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Abstract A 1.6-kbp full-length ¢cDNA for the Aspergil-
lus oryzae enolase gene (enoA) was cloned. The sequenced
insert contained a continuous open reading frame of
1314 bp encoding a protein of molecular weight 47 405.
Among all enolases sequenced to-date, the deduced amino-
acid sequence showed the highest homology (74.9%) with
Candida albicans enolase (ENOI). Strong codon biases
and multiple transcription start sites downstream from CT-
blocks in the 5’-flanking region suggested strong expres-
sion. enoA mRNA was found to occupy approximately 3%
(w/w) of total nRNA of A. oryzae by quantitative RT-PCR.
This strong transcription was dependent on the carbon
source in the medium and correlated with the growth rate
of the mycelium.
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Introduction

Aspergillus oryzae is an important filamentous fungus in
the Japanese beverage and fermentation industries, and is
used to produce industrially valuable hydrolytic enzymes.
A. oryzae is considered a favorable host for heterologous
protein production (Barbesgaard et al. 1992) owing to its
dblll[y to secrete large amounts of protein (Chrlstensen et

1. 1988) and its wide range of application in food indus-
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tries. However, lack of basic knowledge on its gene struc-
ture and the regulation of its gene expression makes more
extensive application difficult.

Enolase  (2-phospho-D-glycerate  hydrolase, EC
4.2.1.11) is a ubiquitous enzyme that catalyzes the conver-
sion of 2-phosphoglycerate to phosphoenolpyruvate in gly-
colysis and gluconeogenesis. Enolases from a variety of
sources, such as bacteria, yeast, Drosophila, amphibian,
bird, plant and human, have been found to be highly con-
served (Van Der Streaten et al. 1991). In Saccharomyces
cerevisiae, enolase is encoded by two genes (ENO/ and
ENO2) whose transcription is mediated by multifunctional
transcriptional modulators which bind to short common
DNA sequences in the 5" region, as observed in several
house-keeping genes (Brindle et al. 1990; Shore and Nas-
myth 1987). The enzyme encoded by ENO] increases dur-
ing the stationary phase (Iida and Yahara 1985), whereas
enolase encoded by ENO2 increases when glucose is
present in the growth medium (McAlister and Holland
1982). Complex regulatory mechanisms which govern the
expression of the ENO/! and ENO2 genes involve cis-act-
ing elements and frans-acting positive regulators (Mach-
ida et al. 1988, 1989; Brindle et al. 1990) including prod-
ucts of the GCR/ (Brindle et al. 1990), GCR2 (Uemura and
Jigami 1992a) and GCR3 (Uemura and Jigami 1992b)
genes.

Enolase is a very highly expressed protein in many or-
ganisms including yeast, especially in cases in which the
rate of glycolysis is high (Holland and Holland 1978).
Based on the relatively close evolutionary relationship be-
tween S. cerevisiae and the filamentous fungus A. oryzae.
A. oryzae enolase is likely to be an abundant protein whose
expression is regulated by transcriptional modulators
which control multiple genes. and the 5’-flanking regions
of its gene may be useful for foreign gene expression in A.
orvzae.

Recently. the genomic DNA which most likely encodes
A. oryzae enolase (enoA) has been cloned and sequenced
(\/Iachldaet al. 1996). The 5" non-coding sequence. includ-
ing the surroundings of the translation initiation codon of
A oryzae enoA. shows characteristics of highly expressed
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genes including glycolytic genes in veast (Machida et al.
1996). The A. orvzae enoA gene would thus appear to be
highly expressed to the same extent as the enolase senes
ot other organisms.

This paper reports the cloning of cDNA corresponding
to the A. orvzae enoA gene and demonstrates enoA mRNA
to be a very abundant transcript. as expected from nucle-
otide sequencing data. Regulation of the enoA gene in var-
ious carbon sources is discussed.

Materials and methods

Strains, media, and reagents. The A, orvzae strain RIB40 was used
for total RNA preparation. Dextrin-peptone (DP) medium. consist-
ing of 2% dexuin. 150 polypeptone, 0.5% KH,PO, and 0.05%
MeSO, - 7TH,O. served as the complete medium (limura et al. 1987,
Czapek-Dox (CD) medium. consisting of 0.3% NaNO,. 0.2% KCl.
0.1% KH,PO,. 0.05% MgSO, - 7TH,0. 0.001% FeSO, - 7H-O and
26 glucose. was the minimal medium (limura et al. 1987). Modified
CD medium was supplemented with 16 polypeptone (Hata et al.
1992). Escherichia coli strain. XL1-Blue (Short et al. 1988) was
grown in LB broth (10% tryptone. 3% veast extract and 5% NaCl)
or 2xYT (16% tryptone. 10% yeast extract and 35 NaCl). Oligonu-
cleotide. AEPX576 (3'TTCTTCTTGGCGAGAGTCTTGAGC 3.
designed by Oligo 5.0 software as a sequencing primer at very high
stringency). labelled at 5’-termini with the fluorescent dye IRD41.
was synthesized by Aloka. Japan.

