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Abstract. A 1.0-kb DNA fragment, corresponding to an
internal region of the Neurospora crassa glucoamylase
gene, gla-1, was generated from genomic DNA by the
polymerase chain reaction, using oligonucleotide primers
which had been deduced from the known N-terminal
amino-acid sequence or from consensus regions within
the aligned amino-acid sequences of other fungal glu-
coamylases. The fragment was used to screen an N. cras-
sa genomic DNA library. One clone contained the gene
together with flanking regions and its sequence was deter-
mined. The gene was found to code for a preproprotein
of 626 amino acids, 35 of which constitute a signal and
propeptide region. The protein and the gene are com-
pared with corresponding sequences in other fungi.
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Introduction

The filamentous fungi secrete substantial amounts of
protein, notably hydrolytic enzymes. Many of these en-
zymes are used in industrial processes such as the produc-
tion of antibiotics and organic acids, the saccharification
of starch, glucose isomerisation, the processing of wines
and fruit juices and the degradation of ceflulose and lign-
in (Bennett 1985; Bu’Lock and Kristiansen 1987). The
promoter and signal sequences of the genes of such en-
zymes represent targets for manipulation for developing
the filamentous fungi as hosts for heterologous gene ex-
pression. The potentials have been reviewed with particu-
lar reference to the genus Aspergillus (Van den Hondel
et al. 1991).
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The genus Neurospora has several advantages for
study with a view to its possible exploitation as a host for
heterologous gene expression. The literature on the ge-
netics of Neurospora crassa is very detailed (reviewed by
Perkins 1992) and the organism is the most-thoroughly
studied and characterised of all the filamentous fungi. It
is fast growing, with simple growth requirements, and is
more acceptable than many alternatives as a host for
producing proteins for human use as it generates no toxic
secondary metabolites.

Glucoamylases (exo-1,4-a-D-glucan glucohydrolase,
EC 3.2.1.3) are secreted in large amounts by a variety of
filamentous fungi. They catalyse the removal of single
glucose units from the non-reducing ends of starch, and
other poly- and oligo-saccharides. Their use in industrial
processes includes the production of glucose syrups from
starch (Kennedy et al. 1988), and the fermentation of
sake (rice wine) in Japan. Heterologous expression sys-
tems in filamentous fungi commonly use their glucoamy-
lase promoters to drive expression, their signal sequences
to secrete foreign peptides, and their 3’ flanking regions
to direct termination (Archer et al. 1990; Ward et al.
1990, 1992). Glucoamylases have been cloned and char-
acterised from several fungi: Aspergillus awamori (Nun-
berg et al. 1984), A. awamori var. kawachi (Hayashida
etal. 1989), A. niger (Boel et al. 1984), 4. oryzae (Hata
etal. 1991), 4. shirousami (Shibuya et al. 1990), Humico-
la grisea var. thermoidea (Berka et al., personal com-
munication), Rhizopus oryzae (Ashikari et al. 1986), Sac-
charomyces cerevisiae (Pardo et al. 1988), S. diastaticus
(Yamashita et al. 1985), S. fibuligera (Itoh et al. 1987)
and S. occidentalis (Dohmen et al. 1990).

Koh-Luar et al. (1989) analysed culture supernatants
of N. crassa, growing on a variety of carbon sources, and
showed that the protein present in the largest amount was
a glucoamylase of approximately 69 kDa. This protein
was purified and the N-terminal sequence of the gluco-
amylase determined. Here we report the DNA sequence
of the glucoamylase gene, gla-1, of N. crassa together
with flanking sequences and compare its amino-acid se-
quence with other glucoamylases.
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Materials and methods

Strains, plasmids and media. N. crassa 74-OR23-1A was grown in
Vogel’s sucrose medium (Davis and de Serres 1970) and DNA was
extracted by the method of Azevedo et al. (1990). E. coli strain TG2
was used for cloning and sequencing. The N. crassa genomic DNA
library screened was in the vector AJ1 (Orbach et al. 1986).

DN A manipulation and sequencing. DNA was labelled in vitro by the
random hexamer method. This and other routine techniques fol-
lowed Sambrook et al. (1989). The complete DNA sequence (see
Fig. 2) was determined on both strands.

