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Aflatoxins are polyketide-derived secondary metabolites produced by the fungi AspergiUus flavus and
AspergiUus parasiticus. Among the catalytic steps in the aflatoxin biosynthetic pathway, the conversion of
sterigmatocystin to O-methylsterigmatocystin and the conversion of dihydrosterigmatocystin to dihydro-O-
methylsterigmatocystin are catalyzed by an S-adenosylmethionine-dependent O-methyltransferase. A cDNA
library was constructed by using RNA isolated from a 24-h-old culture of wild-type A. parasiticus SRRC 143
and was screened by using polyclonal antiserum raised against a purified 40-kDa O-methyltransferase protein.
A clone that harbored a full-length cDNA insert (1,460 bp) containing the 1,254-bp coding region of the gene
omt-l was identified by the antiserum and isolated. The complete cDNA sequence was determined, and the
corresponding 418-amino-acid sequence of the native enzyme with a molecular weight of 46,000 was deduced.
This 46-kDa native enzyme has a leader sequence of 41 amino acids, and the mature form of the enzyme
apparently consists of 377 amino acids and has a molecular weight of 42,000. Direct sequencing of the purified
mature enzyme from A. parasiticus SRRC 163 showed that 19 of 22 amino acid residues were identical to the
amino acid residues in an internal region of the deduced amino acid sequence of the mature protein. The
1,460-bp omt-l cDNA was cloned into an Escherichia coli expression system; a Western blot (immunoblot)
analysis of crude extracts from this expression system revealed a 51-kDa fusion protein (fused with a 5-kDa
13-galactosidase N-terminal fragment). Furthermore, enzymatic activity assays of the E. coli crude extracts
showed that sterigmatocystin was converted to O-methylsterigmatocystin in the presence of S-adenosylmethio-
nine. A 1.5-kb omt-l gene transcript was detected by Northern (RNA) blot analysis in total RNAs isolated from
submerged A. parasiticus cultures grown in a medium which induces aflatoxin B1 production that were 24, 48,
72, and 96 h old but not in RNA from a culture that was 18 h old. Transcript accumulation correlated well with
the increased rate of aflatoxin accumulation in these cultures. A comparison of the predicted amino acid
sequence of O-methyltransferase with previously described sequences revealed a proposed S-adenosylmethio-
nine-binding site motif found in other S-adenosylmethionine-dependent methyltransferases.

Aflatoxins B1 and B2 (Fig. 1) are secondary metabolites
produced by the filamentous fungi Aspergillus flavus Link
and Aspergillus parasiticus Speare, which infect corn, cot-
ton, peanuts, and tree nuts. These compounds are known to
be toxic and carcinogenic to animals and present a potential
threat to the health of humans (11, 15, 20). In order to devise
strategies for reducing or eliminating aflatoxin contamination
from food and feed, extensive biochemical and genetic
studies have been conducted by many researchers to better
understand the molecular regulation of aflatoxin biosynthe-
sis (for reviews, see references 4, 15, and 21). The initial step
of the biosynthetic pathway of aflatoxin originating from a
polyketide precursor is the condensation of acetate units
to form norsolorinic acid (for reviews, see references 15 and
17). The accepted pathway of aflatoxin B1 biosynthesis is:
norsolorinic acid--averantin- averufanin--averufin--hy-
droxyversicolorone--versiconal hemiacetal acetate- versi-
colorin B- versicolorin A- demethylsterigmatocystin--*
sterigmatocystin (ST)- O-methylsterigmatocystin (OMST)
--aflatoxin B1. It has now been established that aflatoxin B2
is synthesized by a separate pathway branching from versi-

* Corresponding author.

conal hemiacetal acetate: versiconal hemiacetal acetate-)
versicolorin B- dihydrodemethylsterigmatocystin--dihy-
drosterigmatocystin (DHST)--dihydro-O-methylsterigmato-
cystin (DHOMST)--aflatoxin B2 (6, 27, 33, 34). It is esti-
mated that at least 16 enzymes are involved in the
bioconversion of norsolorinic acid to aflatoxins (for reviews,
see references 6 and 17); some of these enzymes have been
identified and purified (5, 8, 12, 19, 22, 24, 33, 35, 36), but
only a few have been purified to homogeneity (8, 22, 24). In
the latter stages of aflatoxin B1 biosynthesis and B2 biosyn-
thesis (Fig. 1), the conversion of ST to OMST and the
conversion of DHST to DHOMST were found to be cata-
lyzed by an O-methyltransferase (OMT) (3, 13, 16, 35). The
OMT activity that converted ST to OMST was shown to be
catalyzed by two proteins having different sizes and ionic
properties (5, 8). Recently, an S-adenosylmethionine (SAM)-
dependent OMT (approximate molecular weight, 40,000)
that catalyzes the conversion of ST to OMST and the
conversion of DHST to DHOMST was purified and charac-
terized in our laboratory, and the primary amino acid se-
quence of the N terminus of this protein was determined
(22). The two methyltransferases (168 and 40 kDa) exhibit no
biochemical similarity to each other except that they cata-
lyze the same reaction (22).
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FIG. 1. Late stages of the aflatoxin B1 and B2 biosynthesis
pathways. The late stages of the aflatoxin B1 and B2 biosynthesis
pathways in which OMT is involved in the conversion of ST to
OMST in A. parasiticus (3) are shown.

The goal ot this study was to isolate a cDNA that encodes
OMT-1 from A. parasiticus SRRC 143. In this paper we
describe the isolation of the 1,460-bp full-length cDNA
sequence of the omt-1 gene which encodes the 46-kDa native
OMT-1 and the characterization of the enzymatic activity of
OMT-1 encoded by this cDNA clone in vitro.