Preparation of A. orvzae mRNA and the corresponding ¢cDNA. Total
RNA was isolated from approximately 4 ¢ of wet-weight mycelium
and grown in DP medium for 22 h at 30°C. according to the guani-
dine thiocyanate-method (Chirewin et al. 1979). Finally. 4.6 mg of
total RNA purified by ultracentrifugation in the presence of CsCl
was dissolved in 500 ml of TE and stored at —=80°C until use. Ap-
proximately 30 ug of polyadenylated [poly(A)] RNA was prepared
from 1.4 mg of total RNA using oligo(dT)-cellulose column (Phar-
macia) purification. First- and second-strand cDNA syntheses of po-
Iy(A) RNA were carried out using oligo(dT) as the primer.

PCRamplification of A. orvzae enoA cDNA. To bring about the GST-
fusion A orvzae enoA cDNA was prepared by the polymerase chain
reaction (PCR) from the cDNA pool with the enoA-specific primers,
AOENOP1  (S’GTCGACATGCCTATCACCAAGATCCACG 3.
28-mer) and AOENOP2 (5GTCGACGTCATATAATCATACGG
TTCATTT 3", 30-mer). which contained mutations at nucleotide (nt)
positions 4 (A to G) and 6 (A to C) for AOENOPI and position 3
(A with to C) for AOENOP2 10 introduce Sull sites at both ends of
the amplified product. Amplified ¢cDNA for the A. 0rviae enoA gene
was purified by agarose-gel electrophoresis and cloned into the
pCRITvector (Invitrogen), creating pCR2-AOENOA., Rapid ampliti-
cation of ¢cDNA ends (RACE) and fusion of the RACE products to
obtain full-fength cDNA for the AL omvzae ened gene were performed
with a Murathon ¢DNA Amplitication Kit (Clontech) in combina-
uon with long-distance PCR (Barnes 1994 Cheng etal. 1994) using
an LA-PCR Kit (Takara Shuzo. Japan) according to the instructions
ol the manufacturer. The A. orvzae enoA-specitic primers AOENOP|
and AOENOP2 were used tor 3~ and 3-RACE. respectively,

Sequencing. The purified 1.3-kbp S/l ¢DNA fragment was sub-
cloned into pBlueseript and sequenced by the evele sequencing re-
action with fug DNA polvmerase (Perkin-clmer: and SequiTherm
DNA poiymerase «Epicentre Technologios) using Applicd Bio-
Svsiems 373 and LI-COR Modei 40001 DN A sedueneers, respec-
el Sequence data were compifed by Sequencher ~oftware « Gene
Codens US A Nueleotide misincorporation during PCR was tol-

by comparison with the sequence of the genomic eno aene
Machudu et all w6,

Northern-blor analysis. RNA was clectrophoresed on 1.0% agarose
(Agarose H. Nippon Gene. Japan) containing 6.7% formaldehyde
(Sambrook ct al. 1989) and hlotted onto a nitrocellulose membrane
(approximately 7 cm x 12 ¢cm. Bio-Rad) for 3 h by vacuum transfer
(Nikkyo, Japan). Digoxigenin (DIG)-labelled RNA-probe was pre-
pared by transcribing the 2.9-kbp Bg/Il fragment (Machida et al.
1996) containing an entire enolase coding region in the presence of
DIG-dUTP (Boehringer). Pre-hvbridization and hybridization were
conducted at 68°C for 1 h in 10 ml of pre-hybridization solution
[5xSSC. 50% formamide, 0.1 sarcosine. 0.02% SDS and 0.05%
Blocking Reagent (Bochringeri] and overnight in a 1.5-ml pre-hy-
bridization solution containing approximately 0.25 ug of DIG-la-
betled RNA probe. Atter washing twice at room temperature in 25 ml
of 2xSSC containing 0.1% SDS and then twice at 68°C in 25 ml of
0.1xSSC containing 0.1 SDS. the membrane was rinsed in 40 m|
of buffer 1 (100 mM maleic acid. 150 mM NaCl, adjusted to pH 7.5
with NaOH) and blocked with 40 m! of buffer | containing 0.5%
blocking reagent at room temperature for 30 min. Finally the mem-
brane was incubated with buffer | containing 3 U of Anti-DIG-Fab-
alkaline phosphatase conjugate ( Boehringer) at room temperature for
30 min. After washing twice with 40 ml of buffer 1 at room temper-
ature for 15 min. hybridized signals were detected while incubating
the membrane in buffered solution [100 mM Tris-HCI (pH 9.5).
0.8 MNaCl. 50 mM MgCl, ] containing 0.33 mg/ml of nitro-blue tet-
razolium salt and 0.18 mg/ml of 5-bromo-4-chloro-3-indolyl phos-
phate. The coloring detection reaction was terminated by incubating
the membrane for 10 min in 10 mM Tris-HCI (pH 7.5) containing
I mM EDTA. De-ionized water. 20xSSC stock solution, buffer 1,
and a blocking reagent stock solution (10% blocking reagent in buf-
fer 1) were treated with diethyl pyvrocarbonate and autoclaved. The
molecular weight of the RNA hybridized to the A. orviae enoA probe
was determined from the standard curve. using DIG-labelled RNA
molecular-weight standards (Boehringer).