Polymerase chain reaction (PCR). PCR amplification was carried
out on 50 ng of template DNA in a total volume of 40 ul containing
10 mM Tris-HCI (pH 8.4), 50 mM KCl, 1.5mM MgCl,, 0.01%
gelatin, 10 mM each of dATP, dCTP, dTTP, dGTP, 100 pmol of
each primer and 0.5 units of Thermus aquaticus (Taq) DNA poly-
merase. The PCR was conducted for 40 cycles: denaturation at
95°C for 1 min, annealing at 55°C for { min and extension at 72°C
for 2 min.

Results and discussion

Amplification of the coding sequence of gla-1
by using the PCR and identification of a genomic clone

A PCR primer was synthesised (Fig. 1) using the N-ter-
minal amino-acid sequence of N. crassa glucoamylase
(Koh-Luar etal. 1989). Several fungal glucoamylase
amino-acid sequences were aligned and, using their con-
served regions to predict the Neurospora sequence, three
more PCR primers were synthesised (Fig. 1). The three
pairwise combinations of these primers were employed to
amplify Neurospora genomic DNA. The combination of
primers P1:P4 and P3:P4 gave amplified products of
the expected size (1020 and 450 bp respectively). Het-
erologous Southern-blot hybridisation using a probe
from the 4. awamori glucoamylase gene confirmed the
identity of these products.

The 1020-bp product was used as a probe to screen
approximately 150,000 plaques from the Neurospora ge-
nomic DNA library in AJ1. Of 14 positive plaques, six
were chosen for secondary screening. After plaque purifi-
cation and restriction analysis, a recombinant was select-
ed for further investigation. Southern blotting showed
the coding sequence to be located within an internal
5.0-kb Clal fragment and this was subcloned into pBlue-
script for subsequent sequencing.

Sequence of the gla-1 gene

The sequence of the 3.8-kbp fragment was determined for
both strands and is shown in Fig. 2. The coding sequence
was identified by analogy to the aligned amino-acid se-
quences of known fungal glucoamylases. The gene en-
codes a deduced protein of 626 amino acids, with an
unglycosylated molecular weight of 66,574 Da. This in-
cludes a leader peptide of 35 amino acids when compared
to the known N-terminus of the secreted protein (Koh-
Luar et al. 1989).

N-terminal N. crassa  (37) vV D s Y I Q T E T

PRIMER P1 57 -GPCGAAPTCTACATCCAGACCGAGAC-3/
A. niger (132) K F N VDETA ATYT
A, oryzae (134) K F N V D E TR ATF T
H. grisea (125) K F NV DL TATF T

57 -AAGTTCAACGTCGACCTGACCGCCTICAC-3/
PRIMER P2 37 ~TTCAAGTTGCAGCTGGACT TTCGAARGTG-5"
A. niger 97 T 6 ¥ D L WEE V
A. oryzae (199) S G F b L W E E V
H. grisea (190) T G F DL WEE V
PRIMER P3 57 ~ACCGAATTCGACCTCTGGGAGGAGGT-3"
A. niger (335) Y ¥Y N G N P W F L C
A. oryzae (337 ¥ ¥ N G N P W F L T
H. grisea (332) Y Y NG NP W Y L A

5/ -TACTACAACGGCAACCCCTGGAAGCTTGCC-3'
PRIMER P4 37 ~ATGATGTTGCCGTTGGGGACCTITCGAACGG-5

Fig. 1. Derivation of PCR primers (P1—P4) by known N-terminal
sequence or by alignment of homologous sequences from within
three closely-related fungal glucoamylases, showing the corre-
sponding predicted DNA sequence. The numbers in brackets refer to
the N-terminal amino acid in each sequence. The primers were
designed by using the Neurospora codon bias table (Gurr et al.
1987). Restriction sites are underlined in italics; the primer names
(P1{-P4) are written against the appropriate strand of DNA se-
quence used as the PCR primer, which is shown in boid

The coding region contains only one 62-bp intron
(Fig. 2): this is in contrast to Aspergillus glucoamylases
that contain up to five introns (reviewed by Gurr et al.
1987), and Humicola which has three. This results in two
exons of 243 bp and 1635 bp respectively. The splice sites
(Fig. 2) correspond to the fungal consensus sequences
[in brackets; from Gurr et al. (1987)] as follows: 5 splice
site GTAAGT (GTANGT), intron internal consensus
AGCTCAC(YGCTAACQ), and 3’ splice site TAG (YAG).
The intron location is exactly conserved with respect to
the position of intron lin the Aspergillus genes (Boel et al.
1984; Nunberg et al. 1984; Hayashida et al. 1989).