MATERIALS AND METHODS

Fungal strains and culture conditions. Wild-type A. para-
siticus SRRC 143 was grown in the dark on potato dextrose
agar (Difco Laboratories, Detroit, Mich.) plates for 7 days at
29°C. A 1.0-ml spore suspension (108 spores per ml) pre-

pared from these cultures was transfered to a 2.8-liter
Fernbach flask containing 1 liter of A & M growth medium
(1) containing sucrose instead of glucose. Peptone-mineral
salts medium contained 60 g of peptone instead of sucrose in
A & M growth medium. Cultures were incubated on a rotary
shaker (150 rpm) at 29°C. The mycelia were harvested by
vacuum filtration through Miracloth and were frozen imme-
diately in liquid nitrogen.

Aflatoxin concentrations in culture filtrates. Aflatoxin B1
concentrations in culture filtrates were determined by thin-
layer chromatography (TLC) of methylene chloride phases
obtained following methylene chloride extraction of culture
filtrates as described previously (16).

Bacterial and phage strains used. Escherichia coli PLK-F'
was used as the host strain for lambda infection, and E. coli
XL1-Blue was used for in vivo excision of plasmid pBlue-
script SK- from the Uni-ZAP XR vector arms in the
presence of fl helper phage (R408).

Chemicals and enzymes. Unless indicated otherwise,
chemicals were purchased from Sigma Chemical Co. Luria
broth base and NZY broth media were purchased from
GIBCO-BRL, Gaithersburg, Md. Restriction endonucleases
and the corresponding buffers were purchased from
Promega, Madison, Wis., and were used in accordance with
the manufacturer's specifications.
OMT purification and antibody preparation. The 40-kDa

OMT was purified nearly to homogeneity from A. parasiti-

cus SRRC 163 as described previously (22). Polyclonal
antibodies were prepared against this enzyme preparation
(25). A Western blot (immunoblot) analysis revealed that the
initial preparation of the antibodies reacted primarily with
one major protein band (-40 kDa) and two minor protein
bands (40 to 46 kDa) in cell-free cultures of A. parasiticus
SRRC 143. A Western blot analysis of a crude enzyme
preparation revealed only one 40-kDa protein band that
reacted with the OMT antibody (data not shown). However,
when a high concentration of this antibody preparation was
used, several proteins that did not exhibit OMT enzymatic
activity reacted with the antibodies. The antibodies were
subsequently purified by passing the antiserum through an
affinity column that was prepared by conjugating the protein
fraction obtained from DEAE-cellulose chromatography
with no OMT (40-kDa) activity (step 1 of protein purification
[22]). The purified antiserum (25) was used for gene-cloning
studies.

Isolation of total RNA. A. parasiticus SRRC 143 mycelia
grown for 18, 24, 48, 72, and 96 h in A & M medium (a
medium that induces aflatoxin B1 production) were har-
vested and pulverized to a fine powder in the presence of
liquid nitrogen in a Waring blender. Total RNA was isolated
from the mycelia by the hot phenol purification method (2).

Construction and screening of a cDNA library. Poly(A)+
RNA was purified from total RNA from cells grown for 24 h
by using an oligo(dT)n column. A cDNA library was con-
structed from the poly(A)+ RNA by using the Uni-ZAP XR
vector (Stratagene). The library (approximately 2 x 105
colonies) was screened by using antiserum raised against
OMT-1 at a concentration of 200 ng/ml (25) in the appropri-
ate antibody buffer as described in the instruction manual of
a picoBlue immunoscreening kit obtained from Stratagene.

Southern blot analysis and sequencing of the cDNA clone.
The clones that exhibited positive immunoreactions with the
partially purified antibody were plaque purified. In vivo
excision of pBluescript SK- phagemid from the Uni-ZAP
XR lambda phage vector arms for the positive clones was
performed in the presence of fl helper phage (R408). The
cDNA insert (1.46 kb) in the excised pBluescript SK-
phagemid vector was released by double restriction enzyme
digestion with EcoRI and XhoI. In order to find the proper
clone for sequencing, the double-digested clones were blot-
ted and probed with an [a-32P]dCTP-labelled 1.16-kb EcoRI-
EcoRI cDNA fragment from the 1.46-kb EcoRI-XhoI insert
by using the random primer DNA labelling method (random-
primed DNA labelling kit; Pharmacia). Hybridization mix-
tures were incubated overnight at 42°C, and this was fol-
lowed by two washes (30 min each) at 60°C. To confirm the
gene copy number, low-stringency hybridization was per-
formed overnight at 37°C, and the preparations were subse-
quently washed twice (20 min each) at 42°C. A nucleotide
sequence analysis of the cDNA clone was performed by
using the dideoxy chain termination method (29) and Seque-
nase version 2 (U.S. Biochemical Corp., Cleveland, Ohio) in
accordance with the manufacturer's instructions. Radioac-
tive a-35S-dATP was used in the sequencing reaction, and
6% polyacrylamide gel sequencing was performed in the
presence of 9.5 M urea in a sequencing apparatus purchased
from OWL Scientific Plastics, Inc., Cambridge, Mass. Both
strands were sequenced with the primers provided with the
kit (SK primer from the N-terminal end and T7 primer from
the C-terminal end), and the primers used subsequently were
made by Midland Certified Reagent Co., Midland, Tex. The
molecular weight standard used (1-kb marker ranging from
0.1 to 12 kb) was purchased from GIBCO-BRL.
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IPTG-induced expression of omt-1 in E. coli and crude
extract preparation. E. coli XL1-Blue harboring the cDNA
clone of the omt-1 gene was inoculated into 15 ml of Luria
broth base containing 100 ,ug of ampicillin per ml, and the
preparation was incubated at 37°C overnight with constant
shaking at 250 rpm. The overnight cell culture was inocu-
lated into 500 ml of Luria broth base supplemented with 100
,ug of ampicillin per ml. After 2 to 3 h of growth, isopropyl-
3-D-thiogalactopyranoside (IPTG) was added to the culture