Primer extension. DNA-free total RNA (9.0 ug) or poly(A) RNA
(0.4 ug) and IRD41-labelled primer. AEPX376. (0.33 pmol) were
dissolved in 5 ml of PE-buffer [50 mM Tris-HCl (pH 8.3), 50 mM
KCIL 10 mM MgCl,. 10 mM dithiothreitol (DTT), | mM each dNTP
and 1 mM spermidine] and hybridized by incubating first at 58°C for
20 min and then at room temperature for 10 min. Following the ad-
dition of 5 ml of PE-buffer containing 5.6 mM sodium pyrophos-
phate. eight units of human placenta RNase inhibitor (Boehringer)
and one unitof AMV reverse transcriptase (Promega), the primer ex-
tension reaction was carried out at 43°C for 30 min. The synthesized
¢DNA was ethanol-precipitated. washed with 70% ethanol and dis-
solved in 2 gl of nuclease-free water. After adding 1.4 ul of 95% for-
mamide containing 10 mM of ethylene-diamine tetra-acetic acid
(EDTA). 0.1% xylene cyanol and 0.1% bromophenol blue. 1.5 ul of
the reaction mixture were heat denatured at 95°C for S min and an-
alyzed by a LI-COR Model 4000L DNA sequencer. Dideoxy chain-
termination reactions were carried out using a SequiTherm Long-
Read Cycle Sequencing Kit-LC (Epicentre Technologies) with flu-
orescent AEPX576 as the primer and the plasmid vector pCRIT con-
taining full-length ¢cDNA as the template. The standard sequencing
procedure was followed. with 7-deaza-dGTP in the termination mix-
ture replaced by unmodified dGTP.

Production and purification of fusion protein. The 1.3-kbp Sa!l frag-
ment containing the entire coding region of A, orvzae enolase was
recovered trom pCR2-AOENOA and subcloned into the Sa/l site of
the pGEX-4T-3 plasmid vector tSmith and Johnson 1988). vielding
pGEX-AOENOA. Plasmid DNA from ampicillin-resistant transfor-
mants of £ coli XL1-Blue was analvzed by restriction drgestion to
identily transformants containing inserts in the appropriate direc-
tons. Fusion-protein induction and purification were performed s
described previously eKaclin etal. 1992y, The proteins were electro-
phoresed on a sodium dodecy | sulphate 1SDSI-polyacrylamide gra-
dent4=20ruelibacmmb 1970 and stained with Coomassie blue.,

Enolase enzvine assay, The enzymatic activity of enolase was deter-
mimned by the coupled ussay deseribed by Maitra and Lobo (1971 ).
with ~fight modification, The reaction mixture consisted of 30 mM




tricthanolamine-HCI (pH 7.4), 10 mM MgCls. 0.16 mM NADH.
1.0 mM ADP, 1.0 mM glycerate-2-phosphate, 2.3 U luctate dehy-
drogenase (EC 1.1.1.27) (Boehringer) and 2.3 U pyruvate kinase (EC
2.7.1.11) (Boehringer). The reaction was initiated by purified fusion
protein as the sumple or rabbit muscle enolase (EC 4.2.1.11) (Boeh-
ringer) as the standard and monitored by a U-2000 spectrophotom-
eter (Hitachi, Japan) at room temperature. One unit of enolase activ-
ity was defined as the conversion of I mmol NADH to NAD per min,
based on an extinction coefficient at 340 nm for NADH of 6.22 mM~
¢m™". The reaction mixture without the substrate showed no measur-
able changes in absorbance.

Results
DNA sequence

The 1.3-kbp cDNA fragment amplified by the primer pair
AOENOPI and AOENOP2 was cloned into the pCRII vec-
tor, yielding pPCAO-ENOC . Two independent clones were
picked up and subcloned onto the pBluescript vector (Strat-
agene) to allow the sequencing of both strands (the Gen-
Bank, EMBL and DDBJ Nucleotide Sequence Database
accession No. D64113). As expected from the genomic se-
quence, there was one long open reading frame (ORF) of
1314 bp, starting at a methionine codon (ATG, nt position
21) and ending at a stop codon (TAA, nt position 1335).
Alignment of the deduced amino-acid (aa) sequence with
that of enolase 2 from S. cerevisiae strongly suggested the
methionine at nt position 21 to be the initial amino acid in

Fig. 1 Multiple alignment of
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the protein. The ORF predicted a protein of molecular
weight 47 405 consisting of 438 aa.