The GC content of the 1881-bp coding region is 61%,
compared to 49% in the non-coding region. Gurr et al.
(1987) reviewed nuclear genes of filamentous fungi in
general, and showed that they have a marked codon bias,
indicated by a strong preference for a pyrimidine, espe-
cially C, in the 3rd nucleotide position. This is most strik-
ing in highly expressed genes. This pattern is true for the
Neurospora gla-1 gene: over 78% of the codons end in T
or C, and less than 2% end in A (data not shown).

Promoter

We have sequenced 938 bp upstream of the translation
initiation codon. There is a TATA box at position —101
with respect to the ATG codon. The actual sequence
(Fig. 2) is TATATAA and the eukaryotic consensus
TATA (A/T) TA. There are several potential, although no
perfect, CAAT boxes upstream of the TATA box, the
most likely one to function being at —133 to the ATG
start codon (CATCAATAT). The eukaryotic consensus
sequence is GG (C/T) CAATCT (Breathnach and Cham-
bon 1981).



atcgatggca gccaccatte atttetcgat gegacggtaa acgacgeceg cggcagatta ggtcattgec -869
gaacggattyg aagctctctce catcttggat cecattceccgg ccaatccegt cteggecaac cacactgtec -799
actcgeccag gtcagcaget caggactcetce tcoctggbttyg gtaccgetta gtgtagagca tacegetete =729
agtccccata gaccaaccat aacaccgeac gttctctttc actcaagatg cttatcatgt cccctcttte ~659
tgctccaatg attcggactg gtcgaatacce aatgagacaa gcgagagege agtgegagea agegttcectg -589
cagatagagc agtgggactg ccgcgecaca aaggaagagg atcgtgacgt gacgtgacca gtgaccagaa -519
agcagaagat ccaaaagagt caaaaggacc gagcctcacce tacagtaatyg goccggatgg cactcaagac —449
cgtccteteg gcococtttete caactcttcet ccttcecataa ttcacctagg tacatacacg gectacgett -379
ccgecteate ccatcccate ccatcccate ccatcccate gacgactceta accegecege gagtgcaaac -309
ctcgtccacyg aacggacacc ceggctcetee tcecgaagece ttgcaagtgg aagetgaggt tgccgaactt -239
agacgaccag gttcaccage cggaccgcaa ctcgaacgtce agaatacagce ctcagectcoc aaagggggtt -169
aacgccaage gagagcaaga caagatcgte gecgatcaat atcctggaca agacaacatg gacgcaatat -99
ataacctcaa gcaagtcctce ctcagcaace atgatttcac caccagectg gtetccaacg caacagactt =29
ctcgacaagt ceccttgacct acttegee ATG CAT CTC GTC TCT TCG CTC CTC GTC GTG GGC 33
met his leu val ser ser leu leu val val gly (11)

GCC GCC TTC CAG GCC GTG CTC GGT CTG CCG GAT CCT CTG CAT GAA AAG AGG CAC AGC 20
ala ala phe gln ala val leu gly leu pro asp pro leu his glu lys arqg his ser (30)

T

GAC ATC ATC AAG CGG. TCT GTC GAC TCG TAT ATC CAG ACC GAG ACT CCC ATT GCG CAG 147
asp ile ile lys arg ser val asp ser tyr ile gln thr glu thr pro ile ala gln (49
AAG AAC CTT CTG TGC AAC ATC GGT GCT TCT GGA TGC AGA GCC TCC GGT GCT GCC TCT 204
lys asn leu leu cys asn ile gly ala ser gly cys arg ala ser gly ala ala ser (68)
GGT GTT GTG GTT GCC TCC CCT TCC AAG TCG AGC CCT GAC T gtaagtgga aattgcaca 262
gly val val val ala ser pro ser lys ser ser pro asp t- (82)
gtatgtctca tctcetcatgg cagcataget cacagtgtcg atag AC TGG TAT ACC TGG ACT CGT 326
yr trp tyr thr trp thr arg (88)