at a final concentration of 4 mM, and incubation was
continued for another 5 h. The cells were harvested by
centrifugation at 4,000 x g, and the resulting pellet was
resuspended in 5 ml (total volume) of extraction buffer (50
mM potassium phosphate [pH 7.5], 10% [0.3 M] sucrose, 1
,uM ,B-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluo-
ride, 1 ,ug of DNase I per ml). The cells were broken in a
15-ml Sarstedt tube by using a model MS-50 Microson
ultrasonic cell disruptor (output power, 50 W; output fre-
quency, 23 kHz; Heat Systems Ultrasonics, Inc., Farm-
ingdale, N.Y.) at a power output of 70 to 80%; the prepara-
tion was sonicated three times for 60 s each time, with
cooling on ice for 3 min between sonic treatments. Cell
debris was removed by centrifugation for 10 min at 9,000 x
g, and the clear supernatant was collected for enzyme
activity assays.
OMT-1 enzyme activity assays. To assay OMT-1 enzyme

activity (i.e., the conversion of ST to OMST), an E. coli cell
extract from the expression system was mixed with 10 ,ug of
ST and 215 ,ug of SAM in 1 ml of extraction buffer, and the
preparation was incubated at room temperature for 30 min
with constant shaking at 200 rpm. Other substrates, includ-
ing DHST and 5-methoxysterigmatocystin (5 to 10 ,ug), were
also used in enzyme assays instead of ST. The reaction
mixture was extracted with 6 ml of chloroform, and the
reaction products were separated on a TLC silica gel plate
(catalog no. 7001-04; 20 by 20 cm; J. T. Baker, Inc.) by using
a solvent system containing ether, methanol, and water
(192:6:2); 5 ,ug of ST and 5 ,ug of OMST were used as the
reference standards. Under 310-nm long-wavelength UV
light ST conversion to OMST was observed as bright yel-
lowish green fluorescence; ST fluoresces brick red when it is
illuminated with 310-nm UV light. The presence of OMST
was confirmed by spraying the TLC plates with 20% AICl3 in
ethanol and then heating the plates for 10 min at 80°C (32).
OMST was also quantified by scanning the plates at 360 nm
with a Shimadzu model CS-930 dual-wavelength TLC scan-
ner. To further verify that a spot on a TLC plate developed
in the ether-methanol-water solvent system was indeed
OMST, the reaction products were separated by TLC by
using four other solvent systems as described previously (7).
Western blot analysis of expressed OMT-1 enzyme. For

Western blot analysis of the enzyme expressed in E. coli, a
cell extract prepared as described above was denatured in
sodium dodecyl sulfate (SDS) gel loading buffer (50 mM Tris
[pH 6.8], 100 mM dithiothreitol, 2% SDS, 10% glycerol,
0.1% bromphenol blue, 2% ,B-mercaptoethanol). A 10%
acrylamide gel was run in a Bio-Rad Mini-Protein II minigel
apparatus. A molecular weight standard (molecular weight
range, 14,300 to 200,000; rainbow marker; catalog no.
RPN756; Amersham International, Amersham, United
Kingdom) was loaded along with the samples. A SEMI-
PHOR electroblotter (model TE70; Hoefer Scientific In-
struments, San Francisco, Calif.) was used to transfer pro-
tein onto a nitrocellulose membrane. The proteins were
then detected by using antibody against OMT, Bio-Rad
immunodetection procedures, and Nitro Blue Tetrazolium

and 5-bromo-4-chloro-3-indolylphosphate color development
reagents.

Northern (RNA) blot analysis. A total of 10 ,ug of RNA per
lane was loaded and separated on a 1.2% agarose gel
containing 1.5% formaldehyde (26). The RNA was capillary
transferred to a GeneScreen Plus membrane (Biotechnology
Systems, NEN Research Products, Boston, Mass.) and
probed with the [32P]dCTP-labelled 1.16-kb EcoRI-EcoRI
cDNA fragment from the 1.46-kb EcoRI-XhoI insert of
OMT. A low-range RNA molecular weight standard (size
range, 0.16 to 1.77 kb) purchased from GIBCO-BRL was
used.
Computer analysis of the sequence data. A search for

sequences that may be homologous to the omt-J cDNA
clone in the GenBank data base was carried out by using
both nucleotide and deduced amino acid sequences, the
Wisconsin Genetics Computer Group package, and the Atlas
retrieval system.

Nucleotide sequence accession number. The cDNA nucle-
otide sequence data for the omt-1 gene described in this
paper have been deposited in the GenBank data base under
accession number L22091.

RESULTS

Screening of the cDNA library. A cDNA expression library
prepared from poly(A)+ RNA isolated from a 24-h-old
culture of A. parasiticus SRRC 143 was screened with
antiserum prepared against partially purified OMT. A total of
25 positive clones were plaque purified. Further screening of
the positive clones was performed by Southern blot analysis.
Lambda DNA harboring the cDNA insert was isolated from
these clones and subjected to EcoRI-XhoI double digestion
to release the cDNA insert. Southern hybridization of the 25
purified positive clones with a [32P]dCTP-labelled cDNA
insert from one of the clones showed that 11 clones hybrid-
ized to each other (data not shown). Selected clones were
induced with IPTG to express the fusion protein, and five of
these clones reacted with the OMT-specific antiserum (data
not shown). Clone MT-Al, which exhibited the strongest
immunoreactivity with the antibody, was selected for se-
quencing.

