural commodities and effects on animals and their systems. Over 7000
samples were analysed using a multimycotoxin analytical method and a fungal
screen. The most common mycotoxin found was aflatoxin B; and prevalent fungus
was Fusarium moniliforme. Later work is indicating that fumonisin B; is the most
commonly occurring mycotoxin. As this was only discovered in 1988, its presence
was only looked from 1995 onwards. It was also found that rumen fluid could
metabolise trichothecenes.

During this period (1980-1992) further work on aflatoxin metabolism was done and a
novel dehydrogenase involved in aflatoxin By was isolated and characterised. An
Elisa assay was developed for atractyloside, a toxin found in a plant (Callilepis
laureola) used in tradition medicine. The site of atractyloside storage was found to be
in the plant vacuole.

The final period covers 1992 to the present, where the occurrence and effects of
mycotoxins in human disease were studied. The major and most important finding is
that fumonisin By is present in the blood and tissues of many of the Black population
examined in Kwazulu Natal. This includes, cesophageal cancer patients, eclamptic
patients, school children and members of the rural population. A similar
circumstance also appertains for the presence of aflatoxin B;. It seems likely from
these results that chronic mycotoxicoses are a common occurrence, particularly in the

Black rural population and are not the sporadic rare event that is found in the first
world countries.



PREFACE AND ACKNOWLEDGEMENTS

This thesis includes all my original and co-authored publications to date and some
original but unpublished studies from my PhD, (1967) studies. Publications that
stemmed from my Ph.D. thesis presented to the University of Salford are indicated as
such and are included for the sake of continuity. Apart from these, none of them have
been submitted in any form for any degree or diploma by myself to any university,
apart from this submission to the University of Natal.

The chapters begin with a list of my publications relevant to each title. This is
followed by a short introduction in which earlier relevant work is briefly reviewed.
Commentaries on the papers are then given, which are presented in such a fashion
as to key them into the current thinking.

| commenced my research work under Dr J G Heathcote during my undergraduate
studies at the Royal College of Advanced Technology, Salford, United Kingdom,
which was to become later the University of Salford. Although there was not a formal
Department of Biochemistry, John Heathcote was the Reader in Biochemistry in the
Department of Chemistry and Applied Chemistry, under the headship of Professor
George Rowtree Ramage. During my undergraduate years, | gained training not only
in chemistry and biochemistry but also industrial microbiology, my chosen advanced
option and in bacteriology. The latter happened because | was a sandwich course
student and spent one of my six months periods of training at ICI, Blackley, in their
industrial bacteriology laboratory, under Dr Gordon Thomas, himself an ex-student of
the great Marjorie Stephenson. | was registered for PhD studies in 1964 with Dr
Heathcote as my supervisor. My chosen topic eventually became a study of the
biosynthesis of the aflatoxins, which | had studied as my forth year advanced project.

| left Salford in 1967 to take the first biochemistry lecturing post at the newly formed
Wolverhampton Polytechnic. The first years there were rather fallow with respect to
research, as | was very busy completing the write up of my PhD, various publications
and lectures and practicals for 28 hours class contact per week. My interest in
mycotoxins, however, continued, for fortunately Dr Gerald Ayerst, one of the original
workers on aflatoxin, was a senior lecturer in the department. In 1972, | moved to
Trent Polytechnic, as a senior lecturer in biochemistry in the Department of Life
Science, under the headship of Gerald Leadbeater, who was a mycologist by training.
| was also very fortunate to have as a section leader in biochemistry, Dr Walter
Morris, who had worked on the early commercial production of antibiotics at Boots
Pure Drug Company, Nottingham, in collaboration with such great names as Florey
and Chain. From that point on my work on mycotoxin and secondary metabolite
biosynthesis flourished and my first, PhD student, Murray Stuart Anderson, completed
his successful thesis on aflatoxin biosynthesis in 1977. | also came to know several
people who were working in the Ministry of Agriculture Food and Fisheries (MAFF) on
mycotoxins and these included Arthur Hacking and Tony Buckle. In addition, Regina
Schoental and Maurice Moss should be mention, as highly stimulating workers in the
field with whom | had contact.

In 1980 | moved to South Africa and became Senior Lecturer in Biochemistry at the
University of Natal, Pietermaritzburg Campus, under the headship of Professor
George Quicke. This stimulated a much wider interest in mycotoxins, as there was



nothing being done on them in Natal and it was clear that there were many mycotoxin
problems. Consequently the study of their biochemistry slowly fell away, and work on
their occurrence, analysis, and effects was commenced.  Although George Quicke
was not himself particularly interested in the field, he gave me tremendous support
and encouragement in my research efforts and Mike Wallis who was then senior
lecturer in Microbiology gave support from the microbiology side of things. In my
earlier years at Pietermaritzburg, | was joined by Ken Westlake who had done a
Masters with me at Trent and continued with his PhD at Natal. He did some excellent
work on the metabolism of selected mycotoxins by the rumen and finished off at
Onderstepoort working in their anaerobic laboratory on this problem.

| think it only fair to mention at this juncture, that there was a well established
mycotoxin research ethos in South Africa when | arrived. Although | never worked
directly with these groups, | found their presence comforting and supportive, if I
needed advice and discussion. Names that are almost legendary in international
mycotoxin research such as Professor Wally Marasas and Professor Pieter Steyn
spring to mind. Many member of their teams such as Amelia de Jesus, Peter Gorst
Allman, Rob Vleggaar, Don Trinder, Piet Thiel, Chris Rabbie and more recently Eric
Sydenham, Gordon Shephard and “Blom” Gelderblom have my thanks for many
hours of fruitful discussion on mycotoxins.

A major boost in my work occurred when | spent 9 months sabbatical leave at the
Southern Regional Research Laboratories at the invitation of Louise Lee and Evind
Lillehoj. | also spent some time at Tulane University working with Joan Bennett and
these good people became my firm friends. In addition Maren Klich became a life
long friend and, as she has an international reputation as a mycologist with special
interest in mycotoxins, this was an extra bonus. | cannot say how important
sabbatical periods are to academic researchers in developing their ideas and
techniques. It seems a great shame to me that the current financial stringencies are
cutting these contact periods down and almost eliminating them in some cases. |
must mention that when | was | the SRRC, | often met Leo Goldblatt, a grand old man
of mycotoxicology, who at 84 was still active in research.

When | returned to South Africa | took advantage of a joint scientific programme
between Taiwan and South Africa and spent three months with my very good friend
Dr T C Tseng (Bill) at Academic Sinica working on Fusarium toxins. On my return
from that trip, | was propelled into the Headship at Pietermaritzburg due to the sudden
retirement of Professor Quicke. It was a sad moment for me, not only because | lost
George Quick’s guiding hand but also because the headship of any department is
demanding and must detract from ones research activities. However, | was very
fortunate in that one of our biochemistry majors, Anil Chuturgoon became interested
in mycotoxins for his honours programme. From that point on we have formed a very
strong team and | know that the work | started on mycotoxins will be continued by him.
Between us we took on many successful post graduate students with mycotoxin
projects until he moved to the Medical Faculty as lecturer in biochemistry in 1989.

In 1990 | took another sabbatical leave for six months at Virginia Polytechnic and
State University, Blacksburg with Walt Niehaus. Although Walt was not easy to work
with | learnt a lot from him. | worked on fungal mannitol dehydrogenase and this



improved my knowledge and working capabilities of handling fungal enzymes. In
addition | met many wonderful people in Virginia, which to me, is the best state in the
Union (my friend Tate Graham, sadly passed on, would say of the Confederacy of
course).

On returning from Blacksburg | immediately moved down to Durban as the Head of
Physiology at the Medical Faculty. This was the commencement of my latest and
probably the last phase of development in mycotoxin research into medical aspects
and their effects on humans. | had already had contacts in this field when | did some
work with Dr George Campbell who was at Madadeni Hospital and then later at
Themba Hospital, in the then homeland of KaNgwane. Those who know George
would agree that he is not the easiest of people to collaborate with. It was with much
regret that our paths parted and | lost someone who had a remarkable ability to think
laterally on most subjects. It was he who introduced me to the Kruger National Park
and | will always recall him having a three way conversation in Afrikaans, English and
Zulu in order to find our way to a kraal in the Natal Midlands on a sampling
expedition.

In my latest phase | have just returned from six months at Lancaster University where
| worked on grass endophyte mycotoxins with Peter Ayers’ group. During this period
| presented a paper at the IUPAC meeting on mycotoxins and phytotoxins where |
made new contact with Professor Chris Wild, and Jean Jaques Castegnaro, who are
international experts in the field of mycotoxin biomarkers, on which we are working on
at the moment. | also re-made contact with Professor John Smith of Strathclyde
University and John Gilbert MAFF Norwich. Both Jean Jaques Castegnaro and John
Smith are entering into collaborative programmes with us and, as an extra bonus, Dr
Nceba Gqaleni has joined my department as a lecturer after completing a successful
PhD with John Smith on mycotoxins. It is with some pride that | can say that Nceba
was a Masters student of mine at Pietermaritzburg and was a Mandela scholar during
his stay at Strathclyde. He together with Anil Chuturgoon will ensure that excellence
in mycotoxin research will continue at Natal.

The body of work presented in this thesis is an exposition of the attempt to
understand and answer some of the following questions: how one toxin, aflatoxin By is
formed and biosynthesised by the fungus; to determine what mycotoxins and at what
level occur in Southern African crops; to determine what these toxins do at the cellular
level; to determine the exposure of human beings to mycotoxins in South Africa: and
determine the role of selected mycotoxins in local diseases, e.g., aflatoxin in liver
cancer. In addition a diversion is taken where a toxin found in a traditional South
African medicinal plant is studied.



Vi

Additional Acknowledgements

It goes without saying that all the persons mentioned in the preceding paragraphs
have my unconditional thanks and good wishes for their support, interest in the
subject of mycotoxins and just plain old-fashioned friendship. Without them this thesis
would not have been written nor would the work ever have been done. At the sake
of becoming tedious | would also like to express my feelings of thanks to the following
people:

My parents, who although never rich in a material sense, gave me riches of unstinting
support and guidance through my life. My long suffering family - my wife Pauline, my
sons Mark and Paul and my daughters Caroline and Angela.

Anil A Chuturgoon needs special thanks, as he in more recent years has worked very
closely with me to ensure that mycotoxin research at the University of Natal has
prospered. He has acted as accountant, laboratory manager, nursemaid, bench
worker and many other roles too many to mention. | have greatly appreciated his
advice and friendship.

All my colleagues on the Pietermaritzburg campus, Durban campus and Medical
School campus, University of Natal and those at the University of Durban Westville,
University of Zululand, and Natal, M L Sultan and Mangosuthu Technikons.

In addition, all the students who have worked under, and with me.

A special thanks to: Ann, Sylvia, Susan, Bob McGrath, Ken Ehrlich, Joe Neucere,
Dennis Hsieh; Professors Maurice Mars, Pat Berjak, Jack Moodley and John Taylor;
Janet and the three witches; and finally to my very patient administrative assistants at
various times, Jenny, Nisha and especially Marie Hurley for assisting with the
production of this document.



vii

CONTENTS

Abstract i

Preface & Acknowledgements ... i

Contents vii
List of Publications IX
List of Abbreviations XV
Chapter 1: Introduction to Mycotoxins 1

Chapter 2: Biochemical Studies on the Aflatoxins

21 Papers and Studies 4
2.2 Introduction 5
2.3.1. Salford/Wolverhampton
Polytechnic 1964-1972 6
2.3.2. Trent Polytechnic 1972-80 7
2.3.3. University of Natal 1980-91 ............... 8
2.3.4. University of Natal, Medical Faculty .. to date 9
24 Reprints eiee...... after 10
Chapter 3 The Elimination and Metabolism of Mycotoxins
3.1 Papers and Studies 11
3.2 introduction 12
3.3 Commentary 14
3.4 Reprints eree...... after 16
Chapter4 Occurrence of Mycotoxins e 17
41 Papers and Studies 17
4.2 Introduction 17
4.3 Commentary 18

4.4 Reprints 'éfter 19



Chapter 5

Chapter 6

Conclusion
References

Appendix 1

Human Studies

5.1 Papers and Studies
5.2. Introduction

5.3 Commentary

5.4 Reprints

Toxins from Indignous Plants

6.1 Papers and Studies
6.2 Introduction

6.3 Commentary

6.4  Reprints

List of Conference Proceedings
and Theses Supervised

. after

.. after

20
20
22
25

26
26
27
28
29

31

37

viii



PUBLICATIONS

PROFESSOR MICHAEL F DUTTON: PUBLICATION LIST

PAPERS IN REFEREED JOURNALS (Paper #)

(11)

DUTTON MF and HEATHCOTE JG. 1968.
The structure, biochemical properties and origins of aflatoxin B, and Ga..
Chem. Ind., p418-421.

DUTTON MF and HEATHCOTEL JG. 1969.
O-alky! derivatives of aflatoxins By, and G,,. Chem. Ind., p983- 88.

HEATHCOTE JG and DUTTON MF. 1969.
New metabolites of Aspergillus flavus. Tetrahedron 25: p1497-1500.

DUTTON MF and HEATHCOTE JG. 1969.
Some interesting relationships between the new aflatoxins B,, and G, and
their associated metabolites. J. S. A. Chem. Inst., 22: p107-118.

DUTTON MF and WALKER PA. 1970.
Free amino acids present in some species of Lycosid and Argiopid spiders.
Arachnological Bulletin. 1: p102-106.

HEATHCOTE JG, DUTTON MF and HIBBERT JR. 1976.
Biosynthesis of aflatoxins, Part . Chem. Ind. p1027-1030.

HEATHCOTE JG, DUTTON MF and HIBBERT JR. 1976.
Biosynthesis of aflatoxins, Part Il. Chem. Ind. p270-272.

DUTTON MF and ANDERSON MS. 1978.

The use of fungal protoplasts in the study of aflatoxin biosynthesis. Experientia
34: p22-23.

ANDERSON MS and DUTTON MF. 1979.
The use of cell free extracts from fungal protoplasts in the study of aflatoxin
biosynthesis. Experientia 35: p21-22.

ANDERSON MS, DUTTON MF and HARDING K. 1979.
Production and degradation of patulin by Paecilomyces sp. a common
contaminant of silage. J. Sci. Food Agric. 30: p229-232.

DUTTON MF and ANDERSON MS. 1980.

The inhibition of aflatoxin biosynthesis by organo-phosphorus compounds. J.
Food Protection 42(5), p381-384.

ANDERSON MS and DUTTON MF. 1980.
Biosynthesis of versicolorin A. Appl. Environ. Microbiol. 40(4): p706-709.

'Papers derived from PhD study (1969)



(13)

(14)

(16)

(24)

DUTTON MF and ANDERSON MS. 1982.
The role of versicolorin A and its derivatives in aflatoxin biosynthesis. Appl.
Environ. Microbiol. 43(3): p548-551.

DUTTON MF, WESTLAKE K and ANDERSON MS. 1984.
The interaction between additives, yeasts and patulin production in grass
silage. Mycopathologia 87: p233.

BERRY RK, DUTTON MF and JEENAH MS. 1984.
The separation of aflatoxin biosynthetic intermediates by high performance
liquid chromatography. J. Chromatog. 83: p421-424.

JEENAH MS and DUTTON MF. 1984.

The conversion of sterigmatocystin to O-methyl-sterigmatocystin and  aflatoxin
B, by a cell-free preparation. Biochem. Biophys. Res. Comm. 116(3): p1114-
1118.

VANDEWALLE I, DUTTON MF and OLSSON R. 1984.
The pathways of amino acid oxidation during germination of mustard seeds
(Sinapis alba). Phytochem. 23(9): p1833-1836.

DUTTON MF, EHRLICH Kand BENNETT JW. 1985.
Biosynthetic relationship among aflatoxins B4, B,, My and M,. Appl. Environ.
Microbiol. 49(6): p1392-1395.

DUTTON MF and WESTLAKE K. 1985.
Occurrence of mycotoxins in cereals and animal feedstuffs in Natal, South
Africa. J. Assoc. Off. Anal. Chem. 68(5): p839-842.

DUTTON MF. 1985.
Characterisation of metabolites from a strain of Aspergillus flavus accumulating
affatoxin B,. S.A. J. Chem. 38: p107-109.

DUTTON MF. and WESTLAKE K. 1985.
Mycotoxins found in supermarket foods. J. Diet. Home Econ. 13(3): p96-99.

DUTTON MF. and WESTLAKE K. 1985.

The incidence of mycotoxins in the South African poultry industry. S.A. J.
Animal Sci. 15(4): p175-178.

WESTLAKE K, MACKIE Rl and DUTTON MF. 1987.
T-2 Toxin metabolism by rumen bacteria and its effect on their growth. Appl.
Environ. Microbiol. 53(3): p587-592.

WESTLAKE K, MACKIE Rl and DUTTON MF. 1987.
Effect of several mycotoxins on the specific growth rate of Butyricvibrio

fibrinosolvens and toxin degradation in vitro. Appl. Environ. Microbiol. 53(3):
p613-614.



(29)

(26)

(29)

(30)

(31)

(33)

(39)

(37)

Xi

DUTTON MF. 1988.
Enzymes and aflatoxin biosynthesis. Microbiol. Rev. 52(2): p213-234.

WILLIAMS K and DUTTON MF. 1988.
Destruction of aflatoxin during the production of hydrolysed vegetable protein.
J. Food Protect. 51(11): p887-891.

WESTLAKE K, MACKIE Rl and DUTTON MF. 19889.
In vitro metabolism of mycotoxins by bacterial, protozoal and ovine ruminal
fluid preparations. Animal Feed Sci. Technol. 25 (1-2): p169-173.

CHUTURGOON AA, DUTTON MF and BERRY RK. 1990.
The preparation of an enzyme involved in aflatoxin biosynthesis by affinity
chromatography. Biochem. Biophys. Res. Comm. 166: p38-42.

BYE SN, COETZER THT and DUTTON MF. 1990.
Enzyme-linked immunosorbent assay for the detection of atractyloside in
Impila (Callilepis laureola). Toxicon, 28: p997-1000.

HOWES AW, DUTTON MF and CHUTURGOON AA. 1990.
Metabolism of aflatoxin By by Petroselinum crispum (parsley). Mycopathologia,
113(1): p25-29.

CHUTURGOON AA and DUTTON MF. 1991,
The appearance of an enzyme activity catalysing the conversion of norsolorinic
Acid to Averantin in Aspergillus parasiticus. Mycopathologia. 113(1): p41-44.

BYE SN and DUTTON MF. 1991.
The inappropriate use of traditional medicines in South Africa. J.
Ethnopharmacol. 34: 253-259.

BYE SN, DEHRMANN F and DUTTON MF. 1991,

The isolation of a storage organelle of atractyloside in Callilepis laureola. J.
Ethnopharmacol. 34: p247-251.

CHUTURGOON AA and DUTTON MF. 1991.

The isolation of a purified dehydrogenase involved in aflatoxin biosynthesis
and its characterisation. Prep. Biochem. 21 (2and3): p125-140.

MOODLEY J, COHEN M, DEVRAJ K and DUTTON MF. 1992.
Vaginal absorption of low-dose transexamic acid from impregnated tampons.
S.AMed.J. 81: p150-152.

THOMPSON M, BYE SN and DUTTON MF. 1992.
An investigation into the passage of natural toxins across the digestive tract
wall using the everted sac technique. J.Natural Toxins 1(2): p9-16.

MCLEAN, M, BERJAK P, WATT MP and DUTTON MF. 1992.

The effects of aflatoxin Bs on germinating maize (Zea mays) embryos.
Mycopathologia 119(3): p181-190.



(39)

(42)

(43)

(45)

(47)

(48)

Xii

RAMJEE G, BERJAK P, ADHIKARI M and DUTTON MF. 1992,
Aflatoxins and kwashiorkor in  Durban, South Africa. Annals of
Trop.Paediatrics. 12: p241-247.

MCLEAN M, BERJAK P, WATT MP and DUTTON MF. 1993.
The influence of aflatoxin By on the in vitro germination and growth of excised,
mature Zea mays embryos. J.Natural Toxins. 2(1): p13-26.

MCLEAN M, WATT MP BERJAK P and DUTTON MF. 1994
Effects of aflatoxin By on in vitro cultures of Nicotiana tabacum var Samsun. |.
Callus growth and differentiation. Mycopathologia 125: p93-105.

MCLEAN M, WATT MP, BERJAK P and DUTTON MF and SNYMAN C. 1994.
Effects of aflatoxin B4 on in vitro cultures of Nicotiana tabacum var Samsun. |I.
Root and shoot development in tobacco plantlets. Mycopatholog \ia 125: p107-
117.

MCLEAN M and DUTTON MF. 1995.
Cellular interactions and metabolism of aflatoxin. Pharm.Therap. 65: p163-
192.

DUTTON MF and KINSEY A. 1995.
Occurrence of mycotoxins in cereals and animal feedstuffs in Natal, South
Africa 1994. Mycopathologia 131: p31-36.

MCLEAN M, WATT MP, BERJAK P and DUTTON MF. 1995.
Aflatoxin By - its effects on an in vitro system. J.Food Additives and
Contaminants. 12(3): p435-444.

DUTTON MF. 1996.
Fumonisins, mycotoxins of increasing importance: their nature and their
effects. Pharmacol. Ther. 70: p137-161.

DUTTON MF and KINSEY A, 1995,
A note on the occurrence of mycotoxins in cereals and animal feedstuffs in
Kwazulu natai, South Africa 1984 — 1993. S.A.J.An.Sci 26: p53-57.

BOWEN R, MARS M, CHUTURGOON AA, DUTTON MF and MOODLEY J.
1997. The response of the dietary anti-oxidants vitamin E and vitamin C to
oxidative stress in pre-eclampsia Journal of Obstetrics and Gynaecology. 18:
p9-13.

GQALENIN, CHUTURGOON AA and DUTTON MF. 1997.
Maize storage and health related problems for the indigenous rural community.
Science, Technol.Develop. 15: p192-198.



(50)

(53)

(57)

Xiii

DUTTON MF, MYENI S, EARLY D, CHUTURGOON AA and BUX, S. 1998.
The detection and measurement of aflatoxin B, conjugates in humans in Natal,
South Africa. Mycotoxins and Phycotoxins, Developments in Chemistry,
Toxicology and Food Safety. Eds: M. Miraglia, H. van Egmond, C. Brera, & J.
Gilbert. Pp 303-309. Alaken Inc., Fort Collins

CHUTURGOON AA, PUNCHOO R, BUX, S and DUTTON MF. 1998.

The effect of a commercial herbicide on aflatoxin lipid biosynthesis in
Aspergillus  parasiticus. South Africa. Mycotoxins and Phycotoxins,
Developments in Chemistry, Toxicology and Food Safety. Eds: M. Miraglia, H.
van Egmond, C. Brera, & J. Gilbert. Pp 121-128. Alaken Inc., Fort Collins

CASTEGNARO M, GARREN |, GALENDO D, GELDERBLOM WCA,
CHELULE P, DUTTON MF and WILD CP. 1998.

Analytical method for the determination of sphinganine and sphingosine in
serum. J.Chromatog. B. In press.

GENGAN R, DUTTON MF, CHUTURGOON AA and MULHOLLAND D. 1988.
Synthesis of sterigmatocystin derivatives and their biotransformation to
aflatoxin B, by a blocked mutant of Aspergillus parasiticus . Mycopathologia In
Press

GENGAN RM, CHUTURGOON AA, MULHOLLAND D, and DUTTON MF.
1988. The use of a cellfree extract in the conversion of O-
methylsterigmatocystin to aflatoxin By Mycopathologia. In Press

GENGAN RM, CHUTURGOON AA, MUDALY K and DUTTON MF. 1998.
The conversion of sterigmatocystin and its derivatives to aflatoxin B; by a
partially purified enzyme system. Mycopathologia. In Press

CHELULE PK, GQALENIN, CHUTURGOON AA and DUTTON MF. 1988
The determination of fumonisin By in faeces: a short term biomarker for
assessment of exposure. Biomarkers. In Press

REDDY L, DUTTON MF, CHUTURGOON AA, MOODLEY J and MOODLEY
D. 1998.

Serum fumonisin By levels in Black African women 1998 British Journal of
Obstetrics and Gynaecology. In Press

CHELULE P, GQALENI N, CHUTURGOON AA and DUTTON MF. 1988.
A study of the occurrence fumonisin By in a rural community in Kwazulu Natal,
South Africa. Environmental Health Perspectives. In Press



Xiv

6.1.1. CHAPTERS IN BOOKS

(1)  BENNETT JW, KOFSKY S, BULBIN A and DUTTON MF. 1985.
Developments in Industrial Microbiology. 26. Chapter 34: Comparison of two

defined media for inhibitor and incorporation studies of aflatoxin biosynthesis.
p479-486.



LIST OF ABBREVIATIONS

AFB1 Aflatoxin B,

AFB2 Aflatoxin B,

AFB2A Aflatoxin Bz,

AFB10 Aflatoxin By Epoxide

AFG1 Aflatoxin G4

AFG2 Aflatoxin G,

AFG2A Aflatoxin Gg,

AFM1 Aflatoxin My

AFM2 Aflatoxin M,

ADAM 9-AnthrylDiAzoMethane

ADP Adenosine DiPhosphate

ATA Alimentary Toxic Aleukia

ATP Adenosin TriPhosphate

ATR Atractyloside

AV Averythrin

CMI Commonwealth Mycological Institute

DON Deoxynivalenol

ELEM Equine LeucoEncephaloMalacia (horse “hole in the head syndrome”)
EM Electron Microscopy

ER Endoplasmic Recticulum

FB1 Fumonisin B4

GC/MS Gas Chromatography/Mass Spectrometry
GIT Gasterolntestinal Tract

HB Hepatitis B

(p)HBA p-Hydroxy Benzoic Acid

HCC Hepatocellular carcinoma

HPLC High performance liquid chromatography
ICC Immunocytochemistry

KEH King Edward VIl Hospital (Congella, Kwazulu Natal)
KR Kwashiorkor

MAFF Ministry of Agriculture, Fisheries and Food (UK)
mDNA Mitochondrial DeoxyRibonucleic Acid

MT# Masters Thesis (number)

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NA Norsolorinic Acid

NMR Nuclear Magnetic Resonance

NCON# Presentations made in South Africa (number)
oC Oesophageal Cancer

OCON# Presentations outside South Africa (number)
OMS O-Methylsterigmatocystin

PhT# PhD Thesis (number)

RVS Regional Veterinary Service (Natal)

SA Sphinganine

SAX Strong Anion Exchanger

SBS Sick Building Syndrome

SO Sphingosine

ST Sterigmatocystin

XV



TLC
TVPH
VA
VC
VHA
ZEA

Thin Layer Chromatography

Total Vegetable Protein Hydrolysate
Versicolorin A

Versicolorin C

Versicolonal Hemiacetal Acetate
Zearalenone

XVi



CHAPTER 1:

INTRODUCTION TO MYCOTOXINS

Because all animals, including man, depend either directly or indirectly on the
consumption of plants for their existence, they are exposed to natural xenobiotic
substances that are often toxic. These toxic metabolites derive primarily from two
sources: the plant itself, or from microorganisms that have infected the plant or its
products. There are a variety of terms that have been used in the scientific literature
to cover naturally occurring metabolites that have toxic properties towards various
types of organisms. Phytotoxin is often used to describe plant metabolites that are
toxic towards animals but this term is ambiguous as it has been used to describe
toxins produced by other organisms that kill plants. Authorities have coined specific
terms, e.g., marasmin, a substance produced by a microorganism that affects a plant,
to resolve what is meant but this specialised term is rarely used. The term
mycotoxin, however, is well established and is used to mean metabolites from
filamentous fungi toxic towards animals and man. Mycotoxin should not be used for
toxic metabolites produced by the Bacidiomycetes, i.e., the well-known toadstool
poisons.

Both phytotoxins and mycotoxins belong to a group of compounds called secondary
metabolites. Many thousands of these compounds are know but only a percentage
of them are toxic to animals, e.g., 300 fungal secondary metabolites have been
identified as having toxic properties out of several thousand being described. It is a
matter of strong debate, as to whether these properties are coincidental or have more
deliberate evolutionary ecological significance but there is no doubt that in many
cases such toxic metabolites confer an ecological advantage to the producing
organism. Indeed the whole question of the function of secondary metabolism is open
to speculation, as it only normally occurs during the senescence phase (called
idiophase ) of the growth cycle of the organism and does not appear to contribute to
the normal growth phase (called trophophase ) of somatic cells.

Mycotoxins can appear in the human food chain at different levels. Thus the very
seed, from which the plant grows, may contain toxigenic fungal spores, which
ultimately may lead to infection of the mature plant. These fungi may not be regarded
by plant pathologists as true plant parasites and, indeed, some fungi that have been
discovered to be systemic within plants, are normally described as saprophytes, e.g.,
Aspergillus flavus (Klich 1986). As is the case in most branches of science, idealised
definitions may not fit the real world, in spite of their usefulness in rationalising our
thinking. Whatever the actual plant-fungal relationship, often the presence of a
fungus in, or on, a plant, resuilts in the production of toxins both by the fungus and the
plant in response to each other’s presence. These interactions are studied under the
rather contradictory term of chemical ecology.



In addition to the difficulties of sorting out the exact inter-action, it is also a
problem to understand toxin production with respect to growth cycle. Often
precise events, such as tropho- and idio-phase, cannot be easily defined in such
systems and, hence to think of toxin production as an “idiophase” event is
difficult. It is probably better to think of the condition where secondary
metabolites appear, as being those of “stress”. Hence the idiophase in pure
culture becomes a stress situation, i.e., nutritional stress. Thus the production of
mycotoxins in living systems is complex and currently there is little understanding
of the process, although recent results from molecular biology studies do hold out
hope of identifying factors involved in the control of their biosynthesis (Bennett et
al. 1997).

Equally, the formation of mycotoxins in agricultural commodities during
harvesting and storage is not fully understood, although the latter has been more
fully studied. Several factors influence their production and of these moisture or
water activity is the most important. However, it should be borne in mind that
other factors such as: temperature; oxygen availability; type of substrate; species
and strain of infecting fungi; other pests that are present, such as insects; and
agricultural treatments, can dictate the type and amount of toxin formed.

Obviously without an infecting fungus there will be no mycotoxin produced,
whatever else a stored commodity experiences. This inoculum is always
naturally present in stored crops due to their growth taking in place in the field,
which is a reservoir of inoculum. The dominance of any particular fungus at any
point in the growth and subsequent harvest and storage of a crop, depends
primarily on water content, provided other parameter are not extreme, e.g.,
temperature. This dictates a succession of fungi starting with the so-called “field”
fungi and running through to those termed “storage fungi”. These terms,
although having an acceptance in the literature, are not accepted by all and
Mycock and Berjak (1992) take the view that the division is somewhat artificial
and such switches merely represent an ecological progress powered by water
activity changes within the substrate.

The net result of this fungal metabolic activity, however, is the generation of
secondary metabolites, which if having a detrimental action on the herbivores or
omnivores that consume them, would be termed mycotoxins. Although it had
been know for several centuries that such compounds could enter the food chain,
e.g., in the classical case of ergot (Robbers 1979), such occurrences were
regard as sporadic and at their worst a nuisance problem for humans. This view
changed radically in 1961 with the outbreak of the so-called “Turkey X’ disease
in the United Kingdom (Blount 1961). As a result there was a burst of activity in
attempting not only to understand Turkey X disease, as a mycotoxicosis of turkey
poults but in the examination of many species of fungi for their production of toxic
metabolites, not unlike the earlier bonanza of antibiotic screening. After all
antibiotics are from the same stable as mycotoxins, it is merely a question of
definition. Indeed some antibiotic are mycotoxins and vice versa. Not only were
a large number of novel fungal toxic fungal metabolites discovered, some of
considerable commercial importance but retrospective examination of the
scientific literature showed that mycotoxins over the last hundred years at least



had been taking a heavy toll of animal and perhaps also human life (Forgacs
1962).

It might be wondered why suddenly there was this upswing in potential
mycotoxicoses or was the problem always with us. Obviously fungi have had the
ability to produce such metabolites since they evolved, the problem seems to be
one of scale. While agriculture was practiced on a small rural scale with low
populations and was labour intensive, rather than mechanised, only in times of
famine were mycotoxins to play a significant role in human health. Usually only
that which was needed for the coming year would be stored and any materials
with frank fungal infection would be eliminated and perhaps fed to animals.
Nobody likes to eat mouldy cereals and perhaps this is an evolutionary bias.
Once mass agriculture commenced with huge storage systems and large scale
processing, the potential for poisonings on a much larger scale was set up. The
example of peanut butter is a good one. One peanut in a thousand that is
heavily contaminated with aflatoxin, can increase the level of the toxin in the final
product to parts per million, which is considered to be dangerous, because
aflatoxin B4 is highly carcinogenic, as well as being an acute poison.

The current answer to the problem of mycotoxin contamination is quality control
supported by legislation. This in itself creates major difficulties for the following
reasons:

There are several hundred toxic fungal metabolites already known.
Different crops have different attendant mycotoxin problems.

Different climatic regions favour the production of different toxins.
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Different countries have different degrees of sophistication when it comes
to quality control and the enforcement of law.

5. Nobody knows what mycotoxins do to human being, when consumed at a
chronic level, either separately or in combination together and with the
presence or absence of other nutritional factors.

It does not take much imagination to see the political, commercial and medical
conflict that can arise when addressing the problem of mycotoxins. To get the
whole world community to agree on the permitted levels of one toxin, i.e.,
aflatoxin, which had been extensively studied, has up to now almost proved
extremely difficult.  After several years of negotiation between Codex member
States, levels have been set for AFB1 in groundnut and AFM1 in milk [(30th
Meeting of the Codex Alimentarius Committee on Food Additives and
Contaminants March 1988, The Hague) (Rosner 1988)]. It is hoped that this will
lead to further agreements on the permitted levels of mycotoxins in other
products.



CHAPTER 2:

BIOCHEMICAL STUDIES ON THE AFLATOXINS

2.1: PAPERS AND STUDIES

'The structure, biochemical properties and origins of aflatoxins Bz, and Gz
Paper 1 by Dutton and Heathcote

'0-alkyl derivatives of aflatoxins Bz, and Gza
Paper 2 by Dutton and Heathcote

"New metabolites of Aspergillus flavus
Paper 3 by Heathcote and Dutton

'Some interesting relationships between the new aflatoxins Ba, and G, and their
associated metabolites
Paper 4 by Dutton and Heathcote

Biosynthesis of aflatoxins, Part |.
Paper 6 by Heathcote, Dutton and Hibbert

Biosynthesis of aflatoxins, Part 1.
Paper 7 by Heathcote, Dutton and Hibbert

The use of fungal protoplasts in the study of aflatoxin biosynthesis
Paper 8 by Dutton and Anderson

The use of cell free extracts from fungal protoplasts in the study of aflatoxin
biosynthesis
Paper S by Anderson and Dutton

Biosynthesis of versicolorin A.
Paper 12 by Anderson and Dutton

The role of versicolorin A and its derivatives in aflatoxin biosynthesis
Paper 13 by Dutton and Anderson

The conversion of sterigmatocystin to O-methyl-sterigmatocystin and aflatoxin B by
a celi-free preparation

Paper 16 by Jeenah and Dutton

Biosynthetic relationship among aflatoxins B, B,, M; and M,
Paper 18 by Dutton, Ehrlich and Bennett



Characterisation of metabolites from a strain of Aspergillus flavus accumulating
aflatoxin B,
Paper 20 by Dutton

Enzymes and aflatoxin biosynthesis
Paper 25 by Dutton

The preparation of an enzyme involved in aflatoxin biosynthesis by affinity
chromatography.
Paper 28 by Chuturgoon, Dutton and Berry

The appearance of an enzyme activity catalysing the conversion of norsolorinic Acid
to Averantin in Aspergillus parasiticus
Paper 31 by Chuturgoon and Dutton

The isolation of a purified dehydrogenase involved in aflatoxin biosynthesis and its
characterisation
Paper 34 by Chuturgoon and Dutton

Synthesis of sterigmatocystin derivatives and their bio-transformation to aflatoxin By
by a blocked mutant of Aspergillus parasiticus
Paper 52 by Gengan, Dutton, Chuturgoon and Mulholland

The role of O-methylsterigmatocystin in aflatoxin Bs biosynthesis
Paper 53 by Gengan, Chuturgoon, Mulholland and Dutton

The conversion of sterigmatocystin and its derivatives aflatoxin By by a partially
purified enzyme system
Paper 54 by Gengan, Chuturgoon, Mudaly and Dutton

2.2 INTRODUCTION

Aflatoxins first came to the attention of the scientific community because of an
outbreak of a mysterious disease amongst turkey pouits, which because of its
unknown aetiology at that time was termed “Turkey X’ disease (Blount 1961).
Subsequent work rapidly established that the cause was the presence of fungal
metabolites in the feed, which originated from a cargo of groundnut imported into the
United Kingdom from Brazil (Blount 1961). These toxic metabolites gave rise to acute
symptoms in the birds which were principally lethargy, inappetence, staggering gait
with death occurring rapidly. The metabolites were conveniently separated by thin
layer chromatography (TLC) because of their strong purple and greenish blue
fluorescence under long wave ultra violet light. Four such compounds were
separated and termed: aflatoxin By (AFB1); aflatoxin B, (AFB2); aflatoxin G; (AFG1);
and aflatoxin G, (AFG2). These compounds were show to be produced by members
of the genus Aspergillus, i.e., Aspergillus parasiticus and Aspergillus flavus. By
1964, thanks to work done in Europe, (Hartley et al. 1963; van Dorp et al. 1963)



the structure of the aflatoxins (Fig. 2) were elucidated. Because of their unusual
structures it was clear that they were secondary metabolites but it was not obvious
how they had been biosynthesised. Inspection of their molecular structure
suggested several possibilities, including all the three major secondary metabolic
pathways listed by Bu'Lock (1965) , i.e., polyketide, shikimate and isoprenoid
pathways. Speculation was rife. Evidence and support for each pathway was
forthcoming - polyketide (Biollaz et al. 1968) shikimate (Adye and Mateles 1964) and
isoprenoid (Moody 1964).

2.3 COMMENTARY

2.3.1 Studies done at the University of Salford/Wolverhampton Polytechnic
1964-72

Some of the work report in this section was submitted for a PhD (marked "in the list
2.1; awarded 1969). Two main thrusts were tried in an attempt to discover the
principle biosynthetic pathway for AFB1. The first was an attempt to isolate novel
metabolites related to aflatoxin from cultures of Aspergillus parasiticus (wrongly
identified as Aspergillus flavus) (CMI 91019B). Such metabolites isolated and
characterised were: the novel aflatoxin B, (AFB2a) and aflatoxin G,, (AFG2a) as
described in paper 1; their ethoxy derivatives, see paper 2; versicolorin C and
averufanin, see paper 3, although at the time the significance of these compounds
was unknown. The origins of AFB2a and AFG2a was shown, as described in paper
4, to be from AFB1 and AFG1 respectively by water addition across the terminal
double bond of the bis dihydrofurano system under acid conditions.  Their ethoxy
derivatives were shown to be artifact generated in the isolation of the AFB2a and
AFG2a, which are essentially hemiacetals, by the formation of the full acetals from
the presence of ethanol in the chloroform used to extract the aflatoxins from culture
medium. It was shown in paper 4 that substituting any alcohol in the chloroform for
ethanol could generate a series of O-alkyl derivatives.

Another compound was described in paper 3, which was called aflatoxin B; and was
isolated from cultures. This was shown to be a partly degraded AFG1. It was later
isolated by other workers (Stubblefield et al. 1972) and called parasiticol. Logically
it should arise from AFG1 by decarboxylation of the open lactone ring system,
although this has never been investigated and it could well be derived from an
earlier phase of the biosynthesis.

The second approach to the problem of biosynthesis of aflatoxin was done by
adding labelled "C potential primary metabolic precursors such as acetate to
aflatoxin producing cultures of Aspergillus parasiticus. It was shown in paper 6 that
acetate rapidly labelled AFB1, whereas mevalonic acid only moderately labelled the
molecule and shikimate related metabolites, e.g., phenylalanine and p-hydroxy
benzoic acid (p-HBA) not at all. The latter observation was in contradiction to that of
Adye and Mateles (1964) who had obtained quite effective labelling from added
phenylalanine and tyrosine. This was explained by the fact that in my studies AFB1
was labelled by p-HBA and tyrosine simply by mixing them together. The complex



so formed was quite stable, as the label remained stuck onto the aflatoxin, even after
development in three different solvent systems on TLC.

From this study it was shown clearly that AFB1 was a polyketide derived metabolite
and this was in keeping with other observations made around that time (Biollaz et
al1968). This was proven amply later by much more powerful and elegant
experiments including the total degradation of labelled AFB1 by Buchi's group
(Biollaz et al. 1970) and 3C nuclear magnetic resonance studies by Pieter Steyn’'s
group (e.g., Steyn et al. 19795).

Other experiments reported in paper 7, where various labelled aflatoxins were fed to
an aflatoxin producing culture of A. parasiticus, indicated that aflatoxin M, (AFM1)
was a precursor of AFB1, which is the reverse of what is now considered to be the
case. Although the latter pathway does occur in lactating animals and humans,
hence the ‘M’ for milk toxin, it is not proven for fungi and this does need further
investigation.

2.3.2 Studies done at Trent Polytechnic, Nottingham 1972-1980

By 1972 the basic pathway to AFB1 had been worked out by a combination of
classical techniques, including the generation of fungal mutant capable of
accumulating intermediates (Lee et al. 1975) and back adding of such labelled
putative intermediates to the wild strain fungus (Bennett et al. 1980). More recent
methods, mainly "°C NMR spectroscopy (Steyn et al. 1975) supported the pathway.
A PhD student, Murray Anderson, and myself commenced a study in 1974 to isolate
active enzymes from A. parasiicus that would catalyse the total or partial
biosynthesis of AFB1. This was an optimistic objective, as at that time no active cell
free systems for so cornplicated a secondary metabolite had been successfully
isolated from a fungus. The obstacles were formidable. Firstly secondary metabolic
enzymes are not produced in quantity, as secondary metabolism is regulated by
enzyme level unlike primary metabolism, which is regulated by substrate level.
Secondly secondary metabolic enzymes are only formed at a certain time during the
life cycle of the organism and it is also at this time when proteolytic activity is at an
optimum and when enzyme-denaturing substances, such as phenolics, are being
produced. Inthe case of AFB1 some of its precursors are themselves phenols. [f all
this is not enough the fungal cell is surrounded by a tough cell wall composed of
chitin and -glucans.

Although other workers managed to isolate certain enzyme activity by mechanical
disruption (e.g., Wan and Hsieh 1980) all attempts by us to achieve a fully active
system came to nothing. The final break through came, when | suggested that the
best way to release cellular contents was by digesting the cell walls with enzymes a
technique that had been used in other studies (Peberdy 1979). Using culture fluid
from Trichoderma sp., we were able to produce protoplasts, which to our joy were
capable of converting labelled acetate to AFB1. When these were gently lysed the
cell free extract retain its capability and this system was used for further conversion
studies. Both these achievements were reported in rather modest papers (889) but



in my opinion this was some of my most important work.  Unfortunately the
development of NMR spectroscopy and more recently, molecular biological methods
have obviated the necessity of producing free active enzymes. This is not always
helpful, as there are many mechanistic details of the pathway, which in my view can
only be elucidated by studying the enzyme catalysed reaction. This is exemplified
later in our study on the conversion of sterigmatocystin (ST) to AFB1.

The precise details of how averufin is converted to versiconal hemiacetal acetate
and versicolorin A (VA) and thence via sterigmatocystin (ST) to AFB1 was unknown
at the time of our studies. In order to investigate the role of VA we fed various
labelled putative precursors to our system. The results reported in Papers 12 and 13
were rather perplexing, because labelled VA could not be converted to AFB1 by the
enzyme system, whereas its hemiacetal and hemiacetal acetate were, even in the
presence of VA. We, therefore, concluded that VA hemiacetal (or a derivative) is
the true intermediate in the AFB1 pathway and that VA is a side shunt. Even now
the precise mechanism of the conversion of VHA to VA and thence to AFB1 is not
clear in spite of many elegant experiments.

3.2.3 Studies done at the University of Natal 1982-1991

| re-commenced work on the biosynthesis of AFB1 when | went to Natal in 1980,
where | was joined by a PhD student M Jeenah. It was decide that we would look at
the involvement of ST in AFB1 biosynthesis. Cell-free extracts from A. parasiticus
were obtained by lyophalisation and extraction by buffer. A system was obtained
that could convert ST to AFB1 but not to AFG1 and also another unknown
metabolite with a blue fluorescence. This latter compound turned out to be O-methyl
ST (MST) and its production seem to be compulsory linked to that of AFB1 (Paper
16). When | went on sabbatical leave to the Southern Regional Research Centre
(SRRC), USDA, New Orleans to work with Louise Lee, | did further work on this
system and the group at SRRC finally showed that MST was an intermediate
between ST and AFB1 (Bhatnagar ef al. 1987).

During my period at the SRRC, | also worked with a strain of A. flavus that did not
produce AFB1 but only AFB2. Experiments, where labelled AFB1 hemiacetal
(AFB2A) was fed to this culture amongst others, as described in Paper 18 were
done. Much to my surprise the added labelled turned up exclusively in AFB2, not
AFB1. As AFB2A is derived from AFB1 by water addition, see above, this provides a
route for the fungal conversion of AFB1 to AFB2 via AFB2A. Whether this
mechanism operates in the natural state of fungal growth is unknown but it could
explain why added labelled as AFB1, sometimes partially ends up in AFB2.

The notion that AFB2 can arise independently of AFB1 was supported by the finding
that this culture, in addition to forming AFB2, also accumulated versicolorin C (VC)
and aflatoxin M, (AFMZ2) (Paper 20). It was evident that a metabolic grid was in
operation, whereby the metabolites with the saturated bisfurano system (i.e., VC,
DihydroST, AFB2, AFM2) could interchange with the unsaturated ones and their
hemiacetal derivatives, provided the correct enzyme, probably a desaturase of some
sort, was present (Paper 25).



When Anil Chuturgoon joined me to do his Masters, we looked at the conversion of
norsolorinic acid (NA) to VA and was able to obtain an enzyme system that was
capable of converting NA to averythrin (AV) using the lyophalisation method (Paper
31). This enzyme was successfully isolated using affinity chromatography (Paper
28). Norsolorinic was immobilised on to sepharose and used as the stationary
phase. Unfortunately this resulted in an inactive preparation and we concluded that
the phenolic properties of the anthraquinone were to blame. Treatment of the
immobilised NA with diazomethane blocked off the more active groups and the
resultant modified material selectively absorbed the enzyme, which was then fully
characterised (Paper 34). An attempt was made with the assistance of Merck,
Sharp and Dohme (USA) to determine the amino acid sequence of the protein.
There were, however, difficulties not least due to the presence of N-acyl groups, in
the protein, not an unusual problem in secondary metabolic enzymes.