GAT GCC GCC CTT GTC ACC AAG CTT ATT GTC GAC GAA TTC ACC AAC GAC TAC AAC ACC 383
asp ala ala leu val thr lys leu ile val asp glu phe thr asn asp tyr asn thr (107)
ACT CTT CAG AAC ACC ATT CAG GCT TAT GCT GCT GCA CAG GCC AAG CTIT CAG GGC GTT 440
thr leu gln asn thr ile gln ala tyr ala ala ala gln ala lys leu gln gly wval (126)
AGC AAC CCG TCC GGT TCC CTC TCC AAC GGG GCC GGT CTT GGT GAG CCC AAG TTC ATG 497
ser asn pro ser gly ser leu ser asn gly ala gly leu gly glu pro lys phe met (145)
GTC GAC CTC CAG CAG TTC ACC GGT GCC TGG GGC CGC CCC CAG AGG GAT GGC CCT CCC 554
val asp leu gln gln phe thr gly ala trp gly arg pro gln arg asp gly pro pro (164)
CTT CGC GCC ATT GCC CTG ATC GGC TAT GGC AAG TGG CTC GTC AGC AAC GGT TAT GCT 611
leu arg ala ile ala leu ile gly tyr gly lys trp leu val ser asn gly tyr ala (183)
GAT ACG GCC AAG AGC ATC ATC TGG CCC ATT GTG AAG AAC GAC CTT GCC TAC ACT GCC 668
asp thr ala lys ser ile ile trp pro ile val lys asn asp leu ala tyr thr ala (202)
CAG TAC TGG AAC AAC ACT GGC TTC GAT CTC TGG GAG GAG GTT AAC AGC TCT TICT TTC 725
gln tyr trp asn asn thr gly phe asp leu trp glu glu val asn ser ser ser phe (221)
TTC ACC ATC GCC GCC TCC CAC CGT GCT CTC GTT GAG GGT TCT GCT TTT GCC AAG TCC 782
phe thr ile ala ala ser his arg ala leu val glu gly ser ala phe ala lys ser (240)
GTC GGC AGC TCT TGC AGC GCT TGC GAT GCC ATT GCC CCC CAA ATT CTG TGC TTC CAG 839
val gly ser ser cys ser ala cys asp ala ile ala pro gln ile leu cys phe gln (259)
CAG AGC TTC TGG TCC AAC AGC GGC TAC ATC ATC TCC AAC TTT GTC AAC TAC CGC AGC 896
gln ser phe trp ser asn ser gly tyr ile ile ser asn phe val asn tyr arg ser (278)
GGC AAG GAC ATC AAC TCC GTC TTG ACT TCC ATC CAC AAC TTC GAC CCC GCT GCC GGT 953
gly lys asp ile asn ser val leu thr ser ile his asn phe asp pro ala ala gly (297)
TGC GAT GTC AAC ACC TTC CAG CCC TGC AGC GAC CGG GCT CTT GCC AAC CAC AAG GTT 1010
cys asp val asn thr phe gln pro cys ser asp arg ala leu ala asn his lys val (316)
GTC GTT GAC TCC ATG CGC TTC TGG GGT GTC AAC TCC GGT CGC ACT GCC GGT AAG GCC 1067
val val asp ser met arg phe trp gly val asn ser gly arg thr ala gly lys ala (335)
GCC GCT GTC GGT CGC TAC GCT GAG GAT GTC TAC TAC AAC GGT AAC CCG TGG TAC CTC 1124
ala ala val gly arg tyr ala glu asp val tyr tyr asn gly asn pro trp tyr leu (354)
GCT ACT CTC GCC GCC GCC GAG CAG CTC TAC GAC GCC GTC TAC GTC TGG AAG AAG CAG 1181
ala thr leu ala ala ala glu gln leu tyr asp ala val tyr val trp lys lys gln (373)
GGT TCT ATC ACT GTC ACC TCC ACC TCC CTC GCC TTC TTC AAG GAC CTC GTT CCC TCC 1238
gly ser ile thr val thr ser thr ser leu ala phe phe lys asp leu val pro ser (392)
GTC AGC ACC GGC ACC TAC TCC AGC TCT TCC TCC ACC TAC ACC GCC ATC ATC AAC GCC 1295
val ser thr gly thr tyr ser ser Ser ser ser thr tyr thr ala ile ile asn ala (411