Nucleotide sequence of the cDNA clone. Both strands of the
cDNA insert bordered by EcoRI and XhoI restriction sites
were sequenced, and a full-length open reading frame was
identified. The full-length nucleotide sequence of the EcoRI-
XhoI cDNA fragment from upstream base -11 to the
poly(A) tail was 1,460 bp long and contained a 1,254-bp
coding region (Fig. 2). A restriction map of the cDNA clone
of the omt-1 gene, shown schematically in Fig. 3, was
derived from the sequence and was confirmed by enzymatic
analysis.
Amino acid sequence and comparison with the previously

described N-terminal residues. The sequence of a 46-kDa
polypeptide consisting of 418 amino acids was deduced from
the 1,254-bp cDNA sequence (Fig. 2). The amino acid
sequence deduced from the cDNA was compared with the
N-terminal region of the mature enzyme that had been
directly sequenced (22). Our results showed that the first 22
amino acids of the mature protein aligned with an internal
region from residue 42 to residue 63 of the sequence deduced
from the cloned cDNA. Within this region there were only
three unmatched residues. The mismatches may have been
the result of errors in our analysis of some residues during
direct sequencing of the purified polypeptide. The presence
of an additional 41 amino acid residues encoded by the
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CAAAGCCGCCCTTGTGGGCCTTGCAAACACACTTTCAGAGCAGGTA
K A A L V G L A N T L S E Q V

T A G E T K S P E D H K L C I

CTCCTTGGTTCATGGCCCGGTTCCTTGGCTCCTAAGCAACGCGTTG
S L V H G P V P W L L S N A L

CGCCTGTCTAGCTGCTGCCACCCATCTCAACCTACAGGATATCATT
A C L A A A T H L N L Q D I I

TCCGACATCACTCGACACAATCGTCGCCGCAACCGGCGTCTCAGAG
P T S L D T I V A A T G V S E

361 GATTTACTACGACGGATTCTTCGAGGATGTGCCCAGCGCTTCATTTTCGAGGAGGTTGCC
121 D L L R R I L R G C A Q R F I F E E V A

421 CCTGACCAATACGCCCACACGGATGCCTCAAAGATGTTGCGAGTGACGGGCATTCATGCC
141 P D Q Y A H T D A S K M L R V T G I H A

481 TTGGTTGGATTCTCATGTGACGAAGTGATGCGGTCGGGTGCCTCCTTTTCCGACTTCTTG
161 L V G F S C D E V M R S G A S F S D F L

541 CAGCAGACGAAAGGCAAACCTCCGAGTTGGAATGTGCCTTCGCCTTTCTCATTGGCATTT
181 Q Q T K G K P P S W N V P S P F S L A F

601 GATCCTACCAAAGGGCTATTTGACTATTACAGCACTGTGGACGAGGTTCGTGGCCGCCGC
201 D P T K G L F D Y Y S T V D E V R G R R

661 TTTGATCTAGGTATGGGCGGCACGGAAGCCACGAAGCCACTGGTAGAGGAGATGTTTGAT
221 F D L G M G G T E A T K P L V E E M F D

721 TTCAGCAGTCTACCTGAGGGGAGCACCGTTGTCGATGTCGGCGGCGGTCGTGGTCATCTC
241 F S S L P E G S T V V D V G G G R G H L

781 AGCCGACGGGTTTCGCAAAAGCATCCCCACCTCAGGTTCATCGTACAGGACCTGCCTGCC
261 S R R V S Q K H P H L R F I V Q D L P A

841 GTCATTCACGGAGTTGAGGACACTGATAAAGTCACCATGATGGAGCATGACATTCGTCGC
281 V I H G V E D T D K V T M M E H D I R R

901 CCCAACCCAGTGCGTGGCGCCGACGTCTATCTTCTCCGATCTATTCTACATGACTATCCC
301 P N P V R G A D V Y L L R S I L H D Y P

961 GATGCTGCATGCGTGGAAATCCTCTCCAACATCGTCACCGCCATGGACCCAAGCAAGTCG
321 D A A C V E I L S N I V T A M D P S K S

1021 CGCATCCTTCTGGACGAAATGATTATGCCCGATCTTTTGGCGCAGGATTCGCAGCGCTTC
341 R I L L D E M I M P D L L A Q D S Q R F

1081 ATGAATCAGATCGACATGACTGTTGTTCTGACATTGAACGGGAAGGAGAGGTCTACCAAG
361 M N Q I D M T V V L T L N G K E R S T K

1141 GAGTGGAATTCGCTTATTACGACGGTAGATGGTAGACTGGAGACTGAGAAGATATGGTGG
381 E W N S L I T T V D G R L E T E K I W W

1201 CGCAAAGGCGAGGAAGGGTCTCACTGGGGCGTTCAACAACTGCGTTTGCGCAAGTAGGGG
401 R K G E E G S H W G V Q Q L R L R K *

1261 AATGCAATGGAGATATCCTTGGGTCTGTCAGAAGAACGGCTGAGCTATGATTGGCGAACA
1321 CCCTTGCCCTAATTCGTAGGGTTTGATTTCAAGACAATTAGACAGTCCTATACGTAGAAG
1381 GAGTTCACCAAATCAATACTTTCCCACTTGGCA (n)

FIG. 2. Nucleotide sequence and deduced amino acid sequence
of the omt-1 cDNA clone in A. parasiticus. The full-length cDNA
sequence of the omt-1 gene containing a coding region for OMT
involved in the conversion of ST to OMST in A. parasiticus was
determined, and the amino acid sequence was deduced. The num-
bers on the left refer to the positions of the nucleotides (top lines)
and amino acid residues (bottom lines). The region of the directly
sequenced 22 N-terminal amino acids of the purified mature protein
is underlined, and the amino acids that matched the deduced amino
acids are in boldface type. The stop codon is indicated by an
asterisk.

cDNA in the N terminus and not in the mature enzyme
implies that the native enzyme probably consists of a mature
enzyme of 377 amino acids and a leader sequence of 41
amino acids. The calculated molecular mass of the mature
enzyme without its leader sequence is 42 kDa, which is 4
kDa smaller than the molecular mass of the native enzyme.
The molecular mass of the mature enzyme was reported
previously (22) to be approximately 40 kDa, as estimated by
SDS-polyacrylamide gel electrophoresis (PAGE). There-
fore, the calculated molecular mass of 42 kDa for the mature
enzyme based on the cDNA sequence is in good agreement

with the previous estimate of the size of the OMT protein. A
GenBank and EMBL data base search for sequence homol-
ogy with previously described sequences revealed no signif-
icant level of sequence homology with any other methyl-
transferase.