Several other post graduate students, also investigated other aspects of AFB1
biosynthesis. Omesh Sutan used a range of modern surfactant compounds to
solubilise membrane bound enzyme activities involved in oxidative steps to AFB1
biosynthesis (MT5). Shaileash Maharaj isolated several methyl esterases capable
of methylating various anthraquinone precursors and also isolated some of their
products from cultures of A. parasiticus (MT4). Some of these esterases were later
describes by other workers (Yabe ef al. 1989)

3.2.4. Studies done at the University of Natal, Medical Faculty 1992-to date

On joining the medical Faculty, University of Natal, the work on mycotoxin
biosynthesis virtually ceased, as | became more interested in disease aspects of
mycotoxins, which was appropriate to my new Faculty. However, | agreed to
supervise Robert Gengan, a lecturer in Chemistry at M L Sultan Technikon for his
PhD studies. We decided to look more closely at the biosynthetic step between ST
and AFB1, which had been comprehensively studied by other workers, notably
Townsend ef al. and Bhatnager et al. My main reason for this was that | had never
been convinced of the necessity for the step where ST is methylated to OMST.
This to me seemed to include an unnecessary complication and, furthermore,
resulted in a metabolically less active intermediate, an alkyl ether, as far as the
action of oxygenase require for the requisite ring cleavage needed in the
conversion. Gengan synthesised a range of O-alkyl ST derivatives, including ethyl,
propyl and an ester, benzoy! (paper 52). These were fed to a blocked mutant of A.
parasiticus capable of converting ST to AFB1. To our surprise all the derivatives
could be converted to AFB1, including ST itself with propyl showing the most rapid
conversion. On reflection | concluded that what we were measuring was a
membrane effect, as propyl would in theory penetrate the fungal cellular membrane
best, being the least polar.

In order to resolve this a cell free extract (CFE) of the fungus was prepared that was
capable of converting ST to AFB1 (Paper 53) thus removing the effect of the cellar
membrane. On adding ST, OMST and OPST to this preparation all three were
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converted to AFB1. The rates of conversion of ST and OMST were
indistinguishable but OPST was slower, confirming the suggested role of the
membrane in its more rapid conversion in the whole cell culture. Addition of NADPH
and SAM increased all rates of conversion of the precursors and the indigenous
presence of these in the CFE failed to give a clear cut answer as to whether OMST
was an obligatory intermediate or not.  Assuming that methylation was not rate
limiting, then indigenous SAM would convert ST to OMST and hence cloud the
issue. In order to over come this problem the CFE was passed through a Sephadex
column in order to separate the protein fraction, containing the enzyme activity, from
the lower molecular weight material containing the coenzymes (Paper 54). On
incubation of the precursors with this system and added combinations of
coenzymes, it became apparent that ST could not be converted to AFB1 without the
intermediacy of an O-alky derivative, which under natural conditions would
presumably be OMST. The fact that OPST could be converted to AFB1 without the
addition of SAM confirmed that OMST was not a compulsory intermediate and that
most short chain alkyl groups would serve the purpose. It was concluded that the
enzyme(s) responsible for the conversion of O-alkyl derivatives of ST to AFB1
exhibited relative specificity, a well-known phenomena in secondary metabolism.
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e structure, biochemical properties and origin of the aflatoxins Bza and Gaa

M.F. Duttonand J. G. Heathcote
University of Salford, Salford, 5, Lancashire

» structural elucidation of aflatoxins By and Gjn

little while ago’ we reported! the isolation of two new
Iroxy aflatoxins, which we designated as B,a (Fig. 1, 11)
I Goa (Fig. 2, VI1), because they were structural deriva-
»s of the corresponding aflatoxins B, (Fig. 1, 1) and
Fig. 2, V1). The hydroxyl group present in these com-
inds was substituted at position 2 of the terminal furan
g incontrast with therstructures ol aflatoxins M| (Fig. 3 X)
i M, (Fig. 1, 11).2 A more detailed account of the
ntity and properties of aflatoxins B;n and Gaa is given
‘e in order to distinguish them more readily from the
1toxins M| and M.

R R
Aflatoxin B; "H H
Aflatoxin By OH H
ARatoxin M, H OH
(6]
I
Acely| derivative of Allatoxin Bja CH,CO-— H
(alsot 2, Aceloxy 13, hydro addition
product of By)
12, Methoxy 13, hydro addition
product of aftatoxin B, CH;0— H
R
Aflatoxin G, H
i Afaloxin Gaa oIt
(6]
Il
I+ Acelyl derivative of Aflatoxin G a CHCO -

(also 12, Acetoxy 13, hydro addilion
product of aflatoxin G )

oduction and isolation of the hydroxy aflatoxins

toxin-producing strain of Aspergillus flavus (C.M.I.
)19b) was cultured on potato-dextrose-agar in medicine
tties at 25° until prolific growth had occurred. Sufficient
rile water was then added to the bottles in order to
tain a heavy suspension of the spores and mycelium of
: mould. This suspension was then used to inoculate

400 ml. samples of sterile medium which had been dis
pensed into conical flasks (1 1.). The medium used had the
following composition: dipotassium hydrogen phosphale
3 g; potassium dihydrogen phosphate, 1 g; magnesiun
sulphate, | g; ammonium sulphate, 8 g; glucose, 20 g; anc
zinc sulphate, 5 mg made to | [."with distilled water. Th:
flasks were then incubated at 25° until a maximum concen
tration of aflatoxin was produced in the culture fluid. Thi
point was ascertained by extracting portions (2 ml. each) o
the culture fluid, after various periods of incubation, witl
20 ml. of chloroform, and measuring the optical density o
this extract at 363my. This reading was taken as a direc
measure of the total aflatoxins present in the culture fluid.
When a maximum of aflatoxin had been reached in th
culture fluid, the mycelia were harvested, the culture fluid
were bulked together, and evaporated to about a filth o
their original volume in vacuo, at a temperature not cx
ceeding 30°. This concentrate was then extracted repeated|
with an equal volume of chloroform until all the aflatoxin
were extracted. The chloroform extracts were combined an
evaporated in vacuo at room temperature to a volume ¢
abeut 2 ml., which was then chromatographed on a colum
of silica-gel (Merck 0-05; 0-2 mum), using methanol (2 pe
cent v/v) in chloroform as the eluant. (The chlorofort
used in this, as in all the other chromatographic procedure
was of Analar grade and thus contained at least | pe
cent (v/v) of ethanol.) The resulting aflatoxin fractions wer
further resolved into their components by thin-layer chirom:
tography employing silica-gel G (Merck nach Stahl), an
methanol (2 per cent v/v) in chloroform as the developin
solvent. The individual aflatoxins which separated wel
scraped from the chromatoplates, eluted from the silic
with either cliloroform or chloroform/methanol mixture
and obtained as pure crystalline solids by evaporation of t}
solvent under nitrogen, and recrystallisation from a suitab
solvent.

Preparation of aflatoxin derivatives

The acetyl derivative of the hydroxy aflatoxin B,a (Fig.
V) was prepared by dissolving 20 to 30 mg. of the con
pound in pyridine (0-1 ml.), adding acetic acid anhydric
(I ml), and allowing the mixture to stand overnight .
room temperature. The excess solvents were then remove:
in vacuo, and the acetyl derivative was separated from tl
residue by thin-layer chromatography, using the san
system and method as for the isolation of the pare
aflatoxin. The pure crystalline derivative was finally ol
tained by recrystallisation from methanol. The acet
derivative of G, (Fig. 2, VIII) was prepared in a simil:
manner,
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The trimethyl silyl ether of aflatoxin Ba was prepared [or
jass spectrometry by treating a little of the compound
sith an excess of ‘Tri-Sil’* (proprietary silylating agent),
nd allowing the mixture to stand for a few minutes before
xamination in the mass spectrometer.

The 2,1 acetoxy 3,1 hydro addition products of aflatoxins
3, (Fig. I, 1V), and G, (Fig. 2, VIII), were prepared by
reating the aflatoxin (30 mg of each) with an excess of
slacial aceticacid; a few dropsof thionyl chloride were added
1s a catalyst.4 The pure derivatives were obtained in a similar
nanner to that usedfor the isolationof the acetyl derivatives.

The 2,1 methoxy 3,1 hydro addition product of aflatoxin
B, (Fig. 1, V), was prepared in a manner analogous to that
used for the preparation of the acetoxy derivative except
that methanol was used in the place of acetic acid.

Aflatoxins B,s and Gja and the various derivatives of the
aflatoxins were examined by a number of spectroscopic
techniques, these included: ultraviolet and visible absorp-
tion spectroscopy on a Perkin-Elmer 137 spectrometer
using spectrosol methanol as a solvent; infrared absorption
spectroscopy using a Perkin-Elmer 337 spectrometer, and
nujol, and hexachlorobutadiene as mulling agents; Proton
Magnetic Resonance absorption spectroscopy was carried
out using a varian A60, or HA 100, instrument according to
availability, and either deuterio chloroform or deuterio
pyridine as the solvent, signals being measured in ‘7’
values using tetramethylsilane as internal standard.

For mass spectrometry an ‘MS 9’ (A.E.L.) instrument
was used.

Results

The maximum concentration of total aflatoxins in the
culture fluid, expressed in terms of aflatoxin B, was
usually about 80 mg/l. This concentration was generally
achieved after incubation for a period of 8 to 10 days.

From the column chromatography of the culture fluid
extract two fractions were obtained which fluoresced in
ultraviolet light. The first fraction eluted from the column
yielded, on thin-layer chromatography, the four known
aflatoxins, B, B,, G, and G,. The Ry values of these
compounds were in order, 0-6, 0-56, 0-54 and O-5.
~ The second fraction from the column was found (by
t.l.c.) to contain two major, and three minor, components.
Of the major components, one fluoresced blue under ultra-
violet light and had an Ry value of about 0-13, while the
other fluoresced green at an Ry value of about 0-10. Both
these components were unstable on the silica-gel thin-layers
and, in the presence of alkalis, gave yellow decomposition
products. Nevertheless, pure compounds were finally
obtained as pale yellow plates by recrystallising twice from a
mixture of chlorolorm and methanol. The chief component
of the three minor ones isolated, fluoresced blue under ultra-
violet light and had an Ry value a little higher than the blue
fluorescent major component. This metabolite was isolated
in similar manner to the others previously mentioned, and
was shown to be identical by chromatography and mass
spectrometry, with a sample of aflatoxin M, (Fig. 3, X)
kindly supplied by Dr C. W. Holzapfel.

* Marketed by the Pierce Chemical Co., Rockford, [llinois
t Refers to the position in the terminal furan ring.
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Fig. 3

R
I1X Aflatoxin By H
X Afatoxin M, OH

Fig. 4
X1 Afiatoxin G,

The infrared spectra of both the major compounds were
similar to those of aflatoxins B, and G, except for an
additional band at 3620 cm~!. There were no bands due
to the presence of a vinyl-ether system such as occurs in the
spectra of aflatoxins By (Fig. 3, IX), and G, (Fig. 4, XI)
Further physical characteristics of these compounds, theis
derivatives, and useful derivatives of the known aflatoxins.
are summarised below:

Blue fluorescent compound (aflatoxin Bya)

mp 240° (decomp.)

Light absorption max. in methanol 228mp, 256mp and
363mp. (eym in order 17,600; 10,300; and 20,400).

Molecular weight, 330.

Molecular formula, Cy7H 4,04.

Acetyl derivative of By

mp 225°

Light absorption max. in methanol 22Imp, 226mp anc
363mu (eym in order 19,140; 14,880; and 23,400).

Molecular weight, 372.

Molecular formula, CgH 403.

Trimethyl silyl derivative of Ba

Molecular weight, 402.

Molecular formula, C,4H,,0+Si

Green fluorescent compowund (aflatoxin G 3,)

mp 190° (decomp.).

Light absorption max. in methanol 223mp., 242mg, 262mp
and 365my (em in order 18,600; 10,100; 8,700; and 18,000)
Molecular weight, 346.

Molecular formula, C{7H405.

Acetyl derivative of G,

mp 207° (decomp.).

Light absorption max. in methanol 215myp, 243mp, 266m

and 364mp.

Molecular weight, 388.

Molecular formula, C;qH4Os.

2, Methoxy 3%, hydro addition product of aflaioxin B,

mp 240°.

Light absorption max. in methanol 224my, 265mp an

362my.

Molecular weight, 344.

Molecular formula, CigH,604.

All molecular weights and molecular formulae in this summary we
determined by mass spectrometry
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2,} Acetoxy 3,1 hydro addition product of aflatoxin By.

mp 225°, mp on admixture with the acetyl derivative of
aflatoxin B,a 223°.

Light absorption max. in methanol 22Imy, 266my., and
326my. (em in order 19,000; 14,870; and 23,400).

Molecular weight, 372.

Molecular formula C,gH ¢Og.

2,1 Acetoxy 3,1 hydro addition product of aflatoxin G

mp 204° (decomp.), mp on admixture with acetyl derivative
of aflatoxin Ga 202° (decomp.).

Light absorption max. in methanol 217my, 245my, 266 mu.
and 363my.

Molecular weight, 388.

Molecular formula, C;¢H 0.

Proton Magnetic Resonance Spectra
Allof these weredeterminedin deuterio chioroform (Table 1)

Table 1
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they were more polar than the aflatoxins. The infrare
spectra of the two compounds showed that they wer
structurally derived from aflatoxins B, and G,. The blu
fluorescent compound was accordingly named aflatoxil
Bsa, and the green fluorescent one, aflatoxin Gja. The ban
in the infrared spectra of both compounds at 3,620 cm~!
indicated that both compounds were hydroxy aflatoxins, an
this was supported by the mass spectral results. The presenc
of a hydroxyl group in these compounds was finally prove
by the preparation of their acetyl derivatives, and th
trimethyl silyl ether of aflatoxin Bja, the spectral propertie
of these derivatives being in agreement with those expectec
It followed from this evidence, that aflatoxins B;a and G;
are the hydroxyl derivatives of aflatoxins B, and G
respectively, and the possibility arose that the position ¢
substitution of the hydroxyl group might be the same as i
the aflatoxins M and M,.2

Proton magnetic resonance absorption data for the new hydroxy aflatoxins and related derivatives in deuterio chloroform

t values
Position of No. of Acetyl 12, Acetoxy 12, Methoxy
Proton(s) Protons  { A60 Derivative +3, Hydro 13, hydro
(Figure 5) involved of addition addition
product of product of

BZa Gza BZn Gz» Bl Gl Bl .
‘a’ | 3-42(D) 3-57(D) 3-45(D) 3-44(D) 3-45(D) 3-45(D) 3-48(D)
‘v’ 1 5-80(M) 5-80(M) 5-82(M) 5-85(M) 5-80(M) 5-82(M) 5-85(M)
‘c’ 2 7-50(M) 7-60(M) 7-55(M) 7-52(M) 7-55(M) 7-53(M) 7-62(M)
‘o 1 4-23(M) 420(M) 3-62(M) 3-58(M) 3-62(M) 3-54(M) 4-77(M)
‘e’ 1 3-65(S) 3-65(S) 3-68(S) 3-65(S) 3-68(S) 3-66(S) 3-66(S)
‘r 3 6-04(S) 6:09(S) 6-05(S) 6-09(S) 6:10(S) 6'10(S) 6-04(S)
‘g’ 2 6-6(T) 6-58(T) 6-62(T) 6-56(T) 6-62(T) 6-58T) 6-63(T)
‘h’ 2 7-53(M) 5-60(T) 7-55(M) 5:61(T) 7-55(M) 5-63(T) 7-45(M)
ldY
Acetoxy group 3 — — 8:32(S) 8-30(S) 8:25(S) 8-30%(S) —
Methoxy group 3 — — — - _ — 6-83(S)

Instrument used: Yarian HA 100 except where indicated 1
(S) = singlet, (D) = doublet, (T) = triplet, (M) = multiplet

but, because the signals were not very strong in the case of

Baa, the spectra of Bja and Gya were also determined in
deuterio pyridine (Table II).

Table I1

Proton magnetic resonance absorption data for hydroxy aflatoxins Ba
and G2 in Deuterio Pyridine

Position No. of Prolons t Values (A60) t

of Protons involved

(Figure 5)  (by Integration) Bia G

a 1 3-21(D) J=6) 3-22(D) J=6)
b 1 5-89(M) 5-64(M)

c 2 7-43(M) 7-52(M)

d 1 4-0(M) 3-95(M)

e 1 3-49(S) 3-47(S)

f 3 6-25(S) 6-24(S)

g 2 6-82(T) J=6) 6-78(T) (J=6)
-h 2 7-43(M) 5-64(M)

[nstrument used: Varian HA 100 except where indicated §

Signals due to the protons at positions ‘c’ and ‘h’ in aflatoxin B,

are superimposed on each other. Similarly signals from positions ‘b’
and ‘h’ in aflatoxin Ga are superimposed

Discussion

The spectra properties of the two new compounds, showed
that they were similar to the known aflatoxins in structure,
although their chromatographic behaviour indicated that

The proton magnetic resonance spectra of both aflatoxir
B;a and Gja were consistent with the conclusion that the
were the respective hydroxyl derivatives of aflatoxins F
and G,, for the following reasons:

From the molecular formulae of aflatoxins B,s and G,
14 protons had to be accounted for, and eight of these wei
obviously assigned by proton magnetic resonance absory
tion spectroscopy (Tables I and II) to positions e, f, g an
h in the aflatoxin molecule (Fig. 5). See for example, th
work of Biichi and his collaborators on aflatoxins B; an
G5 The other six protons were assigned to the bis-tetr:
hydrofuran moiety as found in aflatoxins B, and G, excs;
that a proton in position ‘d’ was substituted by a hydrox
group. This was deduced from the observation that tl
signal due to the proton at position ‘a’ was a doublet .
t=3-21 (J=6 c/s) (Table 1I) for both aflatoxins B,s an
G, indicating that a coupled proton was occupyir
position ‘b’ (cf. aflatoxin M where the proton at positio
‘a’ gives rise to a singlet, due to the occupation of positia
‘b’ by the hydroxyl group).2 The signal due to the proton :
position ‘b’ was observed as a multiplet at t=>5-89/5:¢
(Table II).
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The two protons at posilion ‘c’ in the aflatoxin Baa
molecule gave rise to signals at t=7-43, which were compli-
cated by the superimposition of those from the protons at
position ‘h’. However, in the spectrum of aflatoxin G, the
signals due to the protons at position ‘h’ were displaced to a
lower T value where they were superimposed on the signals
from position ‘b’, but left a broad multiplet at t=7-52
associated with the protons at position ‘c’.

The validity of these assignments is further supported by
similarity of the proton magnetic absorption spectra to
that observed for other compounds containing the bis-
tetrahydrofuran system. (See Table III.)

Table 11T
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was decided to test our new hydroxy aflatoxins for thesc
properties.

Thetoxicity ofaflatoxins Baanand G, was tested on day-old
Khaki Campbeli ducklings at the following dose rates:—

Aflatoxin ug

Baa 300; 600; 900; 1,200
Goa 400; 800; 1,200; 1,600

There was no signilicant difference in growth betweer
control and dosed birds nor were there any of the character-
istic liver lesions associated with aflatoxin poisoning.

These results indicate that By, and G, are much less
toxic than B, B,, G| and G,.

Proton magnetic resonance absorption data of the bis-tetrahydro furan system in various known compounds
Values of Signals Corresponding

to Proton(s) at various

positions A
Compound Solvent Position of Proton(s)
H'a H'b Hy'c H'd’
o-Methyl aversiné Methylene Dichloride 3-78(D) (J=5-5) 60 774 640
Aflatoxin B,7 Deuterio chloroform 3-54(D) 576 7174 576
Aflatoxin G, Deuterio chloroform 3-52(D) 580 775 5-80 A Positions as in Fig. 5. !

The positions for the protons in the aflatoxins B; and G,
have been assigned by the present authors, as the values were
published before the structures of the compounds had been
elucidated. As Hartley et al.? did not observe a separate
signal which could be assigned to protons at position ‘d,’
it is assumed that the signal is superimposed on that
assigned to position ‘b’.

The signal from the remaining proton at position ‘d’ was
observed at t=4-0 as a multiplet. This lowering of the t
value compared with those of the compounds in Table III,
is due to the proximity of the hydroxyl group on the same
carbon atom. The proton on this hydroxyl group was found
as a very broad signal ¢. t=3-0 to t=4-0, by integration of
the spectrum before, and after treatment of the sample with
deuterium oxide.

Additional evidence for the structures which have been
proposed for aflatoxins B;a and G,a was obtained by
showing that their acetyl derivatives were identical with the
2,1 acetoxy 3,f hydro addition products of aflatoxins B,
and G, respectively. This showed conclusively that in
aflatoxins Bja and G,a the hydroxyl group is at position
‘d’. In aflatoxins M| and M, however, the hydroxyl group
is at position ‘b’ (Fig. 5).

0 0
(]
et tpr h
g
d[ I /
0% 707 T OMe-y

Fig. 5 Nomenclature for use with the proton magnetic resonance
studies of the aflatoxins

Biochemistry and Toxicology

In view of the high toxicity of the known aflatoxins,
By, Gy, By and G, (LD. 50 values for one day-old ducklings
are, in order, 182 ug, 84-8 ug, 392 pg and 172:5 pg)8, it

We have shown (unpublished experiments) that treat
ment with cold dilute aqueous mineral acid produce
aflatoxin B,,; and likewise that aflatoxin G, arises fron
G, under the same condilions. Biichi, Foulkes, Kurone
and Mitchell (1966)% also have demonstrated this addition o
water to aflatoxin By, their catalyst being trifluoroacetic acid

From consideration of the above findings, it would seer
that an acid treatment of aflatoxin-contaminated feedstufT
could be of value in lowering their toxicity substantiall
especially as By and G| are by far the major component
produced by the mould.

During incubation in liquid medium, the culture flui
becomes increasingly acidic and it is possible, therefore, tha
a proportion of the aflatoxins B,y and Gy, arises by thi
mechanism. However, the possibility that aflatoxins B,
and G, can give rise to aflatoxins B; and G by dehydra
tion cannot be entirely excluded.

Wewishtoacknowledgethekind helpof Dr R. Allcroft and
DrW.H.Butlerincarryingout the toxicity tests on ducklings

We are grateful to Dr M. Barber and Mr A. Wolsten
holme of A.E.l. (Trafford Park) for the mass spectra
determinations and to the S.R.C. for a grant to M.F.D.
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0-Alkyl derivatives of aflatoxins B2, and Gza

by M. . Dutton and J. G. Heathcote

Department of Biochemistry, The University of Salford, Salford M5 4\WVT

Since the discovery of the aflatoxins and the elucidation of
their structures by Biichi andco-workers,! these compounds
have been the subject of intensive study particularly with
regard to the methods of assay. Such assays are of con-
siderable importance because of the high toxicity of the
compounds towards animals and it has been established
that at least one of them (aflatoxin B,) is carcinogenic. In
the past we have reported? the existence of two other afia-
toxins, Bya and Gja, which can easily arise from allatoxins
B, and G,. An account is given in the present paper of
other derivatives which may arise in cultures of 4. flavus and
during the extraction of the aflatoxins. It will also be shown
how these compounds may interlere with procedures for the
assay of the aflatoxins.

Production and isolation of the new aflatoxin derivatives

A toxin-producing strain of A. flavus (CMI 91019b) was
cultivated on a simple salts medium, and the aflatoxins
were extracted as described previously.2 The aflatoxin-
containing extract was subjected to chromatography on a
column of silica gel, whereupon two aflatoxin-containing

fractions were obtained. The first fraction eluted from the-

column contained aflatoxins By, B;, Gy and G,, which were
separated initially into four fractions by t.l.c. using kieselgel
‘G’/methanol-chloroform(i:49v/v). Thesecond fractionfrom
the column coatained the aflatoxins, M, Bjs and Gjq,
which have been investigated previously.2 The four fractions
containing the individual aflatoxins, B, B3, G| and G, were
next chromatographed on t.l.c. using a benzene-formamide
system, which was based on that described by Adye and
Mateles.3 The thin-layer plates were prepared by slurrying
cellulose powdert (MN 300 HR, 15 g), with 70 ml. of
formamide-acetone (1:9v/v) and spreading five 20 cm'x
20 cm chromatoplates with this slurry. The chromato-
plates were ready for use after allowing them to dry in air
for 15 min. Each aflatoxin-containing concentrate was
applied to several of these chromatoplates as bands, and
then developed with benzene saturated with formamide.
The aflatoxin-containing bands were scraped from the
plate after location under ultraviolet light, and eluted from
the cellulose with chloroform in a sintered-glass funnel
(porosity 3). The relatively pure compounds, obtained after
cvaporation of the solvent, were recrystallised from a suit-
able solvent, usually chloroform, and then samples were
rechromatographed in both t.l.c. systems in order to
ascertain their purity.

Preparation of aflatoxin derivatives
Thg 2*-methoxy, 3*-hydro addition product of aflatoxin
By (Fig. 1, I) was prepared by treating aflatoxin B; (50 mg)

[ (Supplied by Camlab).
Refers to the position in the terminal furan ring.
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I. CH;-2%methoxy, 3"-hydro addition compound of
aflatoxin By (Ex, By)

II. C,Hs-2"-ethoxy, 3'-hydro addition compound of
allatoxin B, (Ex B»)

[1l. CyHs- 2"-ethoxy, 3'-hydro addition compound of
« aflatoxin G (Ex G)

Fig. |

with an excess of methdnol; a few drops of thionyl chloride
were added to act as a catalyst,4and the mixture was allowed
to stand overnight at rootn temperature. The excess solvent
was then removed in vacuo, and the derivative was isolated
by t.l.c. using the keiselget ‘G’/methanol-chloroform (1:49,
v/v) system. The pure, crystalline material was obtained by
recrystallisation from chioroform.

The 2*-ethoxy, 3*-hydro addition products of aflatoxins
B, (Fig. 1, 11) and G, (Fig. 1, 111), were prepared from the
appropriate aflatoxin, in the same manner as was the 2*-
methoxy, 3*-hydro addition product of Bj,. except that
ethanol was used in place of methanol.

Preparation -of compounds resulting from the treatment of
aflatoxins B,a and G,a with acid

Aflatoxins Bya, and Gag, (30 mg. of each) were individually
treated with an excess of cold 4N hydrochloric acid and
allowed to stand overnight. Each reaction mixture was
extracted three times with an equal volume of chloroform,
and the combined extracts were concentrated in vacio to a
suitable volume (about 1 ml.). The two concentrates were
then examined by t.l.c., using the keiselgel system, and the
reaction products were isolated.

" The various compounds and derivatives prepared above
were examined by a number of spectroscopic techniques,
these included: ultraviolet and visible absorption spectro-
scopy on a Perkin-Elmer 137 spectrometer, using spectrosol
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methanol as the solvent; where sufficient material was avail-
able, proton magnetic resonance absorption spectroscopy
was carried out using a Varian HA 100 instrument, and
deuterio chloroform as the solvent, signals being measured
in = values using tetramethyl-silane as internal standard.
For mass spectrometry an MS 9 (AEI) instrument was used.

Results _

On chromatography using the benzene-formamide system,
each aflatoxin-containing fraction yielded further fluorescent
compouhds at higher Rg values than the known aflatoxins
(see Fig. 2). The aflatoxin B, fraction yielded two blue

Ex)By @
oo (2
ExBZ !

By Bz Gy G2

Benzene / formamide {cellulosel
{B)= Blue fluorescence
[G) = Green flyorescence
{LB)= Light blue fluorescence

Fig. 2 t.l.c. of main aflatoxin fractions from culture medium of A. flavus

ﬂuorescent compounds, one named compound Ex;B,, at an
Rpr value of 0-86, and the other, compound Ex,B; at an Rp
value of 0-81. The aflatoxin B, fraction yielded two blue
fluorescent compounds, one corresponding to compound
Ex;B; and another, named compound ExB, with an Ry
value of 0-77. Both the aflatoxin G, and G, fractions gave
rise to a green fluorescent compound (named ExG) with an
Rr value of 0-66. After isolation, these compounds were
shown to be pure by further t.l.c., and it was found that, on
using the keiselgel/methanol/chloroform system, they had
Ry values very close to those of the known parent aflatoxins.

The new compounds had the following properties:
Compound Ex B,

mp 83°c

Mol. wt.** 440

Mol. formula*" C29H6002
Compound Ex,B

mp 236°c

**All 'molecular weights and molecular formulae in this swmmary were
determined by mass spectrometry.
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mp on admixture with 2*-methoxy-3*-hydro addition
compound of aflatoxin By, 237°c

Mol. wt.** 344

Mol. formula** CgH 404

Light absorption max. in methanol 224 my, 265 my and
362 mp.

. Compound FExB,

mp 245°c
mp on admixture with the 2*-ethoxy-3*-hydro addition
compound of aflatoxin B, 242°c
Mol. wt.** 358
Mol. formula** C19H|307 )
Light absorption max. in methanol 223 my, 266 my and
364 my -
Compound ExG
mp 200°c
mp on admixture with the 2*-ethoxy-3*-hydro addition
compound of aflatoxin G| 202°c
Mol. wt.** 374
Mol. formula** C19H|303
Light absorption max. in methanol 223 myp, 245 my,
266 my and 366 mp
The addition compounds derived from aflatoxins B and
G had the following physical characteristics:
2*-Methoxy, 3*-Hydro addition product of aflatoxin B
mp 240°c
Mol. wt.** 344
Mol. formula** C3H 404
Light absorption max. in methanol 224 my, 265 mp and
362 mp
2%-Ethoxy, 3*-Hydro addition product of aflatoxin By
mp 247°c
Mol. wt.** 358
Mol. formula C¢H 307
Light absorption max. in methanol 226 my, 266 mp and
364 mp
(em in order 14,640, 12,140 and 12,580)
2*-Ethoxy, 3*-Hydro addition product of aflatoxin G
mp 203°c
Mol. wt.** 374
Mol. formula** CoH 304
Light absorption max. in methanol 223 mp, 244 my,
266 mp and 366 mp. _
(em in order 17,140, 12,840, 11,700 and 19,500)
For the proton magnetic resonance data of the above Lhree
compounds see Table I.

Products resulting from the treatment of aflatoxins B,, and
Ga with acid

Two compounds were isolated in about 70 per cent yield,
each with a higher Ry value (using the keiselgel/methanol/
chloroform system) than its respective parent aflatoxin.
One was isolated from the aflatoxin By, reaction mixture
which was found to be identical with the 2*-ethoxy, 3*-
hydro addition compound of aflatoxin By, and the other
from the aflatoxin G, reaction mixture which was identical
with the 2*-ethoxy, 3*-hydro addition derivative of aflatoxin
G;,. This was confirmed by t.}.c., mass spectrometry, proton
magnetic resonance spectroscopy, and by mixed melting
point determinations.
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Table 1
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Proton magnetic resonance absorption data for varions addition compounds of aflatoxins By and G,

Position of Values of following aflataxin addition compounds

proton(s) Additional group No. of protons 2*-methoxy 2*-ethoxy 2*-ethoxy

(Fig. 1) involved 3*-hydro B, 3*-Iydro B, 3*-liydro G,

aj — 1 477 (Mt) 4-65 (Mt) 4-70 (Mt)

a; Methoxy 3 6-83 (St) — —

az Ethoxy

az (Methyl) 3 — 9-06 (T) 9-04 (T)
(Methylene) 2 — 6-49 (Mt) 6-48 (Mt)

b — 2 7:62 (Mt) 7-63 (M) 7-62 (Mt)

c — 1 5:85 (M) 5-89 (M1) 5-86 (Mt)

d — I 3-54 (D) 3146 (D) 31-42 (D)

e — 1 3-73 (St) 3-68 (St) 3-69 (St)

) — 3 604 (St) 604 (St) 604 (St)

g — 2 6-63 (T) 6-57 (T) 6-84 (T)

h — 2 7-45(T) 7-40 (T) 573 (1)

St=singlet; D=doublet; T=triplet; Mt=multiplet.

Discussion Ry value than the original aflatoxin B,a. Mass spectrometry

Three of the four metabolites, isolated by means of the
benzene-formamide system and named Ex,;B,, ExB, and
ExG, were found to be identical, in order, with the 2*-
methoxy, 3*-hydro addition compound of aflatoxin By, the
2*-ethoxy, 3*-hydro addition compound of aflatoxin B,
and the 2*-ethoxy, 3*-hydro addition compound of G,. The
remaining metabolite, compound ExB; was found to be
unconnected with the aflatoxins and, from mass spectro-
metry, it appeared to be a long chain dihydric alcohol.

Although the structure of the new aflatoxin derivatives
had been resolved, the problem still remained as to how they
arose in the aflatoxin-containing extracts. That they did not
arise during chromatography was shown by repeated
chromatography in both the benzene-formamide and
keiselgel/methanol/chloroform systems, whereupon no addi-
tional compounds were noted either from the new deriva-
tives themselves, or from the known aflatoxins By,B,, G or
G,. The problem was, however, explained from the obser-
-vation that extracts of aflatoxins Bya and Gia from acidic
mixtures, gave rise to reaction products on t.l.c, which
proved to be identical with the 2*-ethoxy, 3*-hydro addition
compounds of aflatoxins By and G{t. It was difficult, ini-
tially, to explain how these compounds arose, as there
seemed to be no possible source of ethyl groups in the
Teaction mixtures. This point was resolved when it was
realised that the chloroform used to extract the reaction
mixtures contained about 2 per cent (v/v) ethanol as a
Preservative. Hence it became apparent that aflatoxins
B2 and G,a were reacting with this ethanol under acidic
Conditions to yield their ethoxy derivatives (cf. glycoside
formation in sugars). This could also explain how com-
pounds ExB,, and ExG appeared in the main aflatoxin-
containing fraction.

In order to test this hypothesis, acidified solutions of
aflatoxin B,, were extracted (a) with aicohol-free chloroform
and (b) with pure chloroform to which various alcohols had
been added (e.g. methanol, ethanol, propan-2-ol, N-butanol,
and benzyl alcohol). The alcohol-free chloroform was
Prepared by treatment with activated molecular seive. On
tle,, each extract gave a blue Auorescent spot at a higher

dT f_Thgse compounds are synonomous with the corresponding O-aikyl
¢hivatives of aflatoxins Bzs and Ga.

of the new products showed that they were O-alkyl deriva-
tives of aflatoxin B,,, each corresponding to the particular
alcohol added. Thus chloroform containing N-butanol gave
O-N-butyl aflatoxin By, (this is synonomous with the 2*-n-
butyl, 3*-hydro addition compound of aflatoxin B{). Hence
it was shown that O-alkyl derivatives of aflatoxins B,, and
Ga could arise by extracting the parent aflatoxin (i.e.,
B,a and G,) with impure chloroform. Furthermore, these
O-alkyl derivatives could be formed from aflatoxins By,
and G, under these conditions, as aflatoxins Baa, and G,
are readily formed from aflatoxins B, and G, in acid
solution,? (Fig. 3). Compounds Ex;B,, ExB, and ExG did

Q [o}

‘Aflatoxin By

H,0
Ht+
0 (o}
0
Aftatoxin Bia
HO (o] 0 OMe
CaH50H
HJ—
o] Q
o}
O-Ethylatlatoxin B83a
I | +H20
CHg0 0 0 OMe

Fig. 3 Formation of O-ethviaflatoxin Bys from aflatoxin B\ in acidic
media
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not arise exactly in this way, as they were still found in
culture fluids extracted with pure chloroform. In this case
the alcohol presumably occurs in the culture fluid itself
due to fermentation reactions and then procceds o react as
suggested.

It is important to note that the formation of aflatoxins
B,a, Gaa and their O-alkyl derivatives as outlined, may
complicate the assay of individual aflatoxins from acidic
cultures. For example, a substantial quantity of the afla-
toxins B, and G, may be present as aflatoxins Bja and
G,s, and the extraction of such cultures with ordinary
chloroform would give rise to the corresponding O-ethyl
derivatives. These have similar Rp values to aflatoxins
By, By, G, and G, in the tl.c. system using keiselgel/
methanol/chloroform and would confuse the assay.

In order to overcome these difficulties culture fluids
should be neutralised prior to extraction, the latter being
carried out preferably with freshly prepared, alcohol-free
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chloroform. In addition to these safeguards extracts from
such cultures should be investigated using the benzene-
formamide system, which would reveal the présence of any
O-alkyl derivatives of allatoxing By, and G o

Thanks are due to Drs M. Barber and A. Wolstenholine,
and Mr T. Kemp of AEI Manchester for the mass spectro-
metry; and to the SRC for a research grant to MED.
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Margarine is 100 years

This year, the centenary of margarine is
being celebrated in Britain and many other
countries across the world and tribute is
paid to the French food chemist, Hippolyte
Mége Mouriés, who invented it in 1869.
Two unrelated events in Europe acted as
the spur for the development of a new food
which could be used instead of butter. In
1867, the Victualling Department of the
French Navy were worried at growing
complaints from its crews that the butter
carried aboard ship was often rancid by the
time it was served. They commissioned
Mouriés to find a butter replacement.
About the sametime, Europe was threatened
by a severe food shortage due to a rapid

old

increase in population, and there was also
a general shift of population from the
country areas to the growing industrial
centres. Butter became scarce and very
costly. In January 1869, Napoleon Iil,
recognising a wider need than the Navy's
to keep people properly fed, offered a prize
to the person ‘who discovers a suitable
substance to replace butter.’

By the spring of 1869 Mouriés trium-
phantly announced his new product which
was named ‘margarine’ after the Greek
word margarites meaning pearl. His
margarine, basically an emulsion of beef fat
and milk, was patented in Britain on
17 July and in France on 15 July that same

Royal Institution Australian science scholars

Five British sixth-formers have now been
awarded Royal Institution Australian
Science Scholarships for 1969. These
scholars will attend the Twelfth Inter-
national Science School for High School
Students in Sydney, Australia, from 25
August to 5 September this year.

The International Science School, spon-
sored by the Science Foundation for Physics
within the University of Sydney, is under
the Directorship of Professor H. Messel.
Its programme will include 22 lectures by
distinguished scientists fromm Australia,
Great Britain and the United States of
America, on the general theme ‘Nuclear.
energy today and tomorrow.’

The five British scholars will attend a

series of receptions during July. On the
14 August they will be joined in London
by the Japanese group and after a few days
in London the combined party will fly to
Washington where, together with the
American group, they will meet Vice-
President Agnew. After three days in
Washington, the twenty scholars will leave
for Australia via Honolulu. In Sydney the
overseas scholars will attend the 1969
Science School in the company of more
than one hundred boys and girls from high
schools in Australia and New Zealand.
On their return journey the British party
will make stops at Bangkok, Delhi and
Rome.

The five British sixth-formers were

year and won him the Emperor’s prize.

Today, margarine is a household word
and the world consumes more than
4-5m ton/year. The manufacturing tech-
niques and the raw materials used, have
changed radically since Mourié¢s equipped
the first margarine factory at Poissy. Beef
fat has been superseded by vegetable oils
from coconuts, sunflowers and other oil-
bearing nuts and seeds, and more recently
still from highly refined marine oils.

Mr F. B. Kitchen is the president of the
UK Margarine & Shortening Manu-
facturers’ Association, which is sponsoring
the centenary programme in this country.

P.H.

selected by a joint committee of the Royal
Institution of Great Britain and the
Association for Science Education. The
main criteria for selection were: (a) aca-
demic performance and promise, (b)
width of interests, and (c) personality and
likelihood of being good ‘ambassadors.’
The national short-list, from which the
final selections were made, was prepared by
the Association for Science Education
using its regional organisation. The five
British scholars selected were R. H.
Bricknell (Easingwold, Yorkshire), R. P.
Hobson (West Wickham, Kent), Miss M.
Jones (Neath, Glamorganshire), Miss J. A.
Price (Cleethorpes, Lincolnshire) and D.
A. V. Stow (Linslade, Bedfordshire).
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NEW METABOLITES OF ASPERGILLUS FLAVUS

J. G. HEATHCOTE and M. F. DuITON
Departinent of Chemistry and Applied Chemistry, University of Salford. Salford, 5. Lancashire

(Received in the UK 10 September 1968 accepted for publication 30 October 1968)

Abstract—'| wo piginents have been isolated from a yeast culture of A. flavus. One of these is identical
with a tetrahydroxy-anthraquinone previously isolated from A. versicolor, the other being versicolorin C.
The culture medium also yiclded small amounts of allatoxins M, and GM, and also a new compound,
designated allatoxin B, and for which a tentative structure is put forward.

DURING our investigation of the various allatoxins produced by a strain of A. flavus'
(C.M.L 91019b), several coloured metabolites were also observed in extracts from
a culture of the mould. In order to investigate these metabolites further, the mould
was cultured on an-aqueous mediumn containing yeast extract and glucose. The
inycelium obtained from this culture was carelully dried, ground to a powder. and
soxhlet-extracted with chlorolorm acetone (9:1 v/v) until the extracting solvent was
colourless. The extract was evaporated to a suitable volume in vacuo, and subjected
to colutnn chromatography on kieselgel.

New pigments

The pigments were. separated from the allatoxins by elution with diethvl ether,
the fraction so obtained was evaporated to a small volume, and then examined by
TLC using kieselgel G and chloroform as the solvent. A number of orange spots
was observed on the chromatoplate, the main one occurring at an R, value of about
0-34, (this was at a position a little lower than allatoxin G, in the [raction containing
the aflatoxins). This orange spot was resolved into two compounds Or, and Or,,
at R, values of 046 and 0-39 respectively, by preparative TLC using kieselgel G and
ethyl acetate-benzene (1 :9 v/v) as the solvent.

Compound Or, (from ch.lo_roform) had m.p. 271°, A, (MeOHl) 223 iy, 263 mp,
292 my, 312 my and 457 mp, (¢ in order 20,180; 14,500; 17.880; 9940 and 8650),
and was shown by mass spectrometry to have a mol wt of 370, and a mol formula of
C10H,30;. On full methviation it yielded a tetramethoxy derivative. The properties
of Or, indicated that it was a derivative of a tetrahydroxy-anthraquinone and this
was further confirmed by the NMR spectrum* of its tetramethoxy derivative. The
spectrum was, in fact, consistent with that of a 1,3,6,8-tetrahydroxy-2,2'-(6'-methyl-
tetrahydropyran) anthraquinone (1) and a compound with this structure was recently
isolated from a culture of A. versicolor by Holker et al.? That structure | was the
correct one for our compound was verified by comparing its properties with those
of an authentic sample of material obtained from Dr. J. S. E. Holker of Liverpool
University. The two compounds were also shown to have identical NMR spectra.

Versicolorin C '
Compound Or, (from CHCL,) had m.p. 350°, [a]p = 0, (c = 0’1 in CHCLy), 4,
* Carried out on a Varian HA-100 instrument and nsing deuterochloroform as the solvent.
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(MeOH) 222 my, 265 my, 290 my, 312 mp and 450 mp. (¢ in order 28,100; 16.600;
22.900; 11.120 and 6920), and was shown by mass spectrometry to have a mol wt of
340, and a mol formula of C,3H,,0,. On full methylation it yielded a trimethoxyl
derivative the properties of which indicated that Or, was a trihydroxy-anthraquinone.
The NMR spectrum* of Or, was identical with that published by Hamasaki et al.’
for dihvdroversicolorin A, which is also the same for the natural products, Versi-
colorins B and C (1), which the same authors isolated from a culture of A. versicolor.?
Our compound seems to correspond to Versicolorin C. which was claimed to be
the racemic form of Versicolorin B, as it has no optical properties and its other
properties were identical with those of an authentic sample of Versicolorin C kindly
donated by Dr. Y. Hatsuda, Totlori University.

A discrepancy noted in the NMR spectruin was the assignment by Hamasaki
et al. of the signal at 5-95 7 to the protons at “d” and at 6-37 t to the proton at “b™.
In our spectrum the muitiplet at 595 t was shown to be coupled to the doublet
at 3-62 1, (proton associated with this signal assigned to position ““a”) by irradiation
of the multiplet at 2572 cycles/sec, thus the multiplet at 595 T must be assigned to
the proton at position “b”, and hence it (ollows that the signal at 6-37 t must be
assigned to the proton at position ““d’". Our assignments seem to agree with those in
the literature [or similar systems, e.g. Aversin.*

The isolation of these two pigments from a toxin-producing strain of A. flavus
shows the close biogenetic link between this species and A. versicolor, a point made
by other workers® and thus adds further weight to the view that the aflatoxins and
sterigmatocystin are derived [rom the same or similar precursors.® The isolation
of Versicolorin C from both species would indicate that this compound is a common
precursor as suggested by Thomas.’

New aflatoxin metabolites

Two allatoxin-containing fractions were also obtained from these culture media
by extraction with chloroform and column chromatography as described previously."
The first fraction from the column contained the aflatoxins B,. B,, G, and G,,
and the second, three metabolites, which were separated by preparative TLC using
Kieselgel G, and chloroform as the solvent. Two of these compounds behaved

* Obtained on a Varian HA-100 instrument using deuterochloroform as the solvent.
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similarly (on TLC) to aflatoxins B,, and G,,, one of R, value 0-18 fluorescing blue
under UV light, and the other of R, value, 0-15 fluorescing green. The third compound
gave a blue fluorescent spot with an R, value of 0-28, i.c. somewhere between the
positions of aflatoxins M, and G, in the same TLC system. On further examination
of the compounds thought to be allatoxins B,, and G, it became apparent that they
were in fact aflatoxin M, (by comparison with an authentic sample of this compound
kindly donated by Dr. I. F. M. Purchase, N.N.R.I. South Africa), and a compound
which appeared to be the G analogue of aflatoxin M, (designated as aflatoxin GM ).
This compound, which has the structure (III), has been tentatively reported elsewhere
(Nabney et al.® Purchase et al.®).

It has (from CHC!;) m.p. 276°, 1., (MeOH) 235 my, 262 mp and 358 my (¢ in
order 21,200; 16,300 and 12,000). Mol wt, 344.* mol formula, C,,H,,04.* It forms
a mono-acetyl derivative (m.p. 280°) on treatment with acetic anhydride/pyridine.
Due to the lack of material its structure could not be definitely assigned, but the
properties so far determined were consistent with the tentative structure. (III).