Fig. 2.
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GTC ACC ACC TAT GCC GAC GGC TTC GTC GAC ATC GTT GCC CAG TAC ACT CCC TCC GAC 1352
val thr thr tyr ala asp gly phe val asp ile val ala gln tyr thr pro ser asp (430)
GGC TCC CTG GCC GAG CAG TTC GAC AAG GAT TCG GGC GCC CCC CTC AGC GCC ACC CAC 1409
gly ser leu ala glu gln phe asp lys asp ser gly ala pro leu ser ala thr his (449)
CIG ACC TGG TCG TAC GCC TCC TTC CIT TCC GCC GCC GCC CGC CGC GCC GGC ATC GTC 1456
leu thr trp ser tyr ala ser phe leu ser ala ala ala arg arg ala gly ile val (468)
CCT CCC TCG TGG GGC GCC GCG TCC GCC AAC TCT CTG CCC GGT TCC TGC TCC GCC TCC 1523
pro pro ser trp gly ala ala ser ala asn ser leu pro gly ser cys ser ala ser (487)
ACC GTC GCC GGT TCA TAC GCC ACC GCG ACT GCC ACC TCC TTT CCC GCC AAC CTC ACG 1580
thr val ala gly ser tyr ala thr ala thr ala thr ser phe pro ala asn leu thr (506)
CCC GCC AGC ACC ACC GTC ACC CCT CCC ACG CAG ACC GGC TGC GCC GCC GAC CAC GAG 1637
pro ala ser thr thr val thr pro pro thr gln thr gly cys ala ala asp his glu (525)
GTT TTG GTA ACT TTC AAC GAA AAG GTC ACC ACC AGC TAT GGT CAG ACG GTC AAG GTC 1694
val leu val thr phe asn glu lys val thr thr ser tyr gly gln thr val lys val (544)
GTC GGC AGC ATC GCT CGG CTC GGC AAC TGG GCC CCC GCC AGC GGG CTC ACC CTG TCG 1751
val gly ser ile ala arg leu gly asn trp ala pro ala ser gly leu thr leu ser (563)
GCC ARAA CAG TAC TCT TCC AGC AAC CCG CTC TGG TCC ACC ACT ATT GCG CTG CCC CAG 1808
ala lys gln tyr ser ser ser asn pro leu trp ser thr thr ile ala leu pro gln (582)
Fig. 2. Sequence of 3871 bp of the 5-kb
GGC ACC TCG TTC AAG TAC AAG TAT GTC GTC GTC AAC TCG GAT GGG TCC GTC AAG TGG 1865 CEII inSCI'ctl in pPS8. The lp { readin
gly thr ser phe lys tyr lys tyr val val val asn ser asp gly ser val lys trp (601) frame i ShOWp' : gua toathegr
: S n in upper case, toge
GAG AAC GAT CCT GAC CGC AGC TAT GCT GIT GGG ACG GAC TGC GCC TCT ACT GCG ACT 1922  With its translation below. Untranslat-
glu asn asp pro asp arg ser tyr ala val gly thr asp cys ala ser thr ala thr (620) ed regions are shown in lower case.
The numbering for the nucleotides is
CTT GAT GAT ACG TGG AGG TAA atcgettge ttegtactag gtagtaagta gtgattggga 1982 based on the A of the ATG being +1.
leu asp asp thr trp arg *** (626} The numbering for the amino acids are
in brackets. The putativ -
aaaggaaatyg agagaacggg aacgggaacyg ggaacgggaa tttgtgatta caaagtgtaa aattaatagg 2052 £ents are unE’ elgl ectia!;l gl;;or;l? tefl: ele
ccegggattt tggttagatg cataaggggg gcagggggygg ctaggaaacg gaaggttgea tatcaaccga 2122 . ] i eril ”’f oid. e. unc-
ggaagaatgg gaagaaaggg aagaaagaca gaaagaagga acaacaggac ttcattctct cacatcgaca 2192 tional domains of the intron are in
tgagetacet gggeatcage tacctgggeca tcttgatttc ctttttagaa gattgttttg tatccttttt 2262 bold. The leader sequence of the
tcttectcce ttttctttte ttgtcogtet cttacaccta cctattttta gecaaagtcc acacacacac 2332 protein is in bold, with the signal splice
aaactttttg ttagatattc tctgtatcaa aattgacaag tttcaatgtt atacagtacc ttgccaagtt 2402 shown as an arrow. The Lys—Arg
taatacacat tcaaatcaat caaccacaca cacacaagtt ttattgtgca gaaatggagt gaagaagaaa 2472 (Kex2) propeptide processing sites are
catgtttggg attatgatga caagcttctc aacaaaattt caacgagtta agcttcaaag gtecgetgge 2542 underlined. The putative polyadenyla-
tcaatggcag agcgtctgac tacgaatcag gaggttccag gttegaccce tgggtggatc gagttgcaaa 2612 tion signal is also underlined in bold
ttggtacttt gagtaccaaa gttecttttt ttttttcegtt tggetctetg cttttcgaca gttcactgag 2682 The EMBL . b ¢ h:
tcatgtgcaa gacacccetg atcgggtacg tactgaactg cttttggtge agtgcaatgg ttctegagtg 2752 € ! accession number of this
caagggatga aaggaagata tgtcttgg 2780 sequence is X67291

Initiation of translation

The initiation points of translation have been shown to
have a very strong requirement for a purine at position
— 3 with respect to the initiating AUG (Cavener and Ray
1991). The gla-1 gene has a G at this position relative
to the putative start, which is consistent with the general
pattern for eukaryotes. The surrounding sequence,
TCGCCAUGOC, is close to the consensus sequence for
eukaryotes CC(A/G)CCAUGG (Kozak 1984).