Proposed SAM-binding site. Although the OMT-1 amino
acid sequence does not exhibit a significant level of homol-
ogy with the sequence of any previously described protein,
OMT-1 does contain a putative SAM-binding site (Fig. 4)
with the conserved pattern VL(E/D)XGXGXG (18, 23),
which corresponds precisely to A. parasiticus amino acid
residues 250 to 258 deduced from cDNA. This motif has
been found recently in two different methyltransferases,
EryG and ErmE, which are involved in production of and
resistance to the polyketide erythromycin A in Saccha-
ropolyspora erythraea. Whether and how this motif is re-
lated to the SAM-binding and/or active catalytic site needs to
be investigated by site-directed mutagenesis.

Expression of the cDNA clone in E. coli and OMT-1 activity
assays. For OMT-1 enzymatic activity assays, the 1,460-bp
cDNA insert (EcoRI-XhoI fragment) in the pBluescript SK-
vector was subjected to IPTG-induced expression of OMT-1
fusion protein in E. coli host strain XL1-Blue. Crude enzyme
extracts were prepared from IPTG-induced and noninduced
cell cultures carrying the cDNA coding region of the omt-1
gene and from the cells carrying only the pBluescript vector
without the omt-1 gene insert as a control. The cell extracts,
containing expressed enzyme (OMT-1) in the extraction
buffer, were assayed for the ability to convert ST to OMST
in the presence of ST as the substrate and SAM as the
methyl group donor. The reaction products were separated
on TLC silica gel plates by using the ether-methanol-water
organic solvent system. The results clearly showed that
substrate-specific OMT-1 enzymatic activity was detected in
IPTG-induced and noninduced E. coli cell extracts only
when the omt-1 cDNA insert in the pBluescript vector and
both of the substrates (ST and SAM) were present (Table 1).
OMT-1 was also expressed under noninduced conditions,
but the level of expression was approximately threefold less
than that under induced conditions. In extracts from the cells
carrying only the pBluescript vector and no omt-I cDNA
insert, no substrate conversion was observed (Table 1). The
enzyme activity was linear at cell extract levels between 10
and 100 ,ul and plateaued at a cell extract level above 100 ,ud
(data not shown). The presence of OMST in the positive
enzyme assays was verified by repeating TLC with four
different solvent systems (Table 2). Under each set of
conditions the bright yellowish green fluorescent spot of
putative OMST activity (reaction product) migrated with the
OMST standard (Table 2), implying that the reaction product
of the cell extracts was indeed OMST.
Western blot analysis of expressed enzyme. A Western blot

analysis of the fusion protein OMT expressed in E. coli
revealed a single band with a molecular mass of about 51
kDa (Fig. 5); the gal-OMT-1 fusion protein consists of the
46-kDa native OMT-1 polypeptide and a part (5 kDa) of
,B-galactosidase from the N terminus encoded by the plasmid
vector. About three- to fourfold more OMT-1 activity was
detected under IPTG-induced conditions than under nonin-
duced conditions, whereas no immunoreaction was detected
in the phagemid vector control. Two protein bands were
detected in the partially purified enzyme obtained from A.
parasiticus SRRC 143 mycelia (Fig. 5); one protein band
migrated at approximately 46 kDa, the calculated molecular
mass of the native enzyme with its 41-amino-acid leader
sequence unprocessed, and the other band migrated at
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FIG. 4. Common region in SAM-dependent methyltransferases.
The motif was aligned by using a cluster of conserved residues
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approximately 42 kDa, the calculated molecular mass of the
mature enzyme after processing. These two protein species
detected by Western blotting may represent the two forms of
OMT-1, the native form with its leader sequence unproc-
essed and the mature form. Because no processed mature
form of OMT-1 was detected when the cDNA was expressed
in E. coli (Fig. 5), the 41-amino-acid leader sequence is
probably removed by a fungal enzyme that may not be
present in E. coli.

Southern blot analysis of genomic DNA. Restriction en-

zyme HindIll-digested genomic DNA of A. parasiticus
SRRC 143 was capillary blotted onto a GeneScreen Plus
membrane and was probed with a [32P]dCTP-labelled omt-1
cDNA clone (1.16-kb EcoRI-EcoRI cDNA fragment from
the 1.46-kb EcoRI-XhoI insert). An autoradiograph revealed
a single band with a molecular size of 3 kb, indicating that
there is only one copy of the omt-1 gene in the genome
encoding OMT. Low-stringency hybridization and washing
also gave the same result. This result is consistent with the
results obtained withA. parasiticus genomic DNA cloned in
lambda EMBL3, which demonstrated that there is a 3-kb
HindIII fragment in all 10 clones purified (data not shown).
Time course of omt-1 expression. A Northern blot analysis

of omt-I gene transcripts (Fig. 6) revealed a band which
comigrated with the 1.52-kb band of the molecular weight
standard, indicating that an approximately 1.5-kb transcript
which specifically hybridized to the cDNA probe of the
omt-J gene was present in 24-, 48-, 72-, and 96-h-old fungal
cultures, whereas no omt-l-specific transcript was detected
in an 18-h-old fungal culture. During fungal growth the levels
of the omt-1 gene transcript increased from the 24-h-old
culture to the 96-h-old culture. Transcripts were detected in
total RNA isolated from A. parasiticus SRRC 143 mycelia
grown in the medium which does not induce aflatoxin B1
production (glucose in A & M medium was replaced by an

equal amount of peptone). No transcripts of the omt-1 gene

were detected in mycelia grown in the peptone-containing
medium (data not shown). The enhanced expression of the
omt-1 gene correlated well with the increased rate of accu-

mulation of aflatoxin in these cultures (Fig. 6). Aflatoxin
production was not detected in the 18-h-old cell culture (Fig.
6) and in the culture grown in peptone-containing medium
(data not shown); a small amount of aflatoxin accumulation
was detected in the 24-h-old culture, and aflatoxin accumu-