Aflatoxin B,

The third compound isolated was named aflatoxin B, because of its blue fluor-
escence, although it became apparent later that it was closer in structure to the aflatoxin
G series. It has (from CHCl,): m.p. 217°, 1, (MeOH) 229 my, 253 my, 262 mp
and 326 my; ¢ in order 10,000; 7300, 7550 and 9350; Mol wt, 302,* Mol formula,
C,6H 1406 ;* IR spectrum {main bands) 3400, 3040, 2900, 1725, 1622 and 1070 cm ™!
Negative reactions were obtained with Gibbs reagent, neutral ferric chloride and
24-dinitrophenyl hydrazine reagent. A mono-acetyl derivative was formed on treat-
ment with acetic anhydride/pyridine. The NMR spectrumt of aflatoxin B; showed
that the bisdihydrofuran system, which is found in aflatoxins B, and G,, was present in
the molecule together with the same aromatic nucleus and OMe group, accounting for
eight protons, see [V: i.e. Triplets at 3-40 t (1 proton); and 4-58 7 (1 proton), J =
1'5 ¢/s; Multiplet at 532 1 (1 proton); doublet at 3-14 t (1 proton), J = 3-0; singlets
at 6:40 7 (3 protons), 3-54 1 (1 proton) cf. the spectra of aflatoxins B; and G,.'°

* Dectermined by mass spectrometry.
t Determined on a Varian HA-[00 instrument using deuteropyridine.
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Of the remaining 6 protons, four were observed as a pair of coupled triplets at
675 t, and 597 7, J = 30, (cf. aflatoxin G, triplets at 6:84 t and 573 7, J = 3-0),
and another as a singlet at 3-73 t. The remaining proton was not detected even after
treatment with deuterium oxide and was, therefore, assumed to be present at an
OH group giving rise to a very broad signal. The presence of an alcohol group was
supported by the band in the IR spectrum at 3400 cm ™', by the formation of 2 mono-
acetyl derivative, and the absence of phenolic-type reactions. In spite of the similarities
of the NMR spectra of aflatoxin G, and B,, the IR spectrum of By showed that the
dilactone system was lacking in this compound (G, giving rise to bands at 1770
em™!, and 1670 cm ™~ !)* although a strong band at 1725 cm ™! indicated the presence
of a lactone group.

All these facts can be reconciled in structure V, the olefinic proton giving rise to
the singlet at 3-73 1, and the 4 protons on the aliphatic side-chain producing the
coupled pair of triplets at 6:75 T and 597 .

It can be seen from the above structure that aflatoxin B, can easily be obtained
from aflatoxin G, by a simple hydrolytic process followed by decarboxylation
(another point in favour of Structure III). This process occurs in the mould culture
itself, as no aflatoxin B, was obtained when quantities of pure aflatoxin B, or G,
were subjected to the same extraction procedures.

This decarboxylation process may very well be the first step in the microbial
breakdown and disappearance of the aflatoxins from mould cultures, observed by
many workers, including ourselves and, e.g. Ciegler e al.'!

Acknowledgements—We thank the S.R.C. for a grant to M.F.D.; also Drs. M. Barber. A. Wolstenhoime
and Mr. T. Kemp of A.E.L. for mass spectra.
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14. SOME INTERESTING RELATIONSIHIPS BETWEEN 'T'LIE NEW
AFLATOXINS AND THEIR ASSOGIATED METABOLITES

By M. F. DUTTON and J. G. HEATIHHICOTE

During our investigalions on the metabolites of 4. flavies we have isolated anum-
ber ol compounnds, many of which are related to lhe allatoxins, and others which,
though having no direct relationship lo the aflatoxins, have shed some light on the
problem of their biogenesis, e.g. versicolorin C (tleathcote and Dutton 1969).

Aflatoxins My, By, and G,,:

Two metabolites included in Lhe [ormer group are those designaled by ourselves as
aflatoxins B,, and G,, (Dutton and Heathcote 1966 and 1968). These compounds were
isolated from a culture of the mould A. favus (C.M.1. 91019Dh.) cullivated on a simple
salts medium of the following composition: dipotassium hydrogen phosphate, 3 g.;
potassitm dihydrogen phosphate, 1 g.; magnesium sulphate, t g.; anunonium sulphate,
8 g.; glucose, 20 g., and zinc sulphate, 5 mg., all made to 1 litre with distilled water.
The aflatoxins were obtained by repeated extraclion with chlorolorm and the com-
bined extracts were concentrated i vacuo. The concentrate (abont 2 ml) was then
applicd to a columin of silica gel and chromatographed, using methanol (2 per cent.,
v/v) in chlorofornu as eluant. Thin-layer chromatography (TLC) was then applied to
the various fractions obtained from the column. The first fraction eluted from the
colunm (Fraction I, FFig. 1) contained the known aflatoxius, viz.: 13, (I), 13, (I1), G,
(L11) and G, (1V), (I7igs. 2 and 3) while the next fraction contained three metabolites,
two of which fluoresced blue under ultra-violet light, and a third which fluoresced
greeu. The blue fluorescent compound which had the highest Ry value on TLC,
(kieselgel G/methanol-chloroform 1: 49) (Fig. 1, Fraction 2) proved to be aflatoxin M,
(V) (Iig. 4) (Holzapfel, Steyn and Purchase, 1966) as was shown by comparison with
an authentic sample, kindly presented to the authors by Dr. Purchase (N.N.R.I.
Pretoria). The other blue fluorescent metabolite had an Ry value on TLC similar to
that of aflatoxin M, (VI) (Iig. 4) but, although it had the same molecular weight and
formula, it was shown to be a different and hitherto unknown, isomer and was named
aflatoxin By, (VII) ([ig. 5). The green fluorescent metabolite was found to be the G-
analogue of aflatoxin I3,, and was therefore named aflatoxin G,, (VII) (Fig. 5). Their
structures and relationships with the known aflatoxins were proved unequivocally by
proton magnetic resonance, absorption spectroscopy studies and by the preparation of
derivatives. An example is given in the scheme of Fig. G, wherc it is seen that O-acetyl

aflatoxin By, (1X) and 2*-acetoxy, 3*-hydro-allatoxin 13, possesses a common struc-
ture,

* This refers to Lthe position in the terminal furan ring.

JOERNAAL VAN DIE SUID-ATRIKAANSE CHEMIESE INSTITUUT 1969, Band XXI1
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Fig. 1

TLC of Silica Gel-Column Fractions from

Culture Media of A. flavus

Solvent Front
(B}

|B, O B}

l My 8 (8} |M| Q B
B, {B) |GM (G)
| Gz: O (G) ‘O
Fraction 1 Fraction 2 Fraction 2
(Simple Salts Medium) {Yeast-Glucose Medium)

Kieselgel / Methanol- Chloroform (1: 49}

{B) = Blue Fluorescence

[{G) = Green Fluorescence

The new aflatoxins had the following properties:

Aflatoxin B,, (Blue fluorescent compound):
m.p., 240° (dec.)
Molecular weight, 330
Molecular formula, Cy;H,,0,
Light absorption max. in methanol, 228 my, 256 mu, 363 mu
{em in order, 17,600, 10,300, 20,400)

1 All molecular weights and molecular formulae in this summary were determined by mass spec-
trometry.
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Fig. 2 Fig 3

st o Matosn 0 0

EED

Aflatoxin B, 0 0

OCH,4

Fig. & Fig. 5

Aflatoxin M, 0 0

Aflatoxin M, 0 0 Aflatoxin Gz._ 0 0

vi VI

OH

oo OCH, HO

Aflatoxin G,, (Green fluorescent compound):
m.p., 190° (dec.)
Molecular weight, 346
Molecular formula, C,,H,;,0O4
Light absorption max. in methanol, 223 my, 242 mp, 262 mu and 365 my.
(ey in order, 18,600, 10,100, 8,700 and 18,000).

JOERNAAL VAN DIE SUID-AFRIKAANSE CHEMIESE INSTITUUT 1969, Band XXII
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Fig. 6
Scheme 1

A Common Derivative of Aflatoxins B, and Bua

0 0

Aflatoxin Baa

HO“ No-"N0 0CH,

Acetic Anhydride
Pyridine

i
CH,L—07 ~07 ™0 OCH,

Acetic Acid
Thionyl Chioride

0 0o OCH,

These compounds were considered to arise from aflatoxins B, and Gy, respectively,
by the addition of water across the isolated double bond in the terminal furan ring, in
the presence of acid (see Fig. 7). This was shown by the preparation of aflatoxins B,,
and Gy, from B, and G, by treatment with cold dilute hydrochloric acid, and confirmed
by cultivating the mould on neutralized media, whereupon no aflatoxin B,,, or G,
was .produced.

. An important property of the aflatoxins B,, and G,, is their non-toxicity towards
ducklings, and hence, presumably, towards other animals. The toxicological studies
were kindly carried out by Dr. Ruth Allcroft at' the Central Veterinary Research
Laboratories, Weybridge, and Dr. W. H. Butler at the M.R.C. Toxicological Research
Unit, Carshalton, Surrey. One-day Khaki Campbell ducklings were dosed with afla-
toxins B,, and G,, at the following rates:

Aflatoxin ug.
B;a 300: 600: 900: 1,200
Gia 400: 800: 1,200: 1,600

JOURNAL OF THE SOUTH AFRICAN CHEMICAL INSTITUTE 1969, Vol. XXII
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Fig. 7

Formatlon of O-Ethylaflatoxin B2o from Aflatoxin B |

in Acidic Media

0 o

Aflatoxin B, 0
0 0CH,

H,0

H'
0o 0

0

Aflatoxin Bza

HO O: 0: OCH

There was no significant difference in growth between control and dosed birds, nor
were there any of the characteristic liver lesions associated with aflatoxin poisoning.

The results of these tests on ducklings, together with the fact that aflatoxins B,
and G, are easily converted to aflatoxins B,, and G,,, would seem to indicate that this
might be a practical method for the detoxification of feedstuffs especially as aflatoxins
B,, and G,, are by far the more commonly occurring toxic aflatoxins. Treatment of
contaminated material with dilute mineral acid over a number of hours should be
sufficient to lower the toxicity substantially.

After our studies had been completed on the fraction containing aflatoxins M;,
B,, and G,,, we turned our attention to the first fraction eluted from the column which
contained the known aflatoxins.

Examination of aflatoxins B, and B,:

It had been reported by Adye and Mateles (1964) that chromatography of the
aflatoxins on kieselguhr saturated with formamide and developed with benzene, gave a
better separation than that using the usual keiselgel-methanol-chloroforin system. We

JOERNAAL VAN DIE SUID-AFRIKAANSE CHEMIESE INSTITUUT 1969, Band XXII
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therefore decided to apply this system to the known aflatoxins we had obtained in our
first fraction. Thin-layer chromatoplates were preparcd by slurrying cellulose powder
[MN300 HR (supplied by Camlab) 15 g.] with 70 ml. of formamide-acetone (1: 9 v/v),
and spreading five 20 cm. X 20 cm. chromatoplates with this slurry. The plates were
rcady for use after drying in the air for five minutes.

The various aflatoxins obtained as single fractions after chromatography on
columns of keiselgel G, using methanol-chloroform (1: 49 v/v) as the solvent system,
were applied as bands to the thin-Jayers of cellulose impregnated with formamide and
developed with formamide-saturated benzene. I'rom each aflatoxin-containing frac-
tion further fluorescent compounds were obtained at higher R values than the known
starting aflatoxin. Thus the aflatoxin B, fraction yielded two blue fluorescent meta-
bolites, one named compound Ex;B; (having an Ry value of 0-86), and the other
labelled Ex,B;, (with an Rg value of 0-81) (Fig. 8). The aflatoxin B, fraction yielded

Fig. 8

TLC of Main Aflatoxin Fractions from

Culture Medium of A. flavus

Solvent Front

o W
lo! © 1o} -

B, 8, G, G,

Benzene / Formamide (Cellulose)
(B} = Blue Fluorescence
{G) = Green Fluorescence

(LB) = Light Blue Fluorescenca
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two blue fluorescent metabolites close together, one corresponding to Ex,B, and
another which was named ExB, and which had an Ry value of 0-77. Both the aflatoxin
fractions G| and G, gave rise to the same light blue fluorescent metabolite with an Ry
value of 0-66 which was named ExG (Fig. 8).

That the new fluorescent compounds were not produced as artefacts during
chromatography of the known starting aflatoxin was shown by isolating small amounts
of them and of the known starting aflatoxins using the benzene-formamide system.
The samples isolated were then re-chromatographed in this system, and also in the
kieselgel-methanol-chloroform system, followed by the benzene-formamide system
again. No further quantities of the new compounds were formed in either case, and the
new compounds were found to have Ry values on the kieselgel G system similar to
those of their respective parent aflatoxin fractions, e.g. Ex,B, had the same Ry value
as aflatoxin B,, etc. The new compounds had the following properties:

Compound Ex,B,
m.p., 83°
Molecular weight, 440
Molecular formula, C,gHg,0,

Compound Ex,B,
m.p., 236°
Molecular weight, 344
Molecular formula, C,zH;40,
Light absorption max. in methanol, 224 my, 265 mu, 362 mp.

Compound ExB,:
m.p., 245°
Molecular weight, 358
Molecular formula, C,H,,0,
Light absorption max. in methanol, 223 my, 266 myu and 364 mp.

Compound ExG:
m.p., 200°
Molecular weight, 374
Molecular formula, C; H,404
Light absorption max. in methanol, 223 my, 245 my, 266 mu and 366 mg.

Unfortunately, insufficient material was available for full characterisation of the
above compounds, but the following was deduced from the information obtained:
From mass spectrometry, compound Ex,B; was probably a long-chain alcohol quite
unconnected with the aflatoxins. Compounds Ex,B,, ExB, and ExG were evidently
aflatoxin derivatives as they had ultra-violet, and mass spectra which were charac-
teristic of the aflatoxins, e.g. light absorption maximum at about 363 my, loss ot m/e
of 29 on mass spectrometry. From their molecular formulae it seemed that Ex,B, was
a inethyl derivative of aflatoxin B,,, that ExB ,was an ethyl derivative of aflatoxin B,.

JOERNAAL VAN DIE SUID-AFRIKAANSE CHEMIESE INSTITUUT 1969, Band XXII
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and that compound I2xG was an cthyl derivative of aflatoxin G,,. This possibility was
investigated by preparing the 2*-methoxy, 3*-hydro-addition compound of aflatoxin
B, (X), Fig. 9 and the 2*-ethoxy, 3*-hydro-addition compounds of aflatoxins B, (XI)
and G, (X11). (These compounds, it will be noted, are synonomous with the equivalent

Fig. 9

R RO N0-N0 OCH,

X CHj3- 2*-Methoxy. 3*-hydro addition compound
of aflatoxin B (Ex2B)

X1 CaHs- 2*-Ethoxy, 3*-hydro addition compound
of aflatoxin B (Ex B3)

R RO~ :O: O: OCH,

Xl C,H,-2*-Ethoxy, 3*-hydro addition compound
of aflatoxin G, (ExG)

O-alkyl derivatives of aflatoxins B,, and G,,.) The compounds were prepared by treat-
ing the appropriate aflatoxin with either methanol or ethanol in the presence of a few
drops of thionyl chloride, to act as an acid catalyst (Andrellos and Reid 1964), and
separating the products by TLC. Thus by a direct comparison of properties, compound
Ix,B; was shown to be 2*-methoxy, 3*-hydro-aflatoxin B,; substance ExB, was 2*-
ethoxy, 3*-hydro-aflatoxin B,; and compound ExG became identified with 2*-ethoxy,
3*-hydro-aflatoxin G,.

Although the structures of these compounds had now been settled, the problem
still remained as to how they arose in the aflatoxin-containing extracts. However, the
problem was solved in a most unexpected way. It had been noted that, after treatment
with formic acid and extraction with chloroform, aflatoxins B,, and G,, gave rise to
new fluorescent products on TLC (kieselgel G-methanol-chloroform), which had Rg
values very similar to those of the’ known aflatoxins I3, and G,. Aflatoxin B,, gave rise
to a blue fluorescent product, and aflatoxin G, to a green fluorescent vne (I'ig. 10). On

* Refers to the position in the terminal furan ring.
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Fig. 10

TLC of Products from Formic Acid Treatment of

Aflatoxins B2a and Gaa

Solvent Front

() )

Ote)

" Baa O(B)

1 g

BZI G2a
Kieselgel / Methanol - Chloroform (1:49)

{B) = Blue Fluorescence

{G) = Green Fluorescence

examination by mass spectrometry, ultra-violet spectroscopy and proton magnetic
resonance absorption spectroscopy, they were found to be identical with the 2*-
ethoxy, 3*-hydro-addition compounds of aflatoxins B, and G,. Initially there was
some mystery as to how these compounds arose, as there was no apparent source of
ethyl groups in the reagents with which the compounds had been treated. The matter
was clarified when it was realized that the chloroform used to extract the reaction mix-
ture contained ethanol (about 29, v/v) as a stabilizer. It thus became apparent that
aflatoxins B,, and G,, were reacting with this ethanol under acid conditions, in a
manner similar to that found in glycoside formation in sugars. This could also explain
how the compounds, Ex,B,, Ex3,, and ExG came to appear as contaminants of the
principal aflatoxins, B,, B,, G, and G,.

In order to test this possibility, acidified solutions of aflatoxin I3,, were extracted
either with alcohol-free chloroform, or with pure chloroform to which one of the
foUowing solvents, methanol, ethanol, propan-2-ol, butan-1-ol or benzyl alcohol, had
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been added. (The alcohol-free chloroform was prepared by treatinent with activated
molecular sieve 5A.) On TLC, each extract gave a blue fluorescent spot at a higher Rg
value than the original aflatoxin B,,, and on mass spcctrometry of these products it
was found that they corresponded to the appropriate O-alkyl derivatives of aflatoxin
BB,,, €.g. the chiloroform containing butanol gave O-n-butyl aflatoxin 13,,. In this way
it was shown that O-alkyl derivatives of aflatoxin B,,, could arise by extracting acidic
solutions of either aflatoxin 13, or B,, with impure chloroform (see I'ig. 7). Similar O-
alkyl derivatives of G,, could arise by the extraction of acidic solutions of G, or G,,.
Compounds 12x,13,, I2x13, and LExG did not arise exactly in this way, as they still arose
on TLC of culture fluids extracted with alcohol-free cliloroform. In this case the
alcohol presumably occurs in the culture due to fermentation reactions and then
proceeds to react as outlined.

[t is important to note that the formation of aflatoxins B,, and G,, and also of
their O-alkyl derivatives as outlined above, may complicate the individual assay of
aflatoxins from acidic culture fluids. I'or exaniple, a substantial quantity of the afla-
toxins B, and G, in any preparation may actually be present as aflatoxins B,, and G,,
and the extraction of such cultures with ordinary chloroform would give rise to their
O-ethyl derivatives; the latter, having similar Ry values to the morc common afla-
toxins By, By, G, and G, in the TLC systems using keiselgel, would falsify the assay
result.

In order to overcome these difficulties, culturc fluids should be neutralized prior to
extraction, which should be carried out, preferably, with freshly prepared alcohol-free
chloroform. In addition to these safeguards, extracts from such cultures should be in-
vestigated, using the benzenc-formamide system, which would reveal the presence of
any O-alkyl derivatives of aflatoxins B,, and G,,.

Afiatoxins GM | and By:

In addition to being cultured on simple salts media as in the previous work,
A. flavus was also grown on a yeast extract-glucose medium (based on that described
by Davis, Dicner, and Eldridge, 1966). This medium was used for the quantitative
production of the aflatoxins as it was known to produce them in high yield {Davis et al.,
1966). On column chromatography of the aflatoxin-containing extract from this cul-
ture, two fractions were obtained in the same manner as was described previously for
the simple salts medium. The first fraction contained the known aflatoxins, while the
second was found to contain two metaboites, which fluoresced blue, and one which
fluoresced green when examined by thin-layer chromatography in the kieselgel/
methanol-chloroform system. The compound with the highest Ry value, i.e. with a
value halfway between the positions of aflatoxins G, and M, ([Fig. 1), proved to be a
new compound which was named aflatoxin B, on account of its blue fluorescence. The
other two compounds, of lower R values, appeared in positions analogous to those of
aflatoxins B,, and G,,, i.e. the blue fluorescent spot was a little higher on the chromato-
plate than the green fluorescence. However, on further examination it was found that
the blue fluorescent metabolite was identical with aflatoxin M,, and that the green
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Fig. 11

Aflatoxin GM, 0 0
X111

Aflatoxin B, 0
X1y

CH,-CH,-OH

0o OCH,

fluorescent compound had properties which were in accordance with its being the G
analogue of aflatoxin M, XIII (Fig. 11). This latter compound had been tentatively re-
ported by other workers, e.g. Purchase and Theron (1967), who had named it aflatoxin
GM (private commuhication). We have more specifically designated it aflatoxin GM,

in keeping with the other aflatoxin nomenclature. The properties of aflatoxins GM, and
13, are as follows:

Aflatoxin GM | :
m.p., 276°
Molecular weight, 344
Molecular formula, C,,H,,04
Light absorption max. in methanol, 235 mu, 262 mu and 358 mu
(ep In order, 21,200, 16,300 and 12,000).

Aflatoxin By:
m.p., 217°
Molecular weight, 302
Molecular formula, C;H,,04
Light absorption max. in methanol, 229 my, 253 mye, 262 myc and 326 nye
(e in order, 10,000, 7,300, 7,500 and 9,350)

Both compounds formed mono-acetyl derivatives on acetylation with acetic anhvdride
in pyridine.
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The proton magnetic resonance spectrum of allatoxin By and its other properties
are in keeping with its having the structure XIV (Fig. 11) (Heathcote and Dutton,
1969). IFrom this structure it can be seen that aflatoxin B, probably arises in the cul-
ture fluids of A. flavus from a degradation of aflatoxin G, by a decarboxylation reac-
tion, involving cither the coumarin or 8-lactone system present in this compound. As
an analogous compound corresponding to the degradation product of aflatoxin 3, has
not been observed, (i.e. with an intact cyclopentenone ring system), it scems very
probable that the 3-lactone system is hydrolysed and then decarboxylated. This pro-
cess presumably occurs during incubation of the culture and not as a result of the ex-
traction procedure, as aflatoxin B, did not arise when relatively large ainounts of pure
aflatoxin B, or G, were incubated in un-inoculated culture fluid and passed through the
extraction process. It may well be that aflatoxin B3,, and like compounds, represent
steps in a degradative process, occurring in cultures of the mould, which lcad to the
disappearance of the aflatoxins from cultures of A. flavus, a process which has been
observed by ourselves and other workers, e.g. Cicgler, Peterson, Lagoda and Hall
{1966).

Thanks are duc to: Dr. I. F. M. Purchase and colleagues of the N.N.R.I. Pretoria,
lor donation of samples and help given; Dr. Ruth Allcroft of the Central Veterinary
Laboratories, Weybridge, Surrey and Dr. H. M. Barnes and Dr. W. H. Butler of the
M.R.C. Toxicology Research Unit, Carshalton, Surrey for carrying out toxicological
studies on animals; Drs. M. Barber and A. Wolstenholme, and Mr. T. Kemp of A.E.L,,
Manchester, for mass spectrometry; and the British S.R.C. for a research grant to one
of us, M.I'.D.

The University,
Salford,
England.
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Biosynthesis of aflatoxins

John G Heathcote, Michael F Dutton and John R Hibbert

Despite the interest which has been aroused by the discovery
of the allatoxins and the work which has been carried out on
them'* surprisingly little is known about their biogenesis.

A number of hypothetical biosynthetic routes were
advanced by Moody* who suggested that the aflatoxin
molecule could arise more easily from isoprenoid units rather
than from acetate and he put forward various schemes for
their biosynthesis from isoprenoid units.

An attractive suggestion was put forward by Holker and
Underwood.® Because of the presence of the his-dihydrofuran
moicty in both aflatoxins and sterigmatocystin (a metabolite
of A. versicolor)., they suggested that sterigmatocystin is
prabably a precursor of the aflatoxins or has a precursor in
common with thein, and they put forward a possible route
for the conversion of sterigmatocystin to aflatoxin B,.
Experimental support lor Lhis theory was lacking, as cultures of
A. flavus and A. parasiticus did not convert labelled sterig-
matocystin to aflatoxin, and no sterigmatocystin could be de-
tected in cultures of A. flavus cultivated on labelled acetate.

Thomas® also took the view that the aflatoxins are produced
via sterigmatocystin, and suggested that sterigmatocystin
itsell arises from versicolorin A, another metabolite of 4.
versicolor. His overall scheme however, differed from that
put forward by Holker and Underwood.?

It has now been shown, by labelling and degradative
studies, by Biollaz, Buchi and Milne’®-5, that the aflatoxins
are acetate derived and that the acetate units are distributed

I

Fig1 Distiibution of acetate unitsin allatoxin B.

|
{Derived from CH, COOH. Biollazetal)

through the molccule as indicated in Fig 1. This has also
been confirmed by Raj er al® who found that labelled acetate,
leucine and mevalonate. were incorporated into aflatoxin
molecules in the presence of a cell-free enzyme system
prepared from a toxin-producing strain of A. flavus.

Dr Heathcote is at the University. Salford 5, Lancs.
Dr Dutton and Dr Hibbert are at Trent Polytechnic and
Manchester Polytechnic, respectively

Recently lurther credence has been given to the proposal:
of Holker ef «l® and Thomas® following the isolation ol
other metabolites rclated to sterigmatocystin, viz, O
methylsterigmatocystin - Burkhardt and Forgacs®; Aspertoxit
- Rodricks, Lustig, Campbell, Stoloff and Henery-Logan'
and Versicolorin C - Heathcote and Dutton''; all fron
afatoxin producing cultures of A. flavus. In view of thes
discoveries, a biosynthetic scheme for alatoxin starting
from acctate and involving a versicolorin type precurso
becomes feasible, as the versicolorin molecule has a
anthraguinone nucleus typical of those synthesised in ac
cordance with the acetate theory, c.g. as suggested fo
averythrin by Roberts and Roffey.'?

In order to investigate the biosynthesis of the aflatoxin
by this latter route. the incorporation of various possibl
precursors into the allatoxins produced by A. flavus has bee
studied. This is described in the experiments which (ollow.

Experimental
Cultivation of the mould on labelled substrates
Cultures of A4. flavus (CMI 91019b) were prepared in 250cn

Tahle | Labelled compounds® (counts/min.) added to cultures of A.
tflavus

Specific Counts
activity [min
pnc/w mole  added

Compound added*

'C)) Sodium acctale 444 14,100
("‘Cyp) Sodium acetale 180 20,40(
("“Cy) Sodium matonate 14§ 11100
("Cy Sodium malonate 18-3 HEHLOOC
('*Cy) Fthyl acetoacctate 37 40.00(
("'Cy) e, Mcevalonice acid lactone 4-8 FHIL(KK
(U-*Q) Glucose 194-0 12,72
("*C,, "*C.) Tumaric acid 194-0 44 0
("'C,, "*C,) TFumaric acid 22 44 (K
("*C,. "'Cy) Malcic anhydride 31 111,00
(U-C) t-Malic acid 147 P00
(**Cy, "*Ca)  Succinic acid 88 11,100
(G-"*C) Kojic acid** 1-8%10-° 13,95
(U-"C) 1.-Aspartic acid 2170 (1o
-0y 1-Isolcucine 290-0 111,00
(G-'H) t-Phenylalanine 750-0 111,00
(G-I p-Aminobenzoic acid 2050 160.00
(U-"C) L-Glutamie acid 1300 111,00
("Cy) inside chain bL-Tyrosine 157 99,57
CHLL ) in nucleus vL-Tyrosine 5000 105,78

* Unless otherwise stated, alf compounds were obtained from
Radiochemical Centre, Amersham

** Obtained from a cuttuie of A, flavus grown on (U'*C) glucose ¢
uncorrected for quenching and clliciency of instrument




1030
°\c|,H I
e It Il
IS
Me Hy Seven
| |0| IOI acetate units
C c=0
7~
04‘:\“/ Neny” Nen
Folding of chain
and condensation
0
o,
1C——CHy Polyhydroxy
| anthraquinone
"CHJ OH
0
Acetoacehc
acid
Oxidative
coupling

Conversion o utlatoiin structure as in Fig.}

Fig 4 Possibleroute for the biosynthesis of aflatoxin via the acetate

pathvsay and oxidative coupling of acetoacetate'?

Chemistty and Industry, 3 November 1973

More recenlly [urther experiments with certain mutant
strains of A. flavus have heen carried out in this laboratory,
the results of which are now being prepared for publication.
These lend support to the above scheme and indicate that a
biosynthetic system which involves a common precursor [or
the versicolorins, sterigmatocystins and the aflatoxins is

quite likely.

M. F. Dutton would thank the SRC for a research grant.
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findings agree with the work of Donkersloot, Hsieh and
Mateles,!? who showed that labelling from these compounds
does not enter the aflatoxin-containing fraction. The earlier
reports by Adye and Mateles'# that labelling from both these
compounds entered the aflatoxin-containing fraction may
be explained from the observation that the aflatoxins form
complexes with added labelled amino acids which are very
hard to break down. For example, at least three developments
on t.l.c., using two different solvent systems, were required
to free the aflatoxin-containing fraction from tyrosine, while
labelled p-aminobenzoic acid was never separated from the
aflatoxins.

From the evidence of our results, it seems that the aflatoxins
are derived purely by the ‘acetate’ route, an observation which
is in agreement with the findings of Biollaz er al7a. It
would seem clear to us that the aflatoxins must arise by the
secondary transformation of some preformed compound. If
it is assumed that this precursor is an anthraquinone, e.g.
versicolorin A (I11) Fig 3, a major difficulty still remains as
to how the bis-dihydrofuran moiety in the molecule is
formed. It has been suggested (e.g. by Dr J. S. E. Holker of
Liverpool University) in a private communication that this
system might arise from a ‘C4 unit’ e.g. oxaloacetate, com-
bining with the preformed benzenoid part of the molecule,
as shown in Fig 2. In spite of the feasibility of this scheme, it

, Preformed

.
#7  Benrenold
Oxaloacetic 0/

[s]
acid lp L. Unit
I|CH1_CII n f
————————
c c HO o.
0//‘\0 04'\0'1 ~~

H

Condensation

and

Reduction

- Atlataxin

structure

(1D

Fig 2 Possible route for the biosynthesis of the bis-dihydrofuran
system in aflatoxin

is not supported by the experimental work reported here. All

the ‘C4’ units examined, viz malate, fumarate, succinate,
maleate and aspartate, (apart from acetoacetate, which is
involved in the acetate pathway), showed little or no uptake
into the aflatoxin-containing fraction.

Support for isoleucine being the precursor of the bis-
dihydrofuran system in the aflatoxins was forthcoming in that
reasonably rapid uptake into the aflatoxin-containing fraction

occurred when labelled isoleucine was added to cultures of

A. flavus. However, this result is complicated by the fact that
mevalonic acid (a comnpound with the same carbon skeleton
as isoleucine) shows a rate of uptake into the aflatoxin-
containing fraction which is similar to that shown by iso-
leucine. As there is no known biosynthetic link between these
two compounds, the question arose as to which one, if either,
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Fig3 Possibleroute for the biosynthesis of aflatoxin via acetate
pathway with mevalonate as a starter unit

was actively involved in the biosynthesis of the bis-dihydro
furan system. As mevalonic acid is often found as the starte
unit in acetate-derived compounds, and is already in a highl
oxidised state, we felt, at the time, that this compoun
seemed the more likely of the two, and hence the scheme i
Fig 3 was suggested for the total biogenesis of aflatoxin B3,
starting from a mevalonate ‘starter’, and acetate units. Th
recent work of Biollaz e al’® has invalidated this scheme, fc
although the resultant labelling pattern which would b
obtained from labelled acetate is in keeping with that found b
Biollaz et al”® for the main part of the molecule, that prc
duced in the bis-dihydrofuran moiety is not (Tigs | and 3
If isoleucine is substituted for mevalonate in the scheme (Fi
3) the labelling pattern is still ambiguous, because isoleucin
can arise from acetate by more than one route, However, th
possibility of some charge transfer or other complex bein
formed in the case of isoleucine should not be entirel
overlooked.

Thus, from the results, the problem of the biosynthet
pathway to the aflatoxins still remains unsolved, although ¢
the basis of data derived from selective degradation of labell¢
aflatoxins, Biollaz er al”? have suggested a scheme startit
from either a polyhydroxynaphthacene or benzanthracen
However, there is no experimental evidence at the moment
favour of it, especially as compounds of about this molecul:
size isolated from the Aspergilli are often substituted anthr
quinones, e.g. endocrocin and averantin. We should lil
to propose an alternative possibility, where acetoacetate
oxidatively coupled to a preformed anthraquinone molecu
(cf. phenol oxidative coupling) to give the desired labellu
pattern (Fig 4).
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conical flasks on a simple salts medium (50cm?®) of the
following composition: dipotassinm hydrogen phosphate
(3g); potassium dihydrogen phosphate (lg); magnesium
sulphate (1g); ammonium sulphate (8g) and glucose (40g) all
made to 1 litre with distilled water. The inoculation was
carried out by cutting a disc from an actively growing colony
of A. flavus on potato dextrose agar, with a sterile cork borer
and adding this to the medtum. After incubating the culture

. at 257 for about two days, and just on the appearance of the
aflatoxins in the culture medium, a sterile sample of the test
substrate labelled with radioactivity (either "*C or *H) was
added (Table 1).

Msthod of counting activity

Counting of the f-emissions [rom the disintegration of the
1C and °H isotopes was carried out by liquid scintillation
counting, using the Nuclear Chicago ‘Liquid Scintillation
Spectrometer System Model 724, The instrument was set up
for counting separate samples of *H and '*C consecutively,
and its counting efficiency was determined.

The scintillation solution used had the composition;
P.P.O. (4g) and P.O.P.O.P. (0-4g) made to 1 litre with
toluene. The count was corrected for the efficiency of the

instrument, the background, and tlie quenching caused by
the aflatoxin present.

Pieparation of sample for counting

Immediately after the addition of the labelled substrate, a
sample of culture fluid (5cm?) was withdrawn from the flask
by means of a sterile pipette. This sample was then neutralised
by shaking with a little solid sodium bicarbonate in a
separating funnel. The neutralised sample was then extracted
three times with chloroform (10cm?). The combined extracts
were dried over anhydrous sodium sulphate and filtered, the
residue of sodium sulphate being washed with a little dry
chloroform. The chloroform extracts and washings were
evaporated to dryness and the residue was made vp to 10cm?
with chloroform in a graduated flask. The optical density of
this solution was read at 363nm usirig either a lcm or a 2cm
silica cell depending upon the concentration of aflatoxin
present. From this reading, the aflatoxin coucentration
present in the sumple was calculated in terins of ¢ mole of
aflatoxin B, (E-==20,150). The total aflatoxin-containing
chloroform solution, including washings from the optical
cells, was evaporated to dryness in vacuo, and the residue was
taken up in totuene (4cm?). This solution was then transferred
to a scintillation bottle, the residual solution being washed
into the bottle with toluene (lcm®). To this solution, Scm?® of
scintillation solution were added. The scintillation bottle was
placed in the dark for oune hour, and then counted. After
correction of the count, the result was expressed ip counts/
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min/p. mot of solution. This gave the zero-time reading. 1f
the reading contained apprecinble activity, it was nssnme?d
that added tracer was being carried over into the afatoxin
fraction and it was necessary to purify this fraction Turther by
t1c. on‘Keiselgel” G using methanol-chloroform (1:49) as the
solvent system. ‘The purified aflatoxin-containing fraction so
obtained was re-assayed and re-counted. The t.lc. process
was repeated several times more, using other systems, .if
necessary. until the activity was reduced to zero. Where, in
certain c.zlses, a constant residual activity still remained in the
7ero-time fraction, its activity was subtracted from the activity
of samples subsequently taken. In practice nearly all the
zero-time samples were purified by tlec. to minimise this
interference. Subsequent samples of culture fluid were taken
after appropriate time intervals and treated in the same
manner.

In order to check whether a general labelling of all
metabolites was occurring, when substantial amounts ol
radioactivity were passing into the aflatoxin-containing
fraction, a sample of pure kojic acid was isolated from the
cultute fluid, and its activity was determined. 1t was not
possible to find the specific activity of the kojic actd, du.e to
the quenching effect of the material. However, the techimque
used was adequate for ascertaining whether moderate
amounts of activity were passing into the kojic acid.

Results

Both acetate and malonate were taken into the allatoxin-
centaining fraction rapidly as was aceto-acetate, activity
appearing in the aflatoxins within six hours of the substrate
being added. Mevalonate and isoleucine showed a sliphtly
slower uptake but were heginning to be incorporated within
a day.

Of the substrates involved in shikimate metabolism, none
showed rapid uptake. Activity from the tyrosine did nct
appear in the aflatoxin-containing fraction until after fgur
days and then in small amounts. Activity from phenylalanine
had not appeared in the aflatoxin-containing fraction after
six days. It was difficult to draw any conclusion in the
experiment with p-aminobenzoic acid as it was impossible to
reduce the activity of the zero-time sample, even after five
purifications on t.l.c. ‘The above results are detailted in Table 2.

The incorporation of radioactivity was negligible when any
of the following tabelled materials were added to cultures of
A, flavns: fumaric acid. malic acid, maleic anhydride,
glutamic acid, succinic scid, kojic acid and glucase.

Discussion

That the aflatoxins are not “shikimate-derived’ is supported
hy the result that neither Tabelled tyrosine nor phenylalanine
is rapidly incorporated into the aflatoxin molecule. These

Table 2 Incorporation of lubelled compounds into the aflatoxin fraction of cultures of A. Flavus. Specific activity (count/min/ji mole) of aflatoxin fraction

Days incubation after addition

025 0-5 1 2 3 4 5 6
((**C)) Sodium acetate 3593 8387 7582 99748 4474 3183 2552
("*C,) Sadium acetate 13,362 62,821 72,894 17,695 11,433 6350 8348
("*Cy) Sodium nalonate 26,804 50.098 29,192 19,429 46,459 18,565
(**C,) Sodium mualonate 9277 20,450 59.273 40433 27.081 22,7117
("*C,) Ethyl acetoacetate 9961 59,540 129,175 22,071 30,102 29,343
(**Cy) pL-Mevalonic lactone 0 308 174 196 219 VAl 269
(U-"C) lsoleucine 0 54 1301 4184 4479 1497 2042
(' C)) (side chiin) o= Tyrosine ] 0 0 il 0 NI 144 381
CHy H) o nucleus) pe-Tyrosine 0 0 0 0 0 0 83 359
(G- 1-Phenylalanine 0 0 0 0 0 0 0 0
(G-11) p-Aminobenzoic acid 413,043 207,478 119.687 990,170 99,765 107,296 139133




Biosynthesis of aflatoxins

Part I

John G Heathcote, Michael F Dutton and John B Hibbert

It is now generally accepted that acetate and malonate are
the most likely starfer blocks for the biosynthesis of the
aflatoxins but, as yet, little is known of the internediate
metabolites on the pathway. In a previous paper’ we con-
sidered several possible routes to the formation of the
aflatoxin molecule on the basis of the incorporation of
labelled compzunds into the aflatoxins produccd by Aspergil-
lus flavus cultures. As a result of these findinigs, we suggested
a scheme embodying a versicolorin type moleculc as an inter-
mediate in the biogenesis of the aflatoxins. Because of a
dearth of suitable mutants possessing enzymically blocked
pathways to aflatoxin biosynthesis, workers have been forced
in the past to rely on indirect methods in approaching the
problem of biosynthesis.

On the basis of evidence obtained from in vitro degradatlon
studies® on labelled afiatoxins, Biollaz et al® suggested a
biosynthetic scheme starting from either a polyhydroxy-
naphthacene or benzanthracene. These workers came to the
conclusion that aflatoxin B, is the precursor of aflatoxin M.
Reveutly, however, Steyn et ui* fed [2—!3C]-aud [1,2-!3C] -
acetate to a culture of A. flavus and established that the
arrangement of intact acetate units differed from that postu-
lated by Biollaz.? Their results removed a previous ambiguity
by demonstrating that a C,4-naphthacene precursor is no
longer teaatle. Their findings were in complete agreement
with the *4C-labelling pattern reported originally by Holker
and Mulheim,® and Steyn et al* suggest that it now seems
more likely that biosynthesis takes place by the addition of a
C4~ unittoapreformed anthraquinone molecule, as postulated
by Heathcote et al.! This hypothesis has also received sup-
port from the findings of Hsieh et al” that sterigmatocystin
could be converted into aflatoxin B, by cultures of Aspergillus
parasiticus, and, even more recently,® that the C,p-poly-
hydroxyanthraquinone averufin can be converted into
aflatoxins B,, B, and G,.

Another. method of ascertaining the later stages of bio-
synthesis of the aflatoxins is to add various labelled aflatoxins
to cultures of A. flavus and to ascertain the extent to which
they are interconvertible. In this way, it is possible to ascertain
whether an individual aflatoxin acts as a precursor to any of

Dr Heathcote is at the University, Salford 5, Lancs
Dr Dutton is at Trent Polytechnic, and Dr Hibbert at
Manchester Polytechnic. Part t is given in reference 1

the other afiatexins. Fsing this technique several years agp
Dutton® obtained resuits in thig laboratory which indicat
that the sequerice of ~flatexin production was probably
the owder of M, -+ By -+ G,. Thess experiments ha
not previously been reported and since they were carried o
we have greatly improved the chromatographic techniqu
neceeeary for the isolation and porification of pure af
toxins,’® and the earlier experirpents have been confirn
and extended.

In the present paper the order of natural biosynthesis I
been re-examined by feeding labelled aflatoxins and ol
related metebolites to actively growing cultures of A. flay
CMI 91019b. In addition to the parent strain of the organis
two mutant strains'! were also utilised in these studies. T!
was partly because one of these rautants (CMTL 91019t
produced both versicolorin and sterigmatocystin in mu
greater quantities than the parent strain on all med
Furthermore, electron microscopy had shown that the ¢
wall structure of the mutants differed from that of the parc
particularly in having thinner walls and larger pycii
intuckings of the plasmalemma.!? It was hoped that the
differences in cell structure might enhance our knowledge
the mechanism by which the secondary metaholites
transported across the mycelial wall.

Experimental

Preparation of **C-labelled metabolites

The labelled aflatoxins and other secondary metabolites w
prepared for the feeding experiments by growing cultures
A. flavus 91019b either on a simple salts medium supj
mented with glucose (Heathcote ef al') or, in the later
periments with mutants (Table 3), on the medium of Br
et al'? in which the ammonium nitrate had been replaced
ammonium sulphate (GAS medivm). The radioact
aflatoxins and other metabolites were isolated, individus
purified and assayed as described in the feeding experime
below.

Feeding experiments

Actively growing cultures of CM/ 91019b and its mutar
91019b,and 91019bn

[n the initial experiments reported in Table ! the medi
used for the actively growing culture was the same sim
salts medium referred to above supplemented with gluc



CAICH, 1O atntoxm 15,. Ihe aistripnuon ot lllCOrpOf(llC(‘
radioactivity between B, and B, indicates that the latter may
well arise from the By first produced directly front M. It
would secry from the fact that this conversion of aflatoxin M|
to B, and B, is by no means quantitative, that it is probably
dependent upon its permeability into the fungal cell from the
culture Mluid.

In contrast to the above finding, none of the aflatoxins of
the B or G scries was converted inlo aflatoxin M, in any
appreciable gunantity. The radioactivity appearing in the
aflatoxin M, when aflatoxin B, was added to the culture
was small and could have arisen from contamination wilh
aflatoxin B,.. The latter was highly radioactive in these
experiments and appreciable difficulty is encountered in
separating M, from B,s by t.lc.

There is little doubt that aflatoxin B, may be converted
into most of the other aflatoxins such as B,, Bja, G,, G, and
G ,a (the fatter two aflatoxins being derived, presumably, via
G,). Aflatoxin B,, though apparently convertible to B,, is not
converted to G,. The latter was not readily converted to any
of the other aflatoxins. Neither B,a nor G, appeared to be
convertible to other aflatoxins. ,

The results obtained by adding Jabelled aflatoxin B, to
resting cultures ngreed with those obtained from the aciively
growing cultures. l would appear {rom the resulis below that
the radioactivity of B, was incorporated into all otler
aflatoxins except M.

From these results it would appear, thercfore, that aflatoxin
B, is not a precursot of aflatoxin M,, as suggested by Biollaz
et al? but rather that the biosynthetic route may well be from
M,-B.—G.,.

Similar experiments were carricd out after an interval of
about two years, during which tine we had improved the
t.l.c. separation techniques. These techniques'® enabled us to
separate kojic acid from the relatively polar hydroxyafla-
toxins and to measure the degree of incorporation of radio-
activity into the kojic acid produced by the mould. It was
found, in practice, that none of the kojic acid contained any
appreciable activity. This suggested that the aflatoxin tracers
wete not themselves metabolised as general carbon sources
by the mould.

The new t.l.c. systems also enabled us to prepare a variety
of U-'*C-labelled metabolites in pure form for feeding to the
mould and its mutants. The results of these feeding experi-
ments are surmnarised in Table 3. They shiow that, except for
some variations, the redistribution of labelling that occurred
when aflatoxin B, was added to cultures of the white and
brown mutants was similar to that shown by the parent strain
(CMI 91019b). Thus, aflatoxin B, appears to be acting as a
precnrsor of By, Gy and B, - a tinding 1n agreement with
the earlier results.

The high level of labelling in aflatoxin GM, when radio-
active M, was added to cultures is in complete contrast
to the absence of signilicant labelling in M, when '*C-GM,
was added. This indicates that aflatoxin GM, is probably
derived from aflatoxin M, in the same way as aflatoxin G,
is derived from aflatoxin B,. '

Likewise, the incorporation of significant labelling into
affatoxin M, occurred only when labelled aflatoxin M, was
added to cultures of the mould growing in acid medium. This
indicates that this dihydroxy aflatoxin, M,a, is derived from
aflatoxin M| and does not arise from aflatoxin B, via aflatoxin
Bya.

I'hese cxpertments conlirmed the carlier observation that
the radioactivity in '*C-aflutoxin B,, was not incorporated
into any of the other aflatoxins. On the other hand, the label-
ling in M, and GM, was incorporaled into other aflatoxins.
This seems to suggest that some sclection process is at work in
the rc-entry of the labelled aflatoxing into the myceliunt. Thus,
the presence of a hydraxyl group on the C-2 atom appears Lo
prevent re-entry into the mycelivm, whereas its presence on
the -4 atonm doee nat aypear to have this effect.

Fhe resulie ~bhtained when aflatoxin MO My was added to
the cultines support the deduction from the earlier experi-
ments that M, acts as a precursor of both B, and G,.
Aflatoxin GM | however, appears to acl as a precursor of
G, only.

The absence of any significanl incorporation of radio-
activity inte versicolorin. € or sterigmatocystin, when
labelled aflatoxin was added to cultures of the mutant strains,
strongly suggests that the aflatnxinsg do nol acl as precursors
to either of thiese metaboliles, even in cultures of mounlds that
produce all three compounds.