A 1.6-kbp DNA fragment from the 53’- and 3’-RACE
was cloned into the pCRII vector, yielding pCAO-
ENOCFI. The 5’-flanking regions of the resulting three in-
dependent clones each contained 14, 18 and 20 additional
nucleotides from the initial methionine. The 3’-flanking re-
gions contained a poly(A) tract of 4-11 nucleotides fol-
lowing the AATAAA sequence located at nt position 1530,
suggesting this AATAAA sequence to function as a poly-
adenylation signal in A. orvzae as in other filamentous
fungi (Ballance 1986).

A computer search of data bases showed the predicted
aa sequence of A. oryzae enolase to be quite similar to the
predicted enolase 2 (71.3% identical aa) encoded by the
ENO2 gene of S. cerevisiae (Holland et al. 1981) (Fig. .
Of all the enolases in the data bases, A. oryzae enolase
showed the greatest similarity to Candida albicans eno-
lase (Sundstrom and Aliaga 1992) (74.9% identical), but
less similarity to Schizosaccharomyces pombe (Jackson
and Lopes 1995) (66.9%). Drosophila (Bishop and Corces
1990) (64.8%), human (Peshavaria et al. 1989) (63.9%),
maize (Lal et al. 1991) (58.7%) and Bacillus subtilis
(Leyva-Vazquez and Setlow 1994) (50.7%) enolases
(partly shown in Fig. 1). All aa residues essential for
catalytic activity (asterisks in Fig. 1) and those involved
in subunit interactions (open circles in Fig. 1) (Sund-
strom and Aliaga [992) were conserved in A. oryzae eno-
lase.
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Fig. 2 Detection of A. orvzae enolase fused to glutathione S-trans-
ferase. Crude extract was prepared from the XL1-Blue transformant
harboring the pGEX plasmid vector containing A. orvzae cnolase
¢DNA fused to GST in-frame (lanes 1. 2. 5 und 6) and out of frame
{lanes 3, 4. 7 and 8) as described in Materials and methods. Fusion
proteins were induced by adding | mM (lanes 1 to 4) or 0.01 mM
(lanes 5 1o 8) of IPTG. Proteins in the sonic cell extract (C) (lanes |
and 3). in the soluble fraction (S) (Janes 2. 4. 5 and 7) and the elu-
ate from the Glutathione Sepharose 4B chromatography (E) (lanes
6 and 8) were electrophoresed on SDS-polyacrylamide gel (5-20%
gradient). Proteins amounts were approximately 10 ug, except for
046 pgand 14 pginlanes 6 and 8, respectively

Codon usage of the A. oryvzae enoA gene was highly
biased and virtually identical to the codon bias reported so
far in Aspergillus genes (Ballance 19861, The preference
ot GGU for Gly (25 GGU in 35 Gly codons) and the rare
usage of AGN (6 AGC for Ser in 438 codons) observed in
highly expressed genes of Neurospora crassa (Ballance
1986) were also noted in the A. orvzae enoA gene. Rare us-
age of codons ending with A (only 7 codons ending with
A among 438 codons) may possibly be a unique feature in
highly expressed genes. Several codons (AGA., CAA.,
CCA, UGU and UUG, encoding Arg, Gln. Pro, Cys and
Leu, respectively) preferred in tilamentous fungi but not
yeast (Ballance 1986), are also preferred in the A. orvzae
enoA gene.

Assay of fusion protein for enolase enzymatic activity

The XL1I-Blue transformant harboring pGEX-AOENOA.
which encodes A. orvzae enolase tused to the C-terminus
of GST. was cultured in 2x YT medium containing 2% ¢lu-
cose and 100 pg/ml of ampicillin at 37°C tor 3 h. The ex-
pression of the GST-enolase fusion protein was induced by
adding isopropyl-f-D-thiogalactopyranoside (IPTG). The
transformant harboring the pGEX vector containing the
same enod gene inaditferent reading frame with an addi-
tonal I3 aaat the C-terminus of GST. served as a control.
The cells were disrupted by sonication and cell debris was
precipitated by centrifugation. Induction of the fusion pro-
tein by I mM IPTG showed a strong band at a molecular
werght of 74 kDa. corresponding to that of the GST-eno-

Total RNA _mRNA
0.9 7.0 004 032 (ug)