Termination

The 3’ end of the transcript has not yet been mapped.
There is no consensus AATAAA polyadenylation se-
quence in the 837 bp which have been sequenced down-
stream from the TAA stop codon. Gurr etal. 1987
showed that this sequence was not a necessary feature,
but does appear in several filamentous fungal genes.
However, there is an AT-rich region (TAAAATTAATA)
approximately 100 bp downstream from the stop codon,
which may act as a polyadenylation signal.

Comparison of the glucoamylase amino-acid sequence
with other amylases

The deduced protein sequence shows most homology
with the glucoamylases of H. grisea var. thermoidea
(63%), A. oryzae (62%), A. niger (54%), A. shirousami
(54%), A.awamori (54%), and R. oryzae (21%), with
lower homology for the yeast glucoamylases. The
Neurospora amino-acid sequence was aligned with the
H. grisea, A. oryzae and A. niger sequences (Fig. 3). The
catalytic region includes the Trp, s of the WGRPQ re-
gion (Fig. 3), and has been shown to be essential for
enzyme activity (Sierks et al. 1989). The carboxylic-acid
residues of Asp,;,, Glu,,;, and Glu,, in the sequence
DLWEEY, have been shown by Svensson et al. (1990) to
participate in catalysis and substrate binding. These
residues are conserved in the Neurospora sequence and
serve to define the catalytic domain.

Data reviewed by Svensson et al. (1989) showed that
the putative raw starch-binding domain of the Aspergillus
glucoamylases was contained within the C-terminal end
of the protein. Figure 3 shows that there is a high level of
homology between the Neurospora glucoamylase and the
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MHLVSSLLVVGAAFQAVLGLPDPLHEKRHSD I IKRSVDSYIQTETP IAQKNLLCNIGASGCR
M-SFRSLLALSGLVCTGLAN- ~VISK==~=——— RATLDSWLSNEATVARTAILNNIGADGAW
MVSE VLAVOPVLRQ-===~== ATGLDTWLS TEANF SRQATLNNIGADGQS
MHTFSKLLVLGSAVOSALGRPHGS SRLOE---~RAAVDTF INTEKP ITAWNKLLANIGPNGKA

ASGAASGVVVASPSKSSPDYWYTWTRDAALVTKLIVDEF TNDYNTTLONT IQAYAAA~QAKL
VSGADSGIVVASPSTDNPDYFYTWTRDSGLVLKTLVDLFRNG-DTSLLSTIENYISA-QAIV
AQGASPGVVIASPSKSDPDYFYTWTRDSGLVMKTLVDLFRGG-DADLLP IIBEFISS~QARI
APGAAAGVIIASPSRTDPPCTWWHGMDPRDYFFTWTPDAALVLTGIIESLGHNYNTTLQOVS

QGVSNP SGSLSNGAGLGEPKFMVDLOQOF TGAWGRPQRDGPPLRATALIGYGKWLVSNGYADT

QGISNPSGDLSSGAGCLGEPKFNVDE TAYTGSWGRPQRDGPALRATAMIGFGQWLLDNGYTST

QGISNPSGALSSG-GLGEPKFNVDE TAFTGAWGRPORDGPALRATAMI SFGEWLVENSHTS T

NP SGTFADGSGLGEALGEARFNVDLTAF TGEWGRPQRDGPPLRATALIQYAKWLIANGYS~T
A

AKSIIWPIVKNDLAYTAQYWNNTGFDLWEEVNSSSFFTIAASERALVEGSAFAKSVGSSCSA
ATDIVWPLVRNDLSYVAQYWNQTGYDLWEEVNGSSFFTIAVOHRALVEGSAFATAVGSSCSW
ATDLVWPVVRNDLSYVAQYWSQSGFDLWEEVQGTSFETVAVSHRALVEGS SFARTVGSSCRPY
AKSVVWPVVRNDLAYTAQYWNETGFDLWEEVPGSSFEFTIASSHRALTEGAYLAAQLDTECEP