lation increased dramatically after 24 h. The accumulation of
the omt-1 gene transcripts observed in this study also

correlated well with the presence of OMT activity in fungal
cultures determined in a previous study (14).
The antiserum raised against the partially purified enzyme

recognized the native and mature enzyme forms purified
from fungal mycelia and also the fusion OMT-1 protein
expressed in E. coli in the Western blot analysis. More
importantly, the product of the expressed cDNA clone of the
omt-1 gene, the OMT-1 enzyme, exhibited substrate-specific
catalytic activity in E. coli cell extracts as well. The tran-
scripts of the omt-1 gene were detected in 24-, 48-, 72-, and
96-h-old A. parasiticus cultures by Northern blot analysis,
and the accumulation of the transcripts paralleled OMT
catalytic activity and aflatoxin production. Therefore, we
concluded that we cloned the full-length cDNA sequence of
the omt-1 gene encoding the 46-kDa OMT-1 enzyme for the
conversion of ST to OMST and the conversion of DHST to
DHOMST in A. parasiticus SRRC 143.

DISCUSSION

In this paper, we describe a cDNA clone of the omt-1 gene
containing the full-length coding sequence for native 46-kDa
OMT-1, an enzyme involved in the conversion of ST to
OMST and the conversion of DHST to DHOMST in afla-
toxin biosynthesis in A. parasiticus. The 46-kDa native form
of OMT-1 expressed in E. coli exhibited a higher level of

TABLE 1. OMT activities in cell extracts of transformed E. coli
with or without the cDNA insert of the omt-1 gene

cDNA of Substrates OMT activity (nmol of
E. coli extracte c o OMST produced/ml ofomt-l gene ST SAM extract)b

IPTG inducedc + + + 119.3 ± 12.4
Noninducedc + + + 42.6 ± 17.8
pBluescript vector - + + NDd
None (buffer control) - + + ND
IPTG induced (boiled) + + + ND
IPTG induced + - + ND
IPTG induced + + - ND

aThe E. coli cell extracts were prepared as described in Materials and
Methods.

b The OMT activity was assayed for 30 min at the ambient temperature as
described in Materials and Methods with 50 .1 of cell extract. The results are
the averages of two experiment (three replicates each).

c The same number of E. coli cells at the same growth stage were
resuspended in the same amount of extraction buffer for the preparation of cell
extracts having similar optical densities as described in Materials and Meth-
ods.

d ND, not detected.

I
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TABLE 2. TLC separation of ST, OMST, and the metabolite
from reaction products of the methyltransferase assay performed

with E. coli extracts

SolventsystemaRatio Rf
Solvent system' (vol/vol) ST OMST Reaction

product

Ether-methanol-water 96:3:1 0.97 0.44 0.43
Toluene-ethyl acetate-acetic acid 50:30:4 0.75 0.43 0.43
Toluene-ethyl acetate-acetone 60:25:15 0.86 0.29 0.29
Chloroform-acetone 10:0.5 0.74 0.24 0.25
Chloroform-methanol 10:0.5 0.93 0.69 0.69

a The TLC plates were spotted with approximately 2 to 5 1Lg of ST, 2 to 5
1Lg of OMST, and 2 to 5 ±g of the reaction product and developed for a
distance of nearly 12 cm. All samples were developed for about 35 min.

enzymatic activity than the 42-kDa enzyme purified from
fungal mycelia (data not shown). However, a quantitative
comparison of the activities of the two enzymes cannot be
made because of the differences in conditions between the
fungal extract and the E. coli extract. The function of the
41-amino-acid leader sequence in the native enzyme is not
known. However, the leader sequence may provide stability
to the protein in terms of enzymatic activity in E. coli
extracts. The 41-amino-acid region may also play a role in
the interaction of the protein with the membrane, as there is
a hydrophobic stretch in this region from amino acid 7 to
amino acid 17; this interaction may be necessary since the
substrates (ST and SAM) and the product (OMST) of the
enzyme are not water soluble. The location of the methyl-
transferase in A. parasiticus cells is unclear; however, the
enzyme was detected as a postmicrosomal activity during
subcellular fractionation of mycelial cell extracts (16).
Yabe et al. (35) have observed that there may be two

methyltransferases (MT-I and MT-II) in fungal cell extracts
involved in the late stages of aflatoxin B1 biosynthesis; MT-I
catalyzes the conversion of demethylsterigmatocystin to ST,
and MT-II catalyzes the conversion of ST to OMST. From
their studies Yabe et al. concluded that these methyltrans-
ferases exhibit strict substrate specificity for the STs. In our
studies, OMT-1 exhibited substrate specificity because
OMT-1, expressed in an E. coli extract, was able to convert
ST to OMST and DHST to DHOMST, but did not utilize
5-methoxy-sterigmatocystin as a substrate (data not shown).
These observations were similar to our previous results
obtained with a 168-kDa methyltransferase purified from
fungal extracts (3). However, substrate specificity can be
established only when additional substrate analogs are avail-
able.
On the basis of our data, only one band (3 kb) in the

genome and only one transcript (1.5 kb) were detected by
Southern and Northern blot analyses. Therefore, it is likely
that there is only one gene in the genome of A. parasiticus
that encodes a 42-kDa OMT responsible for these reactions.
The relationship between the 42-kDa smaller methyltrans-
ferase (21) and the 168-kDa larger methyltransferase (5, 8,
35) is still unclear. However, the 168-kDa enzyme could be
a result of posttranslational modification and/or polymeriza-
tion of 42-kDa enzyme subunits.