=

T

g
e b

000 —~=—th 0N
Wem OOV ® Wh

- H
N %
H

=

cDNA » o dianlids

Fig. 3A.B  Detection and quantitation of A. orvzae enoA mRNA.
A Northern-blot analysis of A. 0rvzae enolase mRNA. RNA was pre-
pared from an A. oryiae mycelium cultured in DP medium as de-
scribed in Materials and methods. DIG-labelled RNA probe
transcribed from the genomic enod gene was hybridized to the blot
of 0.9 pug (lune 1) or 7.0 pg (lane 2) ot total RNA and 0.04 ug
(lane 3) or 0.32 ug (lune 4) of poly(A) RNA. The position of eno-
lase mRNA is indicated by an arrow at 1.7 kb. B competitive PCR
was performed with AOENOPI and AOENOP2 as primers and
0.4 ng of A. orvzae cDNA as a template. The indicated amounts of
competitor DNA containing genomic A. orvzae enoA were added to
the PCR reaction

lase tusion in the sonicated extract (Fig. 2, lane 1). Most
of the band disappeared after centrifugation to remove bac-
terial debris (Fig. 2. lane 2), suggesting the formation of
an inclusion body in the fusion protein. The yield of puri-
fied fusion protein through Glutathione Sepharose 4B was
notsignificantly improved by increasing the IPTG concen-
tration from 0.01 mM to | mM (data not shown). The for-
mation of an inclusion body may thus be augmented de-
pending on the expression of the fusion protein. The pres-
ence of an incorrectly folded fusion protein may, by co-
purification. reduce the enolase-specific activity of the pur-
ified fusion protein. Consequently. 0.01 mM PTG was
used for the induction whereby the formation of an inclu-
sion body would be minimal and without significant loss
of the purified fusion protein. The specific enolase activ-
ity of puritied fusion protein (Fig. 2. lane 6) and for stan-
dard rat muscle enolase was 2.34 and 40 U/mg. respec-
tively. The observed activity for the enoluse fusion protein
was atleast 100-times the detection limit under the present
experimental conditions. No enzyvmatic activity was ob-
served when control fusion protein was used or when gly-
cerate-2-phosphate or ADP was omitted trom the reaction
mixture.
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Fig. 4 Mapping of transcription initiation sites. The reverse tran-
scription reaction was carried out by AMV reverse transcriptase us-
ing the fluorescent primer AEPX576 in the presence of poly(A) RNA
(lane I) or total RNA (lane 2) from A. oryzae, or without RNA (lane
3). The sequencing ladder was prepared by the sequencing reaction
of pPCAO-ENOCEFI, containing a 1.6-kbp enoA cDNA fragment, us-
ing the same fluorescent primer as described in Materials and meth-
ods. The nucleotide sequence of the 5 flanking region of enoA is as-
signed to the left. Upper and lower case letters indicate regions where
the corresponding ladder is derived from the 5 terminal region of
enoA cDNA and the pCRII vector, respectively. Solid horizontal bars
on the right and arrow heads on the left indicate the positions of
fluorescent products by the primer extension reaction and the 5’-ends
of the RACE products, respectively. Numbers indicate nucleotide po-
sitions when the first A of the translation initiation site is designat-
ed +1. The vertical bar on the left indicates the putative translation
initiation site

Characterization of A. oryzae enolase mRNA

Northern analysis of total RNA and mRNA samples from
A. oryzae RIB40 indicated a single enoA transcript of
1.7 kb (Fig. 3A), this size being consistent with the
[535bp of the 5’- and 3-RACE PCR product plus a
poly(A) tract. assuming the nt length of the poly(A) tract
to be approximately 200 bp. Only several-minutes incuba-
tion for the coloring reaction led to clear and dense bands
in total RNA and mRNA. depending on the amounts of
RNAs. suggesting strong expression of the enoA gene (Fig.
3A).

To confirm the above expression. A. orviae enoA
MRNA was determined by competitive PCR (Gilliland et
al. 1990) using the cDNA pool prepared from poly(A) RNA
of A oryzue (Fig. 3B). A 1.3-kbp fragment was amplitied
after 24 cycles using AOENOP1 and AOENOP2 primers
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from 0.4 ng cDNA, as shown in Fig. 3B. The pBluescript
plasmid vector containing the 2.9-kbp Bg/Il fragment
(Machida et al. 1996) of an A. orvzae enoA genomic frag-
ment was linearized at the unique Xhol site and used as the
competitor. The plasmid containing sequences identical to
the annealing sites of the two primers gave an amplified
fragment longer (1.6 kbp) than that from ¢cDNA (1.3 kbp)
due to the presence of four introns in the enolase-coding
region. The competitor plasmid (0-2700 amol) was added
in different amounts to the PCR reaction and the cDNA
calculated according to Price et al. (1992). The ratio of
c¢DNA to genomic DNA bands in lanes of 2.7 amol and 27
amol indicated the amount of cDNA corresponding to the
enolase to be 12 amol. Competitive PCR using primers for
the Taka-amylase gene (amyB) (Tada et al. 1989) showed
an expression similar to that of amyB mRNA (16 amol,
data not shown). Taka-amylase is'a very strongly expressed
gene in A. oryzae under inducible culture conditions (Tada
et al. 1991) and thus A. orvzae enoA should also be very
strongly expressed.