A An

CDAIAPQILCFQQSFWSNSGYIISNFVNYRSGKDINSVLTSIHNFDPARGCDVNTFQPCSDR
CDSQAPEILCYLOSFWIGS-FILANFDSSRSGKDANTLLGSIHTFDPEAACDDSTFQPCSPR
CDSQAPQVRCYLQSFWTGS-YIQANF GGGRSGKD INTVLGSIHTFDPQATCDDATFQPCSAR
CTTVAPQVLCFQQAFWNSKGNY - STAGEYRSGKDANS ILASIHNFDPEAGCONLTFQPCSER

ALANHKVVVDSMR-FWGVNSGRTAGKAAAVGRYAEDVY YNGNPWYLATLAAARQLYDAVYVW
ALANHREVVDSFRS IYTLNDGLSDSEAVAVGRYPEDTYYNGNPWFLCTLAAARQLYDALYQW
ALANHKVVTDSFRSIYAINSGRAENQAVAVGRYPEDSYYNGNPWFLTTLAAAEQLYDALYQW
ALANHKAYVDSFRNLYAINKGIAQGKAVAVGRY SEDVYYNGNPWYLANFAAAEQLYDAIYVW

KKQGSITVTSTSLAFFKDLVPSVSTGTYSSSSSTYTAIINAVTTYADGEFVDIVAQYTPSDGS
DRQGSLEVTDVSLDFFKALYSDAATGTYSSSSSTYSSIVDAVKTFADGEFVSIVETHAASNGS
DKIGSLAITDVSLPFFKRALYSSAATGTYASSTTVYKDIVSAVKAYADGYVQIVQTYAASTGS
NRQGSITVTSVSLPFFRDLVSSVSTGTYSKSSSTFTNIVNAVKAYADGFIEVAAKYTPSNGA

LAEQFDKD SGAPLSATHLTWSYASFLSAAARRAGIVPP SWGARSANSLPGSCSASTVAGSYA
MSEQYDKSDGEQLSARDLTWS YAALLTANNRRN SVVPASHWGET SASSVPGTCARTSAIGTYS
MAEQYTKTDGSQTSARDLTWSYAALLTANNRRNAVVPAPWGETAATSIPSACSTTSASGTYS
LAEQYDRNTGKPDSAADLTWSYSAFLSAIDRRAGLVPP SWRASVAKSLPSTCSRIEVAGTYV

TATATSHFPA--~———r~==———————=—=we= NLTPASTTVIPPTQ--TGCRAADHEVLVTIFNE
SVTVTSWPSIVATGGTTTTATPTGSGSVTSTSKTTATASKTSTSTSSTSCTTP TAVAVTIEFDL
SVVITSWPTISGYPGA- PDSPCQVPTTVSVIFAV
AATSTSFPS-—~=m=s—c——— == mee——— KQTPNP SAAPSPSPYPTACADASEVYVTFNE

KVTTSYGQTVKVVGS IARLGNWAPASGLTLSAKQYS S SNPLWSTTIAL-PQGTSFKYKYVVV
TATTTYGENIYLVGSISQLGDWETSDGIALSADKYTSSDPLWYVIVIL-PAGESFEYKFIRI
KATTVYGESIKIVGSISQLGSWNPSSATALNAD SYTTDNPLWTGTINL-PAGQSFEYKFIRV

RVSTAWGETIKVVGNVPALGNWD TSKAVTLSASGYKSNDPLWS ITVPIKATGSAVQYKYIKV
* % * *k * * % *

NSDGSVKWENDPDRSYAVGTDCAS ——--TATLDDTWR
ESDDSVEWESDPNREYTVPQACGTS--~TATVIDTWR
QO-NGAVTWESDPNRKYTVP STCGVK--~SAVQOSDVHWR

GTNGKITWESDPNRS ITLQTASSAGKCAAQTVNDSWR
* *

residues 538 —640 of the A. niger glucoamylase (numbers Signal peptide
refer to the unprocessed A. niger glucoamylase). Eleven

conserved amino acids in the starch-binding domains of
other glucoamylases are also conserved in the same re-
gion of the Neurospora protein, and are shown in Fig. 3.