The tapid incorporation of lahelling into sterigmalocystin
when ' C-labslled asprricxiz waz added 1o euliures of mutant
slraing indicates that acperinxin can act as a precmsor of
letipmatocysiin,

None of the activity confzined in versicolotin ¢, was in-
corporated inta the 2flataging or other metabolites, and il
would appear that versicolorin € does not act as a precurson
to sterigmatosyctin or (he aflatoring. TTowever, 1his does not
preclude the possibilits that versicolorink A may acl ac a
precursor of thie aflatoring, and recent 1eporls on the presence
of hydroxyanthraquinones in A. parasiticus'?:'* appear 1o
hold promise for further investigations in this field.

Summary

The technique of feeding labelled aflatoxins and related
metabolites to cultures of aflatoxin-producing moulds has
thrown (resh light on the relationships between these com-
pounds.

Aflatoxin B, may be converted into most of the other
aflatoxins such as B, B,s, G,, G, and (G,a. However, none of
the aflatoxins of the B or G series appears to be converted to
aflatoxin M.

The results presented in this paper show that the later siages
of biosynthesis nf the aflataxins most probably follow the
general order: Aflatoxin M, —~Aflatoxin B,-»>Aflatovin G,.
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Table 1 Intercom ersion of aflafoxing by cullnres of . foves (Strain 91010b). Specitic activity (cosmt/min/pinnl) of allatoxins recovered

U adlatoxin
(count/mia added)

From culture Ituid

Prom mycehinm

B,

(total fraction)

M,

L B, Gy Gy B G

B, 163000 1763 2 % 29921- & 4093 X5 287 .7 559 PRLE 197 3071
B, 331000 1572 2035 210 0 3] 1o ) 2135
Gy 15800 019 563 5236 1290 201 b 52 1916
e, 11030 50 0 308 2819 0 0 RSG 2536
SH 7716 1R19 101 17 0 EAVIE] Al 1 1461
(i 17080 0 0 0 v 120 1) 19 91
Gy AN 0 0 0 4] 247 /7 411375 0

(1 per cent w/v), and was dispensed in 50cm® portions into

Ocm? conical flasks.

A known quantity of the U- " C-labelled aflatoxin under
st was added to each of these flasks, the amount added
depending on the specific activity of the compound. The
flasks were then incubated with discs cut from a colony of
A. jlavus CMT 91019b growing actively on potato-dextrose-
agar, until it was judged that a maximum concentration of
aflatoxins had been produced. In the Jater experiments in-
- volving mutants (Table 3), a spore suspension was used lo
inoculate the GAS medium, the Jatter being dispensed in
60cm?® porlions in the conical flasks,

The culture fluid was decanted from the mycelivm, passed
through a glass filter pad and neutralised with sodium
bicarbonate to prevent the acid-catalysed prodnction of
Q-alkyl derivatives of the aflatoxins, It was then cxtracted
three times with an equal volume of alcohol- frec chloroform.
‘The combined exltracts were taken to dryness in vacuo and
purified by preparative t.l.c. In the early experiinents (Tables
I and 2), Kieselgel-G, Merck, was used as the thin layer

Table 2 Incorporation of radioactively-labelled aflatoxin B, Into resting

cultures of A. flayus. Specific nctivity (count/min/pmol) of nfiatoxins
recovered

u-—-cC aﬂ—al—oxin By
(" ount/min added)
163,000

Bl Bl Gl G; M| B,. G;n

5320 787 502 962 0 4980 543

support medium and chloroform-methanol (49:1, v/v) was the
solvent system. In the later experiments descrived (lable 3),
Mallincrodt TLC-7G was the support medium and chloro-
form-methanol was the solvent in the proportions of 49:1,
v/v; 97:3, v/v; and 93:7, v/v.

Each individual mycelial mat was washed free of medium.
1t was then either dried in a vacuum desiccator over P,O, or,
in the later experiments,!® freeze-dried. The dried mycelia
were ground to a fine powder and extracted with warm
chloroform (30°) under reduced pressure as described else-
where.'® Extracts were either evaporated to a small volume
(1 cny?) or freeze-dried.

Aflatoxins and pigments were separated by preparative t.l.c.

on Mallincrodt TLC-7G using chloroform-methanol and
toluene-ethylacetate solvent systems. Tn these experiments
the kojic acid in the cultwre fluid was also isolated in order 1o
chect wihether the aflatoring wete being broken down into
staller units which could act as general carbon sourcer. The
aflatoring and other radioactive metaholiles were assayed and
their activity was determined by liquid scintillation connting
(Heatlieote et al').

Nepfacement cultines

Two collures of A, flavus CME 210190 were prepared as
desaribiedd abave and, alter six days of incubation, just belore
maxininm. production of mycelivim, the cullure fluid wae
decanted. ‘1he mycelial mats wete washed with sterile diztilled
watcr. A sample (50 c?) of sterile (Seitz-filtered) resting cnl-
tute mcdinm containing U Y Ishelled aflatoxin 13, wne
thea carefully added, so that the mycclial mat floated on the
sutlare of the muediunt. The ecompasition of the resting medium
was the samne as that of the salte and glucose medivm used loy
the actively growing cultures but the nilrogen somee
(amuvwonivn snlpbate) was omitted. "Jhe replacement cnliuics
were incubated for three days and then harvested. Before
extraction of the aflataxing a snitable volume of a concentiate
comtaining all the aflatoxins was added as a carrier (o the
replacement culture. The allaloxing so obtained were then
assayed and counted as before.

Results and discussion

T'ne addition of labelled afatoxins Lo cultures of A. flavus
and the subsequent assessment of radioactivity produced in
other aflatoxins would seem to be a useful method of studying
their interconvertibility. Judging from the radioactivity found
in the mycelivin after the addition of such labelled aflatoxins,
sonte of these compounds are able to re-enter the fungal cells
from the medium and to expose themselves to any wmodifying

processes occurring there as well as to those present in the
culture flnid.

It will be seen from ‘Table 1 that when aflatoxin M, was
added to actively growing cultures it was converted pre-
dominantly by the mould into aflatoxin B, and, 1o a smaller

Table 3 Converslon of '*C-Lnbelled metabolites Into relnted metabolites by cultures of A. flavus. Specilic actlvity (connt/min/pmol) of metubolltes recovered

uU--1"C Count/
Metnbolite A. flavus  nin From culture fluid From mycelium
Added strain added
Aflatoxin . Sterigmaion- Versicol-

B, B, G, ‘M, GM, Bia Mia Aspertoxin  cystin Total  orin C
Aflatoxin B, (91019b) 109300 4STF 3857 2000 437 452 7305 - = 0 a6y 51
Aflatoxin B, (91019by) 109300 4101 3404 4115 744 1666  685) —- 0 370 GO.I 11
Aflatoxin B, (91019by) 109300 4767 2010 2170 362 948 6001 — 180 461 606 44
Aflatoxin M, " 42400 1268 — 107 51990 58882 -~ 36000 1148 — 1937 37
Aflatexin GM, " 41680 13 — 129 654 29500 @ — 130 1000 — 764 11
Aflatoxin B,a " 48400 0 0 0 8 57 1211 0 0 25
Aspertoxin ”" 19000 41 — 23 142 — . 13 a1
Versicolorin C " 104800 0 0 0 0 5(6) 0 0 i ((7‘ 4397(3) 5;'; 8'6'}
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The use of fungal protoplasts in the study of aflatoxin biosynthesis

M. I'. Dutton and M. S. Anderson

Department of Life Sciences, Trent Polylechnic, Burton Stveel, Noltingham (England), 31 May 1977

Summary. Protoplasts derived from Aspergillus flavus are shown to be capable of synthesizing aflatoxins when in-
cubated in a chemically defined medium. 4C-Acetate and C-Versicolorin A, added to protoplasts from 3-day-old

mycelinm, are incorporated into aflatoxin B,

One great difficulty in the study of fungal metabolism
is the presence of a tough cell wall which prevents easy
access to the cytoplasmic content and hence to the
enzymes that it contains. However, some success using
inechanical disruption of mycelium has been achieved
in cnzymatic studies of fungal secondary metabolism!:2
During our studies on aflatoxin biosynthesis we have
attempted to produce active enzyme preparations from
Aspergillus flavus, using a variety of disruptive methods,
with varying degrees of success. Several negative results
which we have obtained have been attributed to dena-
turing effects during the disruptive procedure. However,
one method which does not depend on mechanical

Table 1. Production of aflatoxin in Reddy's chemically defined
medium by protoplasts from myecelinmn of Aspergilius flavus N of
different ages

Age of mycelium  Affatoxin (pg) formed per 2 m! suspension after:

(davs) Oh 1h 2h 3h 18 h

1 4.96 5.46 5.55 5.10 8.08
2 9.92 11.84 14.53 14.89 14.96
3 5.60 5.60 8.08 9.50 13.75
4 3.20 2.00 0.50 0.50 2.70
5 7.10 5.30 1.80 1.20 2.10

disruption is the removal of the cell wall by enzymatic
digestion, resulting in the formation of protoplasts3. 4.
These are much more easily disrupted than intact
mycelium and hence are more likely to yield active
enzyme preparations. Protoplasts are currently being
uscdl to investigate fungal organelles®, cell wall synthesis®
and antibiotic production?. Thus we have, studied the

potential of protoplasts, derived -from toxin-producing
strains of A. flavus, for converting possible intermediates
to the aflatoxins as a prerequisite to the study of isolated
cell-free enzymes.

Matevials and wmethods. The lytic enzyme was prepared
from Trichoderma viride C13S 354-33 (kindly supplicd by
Dr J. Peberdy, University of Nottingham) using the
method of Peberdy and Issacs®. The growth medium
contained 5.0 g /spergillus flavis mycelium dry weight
per litre in place of the polysaccharide used by Peberdy
and Issacs. Trichoderma viride was maintained on the
growth medium containing 2%, agar.

Aspergillus flavus N1 (asingle spore isolate of CM191019b)
was maintained on polato dextrose agar. A spore sus-
pension was prepared in 0.1%, sodium lauryl sulphate
from a I4-day-old culture. A 250 ml conical flask con-
taining 50 ml Reddy's® chemically defined medium was
inoculated with I ml of spore suspension (12 % 10% spores)
and incubated at 25°C for 3 days on a rotary incubator
(100 revfmin). The mycelium was harvested and washed
with buffer-stabilizer (0.4 M MgSO, in 0.2 M phosphate

1 P. Dimroth, H. Walter and F. Lynen, Eur. J. Biochem. /3,
98 (1970).

2 R. Singh and D. P. H. Hsieh, Appl. environ. Microbiol. 37, 743
(1976).

3 J. R. Villanueva and [. Garcia Acha, Meth. Microbiol. 4, 665
(1971).

4 J.F. Peberdy and R. K. Gibson, J. gen. Microbiol. 69, 325 (1971).

5 B. Davis, M. T. D'Avillez Paixao, S. G. Deans and J. E. Smith,
Trans. Br. mycol. Soc., in press.

6  O. Necas, Bact. Rev. 35, 149 (1971).

7 P. Fawcett, P. Bronwen Loder, M. J. Duncan, T. ]J. Beesley
and E. P. Abrahain, J. gen. Microbiol. 79, 293 (1973).

8 J. I'. Peberdy and S, [ssaes, Microhios, Lett. 3, 7 (1976).

Table 2. Incorporation of U-**C-acctate and G-C-versicolorin A into aflatoxin B, by protoplasts derived from 3-day-old mycelium, sus
pended in Reddy’s chemically defined mediunm minus snerose ineabated for 3

Precursor
Amount added

Product aflatoxin B,
Amount formed

uCi Specific activity {mCifmole) pCi Specific activity (inCi/mole) Percent conversior
(U)-HC-Acetate 0.2t 234.2 0.0006 34.7 0.28
(G)-"C-Versicolorin A 0.0084 28.6 0.0013 21.2 15.5

Ci »rn(lurt
“——I——r + 100,
(1 Ci precur<or



15. 1. 1978

buffer, pH 5.8) then suspended in the lytic enzyme
preparation (200 mg mycelium/ml lytic enzyme) and an
eqnal volume of buffer-stabilizer was then added. The
digest was incubated for 3 h at 25°C in a rotary incubator
{100 rev/min). Protoplasts were then isolated using the
method of Peberdy?. Versicolorin A was isolated from
Aspergillus pavasiticus 1-11-105 Whi (kindly supplied by
Dr J. Bennett, Tulane University, Louisiana) using the
method described by Tee et al.’®. MC-Versicolorin A was
prepared using the method of Tee ct al'. “Versiconal
Acetate’ and Versicolorin C were obtained from cultures
of A./lavus N1 treated with dichlorvos!? Sterigmatocystin
was kindly supplied by Dr J. S. Holker of the University
of Liverpool.

All potential substrates were dissolved in N,N, dimethyl-
formamide (Analar) and added as solutions (total of
100 pg substrate) to suspensions of protoplasts in buffer-
stabilizer. When incubated in Reddy’s medium, 1 ml of
protoplast suspension (680 nm; OD = 0.26 = 32 mg
protoplasts) was added to 9 ml of Reddy’s medium. All
experiments were incubated at 25°C, 2 ml portions of
the suspension were removed at various time intervals.
To act as a control experiment, protoplasts were prepared

Table 3. Conversion of added comnpounds to aflatoxins using proto-
plasts derived from 3-day-old mycellum suspended in buffer-sta-
bilizer

Precursor added Afllatoxin {ug) fornmied per 2 ml suspension

(100 pg/{10 ml) after:

1h 18 h
Versicolorin A 3.60 13.00
Sterigmatocystin 5.67 9.57
Versicolorin C 4.00 —*
‘Versiconal acetate’ 3.70 —*
No precursor < 0.05 < 0.05

* No reading taken.

from A. flavus mycelium and placed in buffer-stabilizer
without the addition of a carbon source. The aflatoxins
were extracted from the suspension with chloroform and
estimated spectrophotometrically by measuring their
extinction at 363 nm (Nabney and Nesbitt!?). The
aflatoxins were then estimated visually on thin layer
chromatograms using toluene: ethyl acetate:acetone:
glacial acetic acid (60:25:15:2, v/v) as the solvent system.
1C-Versicolorin A and MC-Aflatoxin B, were re-chroma-
tographed until their specific act1v1ty was constant
before counting the samples in a liquid scintillation
counter (Packard, Tricarb Model 3300).

"Resulis and discussion. Reddy’s medium has been shown
to stimulate aflatoxin biosynthesis in A. “flavus N1
cultures, therefore, it was used as a suitable chemically
defined medium in the investigation of aflatoxin bio-
synthesis by protoplasts. In order to optimize aflatoxin
formation, protoplasts from mycelium of different ages
were investigated (table 1).

Protoplasts from 1-day-old mycelium seem to have little
aflatoxin producing capability over the first few h but
they do acquire the ability to form aflatoxins during
the 18 h period. Protoplasts from 4- and 5-day-old
mycelium appear to degrade aflatoxin over the initial
2 h period of incubation; this result has been observed
on a number of occasions with cultures of A. flavis3,
which show a decrease in aflatoxin concentration with
increasing age of mycelium. It was noted that aflatoxins
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were already present in the protoplast preparations
showing that they had been synthesized by the mycelial
stage and not all of them secreted before and during
protoplast formation.

Oue difficulty with interpreting these results is that as
protoplasts are ‘naked’ mycelium, deviod of a cell wall,
they will probably revert to primary metabolism or re-
synthesize cell wall material when placed in Reddy’s
niedium, This scems to be reflected in the results of the
2- and 3-day-old material; where aflatoxin biosynthesis
occurs most rapidly over the first few h but slows down
during the subsequent 18-h-period, certainly, after 18-h
mycelial ceil walls are discernable in all protoplast
preparations.

Another difficulty is that the aflatoxin biosynthesis
observed is the result of a number of enzyme activities.
These activities may be divided into 2 main phases, a) pre-
sumably the formation of an anthraquinone precursor
via a polyketide synthetase and b) a cleavage phase
involving at least 4 ring-cleaving steps involving enzymes
having different substrate specificities's. It seems likely
that the latter enzymes are induced in response to the
appcarance of an anthraquinone precursor which in the
light of current evidence is probably averufin!®, or a
closely related compound!’.

It is, however, clear that protoplasts derived from
mycelium of different ages are capable of de novo afla-
toxin biosynthesis, this being confirmed by the conversion
of labelled C acetate to aflatoxin (table 2) and it therefore
follows that they must contain the total complement of
enzymes required for aflatoxin biosynthesis.

In order to investigate some of these enzyme activities,
a number of proven and possible intermediates in afla-
toxin biosynthsis were added to the protoplast prepara-
tions. Several of the intermediates were converted to afla-
toxin while controls containing no added compound did
not produce aflatoxin during the same period (table 3).
[t was observed that protoplasts rapidly take up anthra-
quinone from the stabilizer-buffer solution as they became
stained a yellow-orange colour in the presence of anthra-
quinone precursors with a corresponding loss of colour
from the solution. It was shown that penetration of the
membrane had occurred by adding versicolorin A to a
suspension of protoplasts which were then centrifuged.
The resultant protoplast pellet was washed with buffer-
stabilizer, lysed by freezing and thawing in buffer (pH 5.8),
and the membrane fraction was centrifuged down; 359,
of the versicolorin A that had been added was present
in the supernatant fraction indicating that it may pass
into the protoplasm.

Work in this laboratory is currently being carried out
with lysed protoplasts and preliminary experiments show
that they are suitable for preparing cell-free extracts of
A. flavus capable of carrying out several of the steps
involved in aflatoxin biosynthesis.

9 T. Reddy, L. Viswanathan and T. A. Venkitasubramanian,
Appl. Microbiol. 22, 393 (1971).

10 L. S. Lee, J. W. Bennett, A. F. Cucullu and J. B. Stanley,
J. agric. Fd Chem. 23, 1132 (1975).

11 L. S. Lee, J. W. Bennett, A. F. Cucullu and R. Ory, J agric.
Fd Chem. 24, 1167 (1976).

12 H. W. Schroeder, R. J. Cole, R. D. Grigsby and H. Hein, Jr,
Appl. Microbiol. 27, 394 (1974).

13 J. Nabney and B. F. Nesbitt, Analyst 90, 155 (1965).

14 ]J. G. Heathcote and M. F. Dutton, Tetrahedron 25, 1497 {1969).

15 R. Thomas, in: Biogenesis of Antlbmt\cs Subﬁtantes p. 160.
Academic P'ress, New York 1965,

16 M. Lin and D. P. H. Hsieh, J. Am. chent. Soc. 95, 1668 (1973).

17 Y. Berger and J. Jadot, Bull. Soc. chim. Belg. 85, 271 (1976).
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The use of cell free extracts derived from fungal protoplasts in the study of aflatoxin biosynthesis

M.S. Anderson and M. F. Dutton

Department of Life Sciences, Trent Polytechnic, Burton Street, Nottingham NGl 4BU (England), 23 May 1978

Summary. A supernatant fraction derived from protoplasts of Aspergillus flavus was shown (o be capable of converting
both sterigmatocystin and versiconal hemiacelal acelate to aflatoxin B,. Versicolorin A was not converted under the same

conditions.

The isolation and characterization of the individual en-
zymes involved in the biosynthesis of aflatoxins is a diffi-
cult undertaking as the liberation of these labile enzymes
by mechanical means can result in their denaturization'-2
In order to overcome this difficulty the technique of
digesting the cell wall has been employed, using lytic
enzymes derived from Trichoderma viride, tesulting in the
formation of fungal protoplasts’. These protoplasts have
already been shown to be capable of synthesizing aflatox-
ins?, hence the results reported here describe the isolation
of a cell-free extract from lysed Aspergillus flavus proto-
plasts capable of converting 'C versiconal hemiacetal
acetate o aflatoxin B,.

Materials and methods. Protoplasts were isolated from 3-
and 4-day-old Aspergillus flavus mycelium as previously

described® and collected by centrifugation at 500 x g for
10 min. The pellet was shaken with 5 m! 0.1 M phosphale
buffer, pH 8.0 and frozen for 30 min at 0°C. The resulting
slurry was then thawed and centrifuged (10,000x g for
30 min) to yield a supernatant fraction which was utilized
as the cell-free extract, and a residue fraction. Protein was
estimated using the Biuret method (I ml of extract). The
remaining extract (4 ml) was added to a cofactor medium?®
(I ml) to give a [inal concentration of FAD (107% M),
EDTA (107 M), methionine (107° M), dithiothreitol
(107> M), NADPH (I pmole), NADH (1 pmole) and the
labelled substrate dissolved in NN-dimethylformamide
Labelled substrates were prepared after the method of Yac
and Hsieh”. The ‘cell-free’ extract was incubated in a
standard Warburg flask at 30°C and shaken constantly. Al

Conversion ol added compounds to aflatoxin B| by a supernatant fraction isolated from lysed protoplasts of Aspergillus flavus®

Substrate added** Incubation Aflatoxin By formed
period (h) uCi recovered Specific activity Percent conversion**®
: (mCi/mole)
A (G)C Versiconal hemiacetal acetate 1 0.0000072 0.9 3.6
18 0.0000192 20 9.6
B (G)'4C Versiconal hemiacetal acetate . 18 0.0000002 0.02 0.1
C (G)'%C Versiconal hemiacetal acetate | 0.0000153 1.9 7.7
(G)’H Sterigmatocystin | 0.000056 ND 28.0
(G)C Versicolorin A 1 Z€r1o - -
18 zero - -

° All results are an average of essentially reproducible duplicate experiments. ** 0.0002 uCi of sp. act. 3.8 mCi/mole were added in eac

.»s HCi product formed
uCi precursor added

experiment.

x 100. A, Fraction derived from protoplasts of 3-day-old mycelium: B, residue fraction derive

from protoplasts of 3-day-old mycelium; C. fraction derived from protoplasts of 4-day-old mycelium. ND, not determined.
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various time intervals portions of the incubation mixture
were removed and the aflatoxin B, was extracled and
estimated® and counted as described®. The added precursor
was also isolated and measured in a like manner. Aflatoxin
B, was isolated from zero time samples in order to ascertain
its initial concentration and activity. These results were
subtracted from subsequent values in order to allow for
physical association of substrate with product and for
aflatoxin B, not synthesized de novo.

Results and discussion. The table shows that the supernatant
fraction of lysed protoplasts plus added cofactors is capable
of converting versiconal hemiacetal acetate and sterigmato-
cystin to aflatoxin B,. This result was supported by a
commensurate loss of precursor. The much higher conver-
sion of sterigmatocystin clearly reflects its close proximity
to aflatoxin B, in the metabolic pathway.

As the residue fraction. which contains mitochondria and
cell membranes, was not capable of such conversions it
would seem that the enzymes involved in this section of the
biosynthesis pathway are present in the microsomal frac-
tion isolated from the lysed protoplasts. Hsieh and Matales®
have shown that aflatoxins are acetate derived and proba-
bly synthesized extramitochondrially. Singh and Hsieh'
demonstrated the conversion of '*C sterigmatocystin to '*C
aflatoxin B, in the post-mitochondrial fraction of a cell-free
extract derived from A. parasiticus ATCC 15517, they also
suggest the involvement of an oxygenase in the conversion
of sterigmatocystin to aflatoxin B,. In our preparation,
removal of the FAD from the incubation mixture results in
an essentially zero incorporation of "C into aflatoxin B,
indicating the presence of oxygenase(s).

Experientia 35/1

[t is possible that low conversion rates observed in our
experiments may be due to the absence of an
NADPH/NADH regenerating system. ‘Cell-free’ extracts
of protoplasts derived from 4-day-old mycelium appear to
be able to convert more substrate to aflatoxin B, than the
‘cell-free’ extracts of 3-day-old mycelium protoplasts. This
may indicate a greater abundance of enzymes involved in
substrate conversion in the 4-day-old material.

It was not possible to demonstrate the conwversion of
versicolorin A to aflatoxin B, even though the experiment
was repeated a number of times. This result was unexpect-
ed as versicolorin A is a well-documented precursor of
aflatoxin B, and because intact protoplast are capable of
its conversion to aflatoxin B,* it seems likely that some
activating factor, present in the residue fraction, is required
for its conversion. Work is currently in progress in order o
clarify this point.

I R. Singh and D.P.H. Hsieh, Appl. envir. Microbiol. 3/, 743
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Biosynthesis of Versicolorin A
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The incorporation of various potential intermediates into versicolorin A by a
versicolorin A-accumulating mutant of Aspergillus parasiticus was studied. Both
whole mycelium and cell-free extracts of this mutant were able to convert “C-
labeled versiconal hemiacetal acetate to versicolorin A. By the use of a labeled
double substrate technique it was shown that two other compounds, versicolorin
A hemiacetal and its acetate derivative, were also converted to versicolorin A. It
is concluded that one or both of these compounds are intermediates in the
biosynthesis of versicolorin A and therefore may possibly be involved in the

biogenesis of the aflatoxins.

The role of versicolorin A (VA) as a key
intermediate in the biosynthesis of aflatoxin B,
(compound I1I) is now generally accepted. There
is a sufficient body of evidence to support this
conclusion, including the conversion of VA to
aflatoxin B, by whole mycelium (8), protoplasts
(3), and nuclear magnetic resonance studies of
C-enriched material (6). The accumulation of
VA in the mutant Aspergillus parasiticus (1-11-
105 Wh1) is also suggestive of its role in aflatoxin
biosynthesis (9).

However, one result which is not in agreement
with this large volume of evidence is that ob-
tained by utilizing cell-free preparations derived
from protoplasts of Aspergillus flavus (1). Al-
though the closely related anthraquinone versi-
conal hemiacetal acetate (VHA) was converted
to aflatoxin By (16% conversion), no incorpora-
tion of VA was observed. Thus, this particular
area in aflatoxin B, biosynthesis is rather ob-
scure, although it has been demonstrated that
VHA is a precursor of VA (14). The work re-
ported here investigates the role of VHA and
attempts to identify other related intermediates
involved in the biosynthesis of VA.

MATERIALS AND METHODS

Preparation of labeled metabolites. Labeled
precursors were prepared as per the reference cited.
Purity of the material was ensured by repeated pre-
parative chromatography, which involved the use of
two different solvent systems. This was followed by a
recrystallization step. The amount of material present
was determined by weighing, and this was checked
from the extinction coefficient at a suitable absorbance
maximum. The activity of the material was found by
dissolving a known quantity in scintillation fluid in a
scintillation vial and counting as outlined below. Iden-
tity of the material was established by comparison
with authentic material both by mass spectrometry
and thin-layer chromatography.

VHA (I). ["H}- and ['*C]VHA were prepared from

706

sodium ["H]- and ["*C]acetate utilizing a culture of A.
flavus (N1) treated with dichlorvos (15). The solvent
systems used were toluene-ethyl acetate-acetone-
acetic acid (50:35:15:2) and chloroform-acetone (9:1)
on Silica Gel G60 layers. R, values were 0.73 and 0.22,
respectively; An..x was 450 nm; £ was 7,400.

VA (II). ["H]- and ["'C]VA were prepared from
sodium [’H]- and ["“CJacetate with A. parasiticus (1-
11-105 Wht) (8). The solvent systems used were tolu-
ene-ethyl acetate (7:1) and chloroform-acetone, both
with Silica Gel G60 layers and R, values of 0.70 in both
cases; Amax was 453 nm; £ was 8.166.

VC. "C-labeled versicolorin C (VC) was conven-
iently prepared by acid hydrolysis of [""C]JVHA (12).
[""CJVHA was treated with an excess of 2 M sulfuric
acid containing acetone (20%, vol/vol). The mixture
was refluxed for 8 h, cooled, and extracted with por-
tions of ethyl acetate until no further pigment passed
into the organic layer. The ethyl acetate was removed
under reduced pressure, and the [“C]VC was sepa-
rated chromatographically by three runs in the tolu-
ene-ethyl acetate system (R, 0.68) and one run in the
chloroform-acetone system (R, 0.64). The product was
recrystallized from acetone; An.. was 456; £ was 6,100.

VAOH (IVA). ’H- and "C-labeled versicolorin A
hemiacetal (VAOH) were prepared from [*H]- and
[*C]VA by treating with an excess of cold 2 M sulfuric
acid containing acetone (20%, vol/vol) with stirring for
18 h. The reaction mixture was extracted with ethyl
acetate and separated until chromatographically pure
by three runs in the toluene-ethyl acetate system (R,
0.60) and one run in the chloroform-acetone.system
(R, 0.45). The chromatographic properties of this
derivative were exactly the same as those of a nonac-
tive sample prepared in the same manner, which had
UV and mass spectral properties identical to those
reported by Chen et al. for this compound (2); A was
456; T was 6,100.

VAAC (1VB). *H- and "“C-labeled versicolorin A
hemiacetal acetate (VAAC) were prepared from
["H]- and [""C]VA by adding excess glnacial acetic acid
and a few drops of thionyl chloride and allowing to
stand at room temperature for 24 h. The reaction
mixture was extracted with ethyl acetate and sepa-
rated chromatographically until pure by the same

12
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systems as used for VAOH, with R, values of 0.65 and
0.49 for the toluene-ethyl acetate and chloroform-ace-
tone systems, respectively; Amax was 459; 2 was 7,100.
The reaction for the preparation of this derivative is
analogous to that for preparing a similar acetoxy de-
rivative of aflatoxin B, (5). The mass spectrum of this
compound was consistent with its proposed structure
(IVB).

Whole-cell experiments. A. parasiticus (1-11-105
Wh1) mycelium, incubated in Reddy synthetic low-
salts medium (11) for 48 h, was filtered and suspended
in replacement medium (70 ml) (7). Labeled substrate
was added as an acetone solution (0.4 ml) and incu-
bation was continued. At suitable intervals samples
were removed and assayed.

Cell-free extracts. Protoplasts of A. parasiticus
(1-11-105 Wh1) were prepared as previously described
for A. flavus N1 (3). Protoplast suspensions in 0.2 M
phosphate buffer containing 0.4 M MgSO,, pH 58,
were pelleted by centrifugation (500 X g for 10 min)
and lysed by suspending the pellet in 5 ml of lysing
buffer (0.1 M phosphate buffer, pH 8.0, at 4°C). This
suspension was then homogenized in a hand-held
ground glass homogenizer (3 min at 4°C). The lysate
was centrifuged (10,000 X g for 30 min), and the
supernatant was utilized as a cell-free extract. Protein
was measured by the biuret method (protein concen-
tration of 3 mg/ml). Cofactors were added to give a
final concentration of flavin adenine dinucleotide (10 *
M), EDTA (107 M), dithiothreitol (107> M), NADPH
(1 pmol/4 ml), NADH (1 pmol/4 ml) and substrate (1
pmol/4 ml). Radioactive substrates were added as
solutions in N,N-dimethyl formamide. Cell-free ex-
tracts were incubated in standard Warburg flasks with
KOH papers as a CO: trap at 30°C with constant
shaking. Samples were removed at zero time; after 1
h of incubation, metabolites were extracted. Zero time
counts (disintegrations per minute) of all metabolites
were subtracted from.1-h counts to give actual counts
recorded.

Assay of metabolites. The metabolites were ex-
tracted from samples (15 ml) of whole cultures by
filtering off the mycelium and washing it in sequence
with acetone (5 ml), chloroform (20 ml), and ethyl
acetate (5 ml). The washings were shaken with the
filtrate, and the organic layer was separated and dried
over anhydrous sodium sulfate. The filtrate was ex-
tracted with a portion of ethyl acetate (10 ml), which
was also dried and added to the washings. The solvent
was removed under reduced pressure, and the extract
was chromatographed on Silica Gel G60 with toluene-
ethyl acetate-acetic acid (60:30:1) as the solvent sys-
tem. Ry values for this system were: VA, 0.72; VC, 0.70;
VHA, 0.52; VAOH, 0.55; and VAAC, 0.61. The thin-
layer chromatograph plate was subjected to autora-
diography (Kodirex X-ray plate), and the active spots
were identified by developing the plate after 10 days
of exposure. The silica containing the active metabo-
lites was scraped from the plate, and the compound
was washed off with acetone. The compounds were
rechromatographed until a single band was observed
with two to three runs of the toluene-ethyl acetate-
acetic acid solvent.system and one run with chloro-
form-acetone-acetic acid (85:15:1). The R, values in
the latter system were: VA, 0.72; VC, 0.70; VHA, 0.28;
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VAOH, 0.48; and VAAC, 0.55. Samples of the whole-
cell cultures were taken at zero time and treated as
above to act as controls for activity appearing in the
various fractions which was not due to metabolic
activity. The absorption spectra of the metaholites
were recorded on a Pye Unicam SP 1800. The activi-
ties of the metabolites were determined on a Packard
Tricarb 330 liquid scintillation counter; counts were
corrected for background, efficiency, and quenching.

Samples (2 ml) from the cell-free systems were
extracted with ethyl acetate (2 X 4 ml); the combined
extract was dried over anhydrous sodium sulfate and
then treated in a manner similar to that described
above for the whole cell extracts. When "“C and °H
were counted in the presence of each other, back-
ground, efficiency, and quenching were estimated with
an external standard.

Effect of dichlorvos on cell-free extracts. (i)
Esterase activity. The esterase activity of cell-free
extracts was determined by the method of Rahim and
Sih (10). The assay was repeated in the presence of
various concentrations of dichlorvos (5 to 50 pg/ml);
the results are expressed as micromoles of p-nitrophe-
nol released per milligram per minute.

(ii) Oxygen uptake. Cell-free extracts (4 ml) con-
taining cofactors were placed in a Warburg flask con-
taining KOH paper as a CO; trap. A solution of di-
chlorvos (0.2 ml) was placed in the side arm, giving a
final concentration of 20 pg/ml when added to the
main chamber. The flask was equilibrated at 25°C,.
and oxygen uptake was followed for 1 h. The dichlor-
vos solution was then added, and oxygen uptake was
followed for another hour.

(iii) Inhibition of conversion of substrates. A
cell-free extract containing the substrate under test
was set up in a Warburg flask as described above,
except that the mixture contained 20 pg of dichlorvos
per ml. This mixture was incubated for 1 h, and the
metabolites were extracted and counted as described
above.

Incubation of VC with alcohol dehydrogenase.
A solution of alcohol dehydrogenase (Sigma Chemical
Co.) was prepared in phosphate buffer (0.1 M, pH 6.0)
together with NAD* (0.2 pmol/ml). VC was added in
N,N-dimethyl formamide (0.1 ml) to give a final con-
centration of 0.5 mg/ml. The mixture (4 ml) was
incubated at 25°C for 10 h and then extracted and
examined for various metabolites.

RESULTS AND DISCUSSION

The conversion of ['"*C]VHA to VA by whole
cells (Table 1) and cell-free extracts (Table 2) of
A. parasiticus confirms the results of other
workers (13) (Fig. 1). It is evident from the
structures of these compounds that the conver-
sion is not a single step, as treatment of VHA
with dilute acid (12) has been shown to yield
VC; thus, an oxidative step is required to pro-
duce VA. As the conversion rates of ["C]VC and
['*CJVHA by cell-free preparations were similar, .
it is possible that VC is a metabolic intermediate
between VHA and VA and that the step VC to
VA is rate limiting. A possible mechanism for
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TasLE 1. Incorporation of **C-labeled VHA,
VAOH, and VAAC into VA by whole mycelium of
the VA-accumulating mutant A. parasiticus (1-11-

105 Whi)
Isolated VA

C-labeled Incubation i
precursor® period (h) R_adioactiv- l?i:::g%‘_‘
ity (dpm) ciency (%)*

VHA 6 585 11.7

24 755 15.1

48 705 14.1

VAOH 48 950 19.0

VAAC 48 940 18.8

* Concentration and activity of *C-labeled precur-
sors: VHA, 4.08 pmol, 5,000 dpm; VAOH, 3.4 umol,
5,000 dpm; VAAC, 1.3 umol, 5,000 dpm.

* (Microcuries of product)/(microcuries of precur-
sor) X 100.

TasLE 2. Incorporation of *C-labeled VHA, VC,
VAOH, and ["H]VAAC into VA by a cell-free
extract derived from the VA-accumulating mutant
A, parasiticus (1-11-105 Whl)

Isolated VA*

Labeled pre- Precursor ac-

o tivity (added . . Incorpora-
cursor dpm) Ri:dx&acu\;- tion effi.

y ldpm ciency (%)°
["“C]VHA 5,500 340 6
[“cjvc 4,500 270 6
[”C]VAOH" 5,000 765 15
[PH]JVAAC® 8,500 1,310 13
[“C]VHA® 5,500 . 0 0
[“CIVAOH* 7,800 1,248 16
[PH]VAAC* 6,900 1,242 18

" Concentration of labeled precursor added, 1 pumol/
4 ml.

* Incubation period, 1 h in each case.

¢ (Microcuries of product)/(microcuries of precur-
sor) X 100.

4 Labeled substrates added in the presence of each
other.

 Dichlorvos (20 pg/ml) added to the incubation
mixture.

such a reaction is that the ring open form of VC
behaves like an alcohol and is converted to an
aldehyde by the action of an alcohol dehydro-
genase “type” enzyme. An alternative possibility
is that the terminal section of the bisdihydro-
furan ring system is hydroxylated in some man-
ner by means of an oxygenase. To verify which
mechanism occurs, if either, several experiments
were carried out.

When VC was incubated with alcohol dehy-
drogenase there was no observable action; how-
ever, this may be due to other factors, such as
enzyme specificity. Experiments have shown
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that dichlorvos inhibits aryl esterase activity
(Table 3) which may suggest that the inhibitor
blocks VA biosynthesis by preventing hydrolysis
of the ester VHA. However, dichlorvos also pre-
vents oxygen uptake by cell-free extracts, the
rate being reduced from 0.75 to 0.15 pl of O./
min, suggesting the inhibition of an oxygenase.
Thus, it is possible that an oxygenase which may
be involved in the conversion of VHA to VA is
being inhibited.

A possible scheme is suggested in Fig. 2. An
oxygenase introduces an hydroxyl adjacent to
the ester oxygen atom, causing the formation of
an unstable acylal intermediate (V) which can
either eliminate water to form VAAC (IVB) or
eliminate acetic acid to form VAOH (IVA).
These could then eliminate acetic acid or water,
respectively, to produce VA (II). This system
may be regarded as a metabolic grid if the oxy-
genase is relatively specific and causes, by an

L CHy €O Con

+9 K 00 CCH, CO Coh

C—Ch

] i?

o fc&“ tiuz
° O—S—C"’

Vera{conal hemiacetal acetate (VRA} I
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oM 0 on

W Q™o

Veratcolorin A {VA) 11

- A pavasicloug

{1-11-105 w1}

Sterigratocystin

o o l
cuyo

Aflatoxtn 4, fAFE;} T11

F16. 1. Partial scheme for the biosynthesis of af-
latoxin B, (after Singh and Hsieh [13]).

TasLE 3. Effect of increasing concentrations of
dichlorvos on the aryl esterase activity of cell-free
extracts derived from A. parasiticus (1-11-105 Whi)®

p-Nitrophenol liberated

Concn of dichlorvos added (ug (smol mg of protein-"

-1
ml™) min™')
0.0 (control) 0.024
5.0 0.020
10.0 0.012
20.0 0.003
50.0 0.001

“ Measured by the method of Rahim and Sih ().
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F1G. 2. Proposed pathway for the conversion of
VHA to VA.

analogous reaction, the conversion of VC to
VAOH, while esterase activity causes the hy-
drolysis of VAAC to VAOH.

For investigation of this possibility, both
[PH]VAAC and ["*C]VAOH were added to a cell-
free extract, in which they were rapidly con-
verted to VA at similar rates (Table 2); compa-
rable results were also found for this conversion
in whole mycelium (Table 1). The inability of
dichlorvos to inhibit the conversion of [*H]-
VAAC and [“C]VAOH to VA in cell-free ex-
tracts (Table 2) supports the view that both of
these compounds can act as precursors to VA
and that they are closer in this capacity than
VHA or VC, although this does not necessarily
mean that they are intermediary between VHA
and VA. The lack of incorporation of VA into
aflatoxins found in previous work with cell-free
extracts (1) may have been due to difference in
water solubility of VHA and VA. However, a
scheme is suggested in Fig. 2 whereby VA be-
comes a side shunt metabolite and VAOH (or
VAAC) becomes a direct precursor of VA and is
intermediate in aflatoxin biosynthesis. However,
VA is metabolically related in such a way as to
account for the "C studies and may enter the
mainstream again by addition to water to give
VAOH, a process which readily occurs at the
acid pH normally found in fungal cultures. Thus,
the lack of incorporation of VA into aflatoxins
in cell-free preparations (1) may be explained by
their alkaline pH. Evidence for VAOH as an
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intermediate is supported by the observation
that it accumulates in cultures of A. parasiticus
(1-11-105 Wh1) even though the culture pH may
be alkaline; hence, it probably arises enzymati-
cally (4).

To clarify the proposed metabolic scheme out-
lined in Fig. 2, work in this laboratory is cur-
rently proceeding with cell-free extracts of an
aflatoxin-producing strain of A. flavus. It is in-
tended that study of the enzymes involved in
VHA conversion will clarify the oxygenase or
dehydrogenase (14) theory.
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The involvement of various anthraquinone metabolites in the biosynthesis of
aflatoxin B, was investigated by using a labeled double-substrate technique in a
cell-free system. The results showed that both versicolorin A hemiacetal ‘and
versicolorin A hemiacetal acetate were converted to aflatoxin B,. whereas
versicolorin A was not, even though it was added to the same cell-free system.
Thus, versicolorin A hemiacetal, versicolorin A hemiacetal acetate, or both were
implicated as key intermediates, whereas versicolorin A and C became side shunt
metabolites. These latter compounds reentered the pathway depending on the
availability of the appropriate enzymes and suitability of conditions. Dichlorvos, a
specific inhibitor of aflatoxin biosynthesis, is considered to have its primary
action on either an oxygenase or dehydrogenase involved in the pathway and to
act in a secondary capacity as an inhibitor of an esterase which may also be

involved in the pathway,

The biosynthesis of the aflatoxins by Aspergil-
lus species has been intensively studied over the
last decade by techniques such as replacement
cultures (3, 16) and cell-free extracts (15). The
conversion of radioactively labeled precursors
by these systems to aflatoxin B, (AFB,) (VII)
has provided evidence for the involvement of
averufin, versiconal hemiacetal acetate (VHA)
(), versicolorin A (VA) (IV) (12), and sterigma-
tocystin (St) (V1) (10) in the biosynthesis of this
important mycotoxin.

These observations are supported in part by
the use of fungal protoplasts which have been
shown to be capable of converting VHA and VA
to AFB, (5). Further studies showed that an
enzyme preparation, derived from lysed proto-
plasts, was capable of converting VHA and St to
AFB,, providing that the coenzyme flavin ade-
nine dinucleotide was present (1). However, an
unexpected result from this work was the lack of
incorporation of VA into AFB, in spite of re-
peated efforts to effect this conversion under a
variety of conditions. Recent studies have impli-
cated versicolorin A hemiacetal (VAOH) (111A)
and versicolorin A hemiacetal acetate (VAAC)
(I1IB) as direct precursors of VA (2). It was
concluded that either one or both of these com-
pounds could be intermediates of aflatoxin bio-
synthesis, and thus VA becomes a side shunt
metabolite. The work reported here attempts to
resolve the role of VA in aflatoxin biosynthesis.

t Present address: Department of Biochemistry, University

of Natal, Pietermaritzburg. Natal, 3200, Republic of South
Africa.
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MATERIALS AND METHODS

Preparation of labeled metabolites. The following
radioactively labeled substrates were prepared and
their activities were determined as previously de-
scribed (2). [*H)- and ['*C]VHA were prepared from
cultures of Aspergillus flavus (NI) containing uniform-
ly labeled sodium acetate and treated with dichlorvos.
[*H]- and ["*C]VA were prepared from cultures of A.
parasiticus (1-11-105 Wh 1) containing uniformiy la-
beled sodium acetate. |'*C|versicolorin C (VC) (11)
was prepared by acid hydrolysis of ['"C|]VHA. |'H]-
and ['""C|VAOH and -VAAC were prepared from
labeled VA by treatment with 2 M sulfuric acid (for
VAOH) and thionyl chloride-acetic acid (for VAAC).

[*HISt was obtained from an St-producing strain of
A. nidulans (M56). A solid medium, consisting of
shredded wheat (10 g) wetted with distilled water (5
mi) dispensed into 250-ml conical flasks and sterilized,
was inoculated with spores of A. nidulans (M56) and
incubated as a static culture at 25°C. Once fungal
growth was visible (2 to 3 days), the culture was
sprayed with a sterile solution of [*H|sodium acetate
and incubated for a further 10 days. The culture was
then washed into a Buchner funne] with warm ace-
tone, and the acetone extract was filtered off by
suction and evaporated to dryness in a rolary film
evaporalor. The residue was subjected to preparalive
thin-layer chromatography until a single band was
obtained which fluoresced dark red under UV light.
Two solvent systems were used: (i) chtoroform. R, =
0.7; and (ii) carbon tetrachloride-methanol (98:2). R, =
0.45. The prepared St was found to cochromatograph
with an authentic sample of St and to give a UV
absorption spectrum identical with that of St.

Cell extracts. Protoplasts from A. flavus (NI) were
prepared as previously described (5). The protoplasts
were lysed. homogenized with a hand-held homoge-
nizer, and centrifuged to yield a cell-free extract, the
residue containing mitochondria, membranes. and oth-
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er cellular debris (1). The cell-free extract was then
incubated with various cofactors and radioactively
labeled substrates in standard Warburg flasks; samples
were removed at zero time and at suitable periods
during incubation. after which metaboliles were ex-
tracted and assayed (1).

Assay of metabolites. Samples from the cell-free
system (2 ml) were extracted with ethyl acelate (2 x 4
ml), the combined extracts being dried over anhydrous
sodium sulfate, evaporated, and subjected to thin-
layer chromatography. Radioactive compounds were
located by autoradiography and scraped from the thin-
layer plate, and their specific activity was determined
as previously described (2). The absorption spectra of
the metabolites were recorded on a Pye Unicam S.P.
1800, and the activities were determined on a Packard
Tri-Carb 3300 liquid scintillation counter. Counts were
corrected for background efficiency and quenching by
the standard channels ratio method; where *H and '*C
were counted in the presence of each other, an exter-
nal standard was used. Zero time counts (disintegra-
tions per minute) of all metabolites were subtracted
from the results obtained lor incubation times to give
actual counts recorded.

Incubation of [“*C]VA with reconstituted total cell
homogenate. The residue fraction, obtained by centrif-
ugation of the protoplast homogenate, was partially
solubilized by treatment with 5 ml of phosphate buffer
(0.1 M, pH 8.0) containing 0.1% Triton X-100. This
was then incubated with cofactors and ["*C]VA, plus
an equal volume of the supernatant fraction. Samples
were removed at zero time and after 3 h of incubation
in a Warburg flask, after which they were extracted
and assayed for metabolites.