Mapping of the A. oryzae enoA 5 transcription
initiation site

The start sites of A. oryzae enolase mRNAs were deter-
mined by primer extension analysis. The reverse transcrip-
tase reaction was initiated from the single-stranded fluo-
rescent primer AEPX576 hybridized to total or poly(A)
RNAs. The molecular-weight standard was prepared by the
sequencing reaction of pCAO-ENOCF]! containing enoA
cDNA using the same fluorescent primer as described in
Materials and methods. Transcription start sites were
mapped at positions —45/-44, -38/-37, =31 and —17 rel-
ative to the putative initiation codon (Fig. 4). The results
were completely identical whether total or polv(A) RNA
was used, though the background level was slightly higher
in total RNA than in poly(A) RNA.

Effects of the carbon source on enoA gene transcription

A. oryzae was grown for 22 h at 30°C in modified CD me-
dium containing 2% glucose or 2% pyruvate. Alternatively,
A. oryzae mycelia were pre-cultivated for 20 h at 30°C in
modified CD medium containing 2% glucose and, after be-
ing washed, the mycelia were inoculated in CD medium
along with various carbon sources each at a final concen-
tration of 3%. As shown in Table 1, the mycelia were able
to grow in medium containing glucose or pyruvate when
polypeptone had been added. although growth on glucose
was more rapid. When synthetic medium was used, myce-
lia grew more rapidly on dextrin or glucose than on glyce-
rol. but did not grow on pyruvate or in the absence of a car-
bon source.

Transcription of the enoA gene was monitored by North-
ern hybridization using the same enoA probe as in Fig. 3A.
Ethidium bromide staining showed the amount of RNA to
be essentially the same in each sample (Fig. 5. upper
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Table 1 Effects of the carbon
source on the growth of A. orv-
zae and recovery of poly(A)
RNA by oligo(dT)-celiulose
column purification: nd, not de-
termined

Medium Carbon Wet weight of Recovery of
souree mycelium (g) polviA) RNA (%)°
Oh Sh 22h 48 h Ist Ind
Modified CD* Glucose - nd 6.1 23 6.9 4.0
Pyruvate - nd 4.0 7.1 5.0 35
cDpP Dextrin 2.0 3 nd 6.5 7.3 5.1
Glucose 2.0 3.2 nd 5.8 54 4.0
Glycerol 2.0 2.6 nd 4.3 4.9 3.8
Pyruvate 2.0 1.9 nd L4 4.4 3.5
None 2.0 22 nd 1.4 5.3 3.6

* Approximately 3x 10" conidia were inoculated in 500 ml of modified CD medium and cultivated at
30°C in the presence of a 2% carbon source. Mycelia after 22 h cultivation were used for total RNA ex-
traction

Two grams of mycelium pre-cultivated in modified CD medium containing 2% glucose for 20 h at
30°C was washed and inoculated into 300 ml of CD medium containing a 3% carbon source. Mycelia
after 8 h cultivation were used for total RNA extraction
© Poly(A) RNA was recovered from 400 ug of total RNA by a sequential two-step purification using an
oligo(dT)-cellulose column. The amounts of RNA after each purification step are indicated, with total

RNA setat 100%

Modified CD

- CD medium
medium

mGic mPyr Dex Gic Gly Pyr no

1.66 0.41 1.07 1 0.73 0.27 0.32

Fig. 5 Transcriptional regulation of the enoA gene. Total RNA was
extracted from mycelia grown in modified CD medium containing
2% glucose (mGlcy or 2% pyruvate (mPvr) for 22 h at 30°C. Alter-
natively, mycelia incubated for 8 h in CD medium containing 3%
dextrin (Dex). 3% glucose (Gle). 3% glycerol (Gly), 36 pyruvate
(Pvr). or without carbon source (n0) were used for total RNA extrac-
tion. Approximately 5 ug of total RNA were electrophoresed. stained
with ethidium bromide (upper panel). and hybridized with the enoA
probe after blotting (lower pancl). The arrow indicates the position

of the signal corresponding (o the enoA mRNA. The mtensity of

ribosomal RNA and the hybridized bands was measured by an
ARGUS image analyzing system equipped with a UV transillumi-
nator. The amount of transeript. normalized by that of ribosomal
RNAL s shown at the bottom of the tower panel below the Northern
hybridization when the enoA mRNA level of cells from CD medium
containing glucose was 1.0

panch. The 1.7-kb signal corresponding to the eno- tran-
seriptin the presence of glucose was approximately four-
times stronger than in the presence of pyruy ate when mod-
ificd CD medium was used trelative ratios ot 1.66 and 0.41
i Fie. Solower panel). suggesting transcription to be pos-
sibly induced by glucose. When myeelia were cultivated

in synthetic CD medium, band intensity in the presence of
glucose was slightly less than that in modified CD medium
containing glucose. As observed in modified CD medium,
the transcription of pyruvate-grown cells was approxi-
mately one-fourth that of glucose-grown cells (relative ra-
tioof 0.27 and 1) and nearly the same as that without a car-
bon source in synthetic CD medium (0.32). The transcrip-
tion of glycerol-grown cells showed an expression inter-
mediate between glucose-grown cells and pyruvate-grown
cells.