The alignment in Fig. 3 clearly demonstrates that the
Neurospora glucoamylase has the same overall domain
structure as the Aspergillus and Humicola proteins, i.e.,
an N-terminal catalytic region, followed by a C-terminal
starch-binding domain and not that of the R.oryzae
protein, which has the starch-binding domain at the N-
terminal end, followed by the catalytic region (Jespersen
etal. 1991).
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Fig. 3. An alignment of the amino-
acid sequences of the glucoamylase of
A. niger, A. oryzae, H. grisea var. ther-
moidea and N. crassa. The numbers
refer to the appropriate amino acid at
the ends of each line. The amino acids
which are identical or similarly con-
served are in bold. The putative leader
sequences are underlined. The putative
signal sequence splice sites are marked
by a vertical arrow above the aligned
sequences. The amino acids involved in
catalysis and substrate binding are in
bold with " underneath the particular
columns (Sierks et al. 1989), and the
amino acids which are invariant in all
starch-binding domains are in bold with
* underneath the relevant columns
(Svensson et al. 1989). The consensus
regions from where the four PCR
primers were designed are shown as
horizontal arrows above the aligned
sequences, indicating their length and
direction

Comparison of the deduced sequence with the N-termi-
nal sequence of the purified protein (Koh-Luar et al.
1989) revealed the presence of a leader peptide of 35
amino acids. The length of this peptide suggests that it is
not only a signal peptide, but probably contains a pro-re-
gion as well. In order to estimate the position of the signal
cleavage site, the matrix supplied in von Heijne (1986)
was used. This predicted two dipeptides which gave
equivalent scores: Gln, ; | Ala,, and Gly,, | Leu,,. How-
ever, the scores for the important —3 and —1 positions

of the latter sequence are much higher and this cleavage
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would result in a signal peptide of 19 aa similar to those
of the secreted glucoamylases of other filamentous fungi
(see alignment in Fig. 3). The overall structure of this
Neurospora signal sequence corresponds well with the
model reviewed by von Heijne (1990), i.e., an amino-ter-
minal positively charged region (n-region) His, , followed
by a central hydrophobic region (h-region) of 17 aa (12 of
which are hydrophobic), followed by a more polar car-
boxy-terminal region (c-region) that contains the poten-
tial signal peptide cleavage site.

This signal sequence is only the second such sequence
of Neurospora which has been published, the other being
that of the extracellular Jaccase. This laccase has a 21
amino-acid signal sequence (which has a similar structure
to that of the glucoamylase), and a putative propeptide of
27 amino acids (Germann et al. 1988).

Propeptide

Cleavage at the putative signal peptide would generate a
propeptide of 16 amino acids. Its function may be to
assist the folding of the protein (Winther and Sorensen
1991). The propeptide processing site, by comparison
with the exported protein, is on the C-terminal side of the
Lys;s-Arg,s dipeptide. This dibasic site is the same
propeptide cleavage site seen in the 4. niger (Boel et al.
1984y and Saccharomyces fibuligera (Itoh etal. 1987)
glucoamylases. The site itself was first identified in the
processing site of the S. cerevisiae pre-pro-a-factor which
is cleaved by the protein encoded by the kex2 gene. The
Kex2 protein is a membrane-bound endopeptidase which
specifically cleaves on the carboxyl side of pairs of basic
residues that contain arginine, i.e., -Lys-Arg-| and
-Arg-Arg-| (Julius et al. 1984). This type of processing is
common in filamentous fungi, and has been exploited in
the production of heterologous proteins in A. nidulans by
using the Kex?2 site as a linker between two fused proteins
(Contreras et al. 1991).

Examination of the distribution of amino acids in this
propeptide region, reveals a high proportion of charged
amino acids (Asp,,, His,s, Glu,g, Lys,,, Arg,s, His,,,
Asp,, . Lys;,, Arg,s) plus five turn-promoting amino
acids (Pro,, , Asp,,, Pro,;, Sery,, Asp,,) (Levitt 1978).
The length of the propeptide (16 aa) is much longer than
the corresponding propeptide in 4. niger (6 aa). The rea-
sons for this extended length and the biased amino-acid
distribution are as yet unknown. In addition to the Lys-
Arg dipeptide at the C-terminus of the propeptide there
is also an internal dibasic pair (Lys,.,-Arg,;). It is there-
fore possible that cleavage occurs at both Lys-Arg pairs
which would yield fragments of 9 and 7 aa. A similar
arrangement has been observed in the gene encoding the
killer toxin o-subunit of Kluyveromyces lactis (Stark and
Boyd 1986).

Thus, the promoter and signal sequences of the gla-1
gene of Neurospora can now be used as an alternative for
the design of an expression/export cassette for the study
of heterologous expression in this fungus.
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