RESULTS AND DISCUSSION

The results confirmed that protoplasts are a
useful source of cell-free extracts capable of
carrying out several steps in the biosynthesis of
the aflatoxins. The disruption of protoplasts
with a hand-held homogenizer produced a great-
er yield of active enzymes than the freeze-thaw
method (1), and conversion rates compared fa-
vorably with those obtained by other workers
(15), although the protein release (3 mg/ml) was
not as high. Another advantage of this method is
that it did not disrupt organelles, thus confirming
the cytoplasmic origin of aflatoxin biosynthesis.

It was apparent that VA was not a direct
intermediate involved in AFB,; biosynthesis, as
there was no appreciable incorporation of either
14C- or *H-labeled VA into AFB,. To prove that
this lack of incorporation was not due to lack of
enzyme activity, experiments utilizing labeled
double substrates were carried out. In the first
instance, [*H|]VHA was used as a reference
substrate, as it has already been shown to be
converted to AFB, (18) and also because it is
produced as a result of the specific inhibition of
a single step in AFB,; biosynthesis (14). The
result of the double-substrate experiment (Table
1) revealed that VA was not converted to AFB,,
but VHA underwent a conversion rate of 14%
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over a period of | h. The possibility of spurious
results being obtained due to *H exchange ‘was
eliminated by reversing the labels on the sub-
strates, whereupon similar conversion rates
were found. On incubaling [""CJVA with (he
partially solubilized membrane fraction, with or
without the addition of the supernatant fraction,
there was no conversion of VA to AFB,. This
result indicated that the lack of conversion of
VA to AFB, was not due to the absence of
enzymes required for AFB, biosynthesis in the
cell-free preparation, which are normally pre-
sent in the membrane of other organelles, al-
though it is possible that the solubilizing tech-
nique may not have released the active
enzyme(s).

These results show that VA is not directly
involved in AFB, biosynthesis. so an explana-
tion has to be sought to accommodate the strong
evidence which is contrary to this conclusion.
The two views may be reconciled if it is assumed
that VA is not in the direct pathway to AFB,
biosynthesis but is closely related to an interme-
diate which is. Some credible possibilities for
the identity of this hypothetical compound are:
(i) an intermediate with the bisdihydrofurano
system in an open-ring configuration, as typified
by VHA, which would allow a specific binding
point, e.g., an aldehyde group, to which the
enzyme might attach itself; (ii) an anthraquinone
related to VA, e.g., VAOH or VAAC; and (iti) a
derivative of VA with a modification in the
anthraquinone nucleus, e.g., aversin (4).

VAOH satisfies conditions (ii) and also (i), as
hemiacetals of the bisdihydrofuran system under
certain conditions can exist in an open-ring form
(13). Furthermore, as both it and VAAC have
already been implicated as precursors in VA
biosynthesis (2), they were added in a labeled
form to cell-free extracts. The results (Table 1)
indicate that they are converted to AFB, at a
rate marginally greater than that for VHA. This
suggests that VAOH and VAAC may occur in
the metabolic sequence between VHA and
AFB,.

To accommodate this concluston, a number of
schemes may be postulated. Evidence has been
found, by implication, for the involvement of an
alcohol dehydrogenase in the conversion of VC
to VA (17). VHA is first hydrolyzed, presum-
ably under the influence of an esterase, to VC,
which in the open-ring form is dehydrogenated
to an aldehyde. Ring closure of this product
yields VAOH, which can dehydrate to VA (Fig.
1). A difficulty with this scheme is that at
physiological pH the open-ring form of VC is
likely to be only transient and therefore not very
available for the dehydrogenase, although it
seems reasonable to suppose that this reaction
occurs in the conversion of versiconal to VC (8).
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TABLE 1. Incorporation of radioactivity into AFB, from substrates added to cell-free extracts

Experiment? Substrate and amt

(dpm) added

1 [*H|St. 5.000

2° [*HJVHA, 9,000
[*C]VA, 5.500

3 ["*C]VHA, 5.500
(*HIVA, 8.000

4 [’H]JVHA. 9,000
['*CIVC, 4,500

5¢d [*HIVAAC, 8,500
[*C]VHA, 5.500

67 ["*C]VAAC, 5,000
[*H]VHA, 9.000

7 [*H|VAOH, 8,000
["“"CIVHA, 5,500

8 [*HIVAAC, 8.500

["CIVA., 5,500

AFB, recovered (dpm)

at time: %% Incorporation”
0 I h
70 1.470 28 ’
70 1,320 14
30 40 0.2
] 900 15.5
70 80 0.2
70 1,330 14
30 165 3
70 1.260 14
20 570 10
30 930 18
70 1,330 14
60 1,340 16
30 800 14
70 1,430 16
10 43 0.2

“ All results are an average of two experiments and never varied more than 1.5% from the conversion stated.
# Calculated: (microcuries of product/microcuries of precursor) x 100.

¢ Substrates added in the presence of each other.
4 Conversion of VHA to VAAC/VAOH = 17%.
¢ Conversion of VHA to VAAC/VAOH = 12%.
/ Conversion of VHA to VC = 10%.

A similar system is observed in the conversion
of AFB, to AFB, (9), albeit in this case the
hemiacetal, AFB,,, is not implicated in the
process, and it may well be that in both systems
the dehydrogenase is of the alkyl type, which
generates a double bond directly in the terminal
furano ring system (Fig. 1). The pathway involv-
ing the alcohol dehydrogenase-type enzyme,
however, fits much of the data derived from cell-
free studies if the side shunt role of VA is
accepted, it reentering the biosynthetic route to
AFB, by conversion back to VAOH, a process
occurring readily at acid pH values (Fig. 1).

A stumbling block to this solution is the
observation that VC was not converted at the
same rate as VHA to AFB, (Table 1). To
overcome this difficulty, an alternative to the
above-described route has been proposed (2)
whereby an oxygenase (hydroxylase) generates
an unstable acylal derivative (V) (Fig. 2). The
acylal derivative can spontaneously form either
VAOH or VAAC, depending on whether acetic
acid or water is eliminated (Fig. 2). Although the
precise hydroxylation placement is unprece-
dented, oxygenase activity has been demon-
strated many times in the Aspergillus genus and
related fungi (7). The observed slower conver-
sion of VC to AFB; may be cxplained on the
basis of a lower relative specificity of the oxy-
genase for VC compared with that of VHA.

It is certain that dichlorvos owes its action in
blocking AFB, biosyntheses to its property of
enzyme inhibition, which appears to be specific
{6). It inhibits esterase activity in A. Aavus, and

there is also evidence that the oxygenase (2) or
the (implied) dehydrogenase activities are
blocked (17). Esterase inhibition may be the
reason for the accumulation of VHA which
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FIG. 2. Proposed pathway for the biosynthesis of
AFB, involving an oxygenase.

prevents its hydrolysis to VC, although this does
not seem to be the case, as VC does accumulate
in dichlorvos-treated cultures at levels similar to
those in untreated controls (3). These latter
results do not clarify the situation any further,
for in the oxygenase scheme both VHA and VC
would tend to accumulate, assuming that the
esterase is only partially inhibited, and in the
alternative pathway it must be the dehydrogen-
ase itself which is strongly inhibited with sec-
ondary inhibition of esterase activity to explain
VHA accumulation.

[t is quite clear from these deliberations that
further investigations are required to discover
the correct pathway and equally clear that this
will be achieved only by enzymatic studies.

ACKNOWLEDGMENTS

We thank J. Bennett (Tulane University, New Orleans) for a
culture of A. parasiticus (1-11-105 Whi), J. S. E. Holker

BIOSYNTHESIS OF AFLATOXIN 551

(University of Liverpool) for a sample of sterigmatocystin,
and A. Buckle (ADAS, M.A F.F.. Shardlow) for a culture of
sterigmatocystin-producing strain of A. nidulans (M56).

LITERATURE CITED

. Anderson, M. S., and M. F. Dutton. 1979. The use of cell-

free extracts derived from fungal protoplasts in the study
of aflatoxin biosynthesis. Experentia 35:21-22.

. Anderson, M. S., and M. F. Dutton. 1980. An investiga-

tion into the biosynthesis of versicolorin A. Appl. Envi-
ron. Microbiol. 40:706-709.

. Bennett, J. W., L. S. Lee, and A. F. Cucullu. 1976. Effect

of dichlorvos on aflatoxin and versicoforin A production
in Aspergillus parasiticus. Bot. Gaz. (Chicago) 137:318-
324,

. Bullock, E., D. Kirkaldy, J. C. Roberts, and J. G. Under-

wood. 1963. Studies in mycological chemistry. XII. Two
new metabolites from a variant strain of Aspergillus
versicolor (Vuillemin) Tiraboschi. J. Chem. Soc.
1963:829-835.

. Dutton, M. F., and M. S. Anderson. 1978. The use of

fungal protoplasts in the study of aflatoxin biosynthesis.
Experientia 34:22-23.

. Dutton, M. F., and M. S. Anderson. 1980. The inhibition

of aflatoxin biosynthesis by organophosphorous com-
pounds. J. Food Prot. 43:381-384.

. Fried, J.. R. W. Thoma, J. R. Gerke, J. E. Herz, M. N.

Donin, and D, Perlman. 1952. Oxidation of steroids by
microorganisms. [I. Hydroxylation in position 11 and
synthesis of cortisone from Reichstein's compound. J.
Am. Chem. Soc. 74:3962-3963.

. Hatsuda, Y., T. Hamasaki, M. Ishida, and S. Yashikawa.

1969. The structure of a new metabolite from Aspergillus
versicolor. Agric. Biol. Chem. 33:131-133.

. Heathcote, J. G., M. F. Dutton, and J. R. Hibbert. 1976.

Biosynthesis of aflatoxins. Part . Chem. Ind. 6:270-272.

. Hsieh, D. P. H., M. T. Lin, and R. C. Yao. 1973. Conver-

sion of sterigmatocystin to aflatoxin B, by Aspergillus
parasiticus. Biochem. Biophys. Res. Commun. 52:992-
997.

. Hsieh, D. P. H., M. T. Lin, R. C. Yao, and R. Singh.

1976. Biosynthesis of aflatoxins: conversion of norsolor-
inic acid and other hypothetical intermediates into afla-
toxin B,. J. Agric. Food Chem. 24:1171-1174.

. Lee, L. S., J. W. Bennett, A. F. Cucullu, and R. L. Ory.

1976. Biosynthesis of aflatoxin B,. Conversion of versi-
colorin A to aflatoxin B; by Aspergillus parasiticus. J.
Agric. Food Chem. 24:1167-1170.

. Pohland, E., M. E. Cushmac, and P. J. Andrellos. 1968.

Aflatoxin B, hemiacetal. J. Assoc. Off. Agric. Chem.
51:907-910.

. Schroeder, H. W., R, J. Cole, R. D. Grigsby, and II. Hein.

1974. Inhibition of aflatoxin production and tentative
identification of an aflatoxin intermediate *'versiconal
acetate’” from treatment with dichlorvos. Appl. Micro-
biol. 27:394-399.

. Singh, R., and D. P. H. Hsieh. 1976. Enzymatic conver-

sion of sterigmatocystin into aflatoxin B, by cell-free
extracts of Aspergillus parasiticus. Appl. Environ. Micro-
biol. 31:743-745.

. Singh, R., and D. P. IIL. IIsieh. 1977. Aflatoxin biosynthet-

ic pathway: elucidation by using blocked mutants of
Aspergillus parasiticus. Arch. Biochem. Biophys.
178:285-292.

. Wan, N. C., and D. P. H. Hsieh. 1980. Enzymatic forma-

tion of the bisfuran structure in aflatoxin biosynthesis.
Appl. Environ. Microbiol. 39:109-112.

. Yao, R. C., and D. P. H. Usieh. 1974, Step of dichlorvos

inhibition in the pathway of aflatoxin biosynthesis. Appl.
Microbiol. 28:52-57.



Vol. 116, No. 3, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
November 15, 1983 Pages 1114-1118

THE CONVERSION OF STERIGMATOCYSTIN TO O-METHYLSTERIGMATOCYSTIN
AND AFLATOXIN Bl BY A CELL-FREE PREPARATION

M.S. .Jeenah and M.F. Dutton

Department of Biochemistry, University of Natal,
pietermaritzburg, Natal, South Africa

Received October 3, 1983

Sumnary: A cell-free system derived from a versicolorin A-accumulating
mutant of Aspergillus parasiticus was found to convert sterigmatocystin to
Loth O-methylsterigmatocystin and aflatoxin Bl. It is suygested that the
similarity in the chromatographic properties of these two metabolites has
caused erroneous conclusions to be made with regards to the biosynthesis of
aflatoxin Bl.

Most of the intermediates in the biosynthetic pathway to aflatoxin Bl bhave
been identified by the use of labelled putative precursors and whole

mycelium of aflatoxin producing-strains of Asperyillus flavus and

parasiticus (1). Some of the details of this pathway are still unclear and
in other parts there is conflicting evidence (2) concerning the exact route.
We think that the only way to resolve these difficulties is to demonstrate
the in vitro enyzymatic promotion of each step, a criterion which was
applied successfully to primary metabolic pathways,

Some progress has already been made with this approach and cell-free
preparation have been used to investigate steps leading to versicolorin A
(3) and from sterigmatocystin to aflatoxin Bl (4).

The role of sterigmatocystin in aflatoxin Bl biosynthesis 1is now
uncertain, as it has been shown by a pulse labelling technique that'
aflatoxin Bl is produced prior to steriymatocystin in the order of

appearance of labelled products (5). It was concluded from this observation

Abbreviations:

Ca-chloroform:acetone BCA-benzene :cyclohexane:acetone
TEA-toluene:ethyl acetate:acetone St-sterigmatocystin
CAP-chloroform:acetone:propan-2-ol Af-aflatoxin

BA-benzene:acetic acid Oms-0-methylsterigmatocystin
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that sterigmatocystin 1is not a true intermediate in aflatoxin biosynthesis
but a side shunt metabolite.

In this report we present evidence from cell-free studies which show
sterigmatocystin can be converted to both O-methylsterigmatocystin, which is
a side shunt metabolite (6) and aflatoxin Bl and that this may give rise to

confusion in biosynthetic studies made on aflatoxin.,

Methods

An aflatoxin blocked wutant of Aspergillus parasiticus (1-11-185 wh 1),
which accunulated versicolorin A was maintained on potato dextrose agar. It
was cultivated on Reddy's medium (7),7@ml per 25@ml conical flask, at 25°C
in shake culture (15@rpm) . After 12phours the mycelial pellets were
collected in cheese cloth and these were then washed well with @,2M
phosphate buffer, pH 7.

The washed mycelia was freeze dried over 48hours and then fragmented by
gently grinding in a dry chilled pestle and mortar at 4°C. The powdered
mycelium was suspended in @.2M phosphate buffer pH7 (20ml/g mycelium) and
the homogenate was centrifuged at 10¢@d0xg for 208 minutes at 4°C, The
supernatant was removed, freeze dried and used as the cell-free preparation,
protein was determined by the Biuret method.

A reaction mixture was prepared by dissolving 50mg of the cell-free
preparation in 2@ml @.2M phosphate buffer (2.5mg protein/ml), together with
lémoles NADPH. Sterigmatocystin (1@ug) dissolved in 1@ul N,N dimethyl
formamide was added as a substrate and the total reaction mixture was
incubated for 18 hours at 20°C. The reaction was stopped by adding 20ml of
chloroform-ethyl acetate 1:lv/v, which also extracted unused substrate and
products from the reaction mixture, The extraction was repeated twice more
with further 2@ml aliquots of solvent. The total extract was then dried over
anhydrous sodium sulphate, and evaporated to dryness with a stream of
nitrogen and gentle heat. The residue was then dissolved in 198ul methanol.

Similar experiments were conducted containing the above reaction mixture
with the following additions:

(i) ethionine 2mg,
(ii) S—-adenosyl methionine 2mg,
(iii) boiled enzyme
(iv) without sterigmatocystin
All these were treated as for the original reaction mixture.

The extract (1gul) was spotted onto the origin of an aluminium backed
silica gel G chromatoplate (Merck) 10 x 1@cm and developed in the following
solvent systems:

() 9:1

(TEA) 60:25:15

(CAP) 85:15:2.5

(BA) 95:5

(BCA) 88:7:5
Aflatoxin was visualised under ultra-violet light. Sterimatocystin and its
derivatives were was sprayed with aluminium chloride in ethanol (2¢% w/v),
heated for a few minutes at 128°C and then viewed under ultra-violet light
(8).

The quantification of the metabolites was achieved by h.p.l.c.. A sample
of extract (1Qul) was applied to a reverse phase Cl8 column and the
constituent metabolites were separated using acetonitrile and water
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TABLE 1. The Conversion of Sterigmatocystin to Aflatoxin Bl and
O-methylsterigmatocystin by a Cell-free System Derived from a versicolorin
A-Accumulating Mutant of Apergillus parasiticus

Treatment Metabolites Isolated
St Af Ooms
No sterigmatocystin - (9) - (9 -(9)
Boiled enzyme +H+(199) -(9) -(9)
Untreated +(21) ++(54) +(25)
Plus ethionine ~-{9) ++(88)  +(8)
Plus S-adenosylmethionine+(29) +(23) ++(48)

(a) = lPuy St was added to the reaction mixture

(b)y = -,+,++,+#++ scoring for intensity on thin-layer chromatograph,
(solvents: first system CA; second TEA). Figures in parenthesis mol %
based on original concentration (188 $%) of Sterigmatocystin added as
determined by h.p.l.c.

(55:45). The metabolites were detected and quantified at 325 nm. The
products of the enzyme action were isolated by preparative t.l.c. using the
CA and TEA systems until a single spot was obtained on two dimensional
chronatography of the isolated material., This was subjected to mass
spectroinetry.

Results and Discussion

The results in TABLE 1 show that sterigmatocystin can be converted to two
different products by the cell-free extract, 1i.e. aflatoxin Bl and
O-Methylsterigmatocystin, The identity of these products was established by
t.l.c. against standards (TABLE 2) and mass spectrometry (TABLE 3); the
results from the mass spectra agreeing with literature values (9). That
these products arise via enzyme action and were derived from the added
sterigmatocystin was proved by the lack of their appearance in the boiled

enzyme and nil-sterigmatocystin controls (TABLE 1). An interesting point

TABLE 2. Mass Spectral Data of the Isolated Products
Derived from the'Cell-Free System

Qams Af Bl
/e m/e
338 312
323 284
309 269
292 256
279 241
265 227
249 199

tHl1e
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TABLE 3. A Commparision of the Chromatoyraphic Properties
of Aflatoxin Bl and O-Methylsterigmatocystin

Solvent Systenm Rf values

Af Bl Oms
CA 8.52 9.51
TEA 9.36 9.27
cap 2.88 0.88
BA 9.03 9.93
BCA 2.04 0.04

which arises from this 1is that O-methylsterigmatocystin has not been
previously reported as arising in cell-free systems, although it has been
isolated from whole cultures of Asperyillus flavus (6).

The addition of ethionine enhances the production of aflatoxin Bl and
decreases that of O-methylsterigmatocystin (TABLE 1), whilst the reverse is
true if S-adenosyl methionine is added. These results can be explained if it
is assumed that there are two enzyme systems which compete for the
substrate, sterigmatocystin. One is a cleavage enzyme, which results in
aflatoxin Bl and the other 1is a methyl transferase giving rise to
O-Methylster igmatocystin, Ethionine 1inhibits the methylation reaction,
whereas S-adenosyl methionine promotes it.

As aflatoxin Bl and O-methylsterigmatocystin have similar fluorescence
and chromatographic properties (TABLE 3) it seems highly likely that these
two products have been confused in the past, particularly as
sterigmatocystin is rapidly converted to O-methylsterigmatocystin both in

this cell free system and by whole mycelium of wild-type Asperqillus flavus

(18) . This in turn could explain the discrepancy in the literature with
regards to the involvement of sterigmatocystin and other precursors of
aflatoxin Bl biosynthesis, whereby O-methylsterigmatocystin is mistaken for
aflatoxin Bl.

In order to avoid ambiguity, we recommend that thin layer chromatographs
be be treated with the aluminium chloride spray reagents which give a bright

yellow-green fluorescences with O-methylsterigmatocystin and other xanthones

but not with the aflatoxins.
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AflatoxIns are a family of toxic, acetate-derived decaketides that arise biosynthetically through polyhydroxyan-
thraquinone intermediates. Most studies have assumed that aflatoxin B, is the biosynthetic precursor of the
other aflatoxins. We used a strain of Aspergillus flavus which accumulates atlatoxin 13, to investigate the later
stages of aflatoxin biosynthesls. This straln produced aflatoxins B, and M, but no detectable aflatoxin B; when
grown over 12 days in a low-salt, defined growth medium containing asparagine. Addition of dichlorvos to this
growth medium inhlbited allatoxin production with concomitant accumulation of versiconal hemiacetal acetate.
When mycelial pellets were grown for 24, 48, and 72 h In growth medinm and then (ransferred {o a replacement
medium, only aflatoxins B, and M, were recovered after 96 h of incubation. Addition of sterigimatocystin to the
replacement medium led to the recovery of lilgher levels of aflatoxins B, and M, than were detécted in control
cultures, as well as to the formation of aflatoxins By and M, and O-methylsteriginatocystin. T'hese resulls
support the hypothesis that aflatoxins B, and B, can arise independently via a hranched pathway.

The aflatoxins are a family of structurally related, highly
toxic, and carcinogenic myotoxins produced by Aspergillus
flavus and Aspergillus parasiticus (11, 23). Biosynthetically,
the aflatoxins are acetale-derived decaketides thal arise
through polyhydroxyanthraquinone intermediates (2, 11, 18,
19). The major cyclopentenone ring-containiug aflatoxins arc
aflatoxin B; (AFB,), aflatoxin B, (AFB,;), aflatoxin M,
(AFMy), aflatoxin M, (AFM,;) (structures shown in Fig. 1).
Of these, AFB, is the most toxic and is usually produced in
the greatest quantity. Most biosynthetic studies have empha-
sized AFB; and assumed that the other aflaloxins are
metabolically related to it by a direct interconverslon prot-
ess (2). Several workers have reported the conversion of
labeled AFB, into AFB, and the G aflatoxins (10, 14), but
more recent studies with blocked mutants ol A. parasiticus
suggest that the aflatoxins arise independently via a branched
pathway (7; J. C. Floyd, unpublished data). The lacts that
certain strains of A. flavus can accumulate AFB, in excess of
AFB, (9, 15, 17, 21) and that a derivative of dihydro-
sterigmatocystin (Fig. 1), rather than sterigmatocystin (ST;
Fig. 1), has been shown to be a precursor of AFB, (6)
support this view.

In this report, the relationship between the cyclopen-
lenone ring-containing aflatoxins (AFB;, AFB,, AFM,, and
AFM3;) was studied by monitoring the metabolism of ST,

AFBy, and AFM; in an AFB;-accumulating strain (SRRC

141) ol A. flavus.

MATERIALS AND METHODS

Organisms and growth conditlons. The AFB;-accumulating
A. flavus strain (ATUC 24109), originally isolated by Schroe-
der and Carlton (17), was provided by M. Klich, Southern
Regional Research Centler, New Orleans, La., where it is
maintained as SRRC 141. Stock cultures were grown on
potato glucose agar. The growth medium (GM) was devel-
oped by Reddy et al. (16), and the replacement medium (RM)
was developed by Adye and Maleles (1). In mosl experi-
ments, cultures were incubated in 70 ml of GM or RM in

* Corresponding author,

t Visiting Scientist from the Universily of Natal, Pietermaritz-
burg, South Africa.
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250-m! Erlenmeyer flasks on a shaking incubator at 27°C and
150 rpm. For bulk extraction of metabolites, cullures were
similarly incubated in 500 ml of GM in 2.5-liter Fernbaclh
flasks for 7 days. Mycelia from GM were harvested by
vacuum filtration and washed with sterile distilled water. In
some experitnents, 140 pl of dichlorvos (Shell Oil Co., Mo-
desto, Calif.) in 0.4 ml of acetonhe was added to 70 ml of GM.
Dry weights of mycelin were obtained by drying washed
triplicate samples of mycelia at S0°C until constant weigh
Was obtained.

In biosynthetic studies, 70 ml of RM was supplementet
with ST (1 mg), AFR (0.1 mg), or AUM; (0.1 mg) in 0.4 m
ol acetone; RM with 0.4 inl of acetone alone was uscd fol
controls. Washed, harvested mycelial pellets (4 g [we
weight]) were abtaincd after 24, 48, and 72 h of growth it
GM and then incubated an additional 1 to 96 h in supple
mented or unsupplemented RM in duplicate.

Extractlons. Mycelia [rom 7-day-old cultures in GM wer
harvested by vacuum filtration and washed with acetow
until the washings became colorless. A 0.5 volume of wate
was added to the extracl, and the aqueous acelone wa
extracted successively with two 0.5 volumes of hexane ani
then cliloroform until the aqueous portion became colorless
The pooled chloroform extracts were dried over anhydrou
sodium sulfate and reduced to about 25 ml on a rotar
evaporator. The culture filtrate was extracted with 2 equs
volumes ol methylene chloride-acetone (9:1, vol/vol), an
then the pooled extracts were dried over anhydrous sodiut
sulfate and reduced to about 5 ml in a rotary evaporatol
Reduced extracts were purified by preparativg thin-laye
chromatography.

Mycelia ftom RM wete harvested by vacuum filtiatio
alter appropriate intervals of incubation and washicd wi
acetone (10 ml), chloroform (25 ml), and then acetone (5 m
again. All washings were combined with the culture fltrai
and then transferred (o a scparatory Tunnel. The orpan
layer was passed through a bed gl anhydrous sodium sulfa
into a rotary evaporation flask. The remaining aqueous lay:
was further extracted with two portions of chloroform (25 r
each), and these were run through the sodium sulfate be
The total extract was evaporated over a rotary vacuu
evaporator, and the residue was transferred in a sm:
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CHyCOCH,
1t
0 Ho

I Versiconal hemiaceial acetale (YHA)

OH O OH

o 0 O‘O OH

o]
I versicolorin C (VC)

OH

>0

:;: ; CHy

Y1 Dihydrosterigmatlocystin
({DHS)

I¥ Sterigmatocystin R=H (ST}
¥ O-methylsterigmatocysiln,
R=CH4(OMS)

[l _/LO OCH;3

YII Aflstoxin B, ,R=H (AFB,)
YIII Atlatoxin M, R=0OH (AFM,)

FIG. 1. Structures of selected aflatoxins and precursors.
{

[X Aflatoxin B;.R=H (AFB3)
X Aflatoxin My R:=0H (AFB.)

amount of acetone to a 3.7-pl vial. The acetone was then
evaporated under a stream of nitrogen, and the final residue
was dissolved in 200 pl of a 1"1 chloroform-aceloite mixture.

Qualitative assay of metabolites. ldentities of metabolites
were established by chromatographic behavior on thin-layer
chromatographs and by mass spectrometry with a Finnegan
4000 instrument. When feasible, the metabolites were com-
pletely characterized by nuclear magnetic resonance spec-
troscopy (Varian CFT 20 spectroscope).

Aflatoxins, STs, and anthraqumones were separated by
two-dimensional thin-layer chromatography. The extract (5
to 20 pl) was spolted onto aluminum-backed Silica Gel 60
plates (10 by 10 cm) (Merck 5388; Merck & Co., Inc.,
Rahway, N.J.). The solvent used in the first dlmensmn was
chloroform-acetone (85:15, vol/vol). For separation of afla-
toxins and Sts, the second solvent was diethyl ether-metha-
nol-water (96:3:1, vol/vol/vol). For the separation of anthra-

TABLE 1. Mycelial dry weight and afatoxin production by a
high-AFB,-accumulating strain of A. fluvits grown on a low-salt—
asparagine growth medium over 12 days

“versicolorin C, averufin,

AL’y (nmol) AFM, (nmol)

. Days gf Mycelial
incubation dry wi (g) Mycelium CHL‘I‘:J“: Mycelium CH:.I‘I[(I;C
| 0.5 Tr" Ir ND” ND
2 0.8 Tr 3 ND ND
3 1.5 1 3 ND Tr
4 2.0 2 9 Tr Tr
b] 1.2 5 40 Tr 1
6 1.2 76 81 Tr 2
12 1.3 98 116 1 4

" Tr, Less than 0.5 nmol/70 mi of medium.
b ND, None detected.
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quinone pignients, the sccond solvent was loluene-ethyl
acclate-acctone-acetic acid (60:25:15:2, vol/vol/vol/vol). Al-
ter development, the plates were inspected under long-wave-
fength UV light, and the various fluorescent spots were
marked. ST and its derivatives were detected by spraying
the plates with 20% aluminum chloride in ethanol (vol/vol)
and heating them for a lew minules in an overt al 120°C.

Quantitative assay of metabolites. Alter thin-layer chroma-
tography in the appropriate solvenl system, a visual estimale
ol the amount of metabolite was made, and this was used to
estimatc the appropriate amount of extract to spot for
one-dimensional chromatography on prescored 250-pm-
thick Silica Gel G plates (20 by 20 ¢m) (Analtech, Newark,
Dcl.) for densitometry readings. For estimation of aflatoxins
and (-methylstergmatocystin (OMS, Fig. 1), plates were
developed in the diethyl ether-methanol-waler system; for
estimation of ST, they were developed in ethanol-carbon
tetrachloride (2:98, vol/vol) and then sprayed with aluminum
chloride (20). Plates were scanned for-fluorescent malerials
by using a Schoeflel SD 3000 recording densitometer (Schoef-
fel Instruments, Westwood, N.J.) and excltation at 360 nm.
The quantities of aflatoxins, ST, and OMS were calculated
based on comparisons of areas of standards run on the same
plate.

RESULTS

Under the culture conditions used, the high-AFB,-
producing strain of A. flavus produced no delectable AFB,
or G aflatoxins over the course of 12 days in GM (Tabte ).
AFB, was the major aflatoxin produced. AFM; was also
formed after 3 days ol incubation, together with several
orange pigments. ‘The principal pigments detecled were
aad versiconol. When dichlorvos
was added to GM at the beginning of the incubation period,
versiconal hemiacetal acetate (VHA; Fig. 1) accumulated
with concomitant blockage of aflatoxin production.

Data on aflatoxin produclion by cultures grown in GM for
24, 48, or 72 h and then transferred to RM with and without
ST are shown in Table 2. Control cultures produced largely

TABLE 2. Production of AFB, and AFM, by 24-, 48-, and 72-h-
old mycelia of an AFB,-accumulating strain of A. flavies over 96 t
with and without ST

. With or ANatoxins (nmol) recovered alter
lAnf" Mycel'::)ll without ST incubation for the following time (h} in RM
B T R R S VRN T R
AFB, 24 Control T Tr Tr 1 2 ]

ST Tr L2 2 ¢
48 Conlrol 11 1 1 4 3 s L
+ST 2 T Ir 2 .3 2 100 22
72 Control . S 2 8 340 17
+ST 18 4 3 14 1 265 130 ¥
AFM; 24 Control ND” ND ND Tr 1r T
+ST ND ND | Tr -
48  Control ND ND ND ND ND Tr Tr T
+ST ND ND ND Tr 1 Tr 3 |
72 Control ND Tr T 1

+ST ND ND

" Tr. Less than 0.5 nmol/70 ml of medium.
* ND. None detected.

ND Tr Tr 5 71
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TABLE 3. Production of AFB,, AFM,, and OMS by and recovéry of ST lrom an AFB;-accumulating strain of A. fluvus incubated w

ST in RM
Mycelinl Aflatoxing (nmol) ICC(;V—(‘I_L(T_IE;CITIILTliI];;(Tll F(;I |||L; lnlh;\v_ing time (h) in RM:
Compound age (h) | 5 4 6 ] 24 48 96
AFB, 24 Tr" Tr S 6 18
48 3 9 kB 19 R0 202 1.394 1.600
72 21 7 S 62 7 AL 1.001 1.027
AFM, 24 ND” ND ND ND ND
48 ND ND ND Ir | l S 12
72 ND ND ND 3 ITr 4 6 2
OMS 24 ND ND 672 757 1.163
48 86 107 113 258 ARR) a17 417 450
72 70 28 20 43 170 284 - 284 128
ST (percent of lotal 24 3.256 (106) 3,198 (104)  1.457 (47) 589 (19) 582 (
added)” 48 2.889 (94) 2.840 (92) 2.136 (69) 1.901 (62) 1.617 (52) 1,185 (38) 951 (31) 942 (.
72 2.889 (94) 3,037 (98) 2.840 (92) 2.827 (92) 2,444 (79) 1,500 (4‘1_9) 1.151 (37) 1,235 (¢
Total recovered 24 3,256 (106) 3,198 (104)  2.133 (69) 1.352 (44) 1.785 (.
(percent of total 48 2,978 (97) 2,956 (96) 2.280 (74) 2,179 (70)  2.231 (72) 1.805 (59) 2,743 (89) 3.004 (
ST added)" 72 2,980 (97) 3,072 (100) 2,865 (9Y) 2,935 (95)  2.621 (8S) 2582 (B4) 2,442 (79) 2.592 ¢«
7 Tr, Less than 0.5 nmol/70 mi of medium.
» ND, None delected.
1 ng (3,086 nmol) of ST added at 0 time. -
" Total nanomoles = nanomoles of AFR,. AFM,, OMS, and ST: 7 total hanomoles = (tolal nanomoles/ VORG nmol) x 100,

AFB; with very low levels of AFM;; no other aftatoxins
were detected. AFB; production was highest in control
cultures transferred after 72 h in GM and then incubated for
more than 48 h in RM. In cultures supplemented with ST, ,;
higher levels of AFB, and AFM; were detected for most
periods of incubation. AFM, appeared earlier and in higher
levels in cultures supplemented with ST than in controls.

Added ST disappeared from cultures containing all three
ages of mycelia at a steady rate until 48 h of incubation, after
which little additional decline took place (Table 3). Several
other metabolites were also identified from ST-supple-
mented cultures. These included substantial levels of AFB,
and OMS and low levels of AFM;.

In general, the levels of AFB;, AFM,, and OMS increased
with the length of incubation. The highest AFB, recovery
was with 48- and 72-h-old mycelia incubated for an addi-
tional 48 or 96 h in RM; the highest OMS recovery was with
24-h-old mycelia incubated for 96 h in RM. Produce recov-
ery, estimated as the sum of the molar amounts of ST, OMS,
AFBy, and AFM, present in the culture, varied with the age
of the mycelia. ST was most efficiently metabolized by
24-h-old mycelia; only 19% of the ST added was recovered
after 24 h of incubation, whereas 72-h-old mycelia showed
49% recovery of ST at 24 h,

of AFM; in a reactioh mediated by a monooxygenase. 'l
rapid conversion of ST to AFB, and, after a shott lag pha
to AFFM,, indicates that enzymes responsible for AFB; :
AFM, biosynthesis are also present in SRRC 141. Furt
support for AFM, arising from AFB, is the observation |
when AFB, is added to resting cultures of the fungus, i
converted to AFM,, whereas addition of AFM, does
form AFB,. This contrasts with earlier work (11), in wh
radiolabeled AFB, was fed to a wild-type culture and no
label was detected in AFM,. Problems with the transpor
the isotope into the mold, diffusion within the mold cell.
dilution of the label with biosynthesized AFB, may expl
the lack of conversion of radiolabeled AFB, to radiolabe
AFM, in that study.

AFB, formation is generally higher in cultures sup
mented with ST compared with that in controls, especi
after 48 and 72 h of incubation (Table 3). This observal
can be explained if it is assumed that the conversion
zymes are inducible or, more probably, if AFB, is conver
lo AFB,, in which case a metabolic grid operates (Fig. 2

Finally, addition of AFB; to 48-h-old mycelia followed by OMS
24 h of incubation in RM resulted in the appearance of AFM, T
(20 mmol), whereas the addition of AFM, to 48-h-old myce- VA > ST > AF B, > Al
lia followed by 24 h of incubation in RM resulted in the " N N
recovery of unchanged AFM,. VHA ----- o tha e
N ' \
DISCUSSION 'L‘lVC > DHS )'AFBZ - Af

Data in Tables 1 and 2 support previous findings (8, 17)
that strain SRRC 141 accumulates high levels of AFB, rather
than AFB,. An additional observation not previously re-
ported in the appearance of AFM,. In animal cells, AFM,
can arise from AFB, (12), and it seems reasonable to suggest
a similar step in this fungus, e.g., AFB, being the precursor

FIG. 2. Proposed metabolic grid for late stages of aflat
biosynthesis. Arrows may represent more than one step. The ¢
lines indicate proven reactions (this and previous work); the do
lines indicate possible reactions. The wavy line indicates the pc
lated metabolic block in the mutant SRRC 141 with a com
enzyme catalyzing the same transformation on a number of diffe
substrates.
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the enzyme normally responsible for the transformation of
VHA to versicolorin A (VA) is missing in SRRC 141, it
would explain the appearance of AlFB; without AIFBy in the
mutant. Furthermore, this same enzyme might also catalyze
the transformation of dihydrosterigmatocystin to ST, AFB;
to /\FBh and /\FM2 to /\FM] (rlg 2).

One odd result is that the amount of AFB; decreased in
resting cell cultures utilizing 96-h-old mycelia after 48 h of
incubation (Table 2). No concomitant production of AFM,
was observed, so it seems that AIF3; can also be degraded to
some other unknown product.

OMS has been found in wild-type toxigenic A. flavus (4).
Its appearance in this system has two possible explanations.
ST added to whole cells may be incorporated in such a way
that it comes into contact with a methyltransferase that is
located in a part of the cell not normally associated with
aflatoxin biosynthesis. Alternatively, it is possible that ST is
normally never present in the cell at concentrations high
enough for the methyltransferase to produce OMS in detect-
able quantity. ‘Uhe ST added artificially in this system is far
in excess of that occurring naturally.

In the presence of dichlorvos, AFB-accumulating strains
are blocked in aflatoxin production and accumulate VHA (5,
24). Similarly, when this high-AFB;-accumulating strain is
treated with dichlorvos, VHA accuinulates. In an earlier
study, dichlorvos caused VHA accumulation and inhibited
aflatoxin production in a VA-accumulating mutant of A.
parasiticus but did not inhibit versicolorin C production (3).

This high AFBj-accumulating strain accumulates versico-
lorin C but not VA, indicating that a step between VHA and
VA is probably blocked. This strain may have arisen by a
mutation in an enzyme responsible for this conversion,
perhaps VA synthase (22). It is not possible at this time to
pinpoint the exact position at which the AFB; and AFB,
biosyntheses diverge. A probable metabolic scheme is pre-
sented in Fig. 2. A similar scheme was proposed by Maggon
et al. (13), who postulated that the AFB; arose via VA and
ST and that the dihydrofurofuran aflatoxins arose as follows:
versiconal —versicolorin C— 5-hydroxydihydrosterigmato-
cystin > AFB,— AFG,.

Finally, summation of the molar amounts of ST, OMS,
AFBy, and AFM, present in the culture reveals an interest-
ing trend in that the total recovered, in relationship to the
amount of ST added, varied with the age of the mycelia and
the time of incubation. This was not due to poor recovery or
assay, since the total approached 1007% at the beginning and
increased at the end of the incubation period but dropped to
as low as 44% in the middle (Table 3). Evidently, something
is not accounted for in the mid-period of the experiments. It
is tempting to suggest that the missing element is an inter-
mediate between ST and AFB,, since at this point, aflatoxin
biosynthesis increases with respect to OMS production. It is
hoped that the use of isotopically labeled ST will allow
identification of this postulated intermediate.
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Characterization of metabolites from a strain of
Aspergillus flavus accumulating aflatoxin B,

Michael F. Dutton

Department of Biochemistry, University of Natal, Pietermaritzburg

A number of aflatoxins and anthraquinone pigments were
isolated from a strain of Aspergillus flavus, several of which
were fully characterized. The major metabolites isolated were
aflatoxin B, and versicolorin C, which are normally only found
as minor products from species of the genus Aspergillus. The
identification of these products supports the proposal that
aflatoxin B, can arise independently of aflatoxin B, and that,
in this case, the branch in the pathway occurs at the
versicolorins. Other metabolites charaterized were

aflatoxin M,, norsolorinic acid, and averulin.

S. Alr. J. Chem., 1985, 38, 107 —109

'n Aantal aflatoksiene- en atrakinoonpigmente is vanuit 'n
Aspergillus flavus-soort geisoleer, waarvan sommige volledig
gekarakteriseer is. Die hoofmetaboliete wat geisoleer is, is
aflatoksien B, en versikolorien C, wat normaalweg slegs as
newe-metaboliete in spesies van die genus Aspergillus
voorkom. Die identifikasie van hierdie produkte ondersteun
die bewering dat aflatoksien B, onafhanklik van aflatoksien B,
mag ontwikkel. Die ander metaboliete wat gekarakteriseer is,
is aflatoksien M,, norsoloriensuur, en averufien.

S.-Afr. Tydskr. Chern., 1985, 38, 107—109
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The aflatoxins are a group of mycotoxins produced b
Aspergillus flavus and A. parasiticus. Of these, allatoxin I3
is most commonly found and is also the most toxic an
carcinogenic.' Its hiosynthesis has been elucidated from th
work of many groups using blocked mutants® and tracc
studies.™ Itis generally accepted that aflatoxin B, is forme
from a Cy, polyketide precursor via averufin — versicon;
acetate — versicolorin A — sterigmatocystin (1).

} Sterigmatocystin

[t has been proposed that aflatoxin B, is the precursor -
all the other commonly-occurring aflatoxins and indes
there is evidence to support this supposition.® One su
allatoxin, aflatoxin B,, is nearly always found in small
quantities as a co-nietabolite with aflatoxin B, . Theoreticall
aflatoxin B, could arise from aflatoxin B, by a simg
hydrogenation of the isolated double bond in the dihydr
bisfuran ring system.

On rare occasions. however, there have been reports
the literature of aflatoxin B, occurring in fungal extracts
the absence of aflatoxin B, 3’

These observations have been difficult to confirm in oth
labaratories and consequently have often been dismissed
cases of mistaken identity.

A strain of A. flavus. reputed to produce aflatoxin
only, was investigated with a view to identifying all of {
metabolites associated with the aflatoxins that it produce
It was hoped that this study would conclusively prove tI
aflatoxin B, could arise independently of B, and that li
would be shed on the biogenesis of the former metatol
and its associated metabolites.

Results and Discussion

The major aflatoxin isolated from A. flavus (ATCC 241
was found to be aflatoxin B,, and not the more us
aflatoxin B, which was never detected in spite of extens
culturing experiments. The basis for this identification
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from '"H n.m.r., where signals at 86,39 (I13-H,). 4,10
(14-H,). 2.20 (15-H,), and 3.60 (16-H,) revealed the bis-
tetrahydrobisfurano system associated with the two series of
aflatoxins and versicolorin C.”* A parent ion of m/e 314
(M*) in the mass spectrum with a characteristic M *-29
pcak. together with other physical data confirmed the
identification.

The occurrence of aflatoxin B, in the absence of aflatoxin
13, . indicates that it can be biosynthesized independently, in
contradiction to the traditionally held beliel that allatoxin B,
is the precursor of the other aflatoxins.”® This was conlirmed
by the addition of a known precursor of aflatoxin By,
sterigmatocystin (1) to the fungus. which converted it into
aflatoxin B, in a yield of more than 50%. Thus, the fungus is
capable of forming aflatoxin B, provided that an appropriate
precursor is present.

Of the other purple fluorescent compounds isolated. only
aflatoxin M, could be identified as being related to the
aflatoxins. This conclusion was made from its behaviour on
chromatography, and the fact that its mass spectrum was
identical to that of authentic material. The parent ion had
mfe 33 (M), an M *-17 peak indicating the presence of a
hydroxyl group. The other physical data were consistent
with this structural assignment.

Further study revealed that this metabolite appeared later
in the growth cycle of the fungus. suggesting that it is a
product from the metabolism of aflatoxin B, . Mctabolically,
this suggestion makes sense. as it could be achieved by a
one-step hydroxylation under the influence of a inono-
oxygenase, indeed, this is how aflatoxin M, arises from
aflatoxin B, in animal tissues.”

Thus we can conclude that aflatoxins B, and B, can arise
independently of each other and then give rise to aflatoxins
M, and M, respectively. by monohydroxylation.

All the other metabolites isolated from this strain of A.
flavus were anthraquinone derivatives, which is in keeping
with the known biosynthetic pathway of the aflatoxins.
Versicolorin C. averufin, and norsolorinic acid were identified
from their n.m.r. and mass spectral data, and comparison
with authentic samples. Six minor pigments were also
isolated but, of these, only versiconal hemiacetal acetate
could be identified with any certainty from its mass spectral
fragmentation pattern.

The identification of versicolorin C as the major anthra-
quinone pigment to be produced by A. flavus is un-
precedented, although it has been isolated before from an
aflatoxin-producing strain of A. parasiticus. as a minor
product.® It was reasoned that the appearance of versi-
cotorin C was not unconnected with that of atlatoxin B,:
probably some block in the aflatoxin biosynthetic pathway
occurred, which gave rise to relatively large quantities of
versicolorin C.

Experimental

M.p.s were determined on a Kofler hot-stage apparatus.
Optical rotations were measured with a Schmidt & Hansch
polarimeter at room temperature. '"H N.m.r. spectra were
recorded with a Varian CFT20 spectrometer using TMS as
internal standard and deuteriodimethyl sulphoxide as the
solvent, unless otherwise stated. Mass spectra were recorded
on a Finnegan 4000 and a Varian MAT model CH7 spectro-
photometers. Visible and u.v. spectra were recorded on an
Hitachi model 220 spectrophotometer. Quantitation of
metabolites was done on a Schoeffel SD 300 recording
densitometer, that was calibrated with suitable standards.

S.-Afr. Tvdskr. Chem., 1985, 38(})

Preparative t.h.c. was performed on activated silica gel G
plates (Merck art 7731) spread at a thickness of 0.3 mm.
‘Two-dimensional qualitative t.l.c. was done using pre-
coated aluminium-backed silica gel G plates (Merck 5553)
cut into squares of 10 x 10 ¢n. Plates were developed with
diffcrent solvent systems depending upon the metabolites to
be scparated. Anthraquinone pigments were detected by
their orange colour and atlatoxin metabolites by their purple
fluorescence under long wavelenth ultraviolet light.