The amounts of poly(A) RNA in the various media de-
scribed above were determined by two-step purification
using an oligo(dT)-cellulose column. Total RNA (400 ug)
three-times less the maximum capacity of the column (ap-
proximately 1.25 mg total RNA) was used for the Ist pur-
ification. The recovery of poly(A) RNA against total RNA
after the 1st and 2nd purifications was 4.4-7.3% and
3.5-5.1% (57-80% recovery in the 2nd purification), re-
spectively, as shown in Table I, indicating poly(A) RNA
to be quantitatively recovered and highly purified by the
two-step purification. The poly(A) RNA ratio of the high-
est recovery (5.1%. dextrin in CD medium) to the lowest
recovery (3.3%. pyruvate in CD and modified CD media)
forall seven samples was 1.5 and that of glucose- to pyru-
vate-grown cells in CD and modified-CD media, 1.1 (rel-
ative ratios of 4.0 and 3.5). Changes in the expression of
the enod gene under various culture conditions (about a 4-
fold ditference) are thus not due only to those in overall
transcriptional levels (less thana t.3-fold difference). enoA
transeription was thus concluded to be specifically regu-
lated by the carbon source emploved.

Discussion

The DNA sequences ofenolase from many organisms have
been shown to be remarkably conserved from yeast to
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TATA CT-rich ATG
LA A B | Y
~-50 -40 ~30 -20 -10 -1
A.oryzae enoa TATATCTGTCGTCTCTCCTCCCTTTCC-——~———~~ GTCTCTTTTCT-TCCGTCCTCCAAGTTAGTCGAC TGACCAATTCCGCAGCTCGTCAAAATG

Lol .

M.

N.crassa ADP/ATP TATATTCTCGCGACTTCTTCCTCTTCCCCTCGTAGCAGAGCTTGGTCTTTTCTCECCAT—CTCCACTCCTCTCTTTTTACAGCAAGGAAAGGAATATCACAATG

RN
A.nidulans PGK

[ 11
A.oryzae pgkA

Fig. 6 Summary of transcription initiation sites and the 5° pyrimi-
dine-rich regions. Nucleotides conserved in the pyrimidine-rich re-
gions in all four genes, A. orvzae enoA, N. crassa ADP/ATP carrier
protein gene. A. nidulans PGK gene and the A. oryzae pgkA gene,
are indicated by vertical lines. Nucleotides identical to the A. orvzae
enoA gene but not conserved in the four genes are indicated by dors.
Arrow heads and double underlines represent the transcription initi-
ation sites of A. orvzae enoA and those of the other genes, respec-
tively

mammals (Verma and Dutta 1994). A comparison of the
predicted aa sequence of A. oryzae enolase with those of
other eukaryotic enolases indicated a high degree of con-
servation (66.9~74.9%) as shown in Fig. 1. Homology was
retained throughout the protein portion and numerous re-
gions among the five sequences analyzed were identical.
The predicted protein size (438 aa) was within the range
reported for other enolases [from 433 aa for Drosophila
(Bishop and Corces 1990) to 458 aa for human lung (Verma
and Kurl 1993)] and most resembles that of S. pombe (439
aa; Jackson and Lopes 1995).

A comparison of the cDNA with the genomic DNA of
the A. oryzae enoA gene (Machida et al. 1996) confirmed
the presence of four introns in the protein-coding region
predicted from the genomic sequence. The cDNA sequence
has been shown to be completely identical to the genomic
sequence of A. oryzae enolase following the removal of the
four introns (Machida et al. 1996). Splicing sites in all in-
trons obey the GT-AG rule of class-I introns and as shown
by Ballance (1986) involved conserved intron sequences
in filamentous fungi: [(1) 5’GTTAGT-45nt-GCTGAC—
14nt-TAG 3’, (2) 5’GTATGT-45nt-GCTGAT-19nt-TAG
3, (3) GTAAGT-48nt~ACTAAC-12nt-TAG 3’ and (4)
S'GTATGT-36nt-ACTGAA-20nt—-CAG 3’]. The lengths
of the introns, (1) 74 nt, (2) 79 nt, (3) 75 nt and (4) 71 nt,
are essentially the same as those of other filamentous fungi
(Orbach et al. 1986).

The recombinant fusion protein produced from a clone
harboring 1.3-kbp ¢cDNA (pCR2-AOENOA) showed eno-
lase enzymatic activity. This fusion protein was 1.6-times
larger than that of the native enolase and thus the specific
activity of GST-enolase fusion (3.62 U/mg) was 11-times
less than that of rat muscle enolase (40 U/mg). Sundstrom
and Aliaga (1992) reported the C. albicans GST-enolase
fusion to have a specific activity of 49.7 U/mg, which is
comparable to that of S. cerevisiae enolase. C. albicans fu-
sion protein contains a space of more than 10 aa between
the GST C-terminus and N-terminus of C. albicans eno-
lase (Sundstrom and Aliaga 1992). Since A. orvzae eno-
lase was prepared by PCR so as to make a Sa/l site imme-
diately in front of the translation initiation codon. the GST-