Recently, two genes potentially involved in the aflatoxin
biosynthetic pathway have been cloned by fungal transfor-
mation and complementation of mutant strains of A. para-
siticus (10, 30, 31). However, the cDNA cloning of the omt-1
gene described in this study is the first report of a gene
responsible for a specific enzyme activity directly involved
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FIG. 5. Western blot analysis of the expressed OMT fusion
protein in E. coli. Expression of OMT-1 in E. coli harboring pOMT-1
was induced by adding 4 mM IPTG. A Western blot analysis was
performed after SDS-PAGE under IPTG-induced and noninduced
conditions; an OMT sample purified from A. parasiticus SRRC 143
mycelia was also included. A sample of cell extract from E. coli cells
containing only the pBluescript vector without the cDNA insert of
the omt-1 gene was included as a negative control. A single band of
fusion protein at a molecular mass of about 51 kDa was detected
(lanes pOMT-1 + IPTG and pOMT-1) by antiserum raised against
OMT when the cDNA insert of the omt-l gene was present in the
vector. No immunoreaction was detected in the control (lane pBS +
IPTG) in which the vector had no cDNA insert of the omt-I gene. In
the lane containing partially purified enzyme obtained from A.
parasiticus SRRC 143 mycelia (lane A.p. crude extract) two bands
were detected at molecular masses of about 46 and 42 kDa. The
molecular mass (MW) standard used is described in Materials and
Methods.

in the late stages of the biosynthetic pathway. This discovery
is significant because recently, two putative regulatory
genes, afl-2 and apa-2, have been cloned from A. flavus (28)
and A. parasiticus (9), respectively; these genes apparently
have identical functions and affect the regulation of either
gene expression or enzyme activity of the entire aflatoxin
pathway. The effect of the product of the apa-2 gene on the
expression of omt-J in A. parasiticus could provide vital
information for understanding the molecular regulation of
the aflatoxin biosynthetic process.

Further research is under way in our laboratory for
identification and characterization of the omt-1 gene fromA.
parasiticus and for cloning an omt-1 gene homolog from A.
flavus, as well as for mutagenesis of OMT-1 to investigate
the structure and function relationships of this enzyme.
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Northern blot analysis of the omt-1 gene transcript was performed
as described in Materials and Methods. A 10-,ug portion of total
RNA was loaded into each lane. A single band at about 1.5 kb was

detected in the lanes isolated from 24-, 48-, 72-, and 96-h-old
cultures. The levels of aflatoxin accumulation at different times are

also shown (B). The expression of the omt-1 gene paralleled the
level of aflatoxin accumulation in these cultures. No omt-1 gene

transcript or aflatoxin production was detected in an 18-h-old cell
culture. The molecular mass (MW) standard used is described in
Materials and Methods.

acknowledge the technical assistance of Chris Foell in the prepara-

tion of the cDNA library. We are grateful for the excellent secre-

tarial help of Linda Deer.

REFERENCES
1. Adye, J., and R. I. Mateles. 1964. Incorporation of labelled

compounds into aflatoxins. Biochim. Biophys. Acta 86:418-420.
2. Ausubel, F. M., R. Brent, R. E. Kinston, D. D. Moore, J. G.

Seidman, J. A. Smith, and K. Struhl. 1987. Current protocols in
molecular biology, vol. 1. John Wiley & Sons, Inc., New York.

3. Bhatnagar, D., T. E. Cleveland, and D. G. I. Kingston. 1991.
Enzymological evidence for separate pathways for aflatoxin B1
and B2 biosynthesis. Biochemistry 30:4343-4350.

4. Bhatnagar, D., P. J. Cotty, and T. E. Cleveland. 1993. Prehar-
vest aflatoxin contamination: molecular strategies for its con-

trol, p. 272-292. In A. M. Spanier, H. Okai, and M. Tamura
(ed.), Food flavor & safety: molecular analysis and design.
American Chemical Society Books, Washington, D.C.

5. Bhatnagar, D., K. C. Ehrlich, and T. E. Cleveland. 1992.
Oxidation-reduction reactions in biosynthesis of secondary me-

tabolites, p. 255-286. In D. Bhatnagar, E. B. Lillehoj, and D. K.
Arora (ed.), Handbook of applied mycology, vol. 5. Mycotoxins
in ecological systems. Marcel Dekker, Inc., New York.

6. Bhatnagar, D., K. C. Ehrlich, and T. E. Cleveland. 1993.
Biochemical characterization of an aflatoxin B2 producing mu-

tant of Aspergillus flavus. FASEB J. 7:A1234.
7. Bhatnagar, D., S. P. McCormick, L. S. Lee, and R. A. Hill. 1987.

Identification of O-methylsterigmatocystin as an aflatoxin B1
and G1 precursor in Aspergillus parasiticus. Appl. Environ.
Microbiol. 53:1028-1033.

8. Bhatnagar, D., A. H. J. Ullah, and T. E. Cleveland. 1988.

Purification and characterization of a methyltransferase from
Aspergillus parasiticus SRRC 163 involved in aflatoxin biosyn-
thetic pathway. Prep. Biochem. 18:321-349.

9. Chang, P.-K., J. Cary, D. Bhatnagar, T. E. Cleveland, J. W.
Bennett, J. E. Linz, C. P. Woloshuk, and G. A. Payne. 1993.
Cloning of the Aspergillus parasiticus apa-2 gene associated
with the regulation of aflatoxin biosynthesis. Appl. Environ.
Microbiol. 59:3273-3279.

10. Chang, P.-K., C. D. Skory, and J. E. Linz. 1992. Cloning of a
gene associated with aflatoxin B1 biosynthesis in Aspergillus
parasiticus. Curr. Genet. 21:231-233.

11. Chu, F. S. 1991. Mycotoxins: food contamination, mechanisms,
carcinogenic potential, and preventive measures. Mutat. Res.
259:291-306.

12. Chuturgoon, A. A., and M. F. Dutton. 1991. The affinity
purification and characterization of a dehydrogenase from As-
pegillusparasiticus involved in aflatoxin B1 biosynthesis. Prep.
Biochem. 21:125-140.

13. Cleveland, T. E., and D. Bhatnagar. 1987. Individual reaction
requirements of two enzyme activities, isolated from Aspegil-
lusparasiticus, which together catalyze conversion of sterigma-
tocystin to aflatoxin B1. Can. J. Microbiol. 33:1008-1112.