Production of metabolites

A culture of A. flavus (ATCC 24109) originally isolated by
Schroeder and Carlton."" was provided by Dr M. A. Klich
(Southern Regional Research Centre. New Orleans). where
itis heldas SRRC 141, Cultures of this [ungus were grown in
a low-salts culture medium containing asparagine (1%),
alter that described by Reddy er ol..'" in either 250 ml
conical flasks (containing 70 il medium) or in Fernbach
flasks (containing 500 ml). Replacement medium was
prepared after that described by Adye and Mateles.'”
Quantitative production ol metabolites was done by culturing
the fungus in Fernbach flasks on a bank shaker (160 r.p.m.)
in a constant temperature room at 28°C for 10 days.
Mectabolites were solvent extracted from the dried mycelium,
separated by preparative t.l.c. to homogeneity, and then
recrystallized.

Addition of sterigmatocystin to fungal cudtures

Cultures of A. flavus (ATCC 24109) were grown lor two
days in 250 ml conical flasks as previously described. The
mycelium was liltered and washed with cold sterile distilled
water. The damp mycelium (5 g) was resuspended in
replacement medium (70 ml) in a 250 ml conical flask which
also contained 1 (0.5 mg). added as a solution in acetone
(Anatar; 0.4 ml).

Aflatoxin B, (3}

The major purple-fluorescing metabolite was obtained as
colourless crystals from acetone -chloroform, m.p. 302°C
(decomp.) (lit.."" m.p. 303—306°C): [«],, —440° It co-
chromatographed with authentic aflatoxin B.. A, 220
(€21 000). 265 (12 500). and 363 (24 000) nm; mfe 314,285,
and 271; 6, (CDCi;) 220 (2H. m. I5-H,). 3.06 2H. t.J 1.2
Hz. 5-H,), 3.32 (2H. t. J 1.2 Hz, 4-H.), 3.60 (2H. m.
[6-H,).3.90 (3H,s. OMe). 4. 10 (1H.m_ 14-FH). 6.25 (T 1.5,
9-H), and 639 (IH, d.J 1.2 Hz, 13-H).

Aflatoxin M,

A purple-fluorescing metabolite was obtained in smaller
quantity, which co-chromatograhed with aflatoxin M. . A,
220 (£ 20 000) 265 (11 000}, and 358 (21 000} nim: m/fe 330,
313,301, and 284.

Aflatoxin B,

On addition of 1 to replacement culture ol the [ungus. a
purple-fluorescing compound was observed on t.l.c.. (1).6
mg was isolated from two experiments) just above aflatoxin
B,. The metabolite co-chromatographed with aflatoxin B, .
and gave a positive confirmatory test:'* 1 221.264, and
363 nm; m/e 312, 284. 283. and 269. Lack of material
precluded further physical measurements.

Versicolorin C
The major pigment was isolated as orange needles from

acetone, m.p. 309°C (lit..'" m.p. 310°C); |av|,, 0°; A, 233

niay



Chromatographic separation and determination
of stable metal cyanide complexes in gold

processing solutions

Christel Pohiandt

Council for Mineral Technology, Randburg

A technique is described for the simultaneous separation and
determination of the cyanide complexes of copper, nickel,
cobalt, iron, and gold. The separation procedure utilizes the
principles of ion-pair chromatography, i.e. the partitioning of
ion pairs between a hydrophilic mobile phase and a
hydrophobic column surface. The cyanide complexes are
detected spectrophotometrically or, after the solution has
passed through a suppressor, by conductivity measurement.
The method is applied to gold sotutions from the carbon-in-
pulp process. The precision (relative standard deviation) was
found to be better than 0,0201 for all complexes at
concentrations of 5 mg I, and better than 0,0138 at
concentrations of 10 mg 17",

S. Afr. J. Chem., 1985, 38, 110—114

'n Tegniek vir die gelyktydige skeiding en bepaling van die
sianiedkomplekse van koper, nikkel, kobalt, yster, en goud
word beskryf. Die skeidingsprosedure maak gebruik van die
beginsels van ioonpaarchromatografie, m.a.w. die verdeling
van ioonpare tussen 'n hidrofiliese mobiele fase en 'n
hidrofobiese kolomfase. Die sianiedkomplekse word
spektrofotometries opgespoor, of deur die geleivermoé te
meet nadat die oplossing deur 'n onderdrukker gestuur is. Die
metode word toegepas op goudoplossings afkomstig van die
koolstof-in-pulpproses. Daar is gevind dat die presisie
{relatiewe standaardafwyking) beter as 0,0190 is vir alle
komplekse met konsentrasies van 5 mg | ™', en beter as 0,0138
met konsentrasies van 10 mg 17"

S.-Afr. Tydskr. Chem., 1985, 38 110—114

C. Pohlandt
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Analytical procedures concerned with the determination of
individual metal cyanide complexes have received little
attention in the past. Usually two or three complexes are
determined simultancously as. for cxample. the hexacyano-
ferrates.! More recently, the Dionex Corporalion issued a
series of notes on the determination of some stable metal
cyanide complexes in plating bathis, by mobile-phase ion
chromatography (MPIC).>—" In MPIC. which utilizes the
principles of ion-pair chromatography. a suppressor device
is used to reduce the conductivity of the mobile phase prior
to conductometric detection. Carbon-based column packings
with very hydrophobic surfaces are employed as the
stationary phase. The hydrophilic mobile phase contains
tetrabutylammonium hydroxide (2mm) as the pairing
reagent, 0,2mM of sodium carbonate, and 40% acetonitrile.
Under the conditions described. the separation of the
complexes of cobalt(I1l), gotd(l). and gold(lIl), and of
gold(l), ron(11I), iron(11). and gold(I1), in that order. has
been successfully demonstrated.?—*

Cuff? found recently that he had to increase the carbonate
content of the eluent to 2mm to achieve successful separation
of the gold(I) and gold(11I) cyanides. He also found that it
was not possible to reproduce the analysis of gold(l),
iron(If1), iron(II), and gold(It!) complcxes. Under all the
conditions tested. the gold complexes were found to elute
later than the iron complexes.

In the past, the determination of cyanides in process
solutions from metallurgical plants for the rccovery of gold
was restricted to ‘available' and ‘total’ cyanide. While the
latter indicates the amount of strong metal cyanide com-
plexcs present, it gives no indication of their type and
nature. Because of the interaction of strong metal cyanide
complexes with the carbon or resins used in the recovery of
gold and the occasional ‘poisoning’ of such materials, a
knowledge ol the kind of complex present can be of
considerable importance. Similarly, characterization of the
kind of cyanide complexes present in watcrs and ¢ffluents
can result in more effective ‘scrubbing’ procedures and,
thus, pollution of the environment can be prevented.

In the present study, therefore, it was decided that MPIC
should be used for the separation and determination of
cyanide complexes commonly encountered in gold pro-
cessing solutions. Because of the discrepancies observed
previously.>™ a more detailed investigation of the various
factors affecting MPIC separation would be undertaken. An
account of this study, which resulted in the separation of five
commonly encountered metal cyanide comnplexces, is pre-
sented in this paper.
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(e 24 000), 255 (13 500), 266 (20 000), 291 (23 000), 324
(14 000), and 450 (8 500) nm; m/e 340,325,311, and 297; &,
2,15 (2H, m, 12-H,), 3,80 (2H, m, 13-H,), 4,10 (IH, m,
11-H), 6,47 (1H, d, J 1,2 Hz, 14H), 6,55 (1H, d, / 1,0 Hz,
7-H), 7.04 (1H,s, 4-H), and 7,08 (tH, d, J 1,0 Hz, 5-H).
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INTRODUCTION FUNGAL SECONDARY METABOLIC ENZYMES

The enzymology of secondary metabolism has not re-
ceived the same attention as that for primary (general)
metabolism. There are traditional and other reasons for this
bias, some of which will become apparent in this review.

With the advent of recombinant deoxyribonucleic acid
technology (genetic enginecring), it seems inevitable that
this state of affairs should change. Many secondary metab-
olites have economic significance, and it would be very
desirable to be able to manipulate their production by using
this latest technology. Strictly speaking, it is not impossible
to do this without a knowledge of the enzymes involved in
their production, but in practice it is essential that we have
thorough and detailed information on the enzymes (and their
regulation) that we would desire to manipulate. The truth of
this statement is well supported by the increased interest in
the enzymes responsible for the formation of secondary
metabolites of commercial importance (93, 116, 135). The
field of antibiotics is a particularly good example of this
groundswell and includes work on penicillin (103), tetracy-
cline (104), tylosine (129), and bacitracin (158).

Another group of secondary metabolites of economic
impacl are the mycotoxins, although it is implicit in their
nature that we should try to prevent, rather than promote,
their formation. An important example of mycotoxins, the
aflatoxins. have generated much interest in both their effects
and their hiosynthesis: investigations into thé latter have led
to elucidation of the pathway of their formation (16). In spite
of agreement on the validity of this pathway, there is still
much to be learned with respect to the enzymology of the
process.

This review attempts lo bring together what is known with
regard to these enzymes and their regulation and associated

processes and also to stimulate further interesl in the sub-
ject.

274

Characteristics

As far as has been ascertained, the properties of sccond-
ary metabolic enzymes are the same as those of their
primary counterparts. They are formed by the usual protein
biosynthetic machinery and in many cases are subject to
feedback inhibition, induction. and catabolile repression
(62). A more important likeness is the use of common
coenzymes, and that directly links secondary metabolic
processes with the overall metabolic state of the cell in terms
of reduced coenzyme and energy charge. These condilions
may dictate whether a secondary metabolic pathway is
functional, either by activation through phosphate-nucleo-
tide phosphate balance (62) or as a consequence of other
thermodynamic equilibria, e.g.. a high reduced nicotinamide
adenine dinucleotide phosphate (NADPH)/NADP' ratio
(high anabolic reduction charge [23]).

Secondary metabolic enzymes. however, do have some
special characteristics of their own; they are only active or
formed at the commencement and during the idiophase (12)
when normal growth has ceased and differentiation has
commenced (for review, see reference 172). In certain cases.
they exhibit relative specificity (132); i.e., an enzyme cal-
alyzes analogous reactions with a series of structurally
related metabolites, often resulting in the generation of 2
metabolic grid (37), unlike primary metabolic enzymes
which arc usually absolutely specific. Scecondary meltabolic
activity usually ceases because of synthase decay or feed-
back inhibition and enzyme repression (55) or both.

Oune group of enzymes, oxygenases (EC 1.13/1.14). are
involved in oxidative modification of many secondary
metabolites. and this includes the alatoxins. Oxygenases
catalyze the incorporation of molecular oxygen into their
substrates. They are divided into two classes: monooxy
genases that incorporate one atom from molecular oxygen



VoL. 52, 1988

R
o e ST
W
(a) NAD NADPH

Z~ “COOH

OH Ortho
(b) CHO
02" .. Meta” ‘
P

OH

FIG. 1. Incorporation of molecular oxygen by oxygenases: {a)
monooxygenases and (b) dioxygenases.

the other atom being reduced by NADPH (Fig. 1a), and-
dioxygenases that incorporate both atoms of oxygen, some-
times with ring cleavage (Fig. 1b). The important detoxifying
system, cytochrome P-450, is a monooxygenase containing
the heme prosthetic group (201); others require metal ions.
Dioxygenases often are involved in ring cleavage reactions
and may act in concert with monooxygenases to degrade
recalcitrant substances via ortho or meta fission (52) (Fig.
1b).

Another type of oxidative cleavage found in aflatoxin
biosynthesis is the Baeyer-Villiger (BV) reaction. In this
process an oxygen atom is inserted between two carbons,
one of which has a carbonyl function, to yield an ester or
lactone. An example found in a filamentous fungus is the
conversion of progesterone via 4-androstene-3,17-dione to

ENZYMES AND AFLATOXIN BIOSYNTHESIS 27!

testololactone (Fig. 2) by Penicillivin liticium (153). As onb
one of the molecular oxygen atoms is found in the en
product, enzymes catalyzing BV reactions can be regarde«
as MoONOOXYygenases.

Table 1 summarizes some oxygenases found in filamen
tous fungi. although their occurrence in these organisms i
not well defined in spite of several comprehensive review:
(95. 133, 144).

Isolation

One reason why studies on the enzymology of funga
secondary metabolism have had a slow start is the difficultie
inherent in obtaining active cell-free fractions. The firs
problem is to determine when in the growth cycle to harves
and extract the cells. This is not difficult to ascertain, but i
does require investigation to find when the trophophas
switches to the idiophase and what triggers this event. Th
trigger can be quite complex, being controlled by a repres
sor, such as carbon and nitrogen source, or energy charge o
one of several other regulatory systems (62).

The next step is to choose an appropriate method of cel
disruption. T'he number of techniques available is substan
tial, and most of these have been used in the laborator
(Table 2) and industry (120) to make preparations fron
filamentous fungi. In the case of aflatoxin biosynthesis
Hsieh and co-workers used a rotating wire toop with glas
beads to obtain a system that converted versiconal acetate t
versicolorin A (198) and disruption with glass beads t
prepare one that could convert sterigmatocystin to aflatoxir
B, (170). Jeenah and Dutton have used preparations fron
powdered lyophilized mycelium that converted norsolorini

— 5P g

Progesterone

Testostearone lactone

FIG. 2. Conversion of progesterone to testololactone by P. lilicium (153).

TABLE 1. Examples of oxygenases found in filamentous fungi

Reaction or enzyme Substrate Organism - Reference(s)
Cytochrome P-450 Aromatic ring Cunninghamella spp. 44,70, 71
Cytochrome P-450 Steroid Rhizopus nigricans 31
Cytochrome P-450 Alkaloids Claviceps sp. 5
Hydroxylation Steroid Aspergillus ochraceus 108
Hydroxylation Steroid Aspergillus niger 1, 102
Hydroxylation Steroid Curvidlaria sp. 145
Hydroxylation Aromatic ring A. niger 10. 29, 118. 17
Hydroxylation Terpene A. niger 76
Hydroxylation Biphenyl A. parasiticus 50
Hydroxylations Various Several 30, 173
tiydroxylation Aromalic ring Penicillium patulinum 139
Epoxidation Cyclopenin Penicillium cyclopium 197

BV Steroid Cylindrocarpon sp. 107

BV Hydrocarbon Penicillium sp. 4

BV Hydrocarbon Fusarium lini 181

Cleavage Aromatic ring Penicillivm patnlim 161

Cleavage Various Several 41

Cleavage Quercetin A. flavus 146
Lipoxygenase Fatty acid Fusarium oxvsporum 159
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TABLE 2. Examples of methods used to prepare cell-free extracts from filamentous fungi

MicroBlOL. REV.

Method

Fungus

Enzyme or product

Reference(s)

Grind (buffer)
Grind (sand)
Grind (sand)
Grind (sand)
Grind (sand)
Grind (sand)
Freeze/grind
Freeze/grind
Freeze/grind
Freeze/grind
Freeze/grind
Freeze/blend
Freeze/grind
Freeze/lyophilize
Glass beads
Glass beads
Glass beads
Glass beads
Glass beads
Polytron (beads)
.Omni mixer
VirTis blender
Potter-Elvehjem
Protoplast/lysis

Protoplast/homogenization

Blendor/ammonia
French press
French press
X-press

Gaulin press
Gaulin press
Lyophilization
Lyopbhilization
Lyophilize/grind
Lyophilize/sonicate
Lyophilize/acetone
Lyophilize/beads

Aspergillus niger

A. flavus

A. puarasiticus
Penicillium cyclopitm
Fusarium oxysporum
Cylindrocarpon sp.
Aspergillus ochracens
Several

Aspergillus tennis
Penicillitum patulum
Claviceps sp.

A. niger

Rhizopus leguminicola
A. niger

Penicillium lilacinum
Fusarium oxysporum
Penicillium urticae
Penicillium baarnense
A. parasiticus

A. parasiticus
Rhizopus nigricans
Pyrenochaeta terrestris
Penicillium brevicompactum
A. parasiticus
Cephulosporium acremonium
Penicillium stipitatum
Trichothecium sp.

P. patulum
Aspergillus flaviceps
P. patulum

P. patulum

A. parasiticus
Claviceps sp.

P. patulum
Penicillium spp.

A. parasiticus

P. patulum

Sonication Penicillium madriti
Sonication Aspergillus amnstelodami
Sonication Fusarium lini

Sonication Cephalosporium bainieri
Sonication Cephalosporium acremonium
Acetone powder A. niger

Acetone powder Pycnoporus sp.

Acetone powder Penicillium sp.

Oxygenase 1,118, 178
Kojic acid 11
Oxidase 154
Alkaloids 157, 196
Oxygenase 159
Oxygenase 107
Oxygenase 81
Ring fission 4]
Alternariol 78
6-MSA 60
Translerase 98
Reductase 101
Slaframine 85
Dehydrogenase 113
Oxygenase 43
Desalurase 202
Ascladiol 164
Dehydrogenase 21
VA 198
AFBI1 170
Hydroxylase 3
Emodin 6
Mycophenolic acid 49
AFBI1 8
Cephalosporin 114
Stipitatic acid 180
Trichodiene 69
Patulin 161
Methyliransflerase 77
6-MSA synthetase 195
Decarboxylase 125
Various 34, 109
Ergot alkaloids 117
6-MSA synthetase 124
Dehydrogenase 74
Dehydrogenase 142
Patulin 84
Orsellinic acid 80
Echinulin 3
Oxygenase 181
Oxygenase 71
Epimerase 126
Phenol hydrolase 138
Synthase 140
Oxygenase 4

acid to averantin and sterigmatocystin to aflatoxin B, (109).
Lyophilized powders are easy to prepare and are usually
stable on deep-freezing; they have also been used to inves-
tigate primary metabolic enzymes in Aspergillus parasiticus
(34).

The least damaging method of preparing cell-free extracts
is lysis of protoplasts by osmotic or mechanical means. We
found that this was the only technique that gave a system
capable of biosynthesizing aflatoxin B, from acetate (8). A
complete aflatoxin biosynthetic enzyme system made by
grinding mycelium with sand has been reported (194); as far
as | am aware, it has never been repeated, but the method
was used to investigate the interconversion of aflatoxins
(131).

Thus, for enzymes involved in aflatoxin biosynthesis, a
gentle method of cell wall disruption is advisable. We found
that the French press completely destroyed the ability of
homogenates to convert sterigmatocystin to aflatoxin B; a
similar effect was reported for the Hughes press in preparing
other systems (84). Enzymes respond differently to a partic-

ular method of preparation; for instance, an aromatic dehy-
drogenase (161) from Penicillinm sp. gave a higher level of
activity when prepared by the French press than when
prepared by either grinding or homogenizing the mycelium,
which is in contrast to that mentioned above.

Purification

Earlier work on secondary metabolic enzymes used crude
cell-free preparations or, at best, fractions produced by
ammonium sulfate precipitation. The greater range of mod-
crn methods has resulted in purer preparations, although the
isolation of pure enzymes is still rare.

The reason for this is not just apathy but often is inherent
in the nature of the problem. Attention has already been
drawn to the necessity of using gentler techniques, and the
probable reason for this is the lower level of secondary
metabolic enzyme in the cell. Although this may not be
universal, the concentration of these enzymes is highly
variable and in certain cases is limiting (cf. primary metab-
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olism in which substrate/product concentration is regulated
[38]). As low enzyme levels result in denaturing processes
having a more marked negative effect, it is important at each
stage of enzyme separation that optimization of concentra-
tion and stabilization is achieved. Suitable concentration
inethods are dialysis against a solid substrate. e.g., sucrose,
and ultrafiltration. Precipitation with ammonium sulfate or
protamine sulfate or streptamine sulfate or pH adjustment
(21, 69, 74, 138) may remove much contaminating material.
We found the latter method useful in the isolation of a
methyltransferase system, although care has to be taken to
avoid denaturation (R. K. Berry and M. F. Dutton, unpub-
lished results).

Many other stabilizing agents have been used in enzyme
isolation, including the following: glycerol (162). Polyclar
AT (removes phenols) (GAF Corp.) (161), thiol reducing
agents (74), and di-isopropylfluorophosphate (inhibits auto-
lysis) (79).

AFLATOXINS

The aflatoxins are fungal metabolites produced exclu-
sively by strains of Aspergillus flavus (Link ex Fries) and A.
parasiticus (Speare). They may be classed as secondary
metabolites, which according to Weinberg (200) are **natural
products that have a restricted taxonomic distribution, pos-
sess no obvious function in cell growth and are synthesized
by cells that have stopped growing.”” Although this gives a
definition of secondary metabolites, it would be of value to
those untutored in the subject to consult a suitable review on
secondary metabolism, e.g., that by Drew and Demain (62).
Unfortunately, many textbooks on this subject are written
from a chemical slant and often gloss over the more contro-
versial biological aspects. Several points of view have been
expressed on the subject of function. and the reader is
directed to reviews by Bu'Lock (39) Zahner (205), Bennett
and Christiansen (14, 16), and Campbell (42) for the more
contrasting ones.

Three structural variations of the aflatoxin molecule give
rise to a family of eight aflatoxins found in cultures of A.
parasiticus (A. flavus is considered by some authorities to
produce the B series only [100]). (i) The B series have a
cyclopentenone ring structure, replaced by a lactone in the G
series. (if) The 1 series has a double bond in the terminal
furan ring of a bisfuran moiety, absent in the 2 series (Fig. 3).
(iii) The M series has a hydroxyl group on the tertiary carbon
at the fusion of the two furan rings (Fig. 3). Putting together
these features in all possible combinations, the resultant
metabolites are: aflatoxin B, (AFBI1); aflatoxin B, (AFB2);
aflatoxin G, (AFGI); aflatoxin G, (AFG2); aflatoxin M,
(AFM1); aflatoxin M, (AFM2); aflatoxin GM,; and aflatoxin
GM,. Related metabolites are aflatoxin B,, (AFB2a) and
aflatoxin G,, (67), aflatoxicol (57), and parasiticol (177)
(aflatoxin B, [96]) (Fig. 3).

Biosynthesis and Primary Metabolism

All secondary metabolism stems from primary metabo-
lism; therefore, the metabolic state of the latter will ulti-
mately affect the former. Aflatoxin production is affected by
catabolic activity (86, 87), reduced coenzymes level (23),
energy charge (155), and metal ions (134). The role of these
factors is difficult to define because of the complexity of the
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FIG. 3. Structures of the aflatoxins and closely related metabc
lites.

metabolic state of the organism. An added problem is the
the metabolic activity of the fungus may be compartmenta
ized (12), and it is becoming clear that more powerfl
techniques such as recombinant deoxyribonucleic acid tect
nology (15), immunohistology (91), and nuclear magne(
resonance spectroscopy of cells (160) will have to be appliec

Studies on the effect of nutrition on aflatoxin productio
started soon after their discovery (58). In general, zinc (134
magnesium (53), asparagine (156), proline (152), and hig
sucrose concentrations plus yeast extract (54) stimulat
aflatoxin production, whereas higher levels of inorgani
nitrogen (136) and phosphate (156) inhibit it.

More recently, Niehaus and Dilts (142, 143) investigate
both glucose-1-phosphate and mannitol dehydrogenase fro
a toxin-producing strain of A. parasiticus. Zinc is considere
to favor polyketide (aflatoxin) biosynthesis rather than th:
of fatty acids (23) because it prevents NADPH formation t
inhibition of both of these enzymes. If this is so, then it ougl
to be a general effect in polyketide-producing fungi.

Buchanan and co-workers (2, 34) suggested that the stin
ulatory effects of carbohydrates, such as glucose (**carbc
catabolic induction™), be mediated through loss of NADP
generation and by repression of the tricarboxylic acid cyc
enzymes (33). Other work (165) supports this, although
was concluded here that the repression of tricarboxylic ac
cycle enzymes was the key. l.ow tricarboxylic acid cyc
activity minimizes acetate oxidation, leaving it available fi
aflatoxin biosynthesis.

In contrast (190), aflatoxin biosynthesis has been relate
to high pyruvate kinase activity, which may promote tt
utilization of pyruvate or phosphoenolpyruvate as a sourg
of malonyl coenzyme A (CoA). It was found that pyruva
kinase activity was high in toxigenic strains of the fungus b
low in the nontoxigenic ones. Other workers {166) have al.
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stressed the importance of glycolytic activity together with
oxygen availability.

Attention has recently been refocused on the role of
nitrogen source, and in some cases the observations do not
agree with earlier work. Payne and Hagler (152) found that
asparagine was less stimulatory in aflatoxin production than
previously reported (156). Work on NAD and NADP gluta-
mate dehydrogenase (24) has indicated that they have a role
in the generation of idiophase conditions by formation of
a-ketoglutarate, which stimulates allatoxin formation by
inhibition of the tricarboxylic acid cycle as mentioned pre-
viously. A similar effect is thought to be mediated by
glutamate-oxaloacetate transaminase. In another study (110)
it was found that nitrate as a sole nitrogen source repressed
averufin and aflatoxin synthesis, but the significance of this
is not obvious.

Whether all of these effects represent a host of regulation
points or whether there is a common factor, e.g., coenzyme

MicrosloL. REv.

availability, stll has to be determined; possibly scveral
events act in concert to cause the onset of the idiophase and
afllatoxin production.

Biosynthetic Pathway

After 25 years of work, there is now general agreement on
the identity of the intermediates involved in the biosynthesis
of ATBI, which is the principal member. Evidence in
support of this pathway (Fig. 4) comes from studics with
pulative precursors isotopically labeled with *C (25). H,
'*C. or 0. The latter three isotopes were the subject of a
series of elegant nuclear magnetic resonance studies by
several groups (see reference 175). Most of these investiga-
tions were made with whole-cell cultures of A. parasiticus,
usually in replacement media with blocked mutants (106,
171). Consequently, there is still much to be learned with
regard to the enzymology and mechanistic details of many of
the steps involved.

Norsolorinic Acld (NA)

Versicolor A (VA)

Affatoxin By

(AFB; )

A mutant
{CH3) methionine™\ O

° o
0CO—CHgs

Versiconal

Acetate (VALA)

0 °\J4<5.|e. i7,18, 0™

Sterigmatocystin  (ST)

FIG. 4. Proposed biogenesis of AFBI (189). *Minimum number of steps likely to be enzyme catalyzed. Reproduced with kind permission

of the authors and Academic Press, Inc.
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J )y COOH \
Cl, CH, CH
N 2
NH,—CH C =0
/ / CO-S-CoA
COOH COOH NAD+ NADH+H*
Aspartate ® Oxaloacetate Malonyl CoA
Trans -
(Asparagine)  amination CoA €Oz

FIG. 5. Transamination of aspartate to oxaloacetate and then to malonyl CoA.

ENZYMES OF AFLATOXIN BIOGENESIS
Anthraquinone Biosynthesis

The main carbon skeleton of AFBI1, although only con-
taining 16 carbon atoms (not including the O-methyl group),
has been shown by *C enrichment nuclear magnetic reso-
nance spectroscopy to be derived from a decaketide (20
carbon atoms; Fig. 4) (147).

The polyketide pathway, as propounded by Birch (26), is
analogous to fatty acid biosynthesis but without intermediate
reductive steps. In the formation of polyketides a *‘primer”’
(or ‘“‘starter’’) unit, usually an acetyl group, is transferred
from acetyl CoA to a thiol group at the active center of the
polyketide synthase complex, which is in the form of a
flexible protein ‘*arm’ in the enzyme complex (16). The
acetyl group is attached via a thioester linkage, resulting in a
“high energy’ conformation. Acetate units are now added
sequentially, the enzyme complex utilizing malonyl CoA as
the donor with a concomitant loss of carbon dioxide. Once

OH O HO O

OLIOG™

NA. Anthrone

2H20~/

E
0O 0 0% O

0 (o]
-
6 Malony! ’&/\/\
CoA o]
o)
Molonyl
CoA NADPH

FIG. 6. Hypothetical scheme for the assembly of anthraquinones by a *'
(16). Reproduced with kind permission of the authors and Academic Press. Inc.

E~~+SH

:’.( E-usﬂ\f\/\ E

the chain has reached the required length, it is stabilized by
cyclization to an aromatic or heterocyclic ring (see Fig. 6).
Stabilization in fatty acid synthesis is achieved by reducing
the chain to the level of hydrocarbon with NADPH after the
addition of each acetyl unit.

The source of malonyl CoA is generally taken to be acetyl
CoA by carboxylation, which under idiophase conditions is
most likely to be supplied by glycolysis (199). In the biosyn-
thesis of tetracycline by Streptomyces aureofaciens. oxalo-
acetate, under the influence of oxaloacetate dehydrogenase,
can give rise directly to malonyl CoA (13). It is possible that
a similar scheme is extaat in aflatoxin biosynthesis, as it is
stimulated by asparagine and aspartate (156). In Fig. S,
aspartate is transaminated to oxaloacetate and thence to
malonyl CoA.

AFB1 is derived from nine acetyl units added in seretia to
the acetyl primer, resulting in a chain that has seven carbon-
yl groups, two having been reduced during chain elongation

Malonyl CoA
CO2
0 0

Acetyl CoA E g AN A

worit\
g mms B

(=
g5’ N~
L N

Malonyl CoA
CO2

emms I~
NADH‘C}H’

N oH

5

polypeptide synthase™" enzyme complex in Aspergillus species
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FIG. 7. Structure of NA.

(Fig. 6). The method by which this chain is stabilized during
its extension is unknown, but it is probable that noncovalent
bonding to the enzyme surface is involved (36). Once the
chain has reached the required length, it is stabilized by
cyclization as an aromatic or heterocyclic product. The
mechanism is obscure, as similar chains can give rise to
different folding arrangements depending on the organism
(99). Biomimetic studies (92) have shown that the cyclization
process can be varied by the experimental condition. Pre-
sumably, in vivo the active site in the enzyme provides the
directing influence.

L. Acetyl Unit
3. Malony! Units

ADPH
3 COz/

NADP"
H,0

-

COOH
CH
N k@
r°
c

o)
H
e
/

Ellmination
of
water Condensation
Cyclisation
Ha
COOH

CH\3©/OH

6 - Methylsalicylic Acid

Microniot.. REvV.

Polyketide synthases probably evolved by gene duplica-
tion (16), resulting in two sets of genes for fatty acid
synthase. The duplicate could mutate and ‘‘evolve’ into a
polyketide synthase. The main changes are the loss of the
intermediate reducing steps and the gain of polyketide chain
folding and condensing ability. The nature of the evolution-
ary drive behind these changes is a matter of controversy,
but polykctides arc metabolically unlike fatty acids and
hence could act as regulatory metabolic shunt metabolites, a
role suggested for secondary metabolites by at least one
authority (39).

The theoretical product in aflatoxin polyketide biosynthe-
sts is an anthrone derivative which has never been isolated,
presumably because of its rapid oxidation to the more stable
anthraquinone, norsolorinic acid (NA) (Fig. 7), a conclusion
supported by 80-labeling studies (193).

Polyketide biosynthesis at the enzyme level has not been
well studied; an exception is the formation of 6-methylsal-
icylic acid (6-MSA; Fig. 8) (206), which is a simple system.
derived from a tetraketide. The polyketide synthase was
found to be similar in character to fatty acid synthase, from

3 CO2

o=z

Condensation
Cyclisation
N—H,0

V
COOH

CHj OH

OH
Orssllinic Acid

FIG. 8. Formation of a tetraketide and its conversion to 6-MSA or orsellinic acid.
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FIG. 9. AVF from the polyketide chain by reduction of 1’ and 3’ carbonyls.

which it could be separated by density gradient centrifuga-
tion (124). It has an absolute requirement for NADPH in
contrast to classical polyketide systems, in which the na-
scent B-ketide chain is formed without reduction, although
this may occur after stabilization. The necessity for NADPH
is a step occurring after addition of the second acetate unit.
The carbonyl function is reduced to a hydroxyl, which
undergoes an elimination reaction to gencrate a double bond
(Fig. 8), as confirmed by Scott et al. (162). The reducing step
is possibly an echo of its origins from fatty acid synthase, for
other polyketide synthases have no reducing action, e.g., in
the related unreduced tetraketide orsellinic acid (Fig. 8) (80).
Manganese is also limiting in patulin biosynthesis (formed
from 6-MSA), the effect being exerted during transcription
rather than at the enzyme level (163). The time of appear-
ance, concentration, and stability of patulin biosynthetic
enzymes have been studied (79). [deally, this approach
should be applied to secondary metabolism in general and to
aflatoxin biosynthesis in particular.

The biosynthesis of 6-MSA is relevant to that of NA, for in
its side chain the two end acetate units are reduced to
hydrocarbon. These units could arise in an analogous man-
ner to that for 6-MSA, i.e., during chain elongation. In fact,
averufin (AVF; Fig. 9) could arise directly from the polyke-
tide chain by reduction of the 1" and 3’ carbonyls to hydroxyl
and methylene, respectively.

Studies by Townsend et al. (188) provide an alternative
scheme, whereby hexanoic acid (caproic acid) is incorpo-
rated intact into the side chain of NA. Chandler and Simpson
(45), however, showed that AVF does have a normal acetate
starter unit and suggested that added hexanoate could ex-
change with that bound to the polyketide synthase (Fig. 10).

Most organisms will rapidly beta-oxidize such a fatty acid
and utilize it as a carbon source. Possibly hexanoate escapes
this fate, because at the commencement of the idiophase,
fatty acid anabolism, not catabolism, is operative. This
conclusion is supported by the following: some randomiza-
tion of the label was observed during hexanoate incorpora-
tion but with other labeled fatty acids the randomization was
complete, indicating a lack of uptake as an intact unit. This

phenomenon should be investigated further with cell-fre
preparations of NA synthase, as polyketide synthases ma
be relatively specific; e.g., 6-MSA synthase utilizes pro
pionvl Co-A at 13% of the rate of acetyl CoA (59).

To summarize, NA arises by the sequential addition o
nine acetate units to an acetate primer unit via a transition
ary anthrone, and free hexanoate can exchange with en
zyme-bound hexanoate (Fig. 10).

Generation of the Bisdihydrofuran System

Most of the subsequent steps in aflatoxin biosynthesis ar
oxidative; first are those modifying the side chain of NA t
form a novel four-carbon bisfuran moiety found in th
aflatoxins (Fig. 3).

The first step is the reduction of the carbonyl in the sid
chain of NA to a hydroxyl (Fig. 4), resulting in averanti
(AVT; Fig. 11). This was isolated from a mutant of A
parasiticus impaired in aflatoxin production and shown to b
a precursor of AFBI1 by tracer studies (17). It has a chir:
center (S) at the 1’ position (185), and studies in ot
laboratory indicate that the enzyme responsible for its fo
mation is a dehydrogenase. An enzyme preparation wa
made from lyophilized mycelium (M. F. Dutton and A
Chuturgoon, Abstr. First Joint Cong. S. A. Biochem. Gene
Microbiol. Soc. 1986, P265) that can promote the reaction i
both directions in the presence of either NAD or NADP.
has no ellect on simple alcohols, etc., and therelore |
distinct from common alcohol dehydrogenase.

Formation of AVF (Fig. 12) which like AVT is the
isomer (115), requires that the penultimate carbon atom (5
of the chain be oxidized to a kectone, which is masked |
AVF as a stable internal ketal derivative. Introduction of th
B carbonyl into the chain probably occurs via hydrox)
group, introduced by a monooxygenase (see references
and 181) which is then oxidized to the ketone by means of
dehydrogenase (Fig. 13). The enzyme may be the same 2
the NA dehydrogenase.

The hydroxy intermediate has not been isolated, althoug
a ring closed product isolated from A. parasiticus, averuf:
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nin (96), is probably derived from it by dehydration. Recent
experiments (137) have implicated averufanin as an interme-
diate, but it is possible that it acts as a side shunt at the
5’-hydroxy-AVT level.

Versiconal acetate (VAL A; Fig. 14), also known as
versiconal hemiacetal acetate |72], is the first intermediate
with the branched side chain characteristic of the aflatoxins.
Other examples of fungal metabolites with branched struc-
tures are asperone (168) and gibberellin (61). 'I'he bisfuran
system is not formed in VAL A because closure of its
terminal furan ring is prevented due to the esterified acetate
group.

The pathway immediately prior to VAL A was obscure,
because several schemes had been proposed (82, 112, 179,
186). Work by Townsend and Christiansen (184) has ruled
out the intermediacy of the 3'-hydroxy derivative, nidurufin,
although this role may be filled by the unsaturated equiva-
lent, dehydroaverufin (19). Until the correct mechanism is
identified, the enzymology must be based on the fact that an
oxidative step is followed by a rearrangement.

The esterified acetate unit in VAL A is derived from the
two terminal carbons of the six-carbon side chain (176) and
is generated by a BV reaction (187). Similar reactions are
known in the degradation of long-chain ketones by fungi (4,
181).

Acid hydrolysis of the ester group causes rapid ring
closure to versicolorin C (VC) (175) (Fig. 15), a known

OH O

OH OH

HO OH

O

FIG. 1. Structure of AVT.

metabolite of both A. versicolor (88) and A. parasiticus (
Thus, a plausible suggestion is that the next step is cataly
by an esterase, and in fact the addition of dichlorvos.
inhibitor of acetyl choline esterase, to fungal cultures cat
the accumulation of VAL A (204). Certain other organopt
phorus compounds show a similar effect (64), and both ti
and dichlorvos do inhibit aryl esterases in A. parasiticus
Other compounds also promote the accumulation of

ments in aflatoxigenic strains of Aspergillus, e.g., benz
(191), although this work was not repeatable by others (1

Hydrolysis of VAL A, however, results in VC,'which |
the wrong oxidation level (i.e., it lacks a double bond) t
directly converted to AFB1; in addition, it is a racemate (
versicolorin B (Fig. 16) being the natural stereoisomer
89) and having the same conformation as AFB!1 depicte
Fig. 3. It is significant that the unsaturated analog, vers
lorin A (VA; Fig. 17) (122), has both the correct oxida
level and stereo structure (R1', S2’) (82) of the bisfi
moiety to be a direct precursor of AFB1 (121).

The question of the stereochemistry of the putative
thraquinone precursors has been addressed by Towns
(182) as this can influence reaction mechanisms. Stereos
ificity is the hallmark of enzyme action, and it is
surprising that when there is the choice between sev
diastereoisomers one should be preferentially formed.

Both substrate conformation (183) and enzyme ac
(175) have been evoked as factors in generating the st

FIG. 12. Structure of AVF.
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FIG. 13. AVT to AVF via oxidation of a monooxygenase to a ketone by means of a dehydrogenase.

FIG. 14. Structure of VAL A.

WSo ot T By

Versiconal Acetate

%
OH O O N *+CHs COOH

Seeowwn

Versicolorin C

FIG. 15. Rapid ring closure to VC caused by acid hydrolysis of ester group.

structure of the bisfuran system. As the substrates AVT and
AVF are chiral whereas VAL A (the result of enzyme
inhibition) is racemic, it would seem that these factors act in
concert. The key arrangement, in the bisfuran system, is at
the 2'-carbon atom; the conformation at 1’ could be either
enantiomer, being in the form of a hemiacetal (Fig. 18).
Because of the existence of VC and VAL A as racemates,
the mechanism giving rise to the 2’-carbon atom in them can
produce either an S or an R arrangement in spite of substrate
chirality, i.e., of AVF. The inhibitor dichlorvos must block a
part of the active site of the enzyme synthase, so that the
reaction becomes nondirected with regard to stereo arrange-
ment, allowing the product to disassociate prematurely,

OH O OH H
HO O‘O'o 0
o H

FIG. 16. Structure of versicolorin B.

possibly as the hypothetical intermediate versicoloror
(named in accordance with versicolorone [20]) (Fig. 19).

The enzyme, versicoloronal synthase, is possibly me
brane bound to facilitate substrate solubility and must sei
at least two functions: (i) to generate an electron-defici
center at position 2’ of AVF, and (ii) to direct the reaction
that an S conformation occurs at position 2’ in the bisfura
system. One model is given in Fig. 20. As hydroxylation
inappropriate in generating the electron-deficient cen
(184), an alternative is the removal of hydride, this bei
accepted by an oxidized coenzyme such as NADP". T
bonding electrons from the adjacent carbon (1’) of AVF ni
attack this position, leaving this carbon (1') electron de
cient and detached from the aromatic ring. The carbop
now stabilized both electronically and spatially by a nucl

FIG. 17. Structure of VA,
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HO

o) H

FIG. 18. Nomenclature of bisfuran system depicted as part of
VAL A, the naturally occurring stereo arrangement at C-2’ being for
VA, elc.

OH O OH 0
oA
(o)

Versicolorone

ENZYME

Possible active site
of Versicoloronal
Synthase

|
Ser - Enz.

4. Versicoloronal - Enzyme Complex

MIcroOBIOL. REV.

philic attack from an adjacent scrinyl hydroxyl (or cquiva-
lent) in the active site. This ensures that the rearrangement
takes place in such a way that the new tertiary carbon has
the S conformation as required.

Dichlorvos blocks the stabilization step by phosphorylat-
ing the serinyl hydroxyl of the active site, which is its known
mode of action (94), the extruded carbon (C-1’) being stabi-
lized by a random nucleophilic attack of hydroxyl. The
reaction thus occurs tn a nonchiral fashion, resulting, after a
BV reaction, in VAL A (Fig. 21). Note that hydroxyl may
compete with serinyl under natural conditions, which would
account for the accumulation of VC as a side shunt metab-

Versicolor onal
F1G. 19. Structures of versicolorone and versicoloronal.

NN Y|
n NADp*

H

2

Generation of
Electron Deficient
Carbon at 2'

3. Rearrangement

FIG. 20. Suggested mechanism for enzymatic conversion of AVF to versicoloronal.
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ENZYME
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OH H o
Undirected
OH
H
Racemic Versicoloronal
0O —P—-0OR
S OR ‘\
Baeyer Villiger
i Reaction
ENZYME Dichlorvos i
OH
H
- N\ 0
Versicolorin C. Est /\e oH C\Hz i
steros —C~-CH
(Not formed) Inhibited by H o 3
Dichlorvos

VAL A. (Accumulates)

FIG. 21. Inhibition of versicoloronal synthase and VAL A esterase by dichlorvos.

olite by chemical or enzymatic hydrolysis of the resultant
VAL A.

Summarizing, AVF is rearranged to VAL A by an enzyme
that can oxidize the 2’ carbon atom and stabilize the result-
ant carbonium ion at the extruded C-1' by binding to an
enzyme residue such as serine. Further modifications, such
as a BV reaction, can take place while the versicoloronal is
bound to the enzyme. Dichlorvos has its action by binding to
the serine residue and inhibiting esterase activity so that
VAL A accumulates rather than VC (Fig. 21).

Wan and Hsieh (198) and Anderson and Dutton (9) have
isolated an oxygen-requiring cell-free system that converts
VAL A to VA. This system promotes at least two reactions:
a hydrolysis and oxidation. The former authors suggest that
a primary alcohol group derived from the open form of the
terminal furan ring is oxidized to an aldehyde. This ring
closes to a hemiacetal, which loses water to form the stable
vinyl ether system of VA (see Fig. 22, substituting H for
Ser-Enz).

Little comment is made on the nature of the enzyme
system, and it is difficult to believe that the ring open form of
versicolorin B exists long enough to be oxidized to aldehyde,
unless it is stabilized by attachment to an enzyme such as
depicted in Fig. 22. Presumably ring closure of the aldehyde
is enzyme directed because of the R arrangement of C-1’ in
VA. Conversion of VAL A is accommodated by recombina-
tion with enzyme: the reaction must be independent of
chirality. as an almost complete conversion was observed
(198), although the stereochemistry of the final product was
not investigated. An alternative is that a desaturase such as
is found in fatty acid metabolism cfTects the oxidation (202),
and this could operate either at the VAL A level or on a ring
closed system. ]

An AFB2-accumulating strain of A. flavus (SRRC 141)
was also found to produce VC (66). Following on from the
above discussion, it is possible that there is a malfunction in
the versicoloronal synthase, resulting in a nonstereoselec-
tive mechanism (i.e., attack by OH™) and the release of
VAL A, which is converted by an esterase to VC and then to

AFB2 via part of a metabolic grid. If the subsequen
enzyme(s) in the pathway exhibits relative specificity, th
route to AFB2 becomes rate limiting and excess VC accu
mulates.

Anthraquinone Modification

Sterigmatocystin (ST; Fig. 23) was originally isolated fror
Aspergillus versicolor and was the metabolite reported t
contain the bisdihydrofuran system (35). It has one les
skeletal carbon atom than VA, forming a xanthone nucleu
(147), but has gained another by O-methylation.

It is likely that the 6-hydroxyl group of VA is remove:
prior to xanthone formation to form 6-deoxyversicolorin A
a known metabolite (68). Little is known with respect to thi
event, but recently Anderson (6) has observed the conver
ston of emodin to chrysophanol in a cell-free preparatio
derived from Pyrenochaeta terrestris, which can be regarde
as an analogous reaction. Maximum conversion was ot
tained under anaerobic conditions in the presence of ader
osine S'-triphosphate. NADPH, mercaptoethanol, and fer
rous iron. The result is somewhat nullified by the behavior ¢
a cell-free extract from A. parasiticus towards emodir
whereby it was methylated to physcion (7). Whether thi
reflects potential enzyme activity or is due to isolatio
methodology remains to be determined.

The first step is cleavage of the anthraquinone moiet
adjacent to carbony! indicated in Fig. 24. The reaction is
BV oxidation resulting in a hypothetical lactone; precedent
are sulochrin (51), secalonic acid (119), and ravenelin (27
Cleavage may take place on either side of the carbonyl, bt
subsequent reactions can lead to the same benzophenon
derivative after oxidative decarboxylation.

At least three other events occur: (i) hydrolysis of th
lactone either spontaneously or by the action of a lactonase
(i) loss of the exposed carboxyl of the substituted 2.6.2
trihydroxybenzophenone-6’-carboxylic acid by oxidative de
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Versicoloronal - Enzyme Complex
OH O OH
-.—T‘ Ho —CHS
HO 0=C-~CH3 gp;-5er-0H
Y Ser - Enz. Versiconal Acetate (VAL A)
VAL A (Enzyme Bound)
H,0
CHz COOH
OH O OH
HO o OH
Ser - Enz.
2 (H)
OH O OH '130 Ring OH O OH
Closure=
HO " CHO \ Y OH
Ser-Enz Enz - Ser—OH VA OH
l“—-'Hzo

Versicolorin A

FIG. 22. System showing conversion of VAL A to VA.

carboxylation to form a substituted 2,6,2’,6'-tefrahydroxy-
benzophenone derivative (Fig. 25); (iii) methylation of the
hydroxyl at position 6, forming a substituted 2,2°.6'-
trihydroxy,6-methoxybenzophenone or the alternative 2,2’-
dihydroxy,6-methoxy-6'-carboxylic acid (DHMBCA), de
pending on the order of events (Fig. 25).

The molecule now swivels about the carbonyl bridge, and
ring closure occurs to yield ST (Fig. 26).