TTATTTATCCCTGGTCTC-TCCCCAC-TAGCTGTTC -———

I

- =-CTGCCCGTCCAT-CTCTCTCCGTACAGCTATAGCAACAATG

NN |

. .. o |
TATTT--26nt~-AGGTACTC -CGTCCCCCTTC ~~ - —— TTGCTGCTC - TGACCT TCCACGC TGACCACCTCCCCCCACC TTG TG TGATAGAACATCGTCCATAATG

enolase fusion of A. oryzae contained only two aa between
GST and enolase. Hardly any of the GST-enolase fusion
of A. oryzae could be recovered from a soluble fraction by
induction with 1 mM of IPTG, whereas the GST-enolase
fusion of C. albicans grown under normal induction con-
ditions could be recovered. The insertion of a short aa space
in the A. oryzae fusion protein may de-stabilize the GST-
enolase fusion and so decrease the enolase-specific activ-
ity.

Competitive PCR showed the expression of the enoA
gene to be comparable to that of the Taka-amylase gene
(amyB), which is very strongly expressed in A. orvzae
(Tada et al. 1991). A. oryzae enolase mRNA constituted
approximately 3% (w/w) of the total mRNA. Preliminary
screening of a Agtl0 library of A. oryzae cDNA with the
DIG-labelled enoA RNA probe showed approximately 500
clones to be positive among 19 000 (2.6% positive). Thus,
it may be concluded that enoA is a very strongly expressed
gene in A. oryzae.

cDNAs generated by primer extension were mapped at
siX major sites, at positions —45/-44, -38/-37. =31 and -
17 relative to the putative initiation codon (Fig. 4). The 5'-
flanking region of the three independent clones of the
RACE product terminated at ~20, ~18 and —14 (Fig. 4).
Short cDNAs are preferentially amplified in a PCR mix-
ture (Schaefer 1995) and the adaptor-ligation method fails
to correctly produce full-length cDNAs (Edwards et al.
1991). The lengths of RACE products, whose 5’ termini
are distributed about the shortest products by primer ex-
tension, are thus considered reasonable.

Multiple transcription initiation has been noted in sev-
eral other genes from filamentous fungi which possess a
CT-rich region (Kinnaird and Fincham 1983; Boel et al.
1984; Mullaney et al. 1985), and is a common feature in
yeast genes (Sentenac and Hall 1982) including enolase
(Holland et al. 1983; Mason et al. 1993). The strongly ex-
pressed A. oryzae enoA gene should thus contain multiple
transcription start sites.

Transcription initiation sites were mapped between the
TATA box and AUG codon immediately downstream from
the CT-blocks in the enoA gene (Fig. 6) as is the case with
other fungal genes (Kinnaird and Fincham 1983; Arends
and Sebald 1984: Clements and Roberts 1986). A stretch
of pyrimidine-rich residues may improve the vield of func-
tional mRNAs and limit nucleotide triphosphate consump-
tion by lessening the aberrant transcriptional initiation of
highly expressed genes in yeast (McNeil 1988). The re-
sults of primer extension in the present study suggest the
same mechanismto effectively produce functional mRNAs
of highly expressed genes in A. orvzae. Sequences in the
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CT-rich region of AL orvzae enod are highly homologous
to those of other highly expressed genes of filamentous
fungi such as the V. crassa ADP/ATP carrier protein oene
tArends and Sebald 1984) and the Aspergillus nidulans
PGK gene (Clements and Roberts 1986). and is also ho-
mologous to the recently sequenced A. orvae pgkA genc
(Ogawaetal. 1994, Accession No. D28484) (Fig. 6). Thus.
possibly. the sequence of the pyrimidine-rich region may
be essential for relatively high gene expression in filamen-
tous fungi.

enoA gene transcription appears inducible by glucose
in contrast to cases with other glvconeogenic carbon
sources such as glycerol and pyruvate. as has been ob-
served for the ENO2 gene of S. cerevisiae. In the present
study. growth rate was affected by culture conditions and
closely related to the transcription of enoA. However. since
poly(A) RNA amounts were almost the same in all cells
grown with different carbon sources and under varied cul-
ture conditions (Table 1). expression of the enoA gene was
shown to be specifically regulated by the carbon source
and to be growth-rate dependent. The correlation between
enoA transcription and growth rate is reasonable since en-
olase is a house-keeping gene and A. orvzae most likely
possesses only a single copy of it (Machida et al. 1996).

This is the first report to present results of the analysis
of the glycolytic gene from A. orvzae and the cloning of
enolase cDNA in filamentous fungi. The A. o/vzae enolase
gene was shown to be strongly expressed. and expression
was regulated by the carbon source in the medium. Further
analysis of the regulatory mechanism of the 5’-flanking re-
gion of the enoA gene will be important for the strong ex-
pression of foreign genes in A, orvzae and for the regula-
tion of house-keeping genes in fungi.
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