14. Cleveland, T. E., and D. Bhatnagar. 1990. Evidence for de novo
synthesis of an aflatoxin pathway methyltransferase near the
cessation of active growth and the onset of aflatoxin biosynthe-
sis inAspergillusparasiticus mycelia. Can. J. Microbiol. 36:1-5.

15. Cleveland, T. E., and D. Bhatnagar. 1992. Molecular strategies
for reducing aflatoxin levels in crops before harvest, p. 205-228.
In D. Bhatnagar and T. E. Cleveland (ed.), Molecular ap-
proaches to improving food quality and safety. Van Nostrand
Reinhold, New York.

16. Cleveland, T. E., A. R. Lax, L. S. Lee, and D. Bhatnagar. 1987.
Appearance of enzyme activities catalyzing conversion of ste-
rigmatocystin to aflatoxin B1 in late-growth-phase Aspergillus
parasiticus cultures. Appl. Environ. Microbiol. 53:1711-1713.

17. Dutton, M. F. 1988. Enzymes and aflatoxin biosynthesis. Mi-
crobiol. Rev. 52:274-295.

18. Haydock, S. F., J. A. Dowson, N. Dhillon, G. A. Roberts, J.
Cortes, and P. F. Leadlay. 1991. Cloning and sequence analysis
of genes involved in erythromycin biosynthesis in Saccha-
ropolyspora erythraea: sequence similarities between EryG
and a family of S-adenosylmethionine-dependent methyltrans-
ferases. Mol. Gen. Genet. 210:120-128.

19. Hsieh, D. P. H., C. C. Wan, and J. A. Billington. 1989. A
versiconal hemiacetal acetate converting enzyme in aflatoxin
biosynthesis. Mycopathologia 107:121-126.

20. Jelinek, C. F., A. E. Pohland, and G. E. Wood. 1989. Worldwide
occurrence of mycotoxins in foods and feeds-an update. J.
Assoc. Off. Anal. Chem. 72:223-230.

21. Keller, N. P., T. E. Cleveland, and D. Bhatnagar. 1991. A
molecular approach towards understanding aflatoxin produc-
tion, p. 287-310. In D. Bhatnagar, E. B. Lillehoj, and D. K.
Arora (ed.), Mycotoxins in ecological systems. Marcel Dekker,
Inc., New York.

22. Keller, N. P., H. C. Dischinger, Jr., D. Bhatnagar, T. E.
Cleveland, and A. H. J. Ullah. 1993. Purification of a 40-
kilodalton methyltransferase active in the aflatoxin biosynthetic
pathway. Appl. Environ. Microbiol. 59:479-484.

23. Lauster, R. 1989. Evolution of type II DNA methyltransferases:
a gene duplication model. J. Mol. Biol. 206:313-321.

24. Lin, B.-K., and J. A. Anderson. 1992. Purification and properties
of versiconal cyclase from Aspergillus parasiticus. Arch. Bio-
chem. Biophys. 293:67-70.

25. Liu, B. H., N. P. Keller, D. Bhatnagar, T. E. Cleveland, and F. S.
Chu. Production and characterization of antibodies against
sterigmatocystin 0-methyltransferase. Food. Agric. Immunol.,
in press.

26. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

27. McGuire, S. M., S. W. Brobst, T. L. Graybill, K. Pal, and C. A.
Townsend. 1989. Partitioning of tetrahydro- and dihydrobisfuran
formation in aflatoxin biosynthesis defined by cell-free and

3570 YU ET AL.



A. PARASITICUS omt-1 GENE 3571

direct incorporation experiments. J. Am. Chem. Soc. 111:8308-
8309.

28. Payne, G. A., G. J. Nystorm, D. Bhatnagar, T. E. Cleveland, and
C. P. Woloshuk 1993. Cloning of the afl-2 gene involved in
aflatoxin biosynthesis from Aspergillus flavus. Appl. Environ.
Microbiol. 59:156-162.

29. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

30. Skory, C. D., P.-K. Chang, J. Cary, and J. E. Linz. 1992.
Isolation and characterization of a gene from Aspergillus para-
siticus associated with the conversion of versicolorin A to
sterigmatocystin in aflatoxin biosynthesis. Appl. Environ. Mi-
crobiol. 58:3527-3537.

31. Skory, C. D., P.-K. Chang, and J. E. Linz. 1993. Regulated
expression of the nor-1 and ver-1 genes associated with aflatoxin
biosynthesis. Appl. Environ. Microbiol. 59:1642-1649.

32. van Egmond, H. P., W. E. Paulsch, E. Dejill, and P. L. Schuller.

1980. Thin-layer chromatography method for analysis and
chemical confirmation of sterigmatocystin in cheese. J. Assoc.
Off. Anal. Chem. 63:110-114.

33. Yabe, K., Y. Ando, and T. Hamasaki. 1991. Desaturase activity
in the branching step between aflatoxins B1 and G, and aflatox-
ins B2 and G2. Agric. Biol. Chem. 55:1907-1911.

34. Yabe, K., Y. Ando, and T. Hamasaki. 1991. A metabolic grid
among versiconal hemiacetal acetate, versiconol acetate, versi-
conol and versiconal during aflatoxin biosynthesis. J. Gen.
Microbiol. 137:2469-2475.

35. Yabe, K., Y. Ando, J. Hashimoto, and T. Hamasaki. 1989. Two
distinct O-methyltransferases in aflatoxin biosynthesis. Appl.
Environ. Microbiol. 55:2172-2177.

36. Yabe, K., Y. Nakamura, H. Nakajima, Y. Ando, and T. Ha.
masaki. 1991. Enzymatic conversion of norsolorinic acid to
averufin in aflatoxin biosynthesis. Appl. Environ. Microbiol.
57:1340-1345.

VOL. 59, 1993