The nonlinear arrangement may be due to the methylation,
which effectively blocks ring closure at the 6 position.
Examples of linear xanthones are known, e.g., sterigmatin
from A. versicolor (90) and austocystins from A. ustus (174)
(Fig. 27). The xanthone ring oxygen originates from acetate

(141), suggesting that a phenol hydroxyl is involved in an
addition-elimination reaction with the loss of atoms derived
from molecular oxygen. Other studies (169). however, do
not support the symmetrical dihydroxy specie 2,6,2',6'-
tetrahydroxybenzophenone (Fig. 25) as an intermediate. an
alternative being an epoxide.

In Fig. 25. it is assumed that carbon dioxide is eliminated
but other cleavage reactions involving the loss of carbon
monoxide are known, e.g., flavonoid degradation by A.
favus (167); this could be investigated in future studies.

A purified methyltransferase which may be responsible for
the O-methylation has been isolated in our laboratories
(R. K. Berry, A. Chuturgoon, and M. F. Dutton, Proc. X1V
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FIG. 23. Structure of ST.

OH o} OH OH o} H
B.V.
——
Reaction
o' 0

6-deoxy - VA 6- deoxy - VA Lactone

FIG. 24. Conversion of 6-deoxy-VA to 6-deoxy-VA lactone.

Bot. Cong., Berlin, 1987, 3-29-3, p. 174). It is not possible to
prove conclusively that this is the enzyme involved, as the
natural substrate is not available, but it cannot convert
emodin to physcion (see reference 7). It methylates ST to
O-methylsterigmatocystin (Fig. 28), a known metabolite of
A. flavus (40), in the presence of S-adenosylmethionine, this
being the means of assay. Other work (47) on this methyl-
transferase implicates it in the conversion of ST to AFB1.
‘Tracer experiments with replacement cultures have shown
that ST can act as a precursor to AFB1 (105). Later
experiments, however, using a microcolony technique (207},
cast doubt on this and it was concluded that ST may be a side
shunt metabolite. Other work by Holker and co-workers (68)

6-deoxy VA Lactone
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showed that 6-hydroxydihydrosterigmatocystin could be
converted to AFB2; an extrapolation of this result infers that
6-hydroxysterigmatocystin (6-OHST) is intermediate be-
tween ST and AFBI1, arising at the substituted benzo-
phenone level by hydroxylation (Fig. 26),. ST would, there-
fore, occur as a result of the intermediate not undergoing
hydroxylation.

A cell-free exlract isolated from A. parasiticus (170}
converted ST to AFB1, although a purified enzyme(s) was
not isolated. The enzyme system was located in Lhe cytosol
and required NADPH for activity, implying the presence of
a monooxygenase. Other work (109) confirmed these find-
ings and showed that this system is composed of at least two
enzymes, one of which is likely to be a monooxygenase
requiring NADPH and the other a dioxygenase requiring the
presence of ferrous ions (M. S. Jeenah, Ph.D. thesis, Uni-
versity of Natal, Pietermaritzburg, Natal, South Africa). The
two purified proteins, however, when recombined plus co-
factors could not carry out the conversion, nor could they
independently convert ST to 6-OHST, which should be an
obligatory intermediate. This may be resolved if the missing
factor is the methyltransferase mentioned above (47).

If an ortho cleavage (Fig. la) operates, then the ring-
cleaved product has an excess of one double bond equivalent
to form AFB1 (Fig. 29), a point not very well accommodated
in many published pathways. Possibly there is some other
reaction mechanism or enzyme that has been overlooked in
this conversion.

Other Aflatoxins

The metabolic relationship between aflatoxins is unclear,
and several schemes have been proposed (e.g., references 97
and 130). [n general, it has been assumed that they all arise
from AFB! with the proviso that there may be a metabolic
grid (37) in operation (Fig. 30). This belief is well founded,
for AFGI1 could arise from AFFB1 by means of a BV reaction,
AFB2 and AFG?2 being formed by reduction of the terminal

OH O OH
OH O OH
oxidative methyl ation
decarboxylation
\ 0
HH o}
H CH3
THB THMB
Oxidative
decarboxylation
02
OH O OH
O
0 CHs
(o)
H
DHMBCA

FIG. 25. Formation of 2.6,2'.6'-tetrahydroxybenzophenone derivative (THB) and substituted 2,2°.6’-trihydroxy,6-methoxy-benzo-
phenone (THMB) or 2,2'-dihydroxy, 6-methoxy-6’-carboxylic acid (DHMBCA) from THBCA (substituted 2,6.2'-trihydroxybenzo-phenone-

6'-carboxylic acid).
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Cleavage

Sl AFB|

H,0 CO»

FIG. 26. ST from substituted 2,2',6'-trihydroxy.6-methoxy-benzophenone (THMB) via ring closure.

OH O OH OCH3 o OCH3

Cl

Sterigmatin Austocystin A

FIG. 27. Examples of linear xanthones.

F1G. 28. Structure of O-methylsterigmatocystin.

double bond in AFB1 and AFGlI, respectively (Fig. 31). The
aflatoxin M and GM series may be formed by hydroxylation
of the tertiary carbon of the bisfuran system in the relevant
precursor aflatoxin. The time of appearance and amounts of
the various aflatoxins in cultures of A. flavus and A. para-
siticus (130) gives support to this proposal. Studies by Floyd
and Bennett (73), however, indicated that AFB1, AFB2,
AFGI1, and AFG2 can arise independently of each other.
Furthermore, several strains of A. flavus are known to
produce AFB2 alone (148). One of these, A. flavus SRRC
141, produced AFB1 when presented with exogenous ST
(66), demonstrating that some of the enzymes for the pro-
duction of AFB1 were present; it was concluded that a
metabolic grid existed whereby AFB1 and AFB2 could be
biosynthesized independently of each other.

The same investigation provided evidence for AFM1 and
AFM2 arose from the analogous B toxins. Presumably, a

OH COOH

J {o) Orth it
o) Ortho
L LA LLL

ST _(o)—-_HO Cleovage H
Mon
ooxygenase o o
CH0 CH0

6-Hydroxy Sterigmatocystin

FIG. 29. ST to 60HST to AFB! via ortho cleavage.

monooxygenase is responsible for both conversions, :
hydroxylation of tertiary carbon atoms by filamentous fun,
is known to occur (111).

Further studies (M. F. Dutton, 1985 Abstr. Proc. Sixi
Int. Symp. Mycotoxins Phycotoxins [IUPAC], P9) hay
shown that a strain of A. flavus could convert AFB2a |
AFB2; the responsible enzyme may be an alcohol dehydr
genase or involved in the formation of VA (198). AFB:
arises in cultures of A. parasiticus by the addition of water:
the terminal double bond in AFB1 (67) under conditions
low pll and is considered (o be an artilact (Fig. 32).

This casts a new role for AFB2a and its xanthone, S
hemiacetal, and anthraquinone, VA hemiacetal, analogs (4
as they could act as intermediates between the dihydro- ar
tetrahydrobisfuran series. Possibly the metabolic grid d
picted in Fig. 30 is more complicated and should include I
pathway presented in Fig. 33.

A related metabolite, aflatoxicol, is formed in certa
microbial cultures exposed to AFB1 (56) by the reduction
the cyclopentenone system to cyclopentenol, which c:
exist in two enantiomeric forms, aflatoxicols A and B (48).
dehydrogenase is involved, the reaction being very similar
character to several reported in microbial steroid conve
sions (111). Such systems have also been isolated from liv
homogenates when the enzyme has stereospecificity in th
the product is aflatoxicol A (151).

GENERAL COMMENTS

Of the identifiable enzyme-catalyzed reactions in aflatox
biosynthesis (Table 3), at least six are mediated by oxyge

ST\ |

AFlB | AFGI Parasiti
AFMI AFGMI
//,AFM2 AFGM2
AFB2 AFG2

FIG. 30. Metabolic grid interconnecting major aflatoxins.
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(0) Monooxygenase

(O IO

OH
CH30

M. Series

FIG. 31. Scheme showing that AFG] could arise from AFB1 via a BV reaction and possible formation of AFB2 and AFG2.

ases. Some of these may be of the cytochrome P-450 type, as
carbon monoxide has been found to inhibit aflatoxin biosyn-
thesis (32) and flavin adenine dinucleotide is required to
convert VA to AFBI (65). As oxygenases are primarily
involved in the detoxification of xenobiotics (28, 123), it may
be that the organism reacts to its secondary metabolite, i.e.,
NA, as if it were a xenobiotic and metabolizes it.

Paradoxically, in the case of aflatoxin, the response of the
“‘detoxification’’ is generation of a metabolite that is more
toxic than the parent (63), although the resultant metabolite
is more water soluble. a property that aids elimination.
Certain authorities (e.g.. relerence 127) may have no dilli-
culty with this concept, as they group xenobiotic with
secondary metabolism.

Aflatoxin biosynthesis is inducible (22, 149) possibly

through lipoperoxide production (150); inducibility, as wel
as enzyme relative specificity (28). is characteristic of detox
ification. Consequently, studies are necessary to resolve the
role of enzymes responsible for the latter part of the path
way.

A final point concerning enzyme specificity stems from the
fact that the biosynthetic pathway follows an orderly se
quence of events, with first the anthraquinone side chair
being modified and then the anthraquinone nucleus itself. {:
this sequence obligatory; e.g.. is there a xanthone analog o
AVF? No such analog has heen isolated so an orderec
sequence is lavored. ‘T'his may be due to true enzymu
specificity. the recalcitrant nature of the intermediates. theil
solubilities, or a cellular compartmentalization effect (128)
this also can only be resolved by further enzyme studies.

0 0 0 0 0
Hp0/H+ %RRC 141 f ;
o P
CH30 CH30 OH CH30

AFB,

AFB,q

AFB,

FIG. 32. AFB2a from AFB1 after addition of walter.

V‘A ‘ VAOH vB
SIT STOH Dihydro ST
AFBI AFB 2a AFB2

FIG. 33. Partial metabolic grid accommodating hemiacetal derivatives.
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TABLE 3. Resume of enzymes required for biosynthesis of AFB1 from acetyl CoA”

MiIcroBIOL. REV.

Enzyme” No." Substrate Cofactor? Product
Polyketide synthesis .
Acetyl CoA (K) carboxylase 1 Acetyl CoA. CO, Mg**, ATP Malonyl CoA
Acetyltransferase (K) 2 Acetyl CoA Prgmed synthase
Malonyltransferase (K) 3 Malony! CoA Pn.med synthase
Hexanoyltransferase ([) 4 Hexanoyl CoA Primed synthase
N Acid synthase complex (1) 5 Acetyl CoA? Hexanoyl CoA? NADPH? NA anthrone
Malonyl CoA
Dehydrogenases
NA (K) 6 NA NADPH, Zn** AVT
5'-Hydroxy-AVT (D) 8 5'-Hydroxy-AVT NADP*? AVF
Oxygenases
AVT-5'-hydroxylase (H) 7 AVT, O, NADPH 5'-Hydroxy-AVT
Versicoloronal (BV) oxygenase (H) 10 Versicoloronal, O, NADPH? VAL A (SR)
VA (BV) oxygenase (H) 15 VA, O, NADPH? VA lactone
ST-6-hydroxylase (K) 20 ST. O, NADPH 6-OHST
6-OHST dioxygenase (K) 21 6-Hydroxy-ST Fe?* AFB1
Hydrolases
VAL A esterase (K) 11 VAL A. H,O Versicolorin B.
acetic acid
VA hemiacetal dehydratase (H) 13 VAOH VA
Lactonase (1) 16 VA lactone THBCA
Xanthone cyclase (1) 19 THMB ST. H,0
Miscellaneous
Versicoloronal synthase (H) 9 Averufin NADPH? Versicoloronal
Versicolorin B oxidase (H) 12 Versicolorin B, 0, NADP* VA hemiacetal
VA reductase (H) 14 VA ? 6-Deoxy-VA
THBCA decarboxylase (1) 17 THBCA ? THB. CO,
Methyltransferase (1)° 18 THB SAM THMB

“ ATP. Adenosine 5'-triphosphate: THBCA. substituted (3.4) 2.6,2"-trihydroxybenzophenone-6'-carboxylic acid: THMB. substituted (3.4) 2.2°.6'-trihydroxy
6-methoxy-benzophenone; THB, substituted (3,4) 2.6.2'.6'-tetrahydroxybenzophenone; SAM. S-adenosylmethionine.

» Trivial enzyme names: letters in parentheses: K, known or studied enzyme: [. by inference from similar system: H, hypothetical based on proposed reaction
Note: Synthase now replaces synthetase and is used throughout this review (Nomenclature Committee of the International Union of Biochemistry, 1984).

‘ Placement number in proposed pathway (Fig. 4).

4 Known required coenzyme and metal ions. ? = Unknown/unsure of situation.

¢ Sequence of reactions may be different.

CONCLUDING REMARKS

It is clear that there is some way to go before the
biogenesis of aflatoxin can be described in terms of the
enzymes that promote the individual reactions. What has
been uncovered does pose a whole series of questions that
have long since been answered for primary metabolism. If
this review has defined the questions that must be addressed
and also generated interest in the answers, then | will be well
satisfied. New horizons in enzymology and molecular biol-
ogy should make it possible to conclude what the natural-
product chemists began a long time ago and realize the
statement made in 1963 by W. B. Whalley: ‘“The next
advances must surely consist in the exploration of biosyn-
thetic processes by cell free, enzymic extracts, the definition
of the role of the unusual metabolites of the economy of the
microorganisms and the elucidation of the sequence of the
various reactions by which primary precursors are con-
verted into the ultimate metabolites™ (203).
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Summary: An affinity matrix for the purification of norsolotinic acid dehydiogenase, an enzyme involved in
aflatoxin biosynthesis, was prepared by coupling noselorinic acid to an agaiose gel. 'This matrix was found 1o
be incffective in isolating active enzyme, and was thereforc modificd by methylation, vsing diazomethane. The
methylated matrix produced a one-step purification of the enzyme from a crwde homogenate, resulling in a
138-fold putification. The active isolate was found to contain one major and two minor bands upon non-
denaturing electrophotesis, and all the norsolorinic acid dehydiogenase activity was associated with the major
band. It was concluded that the matrix exhbibited true affinity for the enzyme, and that alfinity chromatography

was a valuable approach to isolating other secondary mctabolic enzymes involved in the hiosynthesis of the
aﬂaloxins. ™ 1990 Acarlrmic Prrss, Inc.

Aflatoxins are biologically active, polyketide derived secondary metabolites produced by Aspergillus flavies and
A. parasiticus. Knowledge of this biosynthetic pathway arises mainly from studics using nuclear magnetic
resonance with stable isotopes (1) and mutants of A. parasiticus, which have the pathway blocked at specific

points (2).  Regulation of the pathway involves complex controls, which are strongly influenced by specific

cellular events in the growth cycle (3,4).

To date very few enzymes involved in the biosynthesis of the aflatoxins have been isolated and fully
characterized. Recently, however, an lromogencous protein has been obtained fiom A. parasiticts with methyl
transferase activity (5). The presence of this enzyme has been known for some time (6) when it was found to
convetl sterigmatocystin to O-methylsterigmatocystin. ‘The enzymes responsible for the eatlier steps in the
pathway have received less attention. Consequently we investigated the conversion of norsolorinic acid (NA)

to averantin (AVN) by NA dehydrogenase (7,R) (Fig. 1),

In order to isolate this secondary metabolic enzyme with the minimum number of separation steps and the

maximum of purification and activity, the technique of affinity chromatopraphy has heen utitized. The results
of this work are presented hete.
0006-291X/90  $1.50

Copvright © 1900 by Academic Dress, Tne.
All rights of vepyoduction in any form reserved. 1R
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MATERIALS AND METHODS

Nicotinamide cofactors, m—aminohexylagarose and toluene sulphonyl fluoride were purchased from Sigma
Chemical Co., USA. N-methyl-N-nitroso-p-toluene-sulphonamide (Diazald) was obtained from Aldrich Fine
Chemicals, USA.

A versicolorin A accumulating mutant of A. parasificus (1-11-105 Wh, kindly donated by Dr. J. W. Bennet)
was used as the source of crude enzyme.

A cell free extract was prepared by inoculating 100ml of sterile, chemically defined medium (8) in 250ml
Erlenmeyer flasks with a 1m] spore suspension (1x106 spores), and shake incubated (150 rpm) at 28°C for
84 hr.

Powdered lyophilised mycelia were prepared as previously described (6,9) and stored desiccated at 4°C until
required.

The powdered mycelia (5g) were suspended in 100ml cold 20mM phosphate buffer (pH 7.0) containing 10%
v/v glycerol, 2mM monothioglycerol, ImM EDTA and 2mM magnesium chloride (buffer A), containing
0.5mM toluene sulphonyl fluoride as a protease inhibitor. The homogenate was gently titurated for 30 min
and centrifuged at 30 000 x g. The resulting supernatant was used as the crude enzyme preparation.

Enzyme activity was assayed by adding 1ml of enzyme preparation to 2ml buffer A containing 10mM
NADPH. The reaction was initiated by adding 20ug NA dissolved in 20ul dioxane. The mixture was then
incubated for 1 hr at 28°C. The reaction was stopped by shaking with 10 ml ethyl acetate and the AVN so
produced was assayed for as described previously (8).

Protein concentrations of the active enzyme preparations were determined spectophotometricaly at 230 and
260 nm (10).

Preparation of the affinity matrix (11). A sample of {-aminohexylagarose (AHA) (20 ml gel) was suspended in
40 ml 0.2M sodium borate buffer (pH 9.3). Twenty ml of a solution of p-nitrobenzoyl azide (0.IM) in
dimethylformamide (DMF) was added to the gel suspension, and the mixture was gently stirred at 50°C for 1
hr and then at 25°C for 12 hr. Trinitrobenzenesulphonic acid was used to check for the completion of the
acylation reaction (12). The gel was washed with cold distiled water containing 50% DMF. The p-
nitrobenzamidoalkylagarose was suspended in a solution of 0.2 M sodium dithionite in 0.5 M sodium
bicarbonate (pH 8.5) and the mixture was shaken for 2 hr at 40°C. The gel was filtered, washed with distiled
water and suspended in an equal volume of ice-cold 0.5M hydrochloric acid. Sodium nitrite (0.1M) was
added to the gel suspension and gently stirred for 7 min in an ice-bath. The gel was filtered and washed thor-
oughly with cold distiled water. It was suspended in an equal volume of cold phosphate buffer (0.2M, pH 7.0).
NA (10mg) was dissolved in 20 ml phosphate buffer (0.2M, pH 7.0) : DMF (2:1, v/v). The NA solution was
added to the diazonium agarose suspension, which was maintained on ice. The formation of a coloured gel
(brick-red) began immediately, and coupling was complete in 30 min. The NA-agarose matrix was warmed to
room temperature, filtered, and washed with distiled water.

The affinity gel was methylated by reacting it with diazomethane (prepared as per manufacturer's instructions).
The affinity gel was suspended in 50% aqueous acetone (20 ml). Diazomethane in ether (20 ml) was gently
added to the NA-agarose slurry and the methylation reaction proceeded at 25°C for 6 hr. The reaction was
complete when the ether layer became colourless. Excess ether was decanted, and the gel was washed with
water. The gel was then filtered and suspended in buffer A.

The NA-agarose was packed into a glass column (1.1 x 20 ¢cm) and equilibrated with buffer A. The crude
enzyme preparation (60 ml) was applied directly to the column, and unbound proteins were eluted with buffer
A at a flow rate of 20 ml/hr, until the absorbance at 280 nm of the eluate reached a constant value of about
0.05 units. The enzyme was eluted with a linear gradient of 0 - 0.5 M KCI (40 ml) in buffer A, 4 ml fractions
being collected. Each fraction was then assayed for norsolorinic acid dehydrogenase activity.

The active enzyme fraction from the NA-agarose column was analysed for homogeneity by 7.5% non-
denaturing polyacrylamide gel electrophoresis (PAGE).

RESULTS AND DISCUSSION
The preparation of the initial affinity matrix depended on the diazotised agarose derivative coupling to the
hydroxy-anthraquinone moiety of NA, at either positions 4,5 or 7 (Fig. 1) as directed by the hyroxyl (pheny!)
groups. The reaction proceeded smoothly and was irreversible, as evidenced by the brick-red colour of the gel
that could not be dislodged from the ge] by extensive washing with buffers at various pH values.

The initial purification of the enzyme by this ligand proved disappointing, however, in that little or no NA
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Figure 1. The conversion of norsolorinic acid to averantin by NA dehydrogenase.

dehydrogenase activity was recovered in the bound fraction. It was presumed that this was not due to a lack of
specific binding between the enzyme and its immobilized substrate, since the points of attachment to the
anthraquinone ring (either 5 or 7) would leave sufficient space for the enzyme to recognize the region of the

molecule to which it normally binds (i.e. position 1') (Fig. 1).

A more likely reason for the loss of activity was the presence of phenol groups in the NA molecule, which
seem to deactivate the enzyme when present in high concentrations. This effect has been noticed when
assaying for enzyme activity using free substrate, and is particularly evident in purified enzyme preparations. It
is presumed that this effect will be prevalent in virro rather than in vivo, since in the latter case NA will tend to
be associated with a membrane due to its hydrophobic character, and in addition, subsequent enzymes in the
biosynthetic pathway will utilize NA, effectively preventing its accumulation. In order to test the potential
adverse effects of phenolic groups, the affinity matrix was methylated by diazomethane, with conditions
chosen to block only the more acidic groups at positions 5 and 7, leaving the less active hydroxyl group at
position 1" available for specific enzyme recognition. That this treatment was elfective was confirmed when

the matrix changed colour from brick-red to orange.

When the crude enzyme preparation was applied to the methylated matrix, a highly active, purified enzyme

solution was eluted in the bound fraction (Fig. 2). Non-denaturing PAGE of this fraction revealed one major
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Figure 2. Elution profile for the affinity chromatographic separation of NA dehydrogenase on NA-Agarose.
Crude enzyme (60 ml) was applied to 20 m! of the affinity matrix and washed with buffer A.

Bound proteins were eluted by the addition of a linear gradient of KCL
A 280 Nm; -----n- KCI; l— NA dehydrogenase activity.

Figure 3. Electrophoretogram of NA dehydrogenase fraction after purification by affinity chromatography on

NA-agarose.

and two minor protein constituents (Fig. 3). The major band, when excised and extracted from an unstained

gel, contained all the NA dehydrogenase activity, whereas the two minor bands showed no activity towards

NA.

Table 1. Purification of NA Dehydrogenase

Yol. Total Total Specific Purification
Step (ml) Units | Protein Activity Fold
(mg) Ulmg)
Crude
Extract 60.0 190 360.0 053 |
NA-Agarose 6.0 95 1.3 730 138

1 A Unit is defined as that amount of enzyme which will catalyse the conversion of | nmole

norsolorinic acid to averantin per minute at pH 7.0 and 25°C.
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The matrix described herein appears to display specific affinity towards NA dehydrogenase, and yielded a

138-fold purification of the enzyme in a single step fron the crude preparation (Table 1).

The rapid purification of NA dehydrogenase from large ainounts of contaminating fungal proteins has allowed

the full characterization of this enzyme, and suggests that affinity chromatography should find wide

applicability in the isolation of other secondary metabolic enzymes in the aflatoxin pathway.
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Abstract

The activity of the enzyme responsible for the conversion of norsolorinic acid to averantin was studied
in two strains of Aspergillus parasiticus. Cell-free extracts of the enzyme were purified from different aged
mycelia and little activity was found prior to 24 hours after inoculation but this quickly reached a
maximum at 48 hours and declined thereafter. Both strains of A. parasiticus, one in aflatoxin producing
strain, the other a versicolorin A accumulating mutant, showed this trend. It was concluded that the
enzyme responsible for this conversion was a secondary metabolic enzyme and was distinct from alcohol

and mannito! dehydrogenases.

Introduction

Early elucidation of the mechanisms of aflatoxin
biosynthesis centred on the establishment of
intermediates in the pathway [ 1]. The identities of
several intermediates were determined using
radio-isotopes, nuclear magnetic resonance spec-
troscopy with stable isotopes and mutants of
Aspergillus parasiticus [2, 3]. Regulation of the
pathway involves complex controls, which are
strongly influenced by specific cellular events in
the growth cycle [4, 5].

Current research has concentrated on the ter-
minal enzyme catalysed steps of -aflatoxin B,
(AFB,) biosynthesis, i.e., the conversion of
sterigmatocystin (ST) to O-methylsterigmatocys-
tin (OMST) [6, 7] and both these substrates to
AFB,. The enzymes responsible for the earlier
steps in the pathway have received less attention.

Consequently we are currently studying the en-
zyme [8] responsible for the conversion of nor-
solorinic acid (NA) to averantin (AVN) (Fig. 1).
Both these metabolites have been identified as
intermediates in aflatoxin biosynthesis [1, 9].

In this study the activity of the enzyme, respon-
sible for the conversion of NA to AVN, during the
life cycle of A. parasiticus is investigated.

Materials and methods

The metabolites NA and AVN were isolated and
purified [9, 10] from mutants of A. parasiticus
(NOR-1) and (ver-mu-39) both kindly donated by
Dr J.W. Bennett, University of Tulane. A versi-
colorin A accumulating mutant of A. parasiticus
(1-11-105 Wh1) also supplied by Dr Bennett and
an aflatoxin producing strain of A. parasiticus
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Fig. 1. Schematic representation of the conversion of nor-
solorinic acid to averantin.

(NIX) were maintained on potato dextrose agar
(PDA) and used in the enzyme studies.

Cell-free preparation. One-hundred milliliters of
sterile, chemically defined medium [11] in 250 ml
Erlenmeyer flasks was inoculated with a spore
suspension (10° spores per ml) of the stock culture
and shake incubated (150 rpm) at 28 °C. At
various time intervals (from 24 to 170 h) after
inoculation, the mycelia from cultures were har-
vested from various flasks by vacuum filtration.
The resultant mycelia were washed with cold
sterile distilled water, lyophilised and weighed.
Each lyophilised mycelium was fragmented by
gently mulling in a dry chilled mortar. The pow-
dered mycelium (2 g) was suspended in 50 ml cold
20 mM phosphate buffer (pH 7.0) containing
10%, v/v glycerol, 2 mM monothioglycerol, | mM
EDTA and 2 mM magnesium chloride (buffer A).
Toluene sulphonyl fluoride (0.5 mM) (purchased

from Sigma Chemical Co., St Louis, Mo.) was
added. The homogenate was gently triturated for
30 min and centrifuged (30000 x g). The pellet
was discarded and the supernatant was either
assayed for enzyme activity or further centrifuged
(105000 x g) to yield a post microsomal fraction
(supernatant) and microsomal fraction (pellet).
The latter was resuspended in a volume of buf-
fer A equal to that of the original supernatant.

Enzyme assay. Enzyme activity was assayed by
adding 1 ml of the preparation to 2 ml of buffer A
containing either 10 mM NADPH or NADP*.
The reaction was initiated by adding the substrate,
30 ug NA dissolved in 30 pl dioxane. The mixture
was then incubated for 1 h at 28 °C, the reaction
being stopped by shaking with 10 ml ethyl acetate.
The ethyl acetate was separated and the aqueous
fraction further extracted with 10 ml ethyl acetate
the organic solvent fractions being pooled, dried
over anhydrous sodium sulphate and evaporated
to dryness under a stream of nitrogen. The dried
residue was redissolved in 100 pl ethyl acetate
and a 20 ul portion was spotted onto the origin of
a thin layer chromatography (tlc) plate
(10 x 10 cm aluminium backed Kieselgel 60;
Merck). The plate was developed in chloroform-
ethyl acetate-acetone (85:15:10, v/v/v) which
gave an Rp value for NA of 0.85 and AVN 0.64.

Quantitation of metabolites. This was done by
high performance liquid chromatography (hplc)
using a Varian model 5000 instrument equipped
with a UV detector and integrator, on a reverse
phase column (Spherisorb S50 DSI, Phase
Separations, Clwyd, U K) and methanol-tetra-
hydrofuran (2: 1, v/v) as the eluting solvent [12].
The retention times for NA and AVN were 10.1
and 8.2 min respectively with a flow rate of
2 ml/min.

Protein concentrations of the cell-free prepara-
tions were determined by measuring their absorb-
ance at 230 and 260 nm [13].



Results and discussion

The enzyme activity catalysing the conversion of
NA to AVN was found to be located in the post-
microsomal fraction, i.e., in the cytosol. This is in
keeping with the location of other simple dehydro-
genases such as some alcohol dehydrogenases.
From prolonged incubation of the reaction
mixtures and lack of the appearance of other
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metabolites, it was concluded that other enzyme
activities responsible for the conversion of AVN
in the aflatoxin biosynthetic pathway, were in-
active or absent. The promotion of the reaction in
the desired direction (it is reversible) [8, 14, 16]
(Fig. 1) was ensured by adding an excess of re-
duced coenzyme. In the presence of equal
amounts of NADPH and NADP *, the reaction
in the direction of AVN was promoted. In the
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Fig. 2. Production of AVN by post-microsomal fraction of the mutant Aspergillus parasiticus (1-11-105 Wh1).

1.0

Dry Wieght (g)

= 3.0
E+
2
o r
20 B
™ <. (o2
£z
PR
=)
3]
Q
2
8+
a
-0 S
>
T
o
Q
* g
ped
+
0.0

Time (Hrs)

Fig. 3. Production of AVN by post-microsomal fraction of wild-type Aspergillus parasiticus (N 1X).

----------- = Dry mycelial weight (g)

—fl— = -NADPH

—4&@— = +NADPH



44

absence of both cofactors AVN is produced by
the post-microsomal fraction (Fig. 2, 3). For the
purposes of this investigation, the enzyme activity
responsible for the conversion of NA to AVN was
monitored since NA is formed before AVN in the
AFB, biosynthetic pathway [3, 9].

The enzyme activity was absent in 24 h old
mycelium of both strains of A. parasiticus, when
the organisms were in their trophophase. This
then rapidly increased to a maximum conversion
of NA by the praparation from 84 h old mycelium
again for both fungal strains examined (Fig. 2 &
3). From the growth curve, this age of mycelium
can be considered to be equivalent to the idio-
phase. Thence after the activity declined,
indicating the final senescence of the organisms.
These results indicate that the enzyme is of a
secondary metabolic type and has no function in
the growth of the organism. The variation of its
activity with respect to age of mycelium is very
similar to studies done on other secondary meta-
bolic enzymes, e.g., sterigmatocystin methyl
transferase [ 15] which confirms this view.

Addition of various other carbonyl and hydro-
xyl containing substrates in the presence of
NADPH [16], i.e., acetone, acetophenone, man-
nitol, ethanol and propan-2-ol to the extract with
the optimum activity (from 84 h old mycelium)
had no detectable effect in enzyme activity
showing that they were not competitive sub-
strates. By deduction the enzyme has a degree of
specifity and is not a general alcohol dehydro-
genase.
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Summary: An affinity matrix for the purification of norsolorinic acid dehydrogenase, an enzyme involved in
aflatoxin biosynthesis, was prepared by coupling norsolorinic acid to an agarose gel. This matrix was found to
be ineffective in isolating active enzyme, and was therefore modified by methylation, using diazomethane. The
methylated matrix produced a one-step purification of the enzyme from a crude homogenate, resulting in a
138-fold purification. The active isolate was found to contain one major and two minor bands upon non-
denaturing electrophoresis, and all the norsolorinic acid dehydrogenase activity was associated with the major
band. It was concluded that the matrix exhibited true affinity for the enzyme, and that affinity chromatography
was a valuable approach to isolating other secondary metabolic enzymes involved in the biosynthesis of the
aflatoxins. © 1990 Academic Press, Inc.

Aflatoxins are biologically active, polyketide derived secondary metabolites produced by Aspergiflus flavus and
A. parasiticus. Knowledge 'ot' this biosynthetic pathway arises mainly from studies using nuclear magnetic
resonance with stable isotopes (1) and mutants of A. parasiticus, which have the pathway blocked at specific
points (2). Regulation of the pathway involves complex controls, which are strongly influenced by specific

cellular events in the growth cycle (3,4).

To date very few enzymes involved in the biosynthesis of the aflatoxins have been isolated and fully
characterized. Recently, however, an homogeneous protein has been obtained from A. parasiticus with methyl
transferase activity (5). The presence of this enzyme has been known for some time (6) when it was found to
convert sterigmatocystin to O-methylsterigmatocystin. The enzymes responsible for the earlier steps in the
pathway have received less attention. Consequently we investigated the conversion of norsolorinic acid (NA)

to averantin (AVN) by NA dehydrogenase (7,8) (Fig. 1).

In order to isolate this secondary metabolic enzyme with the minimum number of separation steps and the

maximum of purification and activity, the technique of affinity chromatography has been utilized. The results
of this work are presented here.
0006-291X/90 $1.50

Copyright © 1990 by Academic Press. Inc.
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MATERIALS AND METHODS

Nicotinamide cofactors, w—aminohexylagarose and toluene sulphonyl fluoride were purchased from Sigma
Chemical Co., USA. N-methyl-N-nitroso-p-toluene-sulphonamide (Diazald) was obtained from Aldrich Fine
Chemicals, USA.

A versicolorin A accumulating mutant of A. parasiricus (1-11-105 Whl, kindly donated by Dr. J. W. Bennet)
was used as the source of crude enzyme.

A cell free extract was prepared by inoculating 100ml of sterile, chemically defined medium (8) in 250ml
Erlenmeyer flasks with a 1ml spore suspension (1x106 spores), and shake incubated (150 rpm) at 28°C for
84 hr.

Powdered lyophilised mycelia were prepared as previously described (6,9) and stored desiccated at 4°C until
required.

T}?e powdered mycelia (5g) were suspended in 100ml cold 20mM phosphate buffer (pH 7.0) containing 10%
v/v glycerol, 2mM monothioglycerol, ImM EDTA and 2mM magnesium chloride (buffer A), containing
0.5mM toluene sulphonyl fluoride as a protease inhibitor. The homogenate was gently titurated for 30 min
and centrifuged at 30 000 x g. The resulting supematant was used as the crude enzyme preparation.

Enzyme activity was assayed by adding 1ml of enzyme preparation to 2ml buffer A containing 10mM
NADPH. The reaction was initiated by adding 20ug NA dissolved in 20ul dioxane. The mixture was then
incubated for 1 hr at 28°C. The reaction was stopped by shaking with 10 ml ethyl acetate and the AVN so
produced was assayed for as described previously (8).

Protein concentrations of the active enzyme preparations were determined spectophotometricaly at 230 and
260 am (10).

Preparation of the affinity matrix (11). A sample of {-aminohexylagarose (AHA) (20 ml gel) was suspended in
40 ml 0.2M sodium borate buffer (pH 9.3). Twenty ml of a solution of p-nitrobenzoyl azide (0.1M) in
dimethylformamide (DMF) was added to the gel suspension, and the mixture was gently stirred at 50°C for 1
hr and then at 25°C for 12 hr. Trinitrobenzenesulphonic acid was used to check for the completion of the
acylation reaction (12). The gel was washed with cold distiled water containing 50% DMF. The p-
nitrobenzamidoalkylagarose was suspended in a solution of 0.2 M sodium dithionite in 0.5 M sodium
bicarbonate (pH 8.5) and the mixture was shaken for 2 hr at 40°C. The gel was filtered, washed with distiled
water and suspended in an equal volume of ice-cold 0.5M hydrochloric acid. Sodium nitrite (0.1M) was
added to the gel suspension and gently stirred for 7 min in an ice-bath. The gel was filtered and washed thor-
oughly with cold distiled water. It was suspended in an equal volume of cold phosphate buffer (0.2M, pH 7.0).
NA (10mg) was dissolved in 20 ml phosphate buffer (0.2M, pH 7.0) : DMF (2:1, v/v). The NA solution was
added to the diazonium agarose suspension, which was maintained on ice. The formation of a coloured gel
(brick-red) began immediately, and coupling was complete in 30 min. The NA-agarose matrix was warmed to
room temperature, filtered, and washed with distiled water.

The affinity gel was methylated by reacting it with diazomethane (prepared as per manufacturer’s instructions).
The affinity gel was suspended in 50% aqueous acetone (20 ml). Diazomethane in ether (20 ml) was gently
added to the NA-agarose slurry and the methylation reaction proceeded at 25°C for 6 hr. The reaction was
complete when the ether layer became colourless. Excess ether was decanted, and the gel was washed with
water. The gel was then filtered and suspended in buffer A.

The NA-agarose was packed into a glass column (1.1 x 20 cm) and equilibrated with buffer A. The crude
enzyme preparation (60 ml) was applied directly to the column, and unbound proteins were eluted with buffer
A at a flow rate of 20 ml/hr, until the absorbance at 280 nm of the eluate reached a constant value of about
0.05 units. The enzyme was eluted with a linear gradient of 0 - 0.5 M KCI (40 ml) in buffer A, 4 ml fractions
being collected. Each fraction was then assayed for norsolorinic acid dehydrogenase activity.

The active enzyme fraction from the NA-agarose column was analysed for homogeneity by 7.5% non-
denaturing polyacrylamide gel electrophoresis (PAGE).

RESULTS AND DISCUSSION
The preparation of the initial affinity matrix depended on the diazotised agarose derivative coupling to the
hydroxy-anthraquinone moiety of NA, at either positions 4,5 or 7 (Fig. 1) as directed by the hyroxyl (phenyl)
groups. The reaction proceeded smoothly and was irreversible, as evidenced by the brick-red colour of the gel
that could not be dislodged from the gel by extensive washing with buffers at vadous pH values.

The initial purification of the enzyme by this ligand proved disappointing, however, in that little or no NA
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Figure 1. The conversion of norsolorinic acid to averantin by NA dehydrogenase.

dehydrogenase activity was recovered in the bound fraction. It was presumed that this was not due to a lack of
specific binding between the enzyme and its immobilized substrate, since the points of attachment to the
anthraquinone ring (either 5 or 7) would leave sufficient space for the enzyme to recognize the region of the

molecule to which it normally binds (i.e. position 1") (Fig. L.

A more likely reason for the loss of activity was the presence of phenol groups in the NA molecule, which
seem to deactivate the enzyme when present in high concentrations. This effect has been noticed when
assaying for enzyme activity using free substrate, and is particularly evident in purified enzyme preparations. It
is presumed that this effect will be prevalent in vitro rather than in vive, since in the latter case NA will tend to
be associated with a membrane due to its hydrophobic character, and in addition, subsequent enzymes in the
biosynthetic pathway will utilize NA, effectively preventing its accumulation. In order to test the potential
adverse effects of phenolic groups, the affinity matrix was methylated by diazomethane, with conditions
chosen to block only the more acidic groups at positions 5 and 7, leaving the less active hydroxyl group at
position 1" available for specific enzyme recognition. That this treatment was effective was confirmed when

the matrix changed colour from brick-red to orange.

When the crude enzyme preparation was applied to the methylated matrix, a highly active, purified enzyme

solution was eluted in the bound fraction (Fig. 2). Non-denaturing PAGE of this fraction revealed one major
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Figure 2. Elution profile for the affinity chromatographic separation of NA dehydrogenase on NA-Agarose.
Crude enzyme (60 ml) was applied to 20 ml of the affinity matrix and washed with buffer A.
Bound proteins were eluted by the addition of a linear gradient of KCI.

A 280 nm; ------- KCI; ll— NA dehydrogenase activity.

Figure 3. Electrophoretogram of NA dehydrogenase fraction after purification by affinity chromatography on
NA-agarose.

and two minor protein constituents (Fig. 3). The major band, when excised and extracted from an unstained

gel, contained all the NA dehydrogenase activity, whereas the two minor bands showed no activity towards

NA.

Table 1. Purification of NA Dehydrogenase

Vol. Total Total Specific Purification
Step (ml) Units 1 Protein Activity Fold
(mg) (U/mg)
Crude
Extract 60.0 190 360.0 053 |
NA-Agarose 6.0 95 13 73.0 138

L A Unit is defined as that amount of enzyme which will catalyse the conversion of 1 nmole
norsolorinic acid to averantin per minute at pH 7.0 and 25°C.
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The matrix described herein appears to display specific affinity towards NA dehydrogenase, and yielded a

138-fold purification of the enzyme in a single step from the crude preparation (Table 1).

The rapid purification of NA dehydrogenase from large amounts of contaminating fungal proteins has allowed

the full characterization of this enzyme, and suggests that affinity chromatography should find wide

applicability in the isolation of other secondary metabolic enzymes in the aflatoxin pathway.
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THE AFFINITY PURIFICATION AND CHARACTERIZATION OF A
DEHYDROGENASE FROM Aspergillus parasiticus INVOLVED IN
AFLATOXIN B, BIOSYNTHESIS

Anil A. Chuturgoon and Michael F. Dutton
Department of Biochemistry, University of Natal, P. O. Box 375, Pietermaritzburg,
3200, South Africa.

ABSTRACT

A two step scheme has been developed for the purification of a dehydrogenase
from mycelia of 84 hours old Aspergillus parasiticus (1-11-105 Wh 1), which
catalyzes the conversion of norsolorinic acid (NA) to averantin (AVN). ‘The
dehydrogenase was purified from cell-free extracts using reactive green 19-agarose
and norsolorinic acid-agarose affinity chromatography. The latter affinity matrix
was synthesised by attaching norsolorinic acid to w-aminohexylagarose. The
purified protein was shown to be homogenous on non-denaturing polyacrylamide
gel electrophoresis. A final purification of 215-fold was achieved. Results of gel
filtration chromatography indicated the approximate molecular mass of the native
protein to be 140 000 daltons. The isoelectric point of the protein was about 5.5
as determined by chromatofocusing. The reaction catalyzed by the dehydrogenase
was optimum at pH 8.5 and between 25° to 35°C. The Km of the enzyme for NA
and NADPH was determined to be 3.45 ptM and 103 pM respectively.

INTRODUCTION

The aflatoxins are toxic fungal secondary metabolites produced exclusively by
strains of Aspergiilus flavus (Link ex. Fries) and A. parasiticus Speare'?*. Limited
progress has however, been made towards developing an understanding of the
enzymes involved in aflatoxin B, (AFB,) biosynthesis and their regulation and
associated processes’. Mulants of A. parasiticus and A. flavus impaired in
aflatoxin synthesis have been useful in studying the aflatoxin biosynthetic
pathway, and the identities of several intermediates were determined using radio-
isotopes and nuclear magnetic resonance spectroscopy with stable isotopes'*%%7.

Secondary metabolic enzymes are subject to induction and regulation just as
their primary counterparts’. An important difference, however, is that the
reactions catalyzed by such enzymes are often controlled by enzyme concentration
rather than substrate concentration, as found in primary metabolism®.

Consequently, the isolation of secondary metabolic enzymes can often present
technical difficulties, because the enzyme with the desired catalytic activity is
often overwhelmed by the presence of large amounts of other protein.

Copyright © 1991 by Marcel Dekker, tnc,
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Furthermore on purification the small amount ol enzyme present is sensitive to
the slightest denaturation. Therefore, many secondary metabolic enzyme
preparations fall far short of purification to a single protein, and often are hardly
better than crude homogenates.

Recently, an homogenous protein has been oblained from A. parasiticus with
methyl transferase activity that converted sterigmatocystin (ST) to O-
methylsterigmatocystin (OMST)'. The purification of this enzyme involved a five
step scheme resulting in a one hundred and sixty one fold purification.

The enzymes involved in the early stages ol AFB, biosynthesis have received
less attention. With this in mind, we investigated the conversion of norsolorinic
acid (NA) to averantin (AVN) by NA dehydrogenase”'' (Figure 1). Preliminary
studies showed that this enzyme was found to be located in the post-microsomal
fraction, i.e., in the cytosol'. A partial purification of the NA dchydrogenase has
been obtained using a single affinity chromatographic step'.

In order to obtain a secondary metabolic enzyme with the minimum of
separation steps and the maximum of purification, we have used affinity
chromatography to purify the NA dehydrogenase. A two step affinity chromato-
graphic procedure was used to purify the NA dehydrogenase and its
physicochemical properties characterized.

MATERIALS AND METHODS

Chemicals. Nicotinamide cofactors, Reactive green 19-agarose (RGA), -
aminohexylagarose and p-toluene sulphonyl fluoride were purchased from Sigma
Chemical Co., USA. N-methyl-N-nitroso-p-toluene-sulphonamide (Diazald) was
obtained from Aldrich Fine Chemicals, USA. All other chemicals were of the
highest chemical purity.

Fungal straing and growth conditions. All anthraquinone accumulating
A. parasiticus cultures were kindly donated by Dr J.W. Bennett, University of
Tulane, New Orleans, USA.

A non-aflatoxigenic A. parasiticus (1-11-105 Wh1) mutant strain which
accumulates versicolorin A (VA) was used as the source of enzyme. Aspergillns
parasiticus (NOR-1) and A. parasiticus (AVN-1) were used for the production of
NA and AVN.

Mycelia for cell free studies were prepared by inoculating 100 ml of sterile,
chemically defined medium" in 250 ml Erlenmeyer flasks with a 1 ml spore
suspension (A. parasiticus 1-11-105-Wh1, 1 x 10° spores), and shake incubated at
150 rpm and 28°C for 84 hr. The NA dehydrogenase activity is present at an
optimum level under these conditions''.

Norsolorinic acid and AVN were purified from mycelia of A. parasiticus NOR-1
and A. parasiticus AVN-1, respectively, by inoculating 400 ml yeast extract sucrose
medium' in 1 1 flasks with 2 ml spore suspensions (10° spores/ml) of either
fungus. The flasks were incubated in static culture at 28°C for 15-20 days.
Purification of norsolorinic acid and averantin. The 15-20 day old pigmented
mycelium was harvested by vacuum filtration, extracted with acetone until
colourless and water was added to make a 30% (v/v) aqueous acetone solution.
The acetone solution was extracted with hexane to remove lipid, and the pigments
were then partitioned from acetone into chloroform (2 volumes). The chloroform
extract was dried over anhydrous sodium sulphate and evaporated to dryness on
a rotary evaporator (40°C). The dried residue was redissolved in 20 ml chloroform
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Nor-solorinic Acid {NA)

NA  Dehydrogenase

Averanlin (AVN)

FIGURE 1

‘T'he conversion of norsolorinic acid Lo averantin by NA dehydrogenase.

andl&he melabolites were Uhen purified by preparative thin layer chromatography
(Ue)™.

The purily of NA and AVN was checked using two dimensional analytical tle.
The melabolite was spotted on the origin of an aluminium backed precoated silica
gel 60 plate (10 x 10 cin, Merck). The plate was then developed in a solvent
system of chloroform: ethyl acetate: acetone: acetic acid (85: 15: 10: 1, v/v/v/y,
CEAA in the flirst dimension R, NA= 0.71; R, AVN= 0.58) and then in petroleum
ether: diethyl ether: acetone (7: 3: 2, v/v/v, PEA) solvent system in the second
dimension (I, NA=0.41; [, AVN= 0.23). The appearance of a single spot indicated
a pure metabolite.

Preparation of cell free extracts. The 84 hr old mycelia were harvested from the
growth meditm by vacuum filtration and washed with copious amounts of cold
sterile distilled water. The damp cake of inycelia was then lyophilised.

The lyophilised mycelia (20 g) were gently fragmented in a morlar with n
pestle. The powdered mycelia were suspended in 400 mi cold 20 mM phosphate
buffer (pH 7.0) containing 10% v/v glycerol, 2 mM monothioglycerol, 1 mM EDTA
and 2 mM magnesium chloride (bulfer A), containing 0.5 mM toluene sulphonyl
fluoride as a protease inhibitor. The homogenate was gently triturated for 30 min
(4°C) and centrifuged (30,000 x g, 20 min, 4°C). The supernatant was collected and
stored on ice for the purification of the NA dehydrogenase. All subsequent
purification steps were carried out at 4°C.
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Enzyme assays. Norsolorinic acid dehydrogenase activity measurements were
carried out at 25°C. The reaction mixtures routinely consisted of a final volume
of 1 ml of buffer A containing 10 mM NADPH and the enzyme fraction. The
assays were initiated by the addition of NA (30 pg dissolved in 30 pl dioxane).
The concentrations of the substrates (NA and NADPH) were varied for Km
determinations. The mixture was incubated for 1 hr at 28°C, the reaction being
stopped by shaking with 10 ml ethyl acetate. The ethyl acetate was separated and
the aqueous fraction further extracted with 10 ml ethyl acetate, the organic
fractions being pooled, dried over anhydrous sodium sulphate and then evaporated
to dryness under a stream of nitrogen. The dried residue was redissolved in
100 pl ethyl acetate and a 20 pl portion was spotted onto the origin of a tlc plate
(10 x 10 cm). The plate was developed in CEAA which gave R, values of 0.71 for
NA and 0.58 for AVN respectively.

These metabolites were quantitated spectrophotometrically using extinction
coeflicients of e,:= 24,500 or g,,= 16,900 M' cm” for NA in ethanol and
€999= 26,784 or £4,= 15,810 for AVN in methanol'® . One unit of enzyme activity
was defined as that amount of enzyme which will catalyse the conversion of
1 nmole NA to AVN per min at pH 7.0 and 25°C.

All experimental values from enzyme activity determinations represent the
average of at least quadruplicate independent determinations, and linear
regression analyses was used to calculate the linearity of plots during the
determinations of Km values. The Km for AVN, NADP*, NADH and NAD"' was
also determined (Table 2).

Protein determinations. Column eflluenis were continously monilored at 280 nm.
Total protein concentration was determined by measuring the absorbance at 230
and 260 nm'®,

Synthesis of NA-agarose affinity matrix'>'*. Twenty ml of w-aminohexylagarose
was suspended in 40 ml 200 mM sodium borate buffer (pH 9.3). Twenty ml of a
solution of p-nitrobenzoyl azide (100 mM) in dimethylformamide (DMF) was added
to the gel suspension, and the mixture was gently stirred at 50°C for 1 hr and then
at room temp. for 12 hr. Trinitrobenzenesulphonic acid was used to check for the
completion of the acylation reaction?®. The p-nitrobenzamidoalkylagarose gel
suspension was washed with cold distilled water containing 50% DMF, suspended
in a solution of 200 mM sodium dithionite in 500 mM sodium bicarbonate (pH 8.5)
and shaken for 2 hr at 40°C. The gel was filtered, washed with distilled water and
suspended in an equal volume of ice cold 500 mM hydrochloric acid. Sodium
nitrite (100 mM) was added to the gel suspension and gently stirred for 7 min in
anice-bath. The gel was filtered and washed thoroughly with cold distilled water
before being suspended in an equal volume of cold phosphate buffer (200 mM, pH
7.0). Norsolorinic acid (10 mg) was dissolved in 20 ml phosphate buffer (200 mM,
pH 7.0) : DMF (2 :1, v/v) and added to the diazonium agarose suspension, which
was maintained on ice. The formation of a coloured gel (brick-red) began
immediately, and coupling was complete in 30 min. The NA-agarose matrix was
warmed to room temp., filtered, and washed with distilled water.

The affinity gel was methylated by reacting it with diazomethane (prepared
from Diazald as per manufacturer’s instructions). The affinity gel was suspended
in 60% aqueous acetone (20 ml). Diazomethane in ether (20 ml) was gently added
to the NA-agarose slurry and the methylation reaction proceeded at 25°C for 6 hr.
The reaction was complete when the ether layer became colourless. Excess ether

was decanted, and the gel was washed with water, filtered and suspended in
buffer A.
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Gel electrophoresis. Non-denaturing polyacrylamide gel electrophoresis was
performed on 7.5% uniform concentration gels, as described by Davis?'. The gels
were stained with Coomassie Blue R-250 and destained in 50% methanol/10%
acetic acid (1 hr, 25"C) and then in 5% methanol/70% acetic acid (8 hr, 25"C).

RESULTS

Purification procedures.

Reactive green 19-agarose chromatography.

The cell free preparation (400 ml) was loaded onto an RGA column, equilibrated
with buffer A, and then washed extensively with buffer A at a {low rate of 30
ml/hr. The enzyme was eluted with a linear gradient of 0-1.0 M KCI1 (160 ml) in
buffer A (Figure 2). Fractions corresponding to the peak of activity, eluted at
about 400 mM KCl, were pooled and dialysed exhaustively against 10 volumes of
buffer A.

Norsolorinic acid-agarose affinity chromatography.

The active enzyme fractions from RGA were applied directly at a flow rate of 20
ml/hr on the NA-agarose column, equilibrated with buffer A. The enzyme was
eluted with a linear salt gradient of 0-0.5 M KCI (40 ml) in buffer A (Figure 3).
The methylated NA-agarose was found to have a high degree of binding specificity
for the NA dehydrogenase, resulting in the removal of further contaminating
protein in the unbound peak. The assay of fractions in the bound peak showed
enzyme specific activity to be 215-fold higher than that in the crude cell free
extract (Table 1).

Homogeneity. Non-denaturing PAGE analysis on the active NA-agarose fraction
revealed an homogenous protein (Figure 4). The prolein band, when excised and
extracted in buffer A {rom an unstained gel, contained all the NA dehydrogenase
activity (data not shown).

Enzyme characterization.

Sephacryl 5-300 gel filtration chromatography (molecular weight determination).
The crude cell free preparation (40 ml) was loaded onto a Sephacryl S-300 column
(2.5 x 95 cm), previously equilibrated with buffer A (2 column volumes) and eluted
at a flow rate of 60 ml/hr (4°C). 'The void volume was estimated to be 100 ml
(Figure 5).

Chromatofocusing (isoelectric point determination).

Fractions corresponding to the peak of activity (gel filtration chromatography),
were pooled and concentrated to 5 ml by dialysing against a solid substrate
(sucrose) at 4°C. The concentrated fraction was then dialysed against 25 mM
imidazole buffer, pH 7.4, containing 10% (v/v) glycerol and 2 mM monothioglycerol.
This fraction was applied to a PBE 94 chromatofocusing column (1.0 x 20 cm)
which was previously equilibrated with the same imidazole buffer. Prior to
loading the enzyme, a 5 ml portion of appropriately diluted Polybuffer 74 HCI, pH
4.0, containing 10% (v/v) glycerol and 2 mM monothioglycerol was applied to the
column. A pH gradient was developed by applying 160 ml of the same Polybuffer
74 HCI, pH 4.0, at a flow rate of 40 ml/hr. The NA dehydrogenase eluted at a pH
of approximately 5.5 (Figure 6). Regeneration of the column was carried out by

washing with 10 mM sodium acetate, pH 4.0, with 1 M sodiwm chloride to release
tightly bound proteins.
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FIGURE 2

Reactive green 19-agarose affinity chromatography of crude cell-free preparation
containing NA dehydrogenase activity.

Column; 2.0 x 25 cm : Buffer; buffer A (wash buffer) followed by 0 - 1 M KCl
(160 ml) in buffer A (elution buffer) : Flow rate; 30 ml/h : Fractions; 5 ml. The
unbound protein peak is not shown.

——— = Ay, —— = Activity; ---- = [KCI].

pH and Temperature optimum.

Enzyme assays with the purified protein were carried out in a solution buffered
from pH 2.0 to 9.0 and measured at intervals of 0.5 pH units. A single pH
optimum was recorded at pH 85, with a decline in activity below pH 6.5 and
above pH 9.0 (Figure 7).

The effect of temperature was investigated by measuring NA dehydrogenase
activity at 5°C intervals from 15°C to 60°C. The enzyme activity was found to be
maximum at 35°C (Figure 8) under the conditions used but retained its activity
for a longer period at 25°C.

Km for substrates.

The Km for both NA and NADPH was determined using Lineweaver-Burk plots.
The Km for NA was calculated to be 3.45 pM (Figures 9a and 9b), while the Km
for NADPH was found to be 103 pM (Figures 10a and 10b). The Km for AVN was
estimated to be 3.72 pM, whilst that of NADP* was found to be 125 nM (Table 2).

DISCUSSION

The work reported was initiated with the object of studying the initial stages of
aflatoxin biosynthesis, viz., the enzymatic conversion of NA Lo AVN. The presence
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FIGURE 3

Norsolorinic acid-agarose affinity chromatography of pooled fractions {rom reactive
green 19-agarose column containing the NA dehydrogenase activity.

C

olumn; 1.1 x 20 cm : Bulfer; Buffer A (wash buffer) followed by 0 - 5 M KClI
(40 ml) in buffer A (elution buffer) : Flow rate; 20 ml/h : Fractions; 4 ml.
——— = Ay, m——m = Activity; - = [KCH.
TABLE I

Purification of Norsolorinic Acid Dehydrogenase

Step Volume  Total Total Specific  Purification
(ml) Units'"  Protein  Activity (Fold)
(mg) (U/mg)

Crude Extract 400 1330 2600.00 0.51 1
Reactive Green 19- 40 540 60.00 9.00 18
Agarose
Norsolorinic Acid- 6 115 1.05 110.00 215
Agarose

)

A Unit is defined as that amount of enzyme which will catalyse the

conversion of 1 nmol norsolorinic acid to averantin per minute at pH 7.0
and 25°C.

Activity



132 CHUTURGOON AND DUFTON

FIGURE 4

Non-denaturing polyacrylamide (7.5%) gel electrophoresis of 10 pg of purified NA
dehydrogenase, migrating as a single band.
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FIGURE 5

Sephacryl 8-300 chromatography of NA dehydrogenase from a crude cell-free
preparation of A. parasiticus (Wh 1). The void volume was determined by the
elution of blue dextran. The molecular masses of standards, designated as
numbers, are : 1 (catalase, 240 - kDa); 2 (yeast alcohol dehydrogenase, 150 kDa);
3 (lactate dehydrogenase, 140 kDa); 4 (bovine serum albumin, 68 kDa); 5
(myoglobin, 18.8 kDa).

Column; 2.5 x 95 cm : wash buffer; buffer A : Flow rate; 60 mi/h : Fractions; 10 ml.

—— = Ay —m— = Activity.

of this NA dehydrogenase activity has been detected in cell free preparations from
A. parasiticus mycelia'" ">, In the current study the purification and propertics of
the NA dehydrogenase involved in aflatoxin biosynthesis (Figure 1) are reported.

The mutant (A. parasiticus Wh1), which accumulates VA, was used as the
source of NA dehydrogenase, since its activity is higher than that of the wild type
(A. parasiticus N1X)"'. This mutant has also been used as the source of enzyme
for activities catalyzing the conversion of ST to OMST and AFB,*. In another
study using this mutant, VA synthase activity was present in lower levels than the
wild type”. This could be due to inhibition/repression by the product (VA), which
is present at much higher levels in the mutant than in the wild type.

Starting from cell free preparations of A. parasiticus (1-11-105-Wh1) mycelium,
two affinity chromatographic steps: RGA and NA-agarose led to the purification

Activity ——
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FIGURE 6

PBE 94 chromatofocusing chromatography of pooled fractions lrom the Sephacryl
5-300 column containing NA dehydrogenase activity.

Column; 1.0 x 10 em : bulfer; imidazole buffer (pH 7.4, wash huffer) followed hy
PolybwfTer 74 HHCH (pH 4.0, elution buffer) : Flow rate; 45 mi/lv : Fraclions; 5 ml.
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FIGURE 7

Effect of pH on NA dehydrogenase activity. The pH of the assay medium was
adjusted using 50 mM glycine-HCI for pH 2.0 to 3.0, 50 mM sodium acetate for pH
3.5 to 5.5 and 50 mM potassium phosphate for pl 6.0 to 9.0. 'The enzyme
concentration was fixed at 60 pg/ml. Enzyme assays were carried out for 15 min
according to the procedure described in the Malerials and Methods.
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FIGURE 8

Effect of temperature on NA dehydrogenasc aclivily. The enzyme assays were
carried out for 15 min at pH 7.5 as described in Materials and Methods, at an
enzyme concentration of 60 ng/ml.

of an homogenous protein. The purification provided nearly 1.05 mg of
homogenous protein fromn a mycelial dry weight of approximately 20 g. The
NA dchydrogenase appeared to be one of the minor proteins in A parasilicus
myecelium, since over a 215-fold purificalion was required to achieve homogeneity
{(Table 1). The amount of secondary metaholic enzyme appears low compared to
the levels of some major enzymes of primary metabolism; however, secondary
metabolic enzymes are formed only after rapid growth has ceased’. At this stage,
most of the cell's synthesizing machinery has stopped functioning and nutrient
supply has hecome a limiting factor. Secondary melabolic aclivities therefore are
much less vigorous than primary metabolic activities occurring during rapid
growth.

The removal of contaminating proteins by the first affinity matrix (RGA)
resulted in an increase in enzyme activity. A possible explanation is that most or
all the proteases arc eluted in the unbound peak and therefore denaturation of the
NA dehydrogenase is limited. The initial extraction buffer also contained toluene
sulphonyl fluoride, which is a serine protease inhibitor. It is known that fungi
have a high content of serine proteases? but it may be that other proteases are
present which are not of this type. Another explanation for the increased enzyme
activity could be due to the removal of a large amount of anthraquinone pigments
in the pre-elution washing procedure. The phenolic nature of these pigments
seems to cause denaturing of the enzyme. These pigments, although water
insoluble, are associated with a membrane in vivo and they appear to be present,
as lipid complexes in the crude preparation.

The purification of the enzyme by the unmethylated NA-agarose affinity matrix
proved disappointing in that no NA dehydrogenase activity was recovered in the
bound fraction and the wash bhuffer. It was presumed that this was not due to a
lack of specific binding between the enzyme and the immobilised NA, since the
points of attachment to the anthraquinone ring (either 5 or 7) would leave
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Effect of norsolorinic acid concentration on NA dehydrogenase activity. The
enzyme and NADPH concentrations were 60 ng/ml and 250 pM respectively.
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FIGURE 9

Lineweaver-Burk plot of the data on effect of norsolorinic acid concentration on
NA dehydrogenase activity.
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FIGURE 10a

Effect of NADPH concentration versus NA dehydrogenase activity. The enzyme
and norsolorinic acid concentrations were 60 pg/ml and 50 uM respectively.
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FIGURE 10b

Lineweaver-Burk plot of the data on effect of NADPH concentration versus NA
dehydrogenase activity.
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TABLE U

Km values for NA dehydrogenase, using NA and AVN with various
nicolinamide colactors

Substrate/Co- Km Substrate/Co- Km

factor (uM) factor (nM)
- I;;A 3.45 S }\\7N_ 372

NADPH 103.00 NADP' 125.00

NADH 115.00 NAD' 129.00

sufficient space for the enzyme to recognise the region of the molecule to which it
normally binds (i.e. position I, Figure 1)'*.

A feasible explanation for the loss of activity was Lhe presence of phenol groups
in NA, which seem to deactivate the enzyme. This effect has been noticed when
assaying for the enzyme activity using free substrate, and is particularly evident
in purified preparations. This effect will probably be prevalent in vitro rather
than in vivo, since in the latter case NA will tend Lo be associated with a
membrane duc to its hydrophobic characler. Thus the phenolic groups in the
alfinity matrix were methylated, by diazomethane in cther, a procedure that
blocks only the more acidic groups at positions 5 and 7 leaving the less active
carbonyl at position 1’ (Figure 1) avaitable for specific enzyme recognition'. Salt
gradients proved to be a cheap and effective method of elution as evidenced by the
highly purified NA dehydrogenase from NA-agarose, which migrated as a single
band on non-denaturing PAGE (Figure 4).

The fractionation of the crude cell free preparation by gel filtration on

Sephacryl S-300 showed the presence of a number of A,,, absorption peaks of
which peak 3 (Figure 5) contained the NA dehydrogenase activity. NA
dehydrogenase eluted from the column at a position which was afler yeast alcohol
dehydrogenase but before lactate dehydrogenase, which was consislent with a
molecular weight of 140 kD. This molccular weight is similar to that of other
secondary metabolic dehydrogenases such as mannitol dehydrogenase™.
The A,y absorption profile of the eluate from the chromatofocusing column
displayed four peaks (Figure 6). The NA dehydrogenase activity migrated with
the third, major protein peak at approximately pH 5.5. Thus the isoelectric point
of this enzyme, as dctermined by chromatofocusing , is about pH 5.5.

A single pH optimum was recorded at pH 8.5, with a significant decline in
activity below pH 6.5 and above pH 9.0 (Figure 7) which is within the range
reported for the pH optima (pH 7.5 to 9.5) for other fungal dehydrogenases™ .

The NA dehydrogenase activity was found to be maximum at 35°C (Figure 8)
under the conditions used but retained its activily for a longer period at 25°C. The
enzyme was rapidly denatured at temperatures higher than 40°C and at
temperatures below 20°C, the enzyme showed low activity with only small
amounts of AVN being produced. The temperature optima for the enzyme,
between 25°C and 40°C, is consistent with that required (25° to 40°C) for maximal
aflatoxin production in vivo®
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The Km for NA (3.45 pM) is low which indicates that NA dehydrogenase has
a high affinity for this substrate. The Km values for this enzyme should be
viewed with caution due Lo an inadequate environment in terms of solubility of the
hydrophobic subsirate and product. The substrates were dissolved in dioxane, and
it may be that the solvent and insolubility of substrate affected the reaction rate.
It was noted, however that at all concentrations of substrates used the solution
appeared homogenous indicating complete solubility of the subslrate. The Km for
AVN (3.72 M) is slightly higher than that for NA indicating that the enzyme
marginally favours the reaction from NA 1o AVN, al equivalent enzyme
concentrations. This observation is further supported by the fact that the enzyme
has a greater aflinity for NADPH and NADH than NAD' and NADP' although
botli sets of Km values are of similar orders (Table 2).

The kinetic determinations for NA dehydrogenase posed a problem due to the
hydrophobic nature of NA and AVN. As a result of the water insolubility of these
metabolites, they were dissolved in a solvent, such as dioxane but. not acetone as
these metabolites were not fully soluble in this solvent. From the data obtained,
Lineweaver-Burk plots seeined the most suilable for the deterinination of Kin
values. This method has also been used for Km determinations for other
secondary metabolic enzymes such as manvitol dehydrogenase®, VA synthase®
and ST methy] transferase'™ * involved in AFB, formation. In the latter Lwo
enzyme systems, versiconal acetate , ST and OMST were used as substrates which
are insoluble in water. These substrates were dissolved either in acelove or
dimethylformamide. Tn one study' the velocily of the reaction for the methyl
transferase was linear up Lo 3 hr with 12 pg enzyme and 0.5 inM  S-adenosyl-
methionine. This observation inay be due to substrate insolubility; the amount
added being in excess of its solubility coefficient ensuring saturation of the assay
solution during the course of the reaction. In the case of the kinetic studies here,
substrate insolubility of the levels added, did nof. seem Lo be a problem possibly
due to complexes being formed between the mutual solvent (dioxane) and
substrate.

In conclusion, the results show that affinity chromatography can he applied to
the separation of secondary metabolic enzymes fromn crude homogenates with
advantage, and in the case of aflatoxin biosynthesis the substrates can he
immobilised through their anthraquinone moieties.
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Abstract: Seven analogs of O-methylsterigmatocystin were synthesised as structural
derivatives of the aflatoxin biochemical pathway. Their conversion to aflatoxin B; by
whole cell feeding studies using a mutant of Aspergillus parasiticus is described.

Key words: Aspergillus parasiticus, sterigmatocystin, derivatives, specificity.

Introduction

Aflatoxins are a group of secondary metabolites produced by several species of moulds of
the genus Aspergillus [1]. Aflatoxin B; (AFB,)(3) is the most abundant of the group and is
highly carcinogenic [2]. It is considered to be derived from the xanthone derivative,

sterigmatocystin (ST)(1).



. R= CH3

. R=CH,CHj;

R= CH2CH2CH2

. R=CH,(CH,),CH;
R= CH2(CH2)3CH3
R = CH,CH=CH,
R =COCH;3

R =COCgHs

The incubation of possible intermediates with mutants of Aspergillus parasiticus, blocked
early in the pathway that generated 3 illustrated their role as biogenetic precursors [3]. The
currently accepted scheme for the aflatoxin pathway (Figure 1.) is based on data obtained

from feeding studies using isotopically labeled precursors [4].

/\ Mutant block
ACETATE NOI;S(gBORINIC (nor-1)
+
MALONATE AVERANTIN
Mutant block
VERSICONAL HEMIACETAL (av-1)
ACETATE
VERSICOLORIN A UERUFAN]N
Mutant block Mutant block

STERIGMATOCYSTIN — AFLATOXIN B,

Figure 1. Scheme for aflatoxin biosynthesis and sites for blocked mutants [4].



The biosynthesis of 3 has been the subject of conflicting speculation and numerous reviews
[5-8]. It has been proposed by some researchers [9-12] that the biosynthetic pathway
involves the conversion of 1 to 3 via O-methylsterigmatocystin (OMST)( 2a). As part of
a program to investigate this step in AFB; biosynthesis, a series of derivatives of the free
hydroxyl group at C-3 of 1 were prepared with a view to studying their conversion to 3 by

active fungal systems.

We now report the synthesis [13] of alkyl and aryl sterigmatocystin derivatives (2b-2h)
by employing aliphatic alkyl halides and acid chlorides. Their conversion to AFB; by
whole cell feeding studies using a mutant of A. parasiticus, which lacks the enzymatic
system to produce 1, were studied in an attempt to elucidate the role of OMST in

aflatoxin B, biosynthesis.

Materials and Methods

General

Melting points are uncorrected and obtained using an Electrothermal IA9000 digital
melting point apparatus. High resolution masses and mass spectra were recorded on a
Kratsos 9/50 mass spectrometer operating at an ionization potential of 70 eV. 'H and *C-
NMR spectra were recorded in CDCl; on a Varian Gemini 300 spectrophotometer
(operating at 300 MHz for 'H and 75 MHz for 1*C).

High pressure liquid chromatography was carried out using a Perkin Elmer Liquid
Chromatograph with a 20 pl injection loop equipped with a Perkin Elmer pump and
linked to a fluorescence detector. A stainless steel (150mm x 4.60 mm) column packed
with 5 micron particle Cis bonded Silica was used. The fluorescence excitation and
emission wavelengths were set at 365 and 420 nm respectively. Ambient temperature and

an isocratic operation with an aqueous mobile phase of acetonitrile: isopropanol: acetic



acid (10% /5% / 5% ) was used with a flow rate of 1.0 ml / min. All solvents were HPLC
grade and filtered through a 0.45-pm filter (Millipore SA) prior to use.

Silica gel columns were prepared using Silica gel 60 (Merck Art:9385), and the
slurry was packed employing the eluting solvents hexane: dichloromethane: ethyl acetate
in the ratio 4:1:1. Silica gel (0.2mm) containing fluorescent indicator (F,s4) on aluminium
backed plates (Merck Art:5554) was used for analytical thin layer chromatography (t.l.c.)
using the solvent system chloroform : ethyl acetate: isopropanol in the ratio 9:1:1.

Sterigmatocystin was isolated [10] from A. versicolor M1101, and was purified by
preparative thin layer chromatography. Sterigmatocystin was recrystallized from acetone.
O-methylsterigmatocystin was purchased from Sigma Chemical Suppliers (SA).

A range of alkylated and acylated sterigmatocystin derivatives were prepared.

General Procedure for Alkylation of Sterigmatocystin [13]

To a solution of 1 (10 mg; 30.9 umoles) in dry acetone (5Sml), was added anhydrous
potassium carbonate (10.7 mg; 77.25 pmoles) and the alkyl halide (100 pl). The mixture
was heated under reflux for 8 hours. The solids were removed by filtration, the filtrate was
dried over anhydrous sodium sulphate, filtered and evaporated under a stream of nitrogen
and gentle heat. The oil was neutralized with a solution of ammonia (2 ml of 12.5 %). The
addition of deionised water yielded a precipitate which was filtered, washed and dried.
The crude product was purified by gravity column chromatography using silica gel 60
(Merck Art: 9385) and the eluting solvents, hexane: dichloromethane: ethyl acetate

(4: 1: 1). It was recrystallized from methanol.

General Procedure for Esterification of Sterigmatocystin [13]

To a solution of 1 (10 mg; 30.9 pmoles) in anhydrous pyridine (5 ml), was slowly added
the acid chloride (100 pl). After the solution was left overnight at room temperature, more
acid chloride (30 pl) was added and the mixture was left to stand for a further 45 minutes.
The solution was heated under reflux for 15 minutes, poured onto ice (3 g) and left

overnight. The product was extracted with chloroform (3 x 5ml), washed with 2M



hydrochloric acid (3 x 5ml) and then with deionised water (3 x 5ml). Thereafter,
evaporation of the chloroform yielded a brown oil, which, on the addition of ethanol,
gave a crude product. This was purified by gravity column chromatography using silica gel
60 (Merck Art: 9385) and the eluting solvents, hexane: dichloromethane: ethyl acetate

(4: 1: 1). The compound was recrystallized from ethanol.

Sterigmatocystin (1). Yellow needles. Yield 110 mg. M.p. 244-246°C [lit[14] : 246°C].
R; 0.93. [M'] at m/z 324. §: (CDCl;) 181.34 (C-1),108.87 (C-2), 162.31 (C-3), 111.24
(C-4), 135.67 (C-5), 105.89 (C-6), 154.96 (C-7), 154.03 (C-8), 106.52 (C-9), 164.57
(C-10), 90.51 (C-11), 163.29 (C-12), 10596 (C-13), 113.24 (C-14), 48.06 (C-15),
102.50 (C-16), 145.37 (C-17), 56.79 (OCH3). 85 (CDCl3) 6.81 (d, J 7.3 Hz,H-4), 7.48
(t,J8.3,H-5),673(d,J8.2, H-6),6.42 (s, H-11), 6.81 (ddd, J 7.3, H-14), 4.79 (dd,
H-15), 5.43 (dd, J 2.6, H-16), 6.48 (dd, J 2.4, H-17) and 3.97 (s, OCH3)

O-Ethylsterigmatocystin (2b).Yellow needles. Yield 8.78 mg. M.p. 253-255 °C. Ry 0.87.
[M" at m/z 352.0973] CyH 605 requires 352.0946. &y (CDCly) 6.91 (d, J 7.8, H-4), 7.48
(t,J8.5,H-5),6.74 (d, J 7.2, H-6), 6.38 (s, H-11), 6.78 (d, J 7.1, H-14), 4.79 (dd, J 2.8,
2.1,H-15),543 (dd, J 2.5,J2.6, H-16), 6.47 (t,J 2.7, H-17), 3.92 (s, OCH3), 4.16 (q,

J 7.0,H-1"yand 1.53 (t,J 7.1, H-2')

O-Propylsterigmatocystin (2c¢). Pale yellow needles. Yield 10.63 mg. M.p. 213-215 °C. R¢
0.79. [M" at m/z 366.1100] CyH,305 requires 366.1107. &y (CDCls) 6.90 (d, 7.8, H-4),
7.45 (t,J 8.3, H-5), 6.73 (d, J 8.3, H-6), 6.38 (s, H-11), 6.78 (d, J 7.1, H-14), 4.77 (dd,
J28,21, H-15), 5.43 (dd, J 2.7, 2.5, H-16), 6.47 (t, J 2.1, H-17), 3.92 (s, OCH3), 4.04
(t,J 6.6,H-1"),1.95 (st,J6.8, H-2 ) and 1.10 (t,J 7.3, H-3)

O-Butylsterigmatocystin (2d). Pale yellow needles. Yield 9.63 mg. M.p. 180-182 °C. R;
0.73. [M" at m/z 380.1253] CyH,0s requires 380.1260 ). 8 (CDCl3) 6.90 (d, J 7.90,



H-4), 7.45 (t,J 8.30, H-5), 6.73 (d, J 8.20, H-6), 6.37 (s, H-11), 6.7 (d, J 7.1, H-14), 4.77
(dd, J 2.8, 2.1, H-15), 5.42 (dd, J 2.6, 2.5, H-16), 6.47 (t, J 4.2, H-17), 3.92 (s, OCHj),
4.08 (t,J 6.6,H-1"),1.89 (m, H-2'), 1.57 (m, H-3' ) and 0.97 (t,J 7.3, H-4')

O-Pentylsterigmatocystin (2¢). Pale yellow needles. Yield 9.37 mg. M.p. 152-154 °C. R,
0.69. [M" at m/z 394.1427] C3H, 06 requires 3394.1416. 8y (CDCl;) 6.90 (d, J 8.2,
H-4), 7.45 (t, J 8.4, H-5), 6.74 (d, J 8.2, H-6), 6.37 (s, H-11), 6.77 (d, J 7.1, H-14), 4.78
(dd, J 2.8, 2.1, H-15), 543 (dd, J 2.6, 2.5, H-16), 6.47 (t, J 2.1, H-17), 3.92 (s, OCHa»),
4.07 (t,J 6.8, H-1'), 1.92 (m, H-2'), 1.49 (m, H-3"), 1.39 (m, H-4' ) and 0.92 (t,.J 7.3,
H-5").

O-Propenylsterigmatocystin (2f). Brown needles. Yield 8.99 mg. M.p. 204-206 °C. R¢
0.68 [M"at m/z 364.0939]CH;606 requires 364.0947.8; (CDCl3) 6.93 (d, J 8.2, H-4),
7.45(t,J 8.5, H-5),6.74 (d, J 8.2, H-6), 6.38 (s, H-11), 6.78 (d, J 7.2, H-14), 4.78 (dd, J
2.8, 2.1, H-15), 5.43 (dd, J 2.6, 2.5 H-16), 6.47 (t, J 2.6, H-17), 3.92 (s, OCH3), 4.70
(dd, J 49,52, H-1") 6.07 (m, H-2"), 5.31 (dd, J 9,2, 1.4, H-3'b) and 5.60 (dd, J 1.6, J
15.6, H-3'a).

O-Acetylsterigmatocystin (2g). Colourless needles. Yield 9.50 mg. M.p. 139-140 °C. R
0.63. [M" at m/z 366.0736] C2oH40 requires 366.0739. 8, (CDCl) 7.30 (d, J 1.1, H-4),
159 (t, /8.3, H-5),6.92 (d, J 1.2, H-6), 6.40 (s, H-11), 6.91 (d, J 1.1, H-14), 4.79 (dd,
J2.8,2.1, H-15), 542 (dd, J 2.7, 2.6, H-16), 6.49 (t, J 7.1, H-17), 3.93 (s, OCH;) and
2.46 (s, CH,).

O-Benzoylsterigmatocystin (2h).Colourless needles. Yield 9.45 mg. M.p. 257 259°C.
[Lit” m.p. 258-260.] R¢0.55. [M" at m/z 428.0891] CasHi607 requires 428.0895.
ou(CDCl3) 7.33 (d, J 7.1, H-4), 7.50 (t, J 7.8, H-5), 7.04 (d, J 6.6, H-6), 6.35 (s, H-11),
6.80 (d, J 7.1, H-14), 4.81 (dd, J 2.8, 2.5 H-15), 5.44 (dd, J 2.5, 2.6, H-16), 6.49 (1,
J2.3,H-17), 3.83 (s, OCH;), 8.26 (d,7.1, Ha), 7.63 (m, Hb) and 7.60 (m, He).



Organism, Media and Culture Conditions

An aflatoxin blocked mutant of A. parasiticus (1-11-105 Wh 1) was maintained on potato
dextrose agar. A spore suspension of approximately 10° spores, in 1 ml of 0.01 % sodium
dodecyl sulphate, was inoculated in 10 x 100 ml of sterile solution of Reddy’s medium
[15] in 250 ml conical flasks. These were then incubated at 25° C in a rotary shaker at
180 r.p.m. for 96 hours. After incubation, the resuitant mycelial pellets were pooled,
collected on sterile cheese cloth, and rinsed twice with 50 ml of the resting medium.
Mycelial pellets (3 g, wet weight) were added to resting medium (50 ml), supplemented
with acetone (0.5 ml) containing 1.54 pmoles of the substrate and was incubated in a

rotary shaker at 25°C and at 180 r.p.m .

Extraction of Aflatoxins and Sample Preparation for Thin Layer and High Pressure
Liquid Chromatography

A wide bore disposable pipette was used to aliquot 5 ml of the incubated sample, at
regular time intervals, and filtered. The filtrate was extracted with chloroform, dried over
anhydrous sodium sulphate and evaporated to dryness in vacuo. The solid residue was
dissolved in a minimum volume of chloroform, quantitatively transferred to vials and
evaporated to dryness under a gentle stream of nitrogen and heat. The pellets were
washed with 10 ml of an aqueous solution of 30% acetone, extracted with chloroform and
treated as in the above case.

The dried residue was redissolved in 100u1 chloroform and a 20ul portion was
spotted onto the origin of a t.l.c. plate (10x10 cm aluminium backed Kieselgel 60). The
plate was developed in CEI (chloroform: ethyl acetate : isopropanol in the ratio 90:5:5, by
volume) and TEA (toluene: ethyl acetate: acetic acid in the ratio 50: 30: 4, by volume), air
dried and the metabolites scanned for fluorescence under ultra-violet light. The t.I.c. plates
were then sprayed with aluminium chloride in ethanol ( 20%, w/v) to test for the

characteristic change in intensity and colour of fluorescence [16,17] of the metabolites



under ultra violet light. For HPLC analysis, the metabolites were dissolved in 500 pl of a
derivatizing reagent viz., trifluoroacetic acid, the solution allowed to stand for 5 minutes

and diluted with the mobile phase [18].
Results and discussion

The synthesis of the derivatives 2b-2h from 1 required mild reaction conditions since
earlier reports [13,19] showed that undesirable reactions occurred at the fused bisfuran
ring when hot ethanolic potassium hydroxide was added or when 1 was refluxed
vigorously with acetic anhydride in pyridine. Therefore the synthesis [13] of the ether
derivatives were carried out using the modified Williamson synthesis with potassium
carbonate as the base. Esterification was carried out using acid chlorides and the reactions

performed at room temperature.

Although the separation of aflatoxins by HPLC is relatively simple and well
defined, optimization of the separation and detection conditions of 3 was of some
importance in order to minimize requirements for sample clean-up. The pre-column
derivatization method using trifluoroacetic acid was the method of choice in the absence
of post-column instrumentation since the hydration of AFB, and AFG, to AFB,, and
AFG,, respectively, increased their fluorescence response in the reversed phase HPLC
system [18]. As 3 was the aflatoxin of interest, efforts were focused on its quantification.
It was found that detection at 10-1000 ppb gave a linear response, which was an adequate
working range for the purpose of this study. Using this method, a sample clean-up for
HPLC analysis was not necessary as there was no interference from other substances. It
was found that a combination [20] of methanol, acetonitrile and water as the mobile phase,
was not suitable for the isocratic chromatography with a Cys3 column, because of poor
resolution and short retention time of the four major aflatoxins. The best separation and
resolution was obtained by using an aqueous solvent system comprising of acetonitrile,

isopropanol and acetic acid (10 %: 5 %: 5 %).



It was found that an incubation period of 48 hours in the whole cell feeding
experiments, 1 and its derivatives 2a-2h were converted to 3. The identity of 3 was
established by two dimensional thin layer chromatography with authentic standards. The
derivatives 2a-2h demonstrated a characteristic pale-blue fluorescence under ultra-violet
illumination. Fluorescence of these compounds turned yellow-green when sprayed with
aluminium chloride. Compound 1 exhibited a brick- red fluorescence under ultra-violet
illumination which changed to yellow when sprayed with aluminium chloride. Compound
3 displayed a characteristic blue fluorescence and no colour change occurred in the
presence of aluminium chloride.

The results indicated that the blocked mutant of A. parasiticus was able to convert
2a-2h to 3. The transformation of 1 and 2a to 3 has been repeatedly reported [10,11,21]
and the enzymatic activities involved in these conversions have been well established
[22,23]. Although the position of 2a as an intermediate in AFB, biosynthetic pathway is
generally agreed, it is not clear either from the point of metabolic simplicity or enzyme
specificity, why methylation of 1 is an obligatory process in the pathway. It is apparent
from these findings that the enzyme(s) responsible for the conversion of 1 did not display a
high degree of substrate specificity, since it was unable to recognize the difference
between the various groups, either as ether or ester functional groups.

In order to investigate the question of relative specificity [9] of the enzyme(s)
involved, a time course study of the various substrates was done. With this regard, both
the culture fluid and mycelial fractions were monitored by HPLC for the production of 3
at regular time intervals. The time course for the biotransformation of selected derivatives

into 3 in the culture fluid and mycelial fractions are presented in Figure 2 and Figure 3

respectively.
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Figure 2. Time Course for the Biotransformation of ST Derivatives to AFB, in the Filtrate

Fraction. KEY: 2¢ (0); 2b (V); 2a (0); 1 (10); 2h (1)
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Figure 3. Time Course for the Biotransformation of ST Derivatives to AFB, in the Pellet
Fraction. KEY: 2¢ (0); 2b (V); 2a (1); 1 (L)); 2h (1))

The results from both the culture fluid and mycelial fractions indicate a general
decrease in the rate of conversion in the order 2¢ > 2b > 2a > 1 > 2h. Studies [24,25]

have shown that electron donating alkyl groups present on a substrate can affect the



catalysis of enzymes generally by increasing the rate of conversion to products. It may be
possible that a similar event is occurring in this case, although the trend is reversed in that
the hydroxyl group of 1 is more electron donating than the alkyl groups of 2a-Zh.
Although the propyl group of 2c, by inductive effects, is more electron donating than the
derivatives of 2, it is unlikely that such minor contributions will account for the differences
in the percentage conversion to 3. It seems much more likely that there is a permeability
effect with the uptake of the compounds through the fungal membrane, even though the
addition of acetone to the fungal system used in previous studies [16] gave satisfactory
results. Since 2c is the least polar of the derivatives, it might be able to penetrate the cell
membrane more easily and thus reach the active site for conversion to 3. Hence the effect
being measured is one of membrane permeability rather than enzyme specificity. The fact
that all the derivatives were converted, however, reveals that the enzyme(s) involved in
the conversion are non specific as far as the side chain is concerned.

This study does not resolve the question as to whether the alkylation of 1 is

obligatory in the biogenesis of 3.
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Abstract

A cell free preparation was derived from a blocked mutant of Aspergillus parasiticus that
was capable of converting sterigmatocystin (ST) to aflatoxin B; (AFB4). Optimum
conditions were determined for the conversion of ST to AFB,, which revealed that the
addition of the coenzymes, NADPH and SAM, increased the rate of conversion. Various
derivatives, including ST and coenzymes NADPH and SAM were added to this
preparation in an attempt to elucidate the final stages of AFB, biosynthesis. Time course
experiments showed that ST and O-methylsterigmatocystin (OMST) were converted to
AFB, at the same rate, whereas O-propylsterigmatocystin (OPST) was converted at a
slower rate. It was concluded that ST had to be converted to an O-alkyl derivative prior to
metabolism to AFB,. Under natural conditions this is probably OMST but the results also
indicate that other alkyl groups might substitute, suggesting that the enzyme responsible
for the conversion exhibits relative specificity.

INTRODUCTION

The biosynthetic pathway to the carcinogenic mycotoxin, aflatoxin B; (AFB;) is now
generally agreed upon, particularly since more recent studies on its underlying molecular
biology, have lent support to it [1]. A scheme is given in Fig. 1 [2], which indicates the
formation of the anthraquinone derivative via the polyketide pathway, thence through
other various modified anthraquinone metabolites to yield the characteristic bis-
dihydrofurano ring system and finally via a xanthone derivative, sterigmatocystin (ST) to
the substituted coumarin, AFB;.

Whilst the overall pathway seems feasible and is supported by a large amount of
experimental evidence, some of the precise mechanistic details, although subject to
conjecture and deduction from metabolic studies, are not fully understood or described.
This is a result of the lag between enzymological studies and those involving natural
product chemistry, whole cell investigation and, as mentioned, the more recent molecular
biological work. One such area of uncertainty is that involving the conversion of ST to
AFB; in the latter parts of the pathway. There is strong evidence to show [3] that the
methyl derivative of ST, i.e., O-methylsterigmatocystin (OMST) is an obligatory
intermediate between ST and AFB,. Whilst it might be argued that there is no reason why
this should be so, on applying the principle of Occam’s Razor, it seems an unnecessary
step, as the methyl group does not appear in the final product, i.e., AFB;. It is tempting to
suggest, therefore, that OMST is either a side shunt metabolite or part of a metabolic grid.
Thus a range of derivatives of ST and ST itself may lead to AFB;, due to the enzyme(s)
responsible for the conversion, exhibiting the secondary metabolic activity known as
relative specificity.

Previous work, including that from our own laboratories has attempted to resolve this point
[4]. A series of homologous O-alkyl derivatives of ST were synthesized and fed to whole
cells of a blocked mutant of Asperyillus parasiticus (Wh1-11-105) capable of converting
ST and OMST to AFB;. The propyl derivative (OPST) was converted more rapidly than



the others, including the natural substrates ST and OMST. This did not resolve the
question of which putative intermediates were involved in AFB; biosynthesis, as all were
converted. The fact that OPST was converted the quickest of the substrates could be
explained on the basis of polarity. It being the least polar, meant that it would penetrate
the cellular membrane more rapidly. Thus part of the reaction rate was due to the rate of
diffusion through the membrane.

In order to resolve this confounding factor, a cell free preparation was prepared from a
blocked mutant of A. parasiticus, which is capable of converting ST to AFB,. The various
potential substrates were added to this in order to measure their conversion rate to AFB;.
The results are presented in this study.

Material and Methods
Materals

All chemicals were of Analar grade. Coenzymes (NADPH and SAM) were obtained from
Boehringer Mannheim, South Africa.

Preparation of Substrates

Sterigmatocystin was prepared from a producing culture of Asperyillus versicolor (M1101)
and the various homologues of ST, i.e., propyl (OPST) and methyl (OMST) were prepared
by the modified Williamson synthesis, as previously described [4].

Production of Mycelium

An AFB; blocked mutant of A. parasiticus (Wh1-11-105) was maintained on potato
dextrose agar. A spore suspension was prepared in sterile sodium dodecyl sulphate
solution (0.01 %) of approximately 10° spores per ml and the solution was left standing for
15 minutes. Conventional aseptic techniques were used to inoculate the spore suspension
(1 ml) into Erlenmeyer flasks (5 x 250 ml) containing sterile Reddy’s medium (100 ml) [5].
The flasks were incubated at 28 °C in shake culture at 150 rpm. After 96 hours of
incubation the mycelia pellets were harvested by filtering through double layer
cheesecloth. The mycelia was washed with ice cold 20 mM phosphate buffer (pH 7.2)
dried by vacuum filtration, freeze-dried and stored in an airtight container at -70°C.

Preparation of cell-free extract

A sample of freeze-dried mycelium (0.5 g) was gently ground to a fine powder in a dry
chilled mortar. The powdered mycelium was suspended in ice cold 20 mM phosphate
buffer (pH 7.2)(10 ml) and gently stirred for 15 minutes. The homogenate was centrifuged
at 20 000 x g for 20 minutes at 4 °C and filtered through glass wool. The supernatant
was used as the cell free extract (CFE). The protein content of the CFE was determined
by the Bradford assay [6].

Conversion of substrates

Enzyme activity was determined by adding the CFE (500 pl) (final protein concentration =
1 mg/ml) to the phosphate buffered solution (pH 7.5) (400 pl) in a 10 ml test tube. To this
mixture coenzymes (NADPH and/or SAM)(50 pl) were added to give a final concentration
of 1.5 mM. The mixture was then incubated on a slow shaker (100 rpm) at 27 °C for 5
minutes. The reaction was started by adding the substrate (31 nmol) dissolved in acetone
(50 ). The reaction was stopped after 1 hour by adding chloroform (3 ml) and gently
shaking. The chloroform layer was removed and passed through a small bed of



anhydrous sodium sulphate. The reaction mixture was extracted twice more with
chloroform (3 ml) which was also passed through the sodium sulphate. The pooled
extracts were evaporated to dryness and stored until further analysis. All experiments
were conducted in triplicate and the results are expressed as a mean, unless otherwise
indicated.

The optimum conversion conditions of the CFE were determined by incubating ST, as the
substrate and varying the pH between 6.4 to 7.6 at 27 °C; the temperature between 22 —
32 °C at a pH of 7.2; and protein concentration between 0.5 — 3.0 mg/ml at a pH of 7.5
and temperature of 27 °C all for 1 hour. Time course reactions for the different substrates
were done at a temperature of 28 °C, a pH of 7.2 and a protein concentration of 1 mg/ml

Methods of analysis: Thin Layer Chromatography

The dried residues were dissolved in chloroform (100 pl) and a portion (20 pl) was spotted
onto the origin of a thin layer chromatography (tic) plate (10x10 cm aluminium backed
Kieselgel 60 Merck). The plate was developed in chloroform: ethyl acetate: propan-2-ol
(CEI) (90: 5: 5, v/v) air dried and examined under long wave UV light for fluorescent spots.
It was then sprayed with 20 % aluminium chloride in ethanol and heated to 120 °C and re-
examined under UV light.

High Performance Liquid Chromatography

The quantitation of the various substrates and AFB; was done by high performance liquid
chromatography (hplc) using a Spectra Physics UV 6000 LP system with a 20 pl injection
loop, linked to a diode array detector. A Cqg Lichrosphere (250 x 4.60 mm; 5 microns)
reverse phase column was used with a gradient elution programme consisting of
acetonitrile and water; time 0-10 min. 35 % acetonitrile; time 20 min. 20 % acetonitrile.

The dried residues were dissolved in acetonitrile (10 ml) and an aliquot (50 pl) was
injected using the loop.

The quantity of AFBy produced was calculated from the integrated peak area of the
chromatograph and a back-fit straight-line equation from the calibration graph of authentic
AFB,. From thi